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Abstract

Background: Inactivation of the tumor suppressor p53 is critical for pathogenesis of glioma, in particular glioblastoma
multiforme (GBM). MDM2, the main negative regulator of p53, binds to and forms a stable complex with p53 to regulate
its activity. Hitherto, it is unclear whether the stability of the p53/MDM2 complex is affected by lncRNAs, in particular
circular RNAs that are usually abundant and conserved, and frequently implicated in different oncogenic processes.

Methods: RIP-seq and RIP-qPCR assays were performed to determine the most enriched lncRNAs (including circular RNAs)
bound by p53, followed by bioinformatic assays to estimate the relevance of their expression with p53 signaling and
gliomagenesis. Subsequently, the clinical significance of CDR1as was evaluated in the largest cohort of Chinese glioma
patients from CGGA (n= 325), and its expression in human glioma tissues was further evaluated by RNA FISH and RT-qPCR,
respectively. Assays combining RNA FISH with protein immunofluorescence were performed to determine co-localization of
CDR1as and p53, followed by CHIRP assays to confirm RNA-protein interaction. Immunoblot assays were carried out to
evaluate protein expression, p53/MDM2 interaction and p53 ubiquitination in cells in which CDR1as expression was
manipulated. After AGO2 or Dicer was knocked-down to inhibit miRNA biogenesis, effects of CDR1as on p53 expression,
stability and activity were determined by immunoblot, RT-qPCR and luciferase reporter assays. Meanwhile, impacts of
CDR1as on DNA damage were evaluated by flow cytometric assays and immunohistochemistry. Tumorigenicity assays were
performed to determine the effects of CDR1as on colony formation, cell proliferation, the cell cycle and apoptosis (in vitro),
and on tumor volume/weight and survival of nude mice xenografted with GBM cells (in vivo).
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Results: CDR1as is found to bind to p53 protein. CDR1as expression decreases with increasing glioma grade and it is a
reliable independent predictor of overall survival in glioma, particularly in GBM. Through a mechanism independent of
acting as a miRNA sponge, CDR1as stabilizes p53 protein by preventing it from ubiquitination. CDR1as directly interacts with
the p53 DBD domain that is essential for MDM2 binding, thus disrupting the p53/MDM2 complex formation. Induced upon
DNA damage, CDR1asmay preserve p53 function and protect cells from DNA damage. Significantly, CDR1as inhibits tumor
growth in vitro and in vivo, but has little impact in cells where p53 is absent or mutated.

Conclusions: Rather than acting as a miRNA sponge, CDR1as functions as a tumor suppressor through binding directly to
p53 at its DBD region to restrict MDM2 interaction. Thus, CDR1as binding disrupts the p53/MDM2 complex to prevent p53
from ubiquitination and degradation. CDR1asmay also sense DNA damage signals and form a protective complex with p53
to preserve p53 function. Therefore, CDR1as depletion may play a potent role in promoting tumorigenesis through down-
regulating p53 expression in glioma. Our results broaden further our understanding of the roles and mechanism of action of
circular RNAs in general and CDR1as in particular, and can potentially open up novel therapeutic avenues for effective
glioma treatment.
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Background
Glioma is the most common tumor of the central ner-
vous system (CNS), representing 30% of all CNS tumors
and 80% of all malignant brain tumors [1]. Almost all
glioma relapses despite intensive treatments with sur-
gery, radiation, and chemotherapy. Particularly, glioblast-
oma multiforme (GBM), the most common and most
aggressive glioma, is characterized by a median overall
survival that has remained static at around 15months
for decades [2], highlighting an urgent need for intensi-
fying study of the underlying mechanisms of this lethal
disease.
p53 is a master regulator of diverse anti-proliferative

functions [3, 4]. It is well established that mutations
and/or inactivation of p53 are critical for tumorigenesis.
Malignant tumors often harbor mutations to TP53 gene,
which ultimately gives rise to the oncogenic phenotype.
Glioma, particular GBM, however, usually possesses a
structurally intact TP53 gene [5]. Therefore, the aug-
mented proliferation and resistance to cytotoxic treat-
ment in GBM has been attributed to the loss of p53
functions by inactivation [6]. MDM2, the major negative
regulator of p53, interacts with p53 to form a stable
complex. When bound to p53, MDM2 not only prevents
transcriptional activation of p53, but also promotes p53
degradation through ubiquitination. p53, in turn, stimu-
lates transcription of MDM2 by binding to its promoter
region. Consequently, there exists a regulatory feedback
loop between p53 and MDM2 [7]. Multiple factors have
been found to bind to either p53 or MDM2 to modulate
the stability of the p53/MDM2 complex [8–11]. How-
ever, our understanding of how the p53/MDM2 complex
is modulated during tumorigenesis remains incomplete.
Long non-coding RNAs (lncRNAs) are a diverse class

of RNAs of more than 200 nt, which lack coding poten-
tial and have been demonstrated to be involved in

tumorigenesis [12, 13]. Circular RNAs (circRNAs) that
are covalently closed, however, are among the least-well
characterized lncRNA transcripts. The biogenesis of cir-
cRNAs is abundant [14, 15], conserved [14, 15] and cell
type specific [15–17], suggesting that they have a key
role in regulating gene expression and cell fate [15, 18,
19]. Being dysregulated in multiple cancers, circRNAs
are frequently implicated in different oncogenic pro-
cesses [20–22]. The circular nature of these transcripts,
however, makes their detection, quantification and func-
tional characterization challenging. Hitherto, our know-
ledge of circRNAs, as well as their roles and
mechanisms of action, has been very limited [21].
p53 has two distinct nucleic acid-binding domains in-

cluding the core DNA-binding domain (DBD) and the
C-terminal regulatory domain (CTD) [23]. It has been
reported that p53 probably binds RNA molecules via its
CTD rather than the core DBD, although the physio-
logical role of this interaction remains enigmatic. It is
still unclear whether p53 is able to bind to lncRNAs that
are frequently involved in tumorigenesis. CircRNAs have
been found to function as miRNA sponges. Recently,
they have been demonstrated to play a key role in
tumorigenesis through its capacity to bind proteins [24].
Hitherto, the functional significance of the interaction
between p53 and circRNAs on the formation of the p53/
MDM2 complex and therefore p53 stability is yet to be
elucidated.
In this study, the circRNA CDR1as has been identified

to bind physically to p53 protein at its core DBD. So far,
only preliminary studies have been conducted to investi-
gate the role of CDR1as in the oncogenic process, and
they are mainly related to CDR1as functioning as a
miRNA sponge. However, the results from these differ-
ent studies are mutual contradictory [25–27]. CDR1as is
abundantly expressed in mammalian brain in a
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conserved pattern, implying it has a critical function in
brain development and disease. Consistently, the most
recent work has demonstrated that CDR1as is essential
for brain development and various brain functions [28].
Therefore, it is very plausible that CDR1as, when dysreg-
ulated or inactivated, may contribute to tumorigenesis of
glioma, the most common and yet incurable tumor of
CNS.
In the present study, we verify that CDR1as is signifi-

cantly down-regulated in glioma, particular in GBM, and
its expression is positively correlated with patient prog-
nosis. We demonstrate that CDR1as inhibits tumor
growth both in vitro and in vivo. Rather than being a
miRNA sponge, CDR1as functions through binding
tightly to p53 within its DBD region. The p53 DBD that
is essential for ubiquitination and forms a crucial inter-
face for the MDM2 interaction. Thus, CDR1as binding
may disrupt the p53/MDM2 complex. Consequently,
this circRNA molecule may promote p53 protein stabil-
ity through restricting its ubiquitination. Binding firmly
to p53, CDR1as may sense signals of DNA damage and
serve to protect p53 function. Therefore, inactivation of
CDR1as contributes significantly to tumorigenesis of
glioma.

