
Original Article
circ_PTN contributes to -cisplatin resistance
in glioblastoma via PI3K/AKT signaling
through the miR-542-3p/PIK3R3 pathway
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Glioblastoma has been identified as the most common and
aggressive primary brain tumor in adults. Recently, it
has been found that cisplatin (DDP) treatment is a common
chemotherapeutic method for GBM patients. circ_PTN
(ID number: hsa_circ_0003949) is a newly found circular
(circRNA) which has been proved to be highly expressed in
GBM cells, while its role in GBM remains unclear. Therefore,
our study focused on investigating the role of circ_PTN in
the DDP resistance of GBM cells. The expression of circ_PTN
in DDP-sensitive and DDP-resistant GBM cells was detected in
our assay. Functional experiments were utilized to unveil the
effects of circ_PTN on the DDP resistance of GBM cells. More-
over, mechanism assays were conducted to confirm the mecha-
nism of how circ_PTN affected the DDP resistance of GBM
cells. According to the results, we found that circ_PTN pro-
moted the DDP resistance of GBM cells through activation of
the PI3K/AKT pathway. Moreover, circ_PTN silencing in-
hibited the DDP resistance of GBM tumors in vivo. To
conclude, our study unveiled the influence of circ_PTN on
the DDP resistance of GBM cells, which might provide a ther-
apeutic target for GBM treatment via DDP.

INTRODUCTION
Glioblastoma (GBM) is one of the most common primary aggressive
tumors developed in the central nervous system.1 Although advances
have been made in comprehensive therapeutic methods, including
surgery, radiotherapy, and chemotherapy, the overall survival of
GBM patients remains only near 14 months,2,3 which is far from
favorable. Cisplatin (DDP) is one of the most widely used drugs
with curative effect for multiple tumors.4 Recent studies have sug-
gested that DDP is one of the first-line chemotherapeutic drugs
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applied for GBM treatment.5,6 In addition, DDP serves as a DNA
damage agent, and its cytotoxic effect is based on the formation of
the platinum-DNA complex, which is implicated in the activation
of signaling pathways and cell apoptosis.7 Notably, tumor cells are
capable of developing resistance to DDP treatment, which impaired
the curative effect of DDP treatment in cancer.8 Hence, it is necessary
to elucidate the mechanisms of how GBM becomes DDP-resistant to
find an effective target, thus improving the efficacy of DDP treatment
for GBM patients.

Circular RNAs (circRNAs) are a group of non-coding RNAs
(ncRNAs) which can play crucial roles in regulating gene expression
to affect the progression of various cancers. Recently, accumulating
studies have demonstrated that circRNAs can serve as a competing
endogenous RNA (ceRNA) to target microRNAs (miRNAs) thus
regulating the biological activities of cancer cells.9 Zhang et al. have
proposed that circFOXO3 can upregulate NFAT5 expression to facil-
itate GBM progression by acting as a ceRNA to target miR-138-5p
andmiR-432-5p.10Moreover, it has been acknowledged that miRNAs
: Nucleic Acids Vol. 26 December 2021 ª 2021 The Author(s). 1255
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are a class of short ncRNAs with the length of 20–23 nucleotides.11 In
addition, such RNAs can exert specific functions through binding to
target mRNAs in the 30 untranslated regions (UTRs), so as to regulate
various biological processes, including cell proliferation, migration,
and apoptosis.12 MiR-542-3p functions as a tumor suppressor by
targeting mitochondrial rRNA methyltransferase 2 (MRM2; also
known as FTSJ2) in the progression of non-small cell lung cancer.13

However, whether circRNAs can serve as ceRNAs by sponging
miRNAs and thus regulating the DDP resistance of GBM cells has
not yet been determined.

Signaling pathways, including the phosphoinositide 3-kinase (PI3K)/
protein kinase B (AKT) pathway, have been identified to be important
participants in the development of cancers.14 Phosphoinositide-3-ki-
nase regulatory subunit 3 (PIK3R3) is one of the regulatory subunits
of PI3K which can stimulate the activation of the PI3K/AKT signaling
pathway15. Accumulating evidence indicates that the PI3K/AKT
signaling pathway is constitutively activated in GBM cells, which
has been considered as one effective therapeutic target for
GBM.16,17 According to previous studies, it has been found that the
PI3K/AKT signaling pathway can inhibit cell apoptosis and promote
cell survival, which is crucial for the modulation of chemo-resistance
of cancer cells.18,19 However, the role of the PI3K/AKT signaling
pathway in the DDP resistance of GBM cells remains to be further
investigated.

In our study, we mainly investigated the role and mechanism of
circ_PTN in regulating the DDP resistance of GBM cells. According
to the result, we found that circ_PTN was highly expressed in DDP-
resistant GBM cells, and the overexpression of circ_PTN enhanced
the resistance of GBM cells to DDP. Moreover, circ_PTN activated
PI3K/AKT signaling pathway to enhance the DDP resistance of
GBM cells via sequestering miR-542-3p to upregulate PIK3R3. We
hoped that our studymight serve as a novel insight for the clinic treat-
ment of GBM patients.