Methods
Plasmids and antibodies
Plasmid of pGL4-p53 was purchased from Promega. The
Plasmids of pCDNA3.1-CDR1as was a gift of Dr. Niko-
laus Rajewsky. Plasmids of Myc-p53, Myc-MDM2,
PCDH-p53 and HA-Ub were a gift of Dr. Zhang Ling-
qiang. The pCDNA3.1(+) circRNA mini vector was pur-
chased from Addgene (60648). The plasmid of HA-
MDM2 was purchased from Sino Biological (HG11206-
CY). All expression constructs were verified by DNA
Sequencing.
Antibodies against p53 (DO-1) (ab1101), MDM2

(ab3110), or PUMA (ab33906) were purchased from
Abcam Inc. The p53 polyclonal antibody (FL393) and
the Myc antibody (9E10), and the HA antibody (sc7392)
were purchased from Santa Cruz Biotechnology. The
antibody against Flag (M2) was purchased from Sigma.
The antibody against GAPDH (AC027) and p21
(A11877) were purchased from Abclonal. The antibody
against Phospho-Histone H2A.X (Ser139) (2577 s) was
purchased from CST.

RNA Immunoprecipitation (RIP) assays
After crosslinking with 0.5% formaldehyde for 10 min at
room temperature, cells were harvested and lysed in RIP
lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1
mM EDTA, 1% NP-40 and 5% glycerol) with RNasin
(1000 U/ml), DNase I (50 U/ml) and protease inhibitor
cocktail. After the genomic DNA was digested, lysates

were further subjected to sonication. Supernatants
cleared by centrifugation were incubated with the anti-
p53 antibody or IgG overnight at 4 °C. Protein A/G
beads were added for a further 4 h incubation at room
temperature. After the beads were washed with wash
buffer (25 mM Tris-HCl pH 7.4, 500mM NaCl, 1 mM
EDTA, 1% NP-40 and 5% glycerol), immunocomplexes
of p53 and RNAs were de-crosslinked at 95 °C for 15
min. The immunoprecipitated RNAs were then purified
using Trizol and ethanol precipitation, and subjected to
qPCR analysis (Additional file 1: Table S2.) or high-
throughput sequencing using PacBio Sequencing.

Chromatin isolation by RNA purification (CHIRP) assays
The CHIRP assay [29] was carried out to verify the
interaction between CDR1as and the p53 protein. First,
tiling DNA oligonucleotide probes targeting the full-
length sequence of CDR1as were designed using the on-
line probe designer at singlemoleculefish.com, and 12 bi-
otinylated tiling probes were synthesized by Takara. One
potential source of noise in CHIRP is the precipitation
of non-specific DNA fragments by the oligonucleotide
probes. In order to circumvent this problem, we took a
“split-probe” strategy as Chu C, et al. [29, 30], where we
ranked all probes based on their relative positions along
the target RNA and split them into two pools, with the
“even” pool contains all probes numbering 2, 4, 6, etc.
and the “odd” pool contains all probes numbering 1, 3,
5, etc. The pools of probes were diluted to 100 μM and
stored at − 20 °C. After crosslinking with 3% formalde-
hyde at room temperature for 15 min, cells were lysed
and chromatin collected. Subsequently, chromatin was
hybridized with different pools of tiling probes of
CDR1as as indicated at 37 °C for 4 h with shaking. Then
complexes were incubated with beads conjugated with
Streptavidin at 37 °C For 4 h. The beads-bound chroma-
tin was then eluted for Western blot assays to determine
the abundance of p53 protein bound by CDR1as.

RNA isolation and RT-qPCR
The total RNA was extracted from tissues or cultured
cells with Trizol reagent (Invitrogen) and reverse tran-
scribed with PrimeScript RT Reagent Kit with gDNA
Eraser (TaKaRa). Quantitative PCR was performed with
SYBR green (SYBR Premix Ex Taq, TaKaRa) `at Agilent
Mx3005P real-time PCR system (Agilent Technologies).
Expression analysis in different cell types was performed
using specific primers for each gene.

Immunoblot assays
Cells were lysed in RIPA buffer with protease inhibitor
cocktail. Total proteins were separated by SDS-PAGE
and then transferred to nitrocellulose membranes (Milli-
pore HATF00010). Membranes were incubated with the
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indicated primary antibodies overnight at 4 °C.
Immunocomplexes were detected by chemilumines-
cence (K-12045-D50, Advansta) after incubation with
the appropriate horseradish peroxidase-conjugated
antibodies for 1 h.

Immunoprecipitation (IP) assays
Cells were lysed in IP buffer with protease inhibitor
cocktail. After sonication, the lysates were cleared by
centrifugation at 4 °C. After incubating with primary
antibodies at 4 °C overnight, protein A/G-beads were
added to the lysates. Finally, immunocomplexes eluted
from beads were detected using indicated antibodies by
western blotting.

Cell culture
HCT116 p53+/+ and HCT116p53−/− cells were cultured in
McCoy’s 5A supplemented with 10% fetal bovine serum
(Gibco), U87MG cell was cultured in EMEM supple-
mented with 10% fetal bovine serum (Gibco), MEFp53
−/−MDM2−/− cell was cultured in DMEM supplemented
with 10% fetal bovine serum (Gibco) and LN229 was
cultured in DMEM supplemented with 5% fetal bovine
serum (Gibco), then maintained at 37 °C in a humidified
atmosphere of 5% CO2.
Transfection of cells with plasmids or siRNAs (Table S2)

was carried out using lipofactamine 2000 according to the
manufacture’s instructions. Doxorubicin (DOXO) (S1208
Selleck) or VP16 (S1225 Selleck) was used to induce DNA
damage, and their final concentrations were 400 nM and
20 μM, respectively.

Luciferase reporter assays for p53
The plasmid encoding luciferase reporter gene for p53
was purchased from Promega (pGL4.38[luc2P/p53 RE/
Hygro] Vector, E365A). The reporter plasmid was trans-
fected into cells in 12-well plates together with siRNAs
against CDR1as or control, or together with pcDNA3.1
encoding CDR1as or blank pcDNA3.1 plasmid. Forty-
eight hours after transfection, cells were harvested and
analyzed using a luminometer. Firefly activity was nor-
malized to Renilla luciferase activity. Data represented
means +/− SEM of three independent experiments.

Assays of RNA fluorescence in situ hybridization (FISH)
and protein immunofluorescence (IF)
To determine the abundance and positioning of CDR1as
in tissues and cells, RNA FISH assays were performed as
described by Cui et al [31] Briefly, the DNA probe tar-
geting the end-to-head junction of CDR1as was labeled
with FITC. After fixing in a 4% (wt/vol) paraformalde-
hyde solution, samples were rinsed in 1 × PBS, perme-
abilized in 1 × PBS with 0.5% (vol/vol) Triton X-100 (10
min), washed in 1 × PBS with 0.1% (vol/vol) Tween-20

(1 min). Probes were mixed with pre-made hybridization
buffer, and then samples were incubated in hybridization
buffer at 37 °C overnight. After washed with
hybridization buffer at 37 °C for 15 min and quickly
rinsed at room temperature three times, cells were
stained in DAPI stain solution. Finally, images were
taken under immunofluorescence microscope (Leica,
TCS SP5II).
For protein IF assays, cells were cultured on glass

slides in petri dishes. When nearly confluent, cells were
fixed with 4% paraformaldehyde for 10 min, perme-
abilized in 0.5% Trion-X-100 for 15 min and blocked in
3% BSA for 30 min at room temperature. Then cells
were incubated with the primary antibody against p53 or
Phospho-Histone H2A.X overnight at 4 °C, followed by
incubation with the secondary antibody conjugated with
FITC for 45 min at 37 °C. Immediately after DAPI was
added, images were taken with immunofluorescence
microscope (Leica, TCS SP5II).

Deubiquitination of p53
Cells were transfected with indicated constructs.
Twenty-four hours after transfection, they were treated
with the proteasome inhibitor MG132 (20 mM) for 4 h.
The cells are harvested and lysed in the lysis buffer. Ubi-
quitinated p53 in lysates was immunoprecipitated with
p53 (FL-393) antibody and immunoblotted with anti-HA
antibody or anti-p53 antibody.

Tumorigenic assays of CDR1as in vivo
Female athymic BALB/c nude mice that aged 4 weeks
were randomly classified into indicated groups (n = 10).
One million of indicated cells were subcutaneously
injected into the left anterior side or the right anterior
side of each mouse. Xenograft tumor growth was exam-
ined by caliper measurement. At 4 weeks post-injection,
all mice were sacrificed, and tumors removed for weight
measurement. Meanwhile, Kaplan-Meier assays were
carried out to compare overall survival of mice between
indicated groups, each of which consisting of 10 mice.
All animal studies were carried out in accordance with

the National Institute of Health Guide for the Care and
Use of Laboratory Animals under the approval of the
SPF Laboratory Animal Center at Dalian Medical Uni-
versity. The protocol was approved by the Animal Care
and Ethics Committee of Dalian Medical University. All
surgery was performed under sodium pentobarbital
anesthesia, and all efforts are made to minimize suffering
in mice.

Immunohistochemistry (IHC)
Mouse Tumor tissues fixed with 4% paraformaldehyde
for 4 h at room temperature and paraffin sections (6 μm)
were used for IHC analysis. Paraformaldehyde-fixed,
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paraffin-embedded sections were processed and stained
by H&E, PCNA antibody and p53 antibody, respectively.

Cytoplasmic and nuclear protein fractionation
U87MG cells were transfected with siNC or siCDR1as.
After 48 h, the cells were treated with MG132 (20 μM) for
4 h. Then the cells were collected for fractionation ana-
lysis. Following the manufacture’s procedures, cytoplasmic
and nuclear fractions were separated using NE-PER
Nuclear and Cytoplasmic Extraction Reagent (Sigma, P-
2714). Fractionation efficiency was validated by Western
blot using antibodies specific to marker proteins for each
fraction: GAPDH for cytoplasm and Histone 3 for
nucleus.

Cell proliferation and colony formation assays
Cell proliferation was monitored using CCK8 Kit
(Dojindo, Rockville, MD, USA). Cells transfected with
pCDNA3.1-CDR1as/siCDR1as or their corresponding
controls (3000/well) were allowed to grow in 96-well
plates. Cell proliferation was measured every 24 h fol-
lowing the manufacturer’s protocol. All experiments
were performed in triplicates.
Colony formation was assessed by plating 1 × 103 cells

in 35-mm dishes. After 14 days of cultivation, crystal vio-
let staining was used to visualize clones. Clones were
counted under a light microscope and those 2mm or
greater in size were scored.

Flow cytometric assays of cell cycle and apoptosis
To estimate the proportions of cells in different phases
of the cell cycle, cellular DNA contents were measured
by flow cytometry. After treatment, cells were harvested,
washed twice with cold PBS, and then fixed overnight at
− 20 °C in 70% ethanol. Immediately before flow cytome-
try, the cells were re-suspended in PBS containing PI
(50 mg/ml) and DNase-free RNase (10 mg/ml). Flow cy-
tometry was performed using a FACScalibur (Becton
Dickinson, San Diego, CA, USA) system with CELL
quest software. The percentages of cells in different
phases of the cell cycle were determined using the
FlowJo software (Tree Star Inc.).
For apoptosis analysis, the Annexin V Apoptosis De-

tection kit was used. The cells surface staining was per-
formed as described above followed by being washed, re-
suspended in Binding Buffer at 106 cells/ml. Then the
cells were incubated 10min with Annexin V at the room
temperature and protected from light. After incubation,
the cells were washed, and re-suspended in 200 μl Bind-
ing Buffer. PI was added before being analyzed by flow
cytometry. Data were acquired on a FACScalibur (Bec-
ton Dickinson, San Diego, CA, USA) system with CELL
quest software. All analysis was performed using FlowJo

software (Tree Star Inc.). The detection was repeated
three times.

RNA sequencing and bioinformatics analysis
For RIP-seq, the immunoprecipitated RNA was sub-
jected to high-throughput sequencing using Illumina
HiSeq 2500 by Novegene (Tianjin, China). Strand-
specific library was constructed by using a VAHTS Total
RNA-seq (H/M/R) Library Prep Kit from Illumina ac-
cording to the manufacturer’s instructions. Ribosome
RNAs were removed. Second-strand cDNA was synthe-
sized using DNA polymerase I, RNase H, dNTP (dUTP
instead of dTTP) and buffer. Analysis of Illumina librar-
ies was performed using a combination of programs in-
cluding STAR [32]. Raw data were first processed
through perl scripts to obtain clean data by removing
reads containing adaptor, ploy-N and with low quality.
Reference genome and gene model annotation files were
downloaded from genome website browser GENCODE
directly. Paired-end clean reads were aligned to the ref-
erence genome using STAR 2.6.1 [32]. All fragment
quantifications were computed using STAR setting
“--quantMode GeneCounts. Differential mRNA abun-
dance analysis was carried out with DESeq2 (http://
www.r-project.org/). Genes with reads < 5 in more sam-
ples than the sample size of one of the groups being
compared were pre-filtered from the analysis. We con-
structed heat maps by the normalized gene expression
and made gene mapping loci picture via R package
“Gviz”. The normalized gene expression was subjected
to Gene Set Variation Analysis (GSVA), which is a non-
parametric, unsupervised method for estimating vari-
ation of gene set enrichment through the samples of an
expression data set.
In the CGGA dataset, we collected transcriptome se-