RESULTS
circ_PTN expression is highly expressed in DDP-resistant GBM

cells

Previously, Song et al. have pointed out that 8 circRNAs (circ_
COL1A2, circ_VCAN, circ_PTN, circ_SMO, circ_PLOD2, circ_
GLIS3, circ_EPHB4 and circ_CLIP2) are upregulated in GBM cells.20

To investigate whether those circRNAs influence the DDP resistance
of GBM cells, RT-qPCR analyses were applied to examine their
expression in parental GBM cells and DDP-resistant GBM cells. As
shown in Figure 1A, only circ_PTN (ID number: hsa_circ_0003949)
was obviously upregulated in twoDDP-resistant GBM cells compared
with that in the corresponding parental GBM cells, while no obvious
change was found in the expression of other circRNAs in both DDP-
resistant cells. To further verify such finding, we detected the expres-
sion of circ_PTN in GBM cells with or without DDP resistance.
Consistently, the corresponding results manifested that circ_PTN
was overexpressed in U87R and U251R cells (Figure 1B). Also, we
observed that circ_PTN expression was elevated with the increasing
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dose of DDP in both DDP-resistant GBM cells (Figure S1A). All these
data implied that circ_PTN might affect the DDP resistance of GBM
cells. After that, the circular structure of circ_PTN was detected, and
the results of Sanger sequencing confirmed the head-to-tail splicing of
circ_PTN (Figure 1C). Also, two sets of primers were designed to vali-
date the presence of circ_PTN with divergent primers used to amplify
circ_PTN and convergent primers, to amplify linear PTN. As shown
by the result of agarose gel electrophoresis revealed that only the
linear PTN but not circ_PTN could be amplified using genomic
DNA (gDNA); however, with cDNA as templates, the linear PTN
amplified by convergent primer was digested by Rnase R, while no
obvious change was found in the circ_PTN amplified by divergent
primer after Rnase R treatment (Figure 1D). Additionally, we further
discovered that under Act D treatment, circ_PTN was more stable
than linear PTN, and its half-life was longer than 24 h (Figure 1E).
Above results proved that circ_PTN exhibited a circular form in
DDP-resistant GBM cells. Simultaneously, subcellular fractionation
and FISH assays were conducted to verify the cellular distribution
of circ_PTN and we found that such circRNA was mainly distributed
in the cytoplasm of DDP-resistant GBM cells (Figures 1F and 1G),
suggesting that circ_PTNmight function in DDP-resistant GBM cells
through post-transcriptional regulation. Totally, circ_PTN is highly
expressed in DDP-resistant GBM cells.

Silencing of circ_PTN improves the DDP sensitivity of DDP-

resistant GBM cells

To further determine the role of circ_PTN in DDP-resistant GBM
cells, functional assays were carried out. First, we stably transfected
3 shRNAs (sh-circ#1, sh-circ#2 and sh-circ#3) targeting different sec-
tions of circ_PTN into DDP-resistant GBM cells. Then, RT-qPCR
analysis was completed, and it was verified that the transfection of
sh-circ#1 and sh-circ#2 successfully silenced the expression of
circ_PTN while having no effect on the expression of PTN mRNA.
As we found that the transfection of sh-circ#3 led to opposite results,
sh-circ#1 and sh-circ#2 were kept for the following assays (Figures 2A
and 2B). On this basis, cells transfected with sh-circ#1 or sh-circ#2
were exploited subsequently. As examined by CCK-8 assays, it was
found that cell viability was more easily inhibited by increasing the
dose of DDP in DDP-resistant GBM cells after the silencing of
circ_PTN (Figure 2C), suggesting that DDP-resistant GBM cells
with downregulated circ_PTNwere more sensitive to DDP treatment.
To further examine the impact of circ_PTN on DDP resistance of
GBM cells, we then treated DDP-resistant GBM cells with 0 mM or
6 mM DDP to perform loss-of-function assays. The data of the EdU
assay indicated that circ_PTN knockdown markedly decreased the
number of EdU positive cells in U87R and U251R cells under the
treatment of 6 mM DDP, while no significant change was observed
in that of the 0 mM DDP group (Figure 2D). Similarly, according to
the result of colony formation assays, it was further validated that
cell proliferation was apparently hampered by circ_PTN knockdown
in DDP-resistant GBM cells treated with 6 mM DDP (Figure 2E).
Meanwhile, we also used flow cytometry analysis to detect the effect
of circ_PTN on the apoptosis of DDP-resistant GBM cells. As indi-
cated in Figure 2F, the percent of apoptotic cells was increased by



Figure 1. Circ_PTN is highly expressed in DDP-resistant GBM cells

(A) RT-qPCR assay was used to examine the RNA levels of 8 circRNAs in DDP-resistant GBM cells. (B) Circ_PTN expression was measured in DDP-resistant GBM cells. (C)

Sanger sequencing was adopted to confirm the head-to-tail splicing of circ_PTN. (D) Rnase R digestion experiment and agarose gel electrophoresis analysis were utilized to

detect the existence of circ_PTN in DDP-resistant GBM cells. (E) The level of circular and linear transcripts of PTN in DDP-resistant GBM cells under Act D treatment was

assessed. (F)–(G). Subcellular fractionation and FISH assays were conducted to verify the cellular distribution of circ_PTN in DDP-resistant GBM cells. **p < 0.01.
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circ_PTN silencing in DDP-resistant GBM cells treated with 6 mM
DDP whereas no obvious change was observed in DDP-resistant
GBM cells without DDP treatment. Furthermore, western blot assay
was conducted to examine the level of apoptosis-associated proteins.
We found that circ_PTN silencing apparently decreased the protein
level of Bcl-2 while elevating the protein level of Cleaved Caspase-3
and Cleaved Caspase-9. However, such phenomena could only be
seen in U87R and U251R cells treated with 6 mM DDP (Figure 2G).
In addition, results of Transwell assays demonstrated that the
silencing of circ_PTN had no evident influence on the migration of
U87R and U251R cells without DDP treatment, but obviously
hampered the migration of the resistant cells under the treatment
of 6 mM DDP (Figure S1B). All those results demonstrates that the
silencing of circ_PTN strengthens the DDP sensitivity of DDP-resis-
tant GBM cells.