quencing data of 325 samples generated by Illumina
HiSeq platform. Clinical and molecular information was
obtained from the CGGA database (http://www.cgga.org.
cn/). Pan-cancer and Genotype-Tissue Expression
(GTEx) RNA-seq data were obtained from the TCGA in
UCSC Xena platform [33]. Clinical information and data
of molecular biomarkers (1p/19q co-deletion, MGMT
promoter methylation, Grades) were generated from
TCGA publications. Normal expression profiling of
CDR1as in different tissues were analyzed using GEPIA
as described by Tang et al [34] R package limma was
used for differential gene expression analysis. R package
survival was used for overall survival analysis. Cox pro-
portional hazard model is executed by the function sur-
vival and survminer from R packages. The best-scanned
cutoff points are defined as the one with the most sig-
nificant (log-rank test) split. R package survival ROC
was used for Receiver Operating Characteristic curve
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(ROC) and Area Under Curve (AUC) plotted for differ-
ent durations of survival analysis.

Statistical analysis
Student’s t-test (two-tailed), t-test with Welch’s correc-
tion, F-test were performed to analyze the data using
GraphPad Prism 8.0 software and R (version 3.6.0,
https://www.r-project.org/). The methods of t-test ana-
lysis in current study are as follows: the data of two
groups for comparison were analyzed by F-test firstly
(homogeneity test of variance). If the value of F-test >
0.05, the value of t-test was obtained according to het-
eroscedasticity double sample test. If the value of F-test
< 0.05, the value of t-test was obtained according to the
heteroscedasticity double sample test; the value of t-test
< 0.05 indicated that there was significant difference be-
tween the two experimental groups. Correlations be-
tween continuous variables were evaluated by Spearman
correlation analysis. The Student t-test, one-way
ANOVA, and Pearson’s Chi-squared test were used to
assess differences in variables between groups. The sur-
vival distributions were described by the Kaplan–Meier
survival curve and the log-rank test was used to test the
statistical significance. The prognostic value of CDR1as
was estimated by Univariate and multivariate Cox pro-
portional hazard model analysis. For most of the in vitro
and animal experiments, Student’s t-tests were used to
calculate the p-value. p-Values less than 0.05 were con-
sidered statistically significant. ns, no significance; *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Results
The circRNA CDR1as interacts with p53 and is a reliable
predictor of prognosis in glioma
The tumor suppressor p53 is a master transcription fac-
tor that regulates a broad range of important functions,
including DNA repair, metabolism, cell cycle arrest,
apoptosis and senescence [35]. p53 is one of the most
studied molecules of all time, but our understanding of
its regulatory and signaling network remains incomplete.
p53 has been reported to be able to bind RNA mole-
cules, which may reversely regulate p53 activity.
lncRNAs play a key role in multiple types of cancer in-
cluding glioma. It is, however, far from clear whether
and how p53 interacts with lncRNAs, particularly with
circRNAs.
Using U87MG cells of GBM (TP53 wild type), our

RIP-seq assays showed that multiple lncRNAs were cap-
tured by p53 protein. The 30 most enriched lncRNAs
were shown in the heatmap (Fig. 1a) and further vali-
dated by RIP-qPCR analysis (Fig. 1b). Compared to IgG,
20 of the 30 candidate lncRNAs, including RP11-
58H15.4, RP11-284F21.10 and CDR1as, were confirmed
to bind p53 appreciably with p value < 0.05 (Fig. 1b).

Next, using Spearman correlation analysis, we explored
if the expression of the candidates is relevant to p53
pathway activity in clinical samples from the CGGA co-
hort. As shown in the heatmap (Fig. 1c), 25 out of the
30 candidate lncRNAs were significantly (p < 0.05) asso-
ciated with the p53 pathway. The horizontal axis reveals
the correlation coefficient, with the size of the bubble in-
dicating the magnitude of the coefficient. For example,
RP11-284F21.10 expression was significantly positively
associated with the activity of p53 pathway (**p < 0.01),
while RP11-324O2.3 was negatively correlated with the
p53 pathway (**p < 0.01). RP5-940J5.6 did not bind to
p53 (Fig. 1b), but its expression was correlated with p53
pathway in clinical samples (**p < 0.01, Fig. 1c).
Interestingly, the circRNA CDR1as was found to be one

of the most enriched lncRNAs binding to p53. Meanwhile,
its expression was significantly correlated with p53 signal-
ing in glioma in the CGGA cohort (Fig. 1c). These results
imply that CDR1as may regulate p53 activity through its
binding with the latter. CircRNAs are among the least well
characterized lncRNA transcripts, and our knowledge of
their functions in cancer is very limited. Among human
tissues, CDR1as is most abundant in brain
(Additional file 2: Figure S1A). Pan-cancer analysis
showed that CDR1as is dysregulated in multiple types of
cancer, particularly in GBM (Additional file 2: Figure
S1B). Through analysis of the largest publicly available
cohorts of Chinese glioma patients from CGGA (Chinese
Glioma Genome Atlas) [36], we found that CDR1as is
obviously down-regulated in glioma, in inverse correl-
ation with WHO grades defined by histopathologic
criteria (Fig. 1d). The data from CGCA showed that
CDR1as expression is positively correlated with the
overall survival of glioma patients, particularly in
patients with higher grade glioma (Fig. 1e and
Additional file 2: Figure S1C). Notably, CDR1as AUC
(area under curve) from 12 to 60months is consistently
more than 0.7, suggesting that it is very reliable for pre-
dicting the hazard rate of Glioma (Fig. 1f and Additional
file 2: Figure S1D). More importantly, multifactor Cox re-
gression analysis demonstrated that CDR1as is an inde-
pendent predictive factor for the prognosis of glioma
patients (Additional file 1: Table S1).
The CDR1as expression pattern was further confirmed

in a panel of glioma tissues (n = 45) collected by our-
selves through RT-qPCR assays (Fig. 1g). As expected,
CDR1as is gradually down-regulated in glioma samples
along with the increase of WHO grade (Fig. 1g). Consist-
ently, the results of the RNA FISH assays verified that
CDR1as expression in glioma tissues (n = 87) is
significantly lower than in normal brain tissues (n = 3)
(Additional file 2: Figure S1E).
Further evidence demonstrated CDR1as binds to p53.

First, the coverage tracks from the RIP-seq showed that
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the p53-bound RNAs cover genomic position of CDR1as
(chromosome X, nucleotides 91, 516, 046–91, 517, 771
in GENCODE release v28) (Fig. 1h). Moreover, the

CHIRP experiment confirmed the interaction between
p53 and CDR1as using 12 probes covering the full-
length sequence of CDR1as. All probes were ranked

Fig. 1 p53 physically interacts with CDR1as indicating glioma prognosis. a Heatmap of 30 most enriched lncRNAs binding to p53 protein
determined by RIP-seq. b Validation of 30 candidate lncRNAs binding to p53 protein by RIP-qPCR. c Plots of the correlation between the scores
of p53 pathway gene sets and expression of candidate lncRNAs in glioma samples in the CGGA cohort. d CDR1as expression in glioma with
different WHO grades in the CGGA cohort. e, f Kaplan-Meier curves of the overall survival (e) and ROC curves (f) of glioma patients in the CGGA
cohort. g RT-qPCR assays of CDR1as expression in glioma samples collected by ourselves. h Mapping of RIP-seq reads back to genomic locus of
CDR1as. i Validation of the p53-CDR1as interaction by CHIRP. j Co-localization analysis of p53 and CDR1as in U87MG cells using protein IF and
RNA FISH assays respectively. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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based on their relative positions along the target RNA
and split into two pools, with the “even” pool contains
all probes numbering 2, 4, 6, etc. and the “odd” pool
probes numbering 1, 3, 5, etc. CircRNAs are covalently
closed via back splicing machinery, lacking both 5′ and
3′ end, and are stable in vivo due to their resistance to
degradation by RNaseR [37]. Compared to controls, the
p53 protein is significantly enriched after CDR1as pull-
down (Fig. 1i). Subsequently, the assays combining RNA
FISH with protein IF showed that circRNA CDR1as is
strongly co-localized with p53 protein, particularly in
nucleus in GBM U87MG cells (Fig. 1j).
Collectively, we demonstrated that p53 strongly inter-

acts with the circRNA molecular CDR1as, which is
closely correlated to p53 signaling. These results sug-
gested that CDR1as may, in turn, regulate p53 activity to
modulate tumorigenesis. Being specifically abundant in
brain, CDR1as is substantially down-regulated in glioma,
particularly in GBM. Very significantly, CDR1as may
serve as an independent factor to predict prognosis of
glioma patients.

CDR1as up-regulates expression of p53 protein rather
than its mRNA
As mentioned above, CDR1as not only tightly binds to
p53 protein, but also significantly correlates with p53
signaling, suggesting CDR1as may be capable of regulat-
ing p53 activity. To provide further insight into the func-
tion of CDR1as, we first investigated whether p53
expression and its transcription activity are affected by
CDR1as in GBM U87MG cells (Fig. 2a-d) and LN229
cells (Additional file 3: Figure S2A, B). The protein level
of p53 was increased in a dose-dependent manner after
CDR1as being over-expressed (Fig. 2a and Additional file
3: Figure S2A), whereas it was significantly decreased
after CDR1as knockdown (Fig. 2b). The p53 protein
level was rescued by Nutlin3, even after CDR1as knock-
down (Fig. 2c). The mRNA level of TP53, however, was
not obviously influenced by this circRNA molecule (Fig.
2a, b and Additional file 3: Figure S2A). Therefore, our
results demonstrated CDR1as promotes the expression
of p53 at the protein but not the mRNA level. p53 is
known to be a master transcription factor; hence, p53
luciferase reporter assay was performed to confirm
whether the transcriptional activity of endogenous p53 is
affected by CDR1as. Significantly, the transcriptional
activity was increased after CDR1as over-expression,
whereas it was reduced after CDR1as knockdown
(Fig. 2d and Additional file 3: Figure S2B). Consistent
with these findings, the expression levels of p53
targets also increased with CDR1as (Fig. 2a and
Additional file 3: Figure S2A) and reduced with de-
crease in CDR1as level (Fig. 2b). Moreover, Western
blot and IF assays were carried out to determine the

sub-cellular distribution of p53 after CDR1as knock-
down. The results showed that nuclear p53 was
down-regulated specifically following CDR1as knock-
down, suggesting that CDR1as may also promote nu-
clear translocation of p53 in U87MG cells
(Additional file 4: Figure S3). Together, our results
demonstrated that CDR1as, probably via its inter-
action with p53, up-regulates p53 expression at the
protein rather than the mRNA level, thereby promot-
ing activation of p53 signaling.

CDR1as regulates p53 expression independently of its
binding to miRNAs
Our studies revealed that CDR1as has a potent role in
regulating the expression of p53 protein. With multiple
docking sites of miRNAs within its sequence, CDR1as is
primarily believed to function as a sponge to bind differ-
ent types of miRNAs, particularly miR-7. Therefore, we
predicted that CDR1as functions through its ability to
bind miRNAs. It is well-known that both AGO2 and
Dicer are essential for miRNA biogenesis and mature,
thus depletion of either AGO2 or Dicer will lead to re-
duction of miRNA expression. In U87MG cells, either
AGO2 or Dicer knockdown resulted in a decrease in p53
and its target p21 expression, both at the mRNA and
protein levels (Additional file 5: Figure S4A-D). Consist-
ently, the transcription activity of p53 was also inhibited
by silencing of AGO2 or Dicer (Additional file 5: Figure
S4A, C). Enforced expression of CDR1as, however, sig-
nificantly up-regulated the expression levels of p53 and
p21, as well as the transcription activity of p53 in
U87MG cells where AGO2 or Dicer was knocked down
(Additional file 5: Figure S4B, D). Of note, CDR1as only
rescued p53 expression at the protein level and not at
the mRNA level after AGO2 or Dicer silencing (Add-
itional file 5: Figure S4B, D). However, it had little effect
on rescuing expression of both mRNA and protein of
AGO2 and Dicer in U87MG cells in which AGO2 or
Dicer was knocked down (Additional file 5: Figure S4B,
D). Moreover, the miR-7 inhibitor was also found to
have no effects on expression of p53 protein whether
CDR1as was knocked-down or not (Additional file 5:
Figure S4E). Contradictory to our initial hypothesis,
these results suggested that the function of CDR1as in
regulating p53 protein is, at least partially, independent
of its capacity to bind to miRNAs, particularly miR-7.

CDR1as stabilizes p53 protein by suppressing its
ubiquitination
When protein synthesis is blocked by CHX, p53 grad-
ually degrades with time. GBM cells were transfected
with plasmid encoding CDR1as or control plasmid, and
the degradation of p53 protein was monitored after
CHX treatment. Compared to control, CDR1as evidently