Overexpression of circ_PTN enhances the resistance of GBM

cells to DDP

Our next step was to verify whether the overexpression of circ_PTN
affected the DDP resistance of parental GBM cells. First, we upregu-
lated circ_PTN in U87 and U251 cells by transfecting the cells with
pcDNA_circ, and adopted RT-qPCR assay to test the transfection
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1257
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Figure 2. Silenced circ_PTN enhances the DDP sensitivity of DDP-resistant GBM cells

(A) The targeting area of three shRNAs against circ_PTNwere presented. (B) RT-qPCR assay was conducted to detect the levels of circ_PTN or PTNmRNA in DDP-resistant

GBM cells upon circ_PTN silencing. (C) CCK-8 assay was conducted to detect the viability of DDP-resistant GBM cells under different transfection conditions treated with

increasing dose of DDP. (D)–(E) EdU and colony formation assays were utilized to examine the proliferation of DDP-resistant GBM cells treated with 0 or 6 mM DDP upon

circ_PTN silencing. (F) Flow cytometry assay was conducted to examine the apoptosis of DDP-resistant GBM cells treated with 0 or 6 mMDDP upon circ_PTN silencing. (G)

western blot analysis was conducted to detect the levels of apoptosis-associated proteins related to apoptosis of DDP-resistant GBM cells treated with 0 or 6 mMDDP upon

circ_PTN silencing, with b-actin as the loading control. **p < 0.01.
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efficiency of circ_PTN overexpression (Figures 3A and 3B). Then, a
series of gain-of-function assays were conducted. It was foumd that
the viability of GBM cells transfected with pcDNA_circ was less in-
hibited by increasing the dose of DDP more than other groups (Fig-
ure 3C), indicating that GBM cells with high circ_PTN expression
1258 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
had elevated resistance to DDP treatment. Consistently, the data
from EdU and colony formation assays demonstrated that circ_PTN
overexpression augmented the proliferation of GBM cells treated with
or without DDP and the facilitating effect on GBM cells treated with
1.5 mM DDP was stronger than those without DDP treatment



Figure 3. Overexpression of circ_PTN enhances the resistance of GBM cells to DDP

(A) Diagrams of the pcDNA empty vector and the constructs of pcDNA-circ_PTN were presented. (B) The levels of circ_PTN and PTN mRNA in GBM cells upon circ_PTN

overexpression were detected. (C) Cell viability of GBM cells transfected with pcDNA_circ treated by indicated dose of DDP was detected by CCK-8 assay. (D)–(E). EdU and

colony formation assays were conducted to examine the effect of circ_PTN overexpression on the proliferation of GBM cells treated with 0 or 1.5 mM DDP. (F)–(G). The

apoptosis of GBM cells transfected with pcDNA_circ under 0 or 1.5 mM DDP treatment were detected by flow cytometry and western blot assays. **p < 0.01.
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(Figures 3D and 3E). In the meantime, the results of flow cytometry
analysis indicated that the enhanced apoptosis of GBM cells under
1.5 mMDDP treatment was mitigated evidently by circ_PTN overex-
pression, while no obvious change was caused by circ_PTN overex-
pression to cells without DDP treatment (Figure 3F). Additionally,
the data from western blot assay also demonstrated that the protein
level of Bcl-2 was increased while that of Cleaved Caspase-3 and
Cleaved Caspase-9 was decreased in circ_PTN-overexpressed GBM
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1259
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Figure 4. MiR-542-3p is the downstream gene of circ_PTN

(A) RIP assays were used to detect the enrichment of CDR1as, cANRIL and circ_PTN in Ago2 groups. (B) A schematic diagram demonstrating the design of a biotin-labeled

circ_PTN probe for RNA pull down assay was presented. (C) RNA pull down assays were utilized to detect the enrichment of miRNAs in circ_PTN probe groups. (D) A

schematic illustration showing the luciferase reporters containing circ_PTN-WT or circ_PTN-Mut with wild-type or mutant miR-542-3p binding sites was presented. (E)

Luciferase reporter assays were conducted to verify the binding relationship between circ_PTN and miR-542-3p. (F) FISH assays were carried out to determine the co-

localization of circ_PTN and miR-542-3p in DDP-resistant GBM cells. *p < 0.05, **p < 0.01.
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cells treated with 1.5 mM DDP (Figure 3G). Moreover, results of
Transwell assay indicated that upregulation of circ_PTN promoted
GBM cell migration, and it also effectively alleviated the suppression
of DDP treatment on GBM cell migration (Figure S1C). Collectively,
circ_PTN overexpression enhances the resistance of GBM cells to
DDP.