Lou et al. Molecular Cancer          (2020) 19:138 Page 8 of 19



Fig. 2 CDR1as up-regulates expression of p53 protein by inhibiting its ubiquitination in U87MG cells. a Western blot analysis of p53 and its
targets (left); and validation of RNA levels of CDR1as, TP53, MDM2, CDKN1A and PUMA by RT-qPCR (right) in U87MG cells transfected with
increasing concentrations of plasmid encoding CDR1as. b Western blot analysis of p53 and its targets (left); and validation of RNA levels of
CDR1as, TP53, MDM2, CDKN1A and PUMA by RT-qPCR (right) in U87MG cells transfected with different siCDR1as or siNC. c Western blot analysis of
p53 and its targets in CDR1as knocked-down U87MG cells treated with Nutlin3 or DMSO. d Luciferase reporter assays for p53 transcription activity
in U87MG cells transfected with increasing concentrations of plasmid encoding CDR1as (left); and in U87MG cells transfected with different
siCDR1as or siNC (right). e, f Immunoblot of p53 and MDM2 protein and quantification of p53 relative level at the indicated time in U87MG cells
transfected with plasmid encoding CDR1as or control plasmid (e); and in U87MG cells transfected with siCDR1as-1 or siNC (f) after CHX treatment
to block protein synthesis. g Immunoblot of p53 ubiquitination in U87MG cells co-transfected with the plasmids encoding HA-ubiquitin (HA-Ub),
Myc-MDM2 and CDR1as after MG132 treatment (left); and validation of CDR1as expression by RT-qPCR (right). h Immunoblot of p53 ubiquitination
in CDR1as knocked-down (or siNC treated) U87MG cells transfected with the plasmids encoding HA-Ub and Myc-MDM2 after MG132 treatment
(left); and validation of CDR1as expression by RT-qPCR (right). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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prevented p53 degradation, thus prolonging its half-life.
(Fig. 2e and Additional file 3: Figure S2C). However,
when cells were depleted of endogenous CDR1as using
CDR1as siRNA, degradation of p53 protein was in-
creased and therefore its half-life was decreased over
time (Fig. 2f). Clearly, these results suggested that
CDR1as significantly elevates p53 stability, very probably
through prohibiting its degradation.
It is well-known that p53 protein is predominantly de-

graded through the ubiquitin-proteasome pathway [38].
In consequence, we next examined if p53 ubiquitination
is affected by CDR1as. Co-expression of ubiquitin and
MDM2 (the major E3 ubiquitinase of p53) significantly
triggered ubiquitination of endogenous p53 protein in
GBM cells, while MG132 treatment inhibited p53 deg-
radation (Fig. 2g, h and Additional file 3: Figure S2D).
The triggered ubiquitination of p53, however, signifi-
cantly diminished in cells when CDR1as was ectopically
expressed (Fig. 2g and Additional file 3: Figure S2D).
Meanwhile, p53 ubiquitination was dramatically in-
creased after CDR1as was depleted using different siR-
NAs (Fig. 2h). Clearly, these results demonstrated that
CDR1as effectively inhibits p53 ubiquitination, therefore
preventing p53 protein from degradation through the
ubiquitin-proteasome pathway.

p53 interacts physically with circRNA CDR1as via its DBD
domain
The full-length p53 protein has five functional domains,
including two TAD domains, one DBD domain, one OD
domain and one BD domain (Fig. 3a). Among them, the
DBD and the CTD including OD and BD domains are
believed to possess the potential of binding nucleic acids.
To analyze the binding capacity of these different do-
mains, four different p53 constructs were generated. As
shown in Fig. 3a, they were named as p53-full length,
ND2 (deletion of two N-terminal domains), CD1 (dele-
tion of two C-terminal domains) and MD1 (deletion of
DBD domains), respectively (Fig. 3a). RIP-qPCR assays
were then performed to evaluate their binding capacity
to CDR1as. Our results showed that only the construct
missing the DBD domain lost its capacity to bind
CDR1as, suggesting that the DBD of p53 is necessary for
CDR1as binding (Fig. 3b). Although the CTD domain is
believed to bind RNA molecules non-specifically, it did
not bind the circRNA molecule CDR1as in our experi-
mental conditions (Fig. 3b).

CDR1as disrupts the p53/MDM2 complex
The p53 protein is tightly controlled by its negative
regulator MDM2, the E3 ubiquitin protein ligase, which
promotes p53 ubiquitination and degradation. MDM2
binds tightly to p53 to form the p53/MDM2 complex to
facilitate p53 degradation [39, 40]. As demonstrated

earlier, CDR1as is able to physically bind p53, suggesting
that CDR1as may impact on the p53/MDM2 complex
formation. To test our hypothesis, IP assays were per-
formed. In U87MG cells, the interaction of p53 with
MDM2 was significantly inhibited by CDR1as in a dose-
dependent manner (Fig. 3c). The interaction of the ec-
topically expressed p53 and MDM2 was hampered by
CDR1as expression in U87MG cells (Fig. 3d), which was
further confirmed in HCT116 cells (Additional file 6:
Figure S5A). Therefore, our results suggested that the
p53/MDM2 complex can be disrupted by CDR1as.
MDM2 has been reported to be able to bind RNAs, but
our analysis showed that MDM2 does not bind to
CDR1as directly (data not shown). Thus, our data sug-
gested that CDR1as may disrupt the p53/MDM2 com-
plex, which is probably mediated by its interaction with
p53 rather than MDM2.
We demonstrated earlier that the DBD region is ne-

cessary for the binding of p53 to CDR1as (Fig. 3a). Next,
we tested if this interaction is involved in restricting the
p53/MDM2 complex formation. To this end, plasmids
encoding MDM2 and different p53 mutant constructs
were introduced into MEF DKO (p53−/−, MDM2−/−) and
the interactions between MDM2 and the distinct p53
constructs were investigated by IP assays. Like full-
length p53 (Fig. 3e), the CD1 (Fig. 3g) and MD1 (Fig.
3h) but not the ND2 (Fig. 3f, lacking the N terminal)
mutant constructs bound to MDM2 (Fig. 3e-h). How-
ever, the interaction between MDM2 and the full-length
(Fig. 3e) or the CD1 of p53 (Fig. 3g) was significantly
inhibited when CDR1as was ectopically expressed. In
contrast, CDR1as had little effect on the binding of
MDM2 to the p53 MD1 mutant that was depleted of the
p53 DBD domain (Fig. 3h). In agreement, IP assays from
p53−/− HCT116 cells transfected with plasmids encoding
full-length, ND2, MD1 and CD1 p53 constructs respect-
ively showed that CDR1as can effectively disrupt the
binding of endogenous MDM2 to p53 only when DBD
domain is intact (Additional file 6: Figure S5B-E). Thus,
the p53 DBD domain is required for CDR1as to disrupt
the p53/MDM2 complex.
Taken together, our results suggested that CDR1as is

able to disrupt the p53/MDM2 complex through its
interaction with the p53 DBD, resulting in an increase in
p53 stability through inhibiting its MDM2-mediated ubi-
quitination and subsequent degradation. Therefore,
CDR1as depletion may significantly promotes tumori-
genesis by p53 inactivation in glioma.

CDR1as suppresses gliomagenesis in vitro and in vivo
We demonstrated that the circRNA CDR1as is substan-
tially down-regulated in glioma. More importantly, we
discovered that its expression correlates reversely with
tumor progression and positively with patient prognosis.
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These results imply that CDR1as may play a potent
regulatory role in inhibiting gliomagenesis.
In vitro analyses showed that when CDR1as was

knocked down in GBM U87MG cells, colony formation

(Fig. 4a), cell proliferation (Fig. 4b), and cell division
(Fig. 4c) substantially increased, whereas apoptosis (Fig.
4d) decreased. Consistent with this, when CDR1as was
ectopically expressed in GBM LN229 cells, tumor

Fig. 3 CDR1as directly binds with the DBD region of p53 and disrupts the p53/MDM2 complex. a A schema showing four constructs containing
full-length or different domains of p53. b RIP-qPCR analysis of CDR1as binding with the indicated p53 constructs. c IP analysis of interaction
between MDM2 and p53 in U87MG cells transfected with increasing concentrations of plasmid encoding CDR1as. d IP analysis of interaction
between MDM2 and p53 in U87MG cells co-transfected with plasmids encoding CDR1as, Myc-p53 or Myc-MDM2. e-h IP analysis of interaction
between MDM2 and the indicated p53 constructs in MEF DKO (p53−/−; MDM2−/−) cells co-transfected with plasmids encoding CDR1as, HA-MDM2,
and the indicated p53 constructs. *p < 0.05; **p < 0.01
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Fig. 4 (See legend on next page.)
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growth is inhibited (Additional file 7: Figure S6A-D).
Therefore, the result demonstrated that CDR1as func-
tions as a tumor suppressor and that tumor growth is
accelerated with CDR1as silencing.
To evaluate the role of CDR1as on gliomagenesis

in vivo, xenograft mouse models were established by
implanting human glioma cells near the axillary fossae
of the nude mice. When CDR1as was knocked-down
in U87MG cells, tumor volume (Fig. 4e, f) was dra-
matically increased, while overall survival was de-
creased (Fig. 4g). In xenograft tumors with CDR1as
knocked-down, p53 expression was significantly
down-regulated, whereas cell proliferation was in-
creased (Fig. 4h). When CDR1as was ectopically
expressed in LN229 cells, however, tumor volume
(Additional file 7: Figure S6E, F) was dramatically de-
creased, and overall survival increased (Additional file
7: Figure S6G). In xenograft tumors with CDR1as
over-expression, p53 expression was significantly up-
regulated, whereas cell proliferation was decreased
(Additional file 7: Figure S6H). Taken together, our
results showed CDR1as has a potent role in suppress-
ing gliomagenesis in vivo.

CDR1as functions in a p53-dependent manner
Our work showed CDR1as significantly inhibits tumor
growth and that p53 activity is affected by CDR1as ex-
pression (Fig. 2). These results suggested that it is pos-
sible for CDR1as to function in a p53-dependent
manner. Therefore, the influence of CDR1as over-
expression (Fig. 5a) or knock-down (Fig. 5b) in cells in
which p53 is functional (p53+/+) or absent (p53−/−) were
compared. In HCT116 p53+/+ cells and not HCT116 p53

−/− cells, enforced expression of CDR1as significantly
inhibited colony formation and cell proliferation,
whereas knockdown of CDR1as promoted colony forma-
tion and cell proliferation (Fig. 5c, d). Next, we further
evaluated the impact of CDR1as on cell cycle and apop-
tosis in cells where p53 is wild-type or deleted. The re-
sults shown in Fig. 5e and Fig. 5f revealed that CDR1as
promoted G0/G1 arrest and apoptosis in HCT116 p53+/+

cells, but had little effect on HCT116 p53−/− cells. After
p53 was reintroduced into p53 null cells, CDR1as,
regained its ability to cause cell cycle arrest and apop-
tosis (Fig. 5e, f). Next, the tumor suppressive role of
CDR1as was investigated further in the p53 mutant

GBM T98G (Additional file 8: Figure S7A-D) and U251
(Additional file 8: Figure S7E-H) cells. The results
showed that enforced expression or knockdown of
CDR1as had little effect on colony formation (Additional
file 8: Figure S7A, E) and cell proliferation (Additional
file 8: Figure S7B, F) in these cells in which p53 is inacti-
vated due to mutation. In addition, enforced expression
or knockdown of CDR1as did not confer to significant
changes of cell cycle (Additional file 8: Figure S7C, G)
and apoptosis (Additional file 8: Figure S7D, H) in these
cells too. Taken together, our results demonstrated that
CDR1as suppresses tumorigenesis of glioma in a p53-
dependent manner.

CDR1as protects p53 function against DNA damage
The expression level of CDR1as is dramatically elevated
in different cell types following treatment with the DNA
damaging agents, DOXO and VP16 (Fig. 6a and Add-
itional file 9: Figure S8A). CDR1as, as well as p53 signal-
ing, is simultaneously activated upon DNA damage,
implying that CDR1as is a DNA-damage induced
lncRNA molecule. Indeed, being closely co-localized
with p53 in nucleus, CDR1as promoted p53 accumula-
tion in cells treated with DOXO, indicating it may be
critical for preserving p53 function in response to DNA
damage (Fig. 6b and Additional file 9: Figure S8B). Flow
cytometric assays showed that CDR1as silencing
bypassed the DNA damage-induced G0/G1 arrest (Fig.
6c) and apoptosis (Fig. 6d) in cells treated with DOXO,
whereas enforced expression of CDR1as promotes cell
cycle arrest (Additional file 9: Figure S8C) and apoptosis
(Additional file 9: Figure S8D) in cells upon DNA dam-
age. To confirm further the impact of CDR1as on DNA
damage, IF assays on phosphorylated histone H2AX
(γH2A.X) foci which reflect the degree of DNA damage
were carried out. Our results showed that CDR1as
knockdown significantly induced the formation of
γH2A.X foci in U87MG cells (Fig. 6e). Enforced expres-
sion of CDR1as in LN229 cells, however, causes a dra-
matic decrease in γH2A.X foci (Additional file 9: Figure
S8E). Taken together, the data suggest that CDR1as is
not only a sensor of DNA damage but also a mediator of
DNA damage response. Upon DNA damage, CDR1as is
induced to protect and to stabilize p53 and to reduce
the accumulation of damage DNA.

(See figure on previous page.)
Fig. 4 CDR1as suppresses gliomagenesis of U87MG cells in vitro and in vivo. a-d Colony formation assays (a), cell proliferation assays (b), flow
cytometric cell cycle assays (c) and flow cytometric apoptosis assays (d) for U87MG cells treated with different siCDR1as or siNC. e Excised tumors
from nude mice xenografted with U87MG cells treated with siCDR1as-1 or siNC. f Volume of xenografted tumors derived from U87MG cells
treated with siCDR1as-1 or siNC. g Kaplan-Meier curves of the overall survival of nude mice xenografted with U87MG cells treated with siCDR1as-
1 or siNC. h IHC assays for xenografted tumors derived from U87MG cells stained with H&E, PCNA antibody and p53 antibody respectively. *p <
0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001
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Discussion
It is well established that p53 is a master suppressor of
tumorigenesis and loss of p53 functions has been found

to occur in almost all tumors by either mutation or in-
activation [3]. Glioma, particular GBM, usually harbors a
structurally intact TP53 gene [5], indicating the