circ_PTN acts as a ceRNA to sequester miR-542-3p

Since we had proved that circ_PTN was mainly located in the cyto-
plasm of DDP-resistant GBM cells, we speculated that circ_PTN
may exert its functions through a ceRNA mechanism. Therefore,
we first used RIP assay to confirm the association between
circ_PTN and Ago2. According to one previous study, CDR1as
has been reported to be a ceRNA to target miRNA during the pro-
1260 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
gression of cancers while cANRIL cannot.21 Here we used CDR1as
as the positive control and cANRIL as the negative control. As re-
vealed in Figures 4A and S2A, circ_PTN and CDR1as were highly
enriched in Ago2 groups, which was in line with our expectation.
Then we consulted the StarBase Data: http://starbase.sysu.edu.cn
to predict the potential miRNAs that may interact with circ_PTN,
and five candidates (hsa-miR-223-3p, hsa-miR-432-5p, hsa-miR-
620, hsa-miR-1270, and hsa-miR-542-3p) were selected (Fig-
ure S2B). Thereafter, we designed a biotin-labeled circ_PTN probe
targeting the splicing junction for the RNA pull down assay (Fig-
ure 4B). As shown by the result of the RNA pull down assay, we
found that miR-542-3p was most abundantly pulled down by the
circ_PTN probe among the five miRNA candidates in both DDP-
resistant U87 and U251 cells (Figures 4C and S2C). Besides, it

http://starbase.sysu.edu.cn


(legend on next page)
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was proved that the miR-542-3p expression was dramatically
downregulated in U87R and U251R cells relative to the parental
cells (Figure S2D). Hence, miR-542-3p was kept in the following
studies. Before investigating the relationship between miR-542-3p
and circ_PTN, we constructed luciferase reporters covering
circ_PTN-WT/Mut with wild-type or mutant miR-542-3p binding
sites (Figure 4D) and then overexpressed miR-542-3p in both
parental and DDP-resistant GBM cells (Figures S2E and S2F).
The results of luciferase reporter assay showed that the overexpres-
sion of miR-542-3p led to a marked decrease in the luciferase activ-
ity of circ_PTN-WT reporters while no effects on that of circ_PTN-
Mut reporters were observed (Figure 4E). In addition, data from
FISH assays further validated the co-localization of circ_PTN and
miR-542-3p in the cytoplasm of U87R and U251R cells (Figure 4F).
To conclude, circ_PTN interacts with miR-542-3p in DDP-resistant
GBM cells.

PIK3R3 is the target gene of miR-542-3p

According to previous studies, miRNAs are implicated in multiple
biological processes of various diseases via silencing their target
mRNAs. Thus, deciphering miRNA targets is of great importance
to the diagnosis and treatment of diseases.22 Here, we analyzed
the signaling pathways affected by the downstream genes of miR-
542-3p and screened the top 10 signaling pathways. According to
the result, we found that three signaling pathways (AMPK, PI3K/
AKT, and mTOR) were related to DDP resistance among those
signaling pathways (Figure 5A). Then we filtered the intersection
gene of three pathways and conducted RT-qPCR analysis. As illus-
trated in Figure 5B, the fold changes of AKT2, AKT1, TSC1, IGF1R,
PIK3R1, and PIK3R3 were the highest. To further confirm which
mRNA was targeted by miR-542-3p in DDP-resistant GBM cells,
RNA pull-down assays were carried out. As shown by the results,
it was indicated that PIK3R3 was the most obviously enriched
one of the Bio-miR-542-3p groups in both U87R and U251R cells
(Figure 5C). As PIK3R3 has been proved to be the receptor of
PI3K/AKT signaling pathway, we speculated that miR-542-3p might
regulate the PI3K/AKT signaling pathway through targeting
PIK3R3. Therefore, we selected PIK3R3 for further verification.
Through RIP assays, we found that PIK3R3 and miR-542-3p were
both precipitated by Ago2 (Figure S2G), suggesting that PIK3R3
and miR-542-3p could co-exist in Ago2-related RNA-induced
silencing complex (RISC). Moreover, we performed luciferase re-
porter assays to corroborate the relationship between PIK3R3 and
miR-542-3p. As expected, the luciferase activity was significantly
decreased in DDP-resistant GBM cells co-transfected with PIK3R3
30UTR-Wt and miR-542-3p mimics while no statistical significance
of that was observed in DDP-resistant GBM cells co-transfected
with PIK3R3 30UTR-Mut and miR-542-3p mimics (Figure 5D). In
Figure 5. PIK3R3 is directly targeted by miR-542-3p

(A) An analysis of the pathways under the downstream targets of miR-542-3p, andmicro

(B) A heatmap showing the RT-qPCR analysis of the intersection genes in three signalin

the binding relationship between certain genes and miR-542-3p. (D) A schematic illu

30UTR-Mut was presented and luciferase reporter assays were conducted to detect th
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short, PIK3R3 is targeted by miR-542-3p in DDP-resistant GBM
cells.

miR-542-3p inhibits the DDP resistance by targeting PIK3R3

To further elucidate the role of PIK3R3 in DDP resistance, we
analyzed its expression in the parental and DDP-resistant GBM cells.
As manifested in Figure 6A, the mRNA and protein levels of PIK3R3
were considerably upregulated in DDP-resistant GBM cells compared
to the control groups. Then we overexpressed PIK3R3 in U87R and
U251R cells (Figure S2H), and adopted RT-qPCR and western blot
assays to further detect the relationship between PIK3R3 and miR-
542-3p. It was found that the mRNA and protein levels of PIK3R3
which declined by miR-542-3p overexpression could be significantly
recovered upon PIK3R3 overexpression (Figure 6B). Subsequently, a
series of rescue experiments were conducted in DDP-resistant GBM
cells treated with 6 mMDDP. As expected, the result of CCK-8 assays
showed that the viability impaired by miR-542-3p overexpression
could be greatly reversed by the co-transfection of pcDNA_PIK3R3
(Figure 6C). Consistently, by conducting EdU assays, we observed
that the upregulation of PIK3R3 could partially reverse the reducing
effect of miR-542-3p overexpression on EdU positive stained cells
(Figures 6D and S3A). Likewise, colony formation assay data sug-
gested that the reduced number of colonies caused by miR-542-3p
overexpression was obviously recovered by the co-transfection of
pcDNA_PIK3R3 (Figure 6E). In addition, the results from flow cy-
tometry analysis indicated that PIK3R3 upregulation counteracted
the suppressive effect caused by miR-542-3p overexpression on cell
apoptosis (Figure 6F). Finally, western blot assay was conducted
and we observed that the decreased protein level of Bcl-2 and the
elevated protein levels Cleaved Caspase-3 and Cleaved Caspase-9
caused by miR-542-3p mimics were significantly reversed after the
co-transfection of pcDNA_PIK3R3 (Figures 6G and S3B). Also, the
repressive impact of miR-542-3p upregulation on cell migration
was significantly offset upon co-overexpression of PIK3R3 (Fig-
ure S3C). Taken together, miR-542-3p attenuates the DDP resistance
of DDP-resistant GBM cells by targeting PIK3R3.

circ_PTN promotes the DDP resistance of GBM cells by

regulating miR-542-3p and PIK3R3

After confirming that miR-542-3p attenuated the DDP resistance of
DDP-resistant GBM cells by targeting PIK3R3, our next step was to
investigate the influence of the circ_PTN/miR-542-3p/PIK3R3 axis
on GBM cells treated with 6 mM DDP. First, we silenced the expres-
sion of miR-542-3p in DDP-resistant GBM cells by using miR-542-3p
inhibitor (Figure S3D). Then we proved that miR-542-3p inhibition
could significantly reverse the downregulation of PIK3R3 induced
by circ_PTN deficiency in DDP-resistant GBM cells (Figures 7A
and S3E). Similarly, miR-542-3p overexpression attenuated the
array data of top 10 signaling pathways in DDP-resistant GBM cells were presented.

g pathways was presented. (C) RNA pull-down assays were conducted to examine

stration showing the luciferase reporters containing PIK3R3 30UTR-WT or PIK3R3

e binding relationship between miR-542-3p and PIK3R3. **p < 0.01.
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upregulated expression of PIK3R3 due to circ_PTN overexpression in
DDP-resistant GBM cells (Figures 7B and S3F). Then a series of
rescue experiments were carried out. It was indicated by the results
of CCK-8 and EdU assays that the co-transfection of miR-542-3p in-
hibitor or pcDNA_PIK3R3 could greatly reverse the inhibition on cell
proliferation mediated by circ_PTN knockdown (Figures 7C–7F and
S3G–S3J). Similarly, the results of colony formation assays further
supported that cell proliferation hampered by circ_PTN depletion
was rescued by the co-transfection of miR-542-3p inhibitor or
pcDNA_PIK3R3 (Figures 7G, 7H, S4A, and S4B). In addition, the
result of flow cytometry analysis indicated that cell apoptosis
enhanced by circ_PTN knockdown was greatly reversed upon
miR-542-3p inhibition or PIK3R3 overexpression (Figures 7I and
S4C). Simultaneously, circ_PTN knockdown-induced elevation in
the protein levels of Cleaved Caspase-3 and Cleaved Caspase-9 was
significantly counteracted by miR-542-3p inhibition or PIK3R3 over-
expression (Figure S4D). Likewise, the mitigated cell migration
caused by circ_PTN deficiency was also recovered upon the inhibition
of miR-542-3p or the upregulation of PIK3R3 (Figure S5A). All of the
data suggested that circ_PTN contributes to the DDP resistance of
DDP-resistant GBM cells by regulating miR-542-3p and PIK3R3.

circ_PTNactivates the PI3K/AKTpathway inDDP-resistant GBM

cells and it strengthens the DDP resistance of GBM cells in vivo

Based on the result that PIK3R3 was the receptor of the PI3K/AKT
signaling pathway, we further analyzed the influence of circ_PTN/
miR-542-3p/PIK3R3 network on the PI3K/AKT signaling pathway
in GBM cells. The results of western blot indicated that silencing
of circ_PTN significantly reduced the protein level of PI3K-alpha
and p-AKT, while inhibiting miR-542-3p or overexpressing
PIK3R3 could greatly recover such reduction in DDP-resistant
GBM cells (Figure 8A). Meanwhile, upregulation of circ_PTN
significantly increased the expression of PI3K-alpha and p-AKT,
and the overexpression of miR-542-3p could greatly abrogate the
above effects in DDP-sensitive GBM cells (Figure 8B). Furthermore,
by conducting western blot assays, we found that the impact of
circ_PTN overexpression on PI3K-alpha, p-AKT and Cleaved
Caspase-3 in DDP-sensitive GBM cells was countervailed by the
depletion of PIK3R3 or the treatment of PI-103 (a specific PI3K/
AKT inhibitor) (Figure 8C and S5B). More importantly, to investi-
gate whether circ_PTN could affect the DDP sensitivity of GBM
cells in vivo, we subcutaneously injected U87R cells with or without
stable circ_PTN knockdown into mice, and the mice were then
treated with PBS or 6 mM DDP. As anticipated, the growth rate
of tumors from control U87R cells was slightly slowed down while
that of tumors from U87R cells with inhibited circ_PTN was greatly
reduced under DDP treatment (Figure 8D). In addition, the volume
Figure 6. MiR-542-3p inhibits the DDP resistance of DDP-resistant GBM cells

(A) RT-qPCR and western blot assays were conducted to detect the mRNA and protein

were utilized to detect themRNA and protein levels of PIK3R3 in DDP-resistant GBM cell

indicated DDP-resistant GBM cells upon DDP (6 mM) treatment. (D)–(E). EdU and colony

under different transfections upon DDP (6 mM) treatment. (F-G) Flow cytometry and west

with indicated transfections upon DDP (6 mM) treatment. **p < 0.01.
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and weight of tumors derived from circ_PTN-depleted U87R cells
were significantly decreased after DDP treatment (Figures 8E and
8F). All in all, we concluded that circ_PTN enhances the DDP resis-
tance of GBM cells in vitro and in vivo through activating the PI3K/
AKT pathway by targeting miR-542-3p/PIK3R3 signaling.

DISCUSSION
DDP treatment is one of the most central chemotherapeutic methods
for patients with GBM.23 However, DDP resistance is also a headache
in GBM treatment.24 In recent years, a number of studies have indi-
cated that non-coding RNAs play significant roles in regulating the
DDP resistance of GBM cells.24 Ma et al. have put forward that
AC023115.3 has an inhibitory effect on DDP resistance in GBM.25

Additionally, miR-186 overturns DDP resistance by degrading YY1
in GBM.26 However, the roles of circRNAs in the DDP resistance
of GBM cells have been poorly documented. Previous study has
proved that circ_PTN expression was enhanced in GBM cells.27

Intriguingly, our study further found that circ_PTN was highly ex-
pressed in DDP-resistant GBM cells compared to the parental
GBM cells. Moreover, we applied loss-of-function and gain-of-func-
tion assays and discovered that circ_PTN enhanced the DDP resis-
tance of GBM cells, suggesting that circ_PTN might be a potential
target for defeating the DDP resistance of GBM cells.

It has been reported that circ_PTN can affect the function of glioma
cells through targeting miR-122/SOX6 or miR-432-5p/RAB10
axis.27,28 Moreover, Chen et al. have found that circ_PTN promotes
the proliferation and stemness of glioma cells via sponging miR-
145-5p/miR-330-5p.29 These literatures have suggested the ceRNA
regulation mechanism of circ_PTN in glioma. Likewise, our study
pointed out that circ_PTN could interact with miR-542-3p in
DDP-resistant GBM cells, while miR-542-3p was downregulated in
DDP-resistant GBM cells. As reported previously, miR-542-3p im-
pedes the progression of colorectal cancer by targeting OTUB1.30

MiR-542-3p suppresses the tumorigenesis and development of
ovarian cancer via regulating CDK14.31 More importantly, miR-
542-3p targets the 30-UTR of Survivin mRNA to overcome HER3-
mediated paclitaxel resistance in breast cancer.32 Furthermore, our
study demonstrated that PIK3R3 was the target of miR-542-3p, and
PIK3R3 expression was obviously increased in DDP-resistant GBM
cells. PIK3R3 has been elucidated to be highly expressed in drug-resis-
tant hepatocellular cancer cells, which is in accordance with our
findings.33

Notably, PIK3R3 can trigger the activation of the PI3K/AKT signaling
pathway.34 Further, activation of the PI3K/AKT signaling pathway
contributes to the DDP resistance of breast cancer cells.35 MALAT1
by targeting PIK3R3

levels of PIK3R3 in DDP-resistant GBM cells. (B) RT-qPCR and western blot assays

s under different conditions. (C) CCK-8 assay was conducted to detect the viability of

formation assays were utilized to detect the proliferation of DDP-resistant U87R cells

ern blot assays were conducted to detect the apoptosis of DDP-resistant GBM cells



Figure 7. Circ_PTN promotes the DDP resistance by regulating miR-542-3p and PIK3R3

(A) RT-qPCR andwestern blot assayswere conducted to detect themRNA level and protein level of PIK3R3 in indicated DDP-resistant U87Rcells. (B) RT-qPCR andwestern blot

assays were utilized to detect the mRNA and protein levels of PIK3R3 in indicated U87 cells. (C)–(D) CCK-8 assay was carried out to examine the viability of DDP-treated U87R

cells under different transfection conditions. (E)–(H) EdU and colony formation assays were utilized to examine the proliferation of DDP-treated U87R cells under different

transfection conditions. (I) Flow cytometry assay was conducted to examine the apoptosis rate of DDP-treated U87R cells under indicated transfection conditions. **p < 0.01.
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promotes DDP resistance in cervical cancer through activation of the
PI3K/AKT pathway.36. Cai et al. have proposed that miR-542-3p can
target PIK3R1 to activate the AKT signaling pathway in GBM.37

Also, a former study indicated that circAKT3 enhances DDP resistance
in gastric cancer via the activation of PI3K/AKT signaling.38 Consis-
tent with these findings, we discovered that circ_PTN/miR-542-3p
signaling enhanced PIK3R3 to activate the PI3K/AKT signaling
pathway, so as to facilitated DDP resistance in GBM cells. Previously,
multiple reports have proved that the PI3K/AKT pathway can mediate
cell autophagy to enhance the chemo-sensitivity of cancer cells.39 For
example, CD133 activates PI3K/AKT/mTOR signaling to induce auto-
phagy, thus facilitating the DDP resistance of Cis-KATO-III cells.40
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Figure 8. Circ_PTN activates PI3K/AKT pathway in

GBM cells and it contributes to DDP resistance of

GBM tumors in vivo

(A)–(B). Western blot assay was conducted to examine the

protein levels of PI3K-alpha, p-AKT and AKT in DDP-

treated GBM cells (under different doses) with different

transfections. (C) Western blot assay was carried out to

examine the levels of certain proteins in DDP-treated GBM

cells under different transfections or treatments. (D) The

volume of xenograft tumors in mice were measured after

the injection of indicated DDP-resistant GBM cells. (E)–(F).

The final volume and weight of subcutaneous xenograft

tumors excised from mice of indicated groups were pre-

sented. *p < 0.05, **p < 0.01.
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Based on this, we could deduce that circ_PTN/miR-542-3p/PIK3R3
axis stimulated PI3K/AKT pathway to regulate autophagy, thus facili-
tating the DDP resistance of GBM cells.

Conclusively, our study revealed the role and regulatory mechanism
of circ_PTN in the DDP resistance of GBM cells, and these findings
might provide practical value for improving the efficacy of DDP treat-
ment for GBM patients. However, there are some limitations in the
present study: The downstream mechanism of PI3K/AKT signaling
pathway in GBM cells has not been identified; also, the upstream reg-
ulatory mechanisms of circ_PTN have not been discussed; signifi-
cantly, the clinical value of circ_PTN in GBM has not been analyzed;
for the in vivo experiments, we have not totally simulated the process
of drug resistance in the present work. These drawbacks will be
further improved in follow-up studies.

MATERIALS AND METHODS
Cell culture

The DDP-sensitive GBM cell lines (U87 and U251) and the immor-
talized human embryo kidney cell line 293T were purchased from the
1266 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Chinese academy of sciences cell bank (Shanghai,
China). The DDP-resistant GBM cell strains
(U87R and U251R) were developed from the
parental U87 and U251 cells through exposing
them to gradually increasing dose of DDP as
described.41 Cells were all cultured in DMEM
medium (Invitrogen, Carlsbad, CA, USA) adding
10% fetal bovine serum (FBS, Invitrogen).

circRNA confirmation and quantitative

reverse transcription real-time polymerase

chain reaction (RT-qPCR)

Total RNA was extracted from cells with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) based
on the manufacturer’s instruction. RNA (with/
without RNase R treatment) was then reversely
transcribed and analyzed via RT-qPCR using a
SYBR-Green PCR kit (Invitrogen). Divergent
and convergent primers were used for the valida-
tion of circular or linear transcripts of PTN. The experiments were
conducted in triplicate.

Actinomycin D (Act D) experiment

U87R and U251R cells were seeded in 24-well plates (5 � 104/well).
After 24 h, cells were treated with Act D (2 mg/ml, Abcam, Cambridge,
MA, USA) for 4, 8, 12, 16, and 24 h. After digestion for the indicated
times, the relative expression of circ_PTN and linear PTN was
analyzed by RT-qPCR. The experiments were performed in triplicate.

Subcellular fractionation assay

The fractionation of cell nucleus and cytoplasm was performed via a
PARIS Kit (Invitrogen) in line with the manufacturer’s requirements.
GAPDH andU6were employed for the control of cytoplasmic and nu-
clear RNA, respectively. Finally, circ_PTN in cytoplasm/nuclear was
examined by qRT-PCR. The experiments were carried out in triplicate.

Fluorescence in situ hybridization (FISH) assay

To study the location of circ_PTN and miR-542-3p, FISH assays were
performed using Fluorescent in Situ Hybridization Kits (RiboBio,
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Guangzhou, China) according to the manufacturer’s requirements.
DAPI was used to re-stain the nuclei. A laser-scanning, confocal mi-
croscope was then used to observe the stained cells. GAPDH and U6
were treated as the cytoplasm and the nucleus control, respectively.
The experiments were conducted in triplicate.

Cell transfection

Short hairpin RNAs (shRNAs) targeted the back-splice junction sites
of circ_PTN (sh-circ#1/2/3) and sh-NC. Besides, miR-542-3p
mimics/inhibitor and the corresponding negative controls (NC
mimics/inhibitor) were cloned and synthesized by GenePharma
(Shanghai, China). Also, pcDNA vectors loaded with circ_PTN or
PIK3R3 were applied for overexpression, with the empty vector as
negative control. Transfections of indicated plasmids into GBM cells
lasted -48 h using lipofectamine 3000 (Thermo Fisher, USA). Expres-
sion levels of the genes were determined with RT-qPCR. The exper-
iments were conducted in triplicate.

RNA immunoprecipitation (RIP) assay

RIP assays were conducted with aMagna RIP Kit (Millipore, Billerica,
MA, USA) following the manufacturer’s protocols. Cells were lysed
with RNA lysis buffer. Then, cell lysates were incubated with
magnetic beads conjugated to anti-Argonaute2 (Ago2) or anti-IgG
antibody at 4�C for 4 h. Next, the beads were washed and the immu-
noprecipitated complex was purified and detected by RT-qPCR
analysis. The experiments were conducted in triplicate.

RNA pull-down assay

Biotin-labeled circ_PTN or miR-542-3p probes were designed and
synthesized by GenePharma (Shanghai, China). Cells were lysed
with lysis buffer and then the lysates were incubated with specific
biotin-labeled probes for 2 h. Then the mixtures were incubated
with streptavidin-coated magnetic beads to pull down the biotin-
labeled RNA complex for another 4 h. After washing, the RNA
complex was extracted with TRIzol (Takara, Dalian, China) and
then detected by RT-qPCR analysis. The experiments were performed
in triplicate.

Luciferase reporter assay

Circ_PTN sequences (or PIK3R3-30UTR sequences) containing wild-
type or mutated-type of miR-542-3p binding sites were synthesized
and separately inserted into pmirGLO luciferase reporter vectors
(Promega, Madison, WI). Cells were seeded into 24-well plates at a
density of 3 � 104 cells per well. After co-transfection with miR-
542-3p mimics or NC mimics and the above constructed luciferase
plasmids for 48 h, the luciferase activity was measured through a
dual-luciferase reporter assay system (Promega). The experiments
were conducted in triplicate.

Cell counting kit-8 (CCK-8) assay

After transfection, cells (2 � 104 cells/well) were seeded into 96-well
plates and then placed in an incubator with 5% CO2 at 37�C for 24 h.
Thereafter, 10 mL of CCK-8 reagent was added to each well for 4 h of
incubation. The absorbance values at a wavelength of 450 nm were
measured using a microplate reader (Bio-Tek Instruments, Hopkin-
ton, MA, USA) to evaluate the viability of indicated cells. The
experiments were conducted in triplicate.

Colony formation assay

The cells (800 cells/well) were seeded into 6-well plates for 2 weeks of
incubation. The medium was changed every 3 days. Then, the plates
were fixed with 4% paraformaldehyde and stained with 0.1% crystal
violet. After that, colonies with no less than 50 cells were subjected
to counting manually. Triplicate is required for each experiment.

5-Ethynyl-20-deoxyuridine (EdU) assay

Proliferation ability of indicated GBM cells was evaluated using an
EdU Detection Kit (RiboBio, Guangzhou, China) according to the
manufacturer’s claims. After transfections, cells were cultured in
96-well plates at a density of 1 � 104 cells per well. Then, 50 mL
EdU labeling medium was added to the plates, which were incubated
for 2 h at 37�Cwith 5%CO2. After fixation with 4% paraformaldehyde
and permeation via 0.5% Triton X-100 for 10min, cells were incubated
for 30 min with 100 mL 1 � Apollo�488 fluorescent dry reaction so-
lution under 37�C.Nuclei were stained withDAPI. The percent of EdU
positive cells was calculated under a fluorescence microscope
(Shanghai, China). Each experiment was conducted three times.

Flow cytometry analysis

The 2 � 105 cells during logarithmic phase were seeded into 6-well
plates. After 24 h of cell culture, DDP was added into each well and
then the plates were cultivated for 48 h at 37�C under 5% CO2 and
saturated humidity conditions. Next, cells were collected and washed.
Then, cells were subjected to staining using an Annexin-V-FITC
detection kit (BioVision, San Francisco, CA, USA), and the apoptosis
rate was examined through flow cytometry (BD Biosciences, Franklin
Lake, NJ, USA). Each experiment was conducted three times.

Western blot analysis

Proteins were extracted from cells using RIPA buffer (CWBIO, Bei-
jing, China). After being electrophoresed by SDS-PAGE, the protein
samples were transferred to membranes and incubated with specific
primary antibodies at 4�C overnight. Then themembranes were incu-
bated with secondary antibodies at room temperature for 1 h. The
protein bands were visualized using enhanced chemiluminescent
(ECL) agent (Millipore, Germany). The primary antibodies were as
follows: Bcl-2, Caspase-3, Cleaved Caspase-3, Caspase-9, Cleaved
Caspase-9, b-actin, PIK3R3, GAPDH, PI3K-alpha, p-AKT and
AKT. The details of primary and secondary antibodies were provided
in Table S1. The experiments were performed in triplicate.

Transwell assay

Cell migration was assessed by use of 24-well transwell inserts (BD
Biosciences). In detail, 1� 105 cells were supplemented into the upper
chamber and 500 mL of complete culture medium was filled into the
lower chamber. After 24 h of incubation, the migrated cells were fixed
and stained by 4% paraformaldehyde and 0.1% crystal violet, respec-
tively. After that, cells in random five fields were observed under a
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light microscope (Olympus, Tokyo, Japan). The experiment was per-
formed in triplicate.

Mouse xenograft model

BALB/c (4-week-old) nude mice were purchased from Kay Biological
Technology Co., Ltd. (Shanghai, China). U87R cells (1 � 106) trans-
fected with sh-circ#1 or sh-NC were subcutaneously injected into 6
mice, respectively. Then, three random mice from each group were
treated with PBS, while the other three were treated with 6 mM
DDP. Four weeks after injection, the mice were sacrificed, and tumors
were removed to be weighed and the tumor size was measured. The
animal experiment protocol was approved by the Animal Experimen-
tation Ethics Committee of Affiliated Hospital of Youjiang Medical
University for Nationalities.

Gene accession numbers

Accession numbers of the genes involved in our study can be found in
Table S2.

Statistical analysis

All data from experiments including the three biological replications
were exhibited as the mean ± standard deviation (SD). Deviation com-
parisons were performed using Student’s t test or one-way ANOVA.
The statistical significance in differences was confirmed when p <
0.05. GraphPad Prism 5.0 software (La Jolla, CA, USA) was used for
the statistical analysis. All experiments were performed in triplicate.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2021.08.034.
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