Fig. 5 CDR1as functions in a p53-dependent manner. a, b Ectopic expression (a), and knock-down (b) of CDR1as in HCT116 cells in which p53 is
intact (HCT116p53+/+) or absent (HCT116p53−/−). c, d Colony formation assays for HCT116p53+/+ cells and HCT116p53−/− cells in which CDR1as is
ectopically expressed (c) or knocked down (d). e Flow cytometric cell cycle assays (left) and apoptosis assays (right) for the indicated cells
transfected with CDR1as expressing plasmid (or control plasmid). f Flow cytometric cell cycle assays (left) and apoptosis assays (right) for the
indicated cells transfected with siCDR1as-1 (or siNC). *p < 0.05; **p < 0.01; ***p < 0.001
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augmented proliferation and resistance to cytotoxic
treatment in GBM is attributable to the loss of p53 func-
tion by inactivation [6]. p53 is one of the most studied
molecules of all time, but our understanding of its regu-
latory and signaling network remains incomplete. Ample
evidence supports the notion that lncRNAs play a key
role in tumorigenesis [12, 13]. Recently, the emergence
of circRNAs has further reshaped and widened our in-
sights into eukaryotic transcripts and their roles [14, 16,
18, 19]. CircRNAs, however, are among the least well

characterized non-coding transcripts, and our knowledge
of their function in cancer development is very limited.
Particularly, whether or how the master tumor suppres-
sor p53 is regulated by circRNAs is yet to be explored.
DBD and CTD are two distinct nucleic acid-binding

domains of p53 [23]. It is believed that p53-RNA inter-
action which may modulate p53 activity is mediated by
the CTD rather than the core DBD [41–43]. Hitherto,
whether p53 interacts with lncRNAs, particularly with
circular RNAs, and the relevant physiological

Fig. 6 CDR1as serves as a protective machinery to preserve p53 function against DNA damage in U87MG cells. a Western blot analysis of p53
and p21 expression (left); and RT-qPCR analysis of CDR1as expression (right) in U87MG cells after 48 h treatment with DOXO, VP16 or DMSO (as
control). b Western blot analysis of p53 and p21 expression (left); and densitometric analysis of p53 expression normalized to GAPDH (right) in
U87MG cells transfected with siCDR1as-1 or siNC after 48 h treatment of DOXO or DMSO. c Flow cytometric analysis of cell cycle in U87MG cells
transfected with different siCDR1as or siNC after 48 h treatment of DOXO or DMSO. d Flow cytometric analysis of apoptosis in U87MG cells
transfected with siCDR1as-1 or siNC after 48 h treatment of DOXO or DMSO. e IF analysis of γH2A.X (DNA damage marker) in U87MG cells
transfected with different siCDR1as or siNC after 48 h treatment of DOXO or DMSO (left); quantification of number of γH2A.X positive cells with
equal or more than 10 γH2A.X foci/nucleus (right). *p < 0.05; ** p < 0.01; ***p < 0.001
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significance remains almost unknown. Through RNA
immunoprecipitation analysis, we found multiple
lncRNAs bind to the p53 protein. Among them, the cir-
cRNA CDR1as interacts with p53 and is significantly
correlated to p53 signaling. Being particularly abundant
in brain, CDR1as is essential for normal development
and function of brain [28]. Meanwhile, CDR1as is also
found to be implicated in tumorigenesis [26, 27]. How-
ever, the published work shows contradictory results re-
lating to its impact on tumorigenesis [25, 26], suggesting
that the underlying mechanisms require more carefully
dissection. CDR1as has previously been established as a
miRNA sponge [26–28]. Our present results reveal that
CDR1as is strongly bound by p53, which suggests that
circRNAs, as exemplified by CDR1as, may represent a
new layer of control of the tumorigenic process, func-
tioning via their interaction with proteins.
p53 is a key suppressor of tumorigenesis [3, 4]. Our

initial assay proves that the p53 level is significantly af-
fected by CDR1as. The protein level of p53 is substan-
tially down-regulated by CDR1as inactivation, while the
mRNA level does not change much. Further analysis
shows that CDR1as positively regulates the stability of
p53 protein through limiting its ubiquitination and deg-
radation. Therefore, our results suggest that CDR1as
may function as a tumor suppressor through restricting
p53 degradation. CDR1as is one of a few of circRNA
molecules whose roles and the underlying mechanisms
of action have begun to be characterized, and have been
found to primarily function as a miRNA sponge [25–28].
A few of initial findings on its role in tumorigenesis is,
however, mutual contradictory [25, 26]. In this study, we
verify that CDR1as is substantially down-regulated in gli-
oma, the most common and yet incurable tumor in
CNS. CDR1as dramatically inhibits tumor growth in a
p53-dependent way. Rather than being a miRNA sponge,
CDR1as is able to bind physically to p53 protein, thus
preventing its ubiquitination by MDM2 and subsequent
degradation. Evidently, we demonstrate that CDR1as
may restrict tumorigenesis of glioma through stabilizing
the p53 protein.
It is known that MDM2, an E3 ubiquitin ligase, is a

key regulator of p53 stability through the 26S
proteasome-degradation pathway. Being a crucial onco-
genic molecule, MDM2 is frequently over-expressed in
numerous cancers [44, 45]. MDM2 complexes with p53
to modulate the level and thereby, the transcriptional ac-
tivity of p53. The stability of p53/MDM2 complex is
modulated by many factors that bind either p53 or
MDM2. The interaction of the p53/MDM2 complex
with p300 [8] promotes p53 degradation, whereas its
binding to Rb [46], c-Abl [10] or ARF [47] stabilizes p53.
Both p53 [41, 43, 48] and MDM2 [49, 50] can bind
RNAs, indicating the interactions between p53/MDM2

with RNAs may influence p53 stability. CDR1as binds
p53 instead of MDM2, suggesting that the interaction of
CDR1as with the p53/MDM2 complex is most likely to
be through p53. This is further verified by the fact that
CDR1as is commonly co-localized with p53 protein.
More importantly, CDR1as inhibits tumor growth in a
p53-dependent manner. Upon DNA damage, CDR1as is
significantly up-regulated, which results in accumulation
of p53 protein to promote cell cycle arrest. Our work
demonstrates that CDR1as complexes with p53 protein,
which may sense signaling of DNA damage and serve as
a protective machinery to preserve p53 function.
The primary docking sites of p53 with MDM2 is lo-

cated in the N-terminal region of p53. Crystallographic
analysis shows that the N-terminus of p53 forms an
amphipathic α-helix, of which three hydrophobic and
aromatic residues are inserted into MDM2 cleft, thus
forming a complex [51]. Although it is well established
that MDM2 interacts with the N-terminal domain of
p53 to induce its degradation, the p53/MDM2 inter-
action can also be affected by factors binding to regions
away from p53 N-terminal domain [52]. Binding-
induced allosteric changes of p53 at regions distal from
its N-terminus may play important roles in its function
and regulation. It has been reported that DNA binding
through its DBD region promotes conformation change
of p53 protein, thus protecting it from interacting with
partners [53]. Therefore, we speculate that DBD binding
to circRNA CDR1as can also provoke p53 conform-
ational changes, leading to its N-terminus dissociation
from MDM2, and ultimately limiting p53 degradation.
Notably, the DBD domain of p53 also forms a key inter-
face for MDM2 binding, which has been demonstrated
to be essential for its ubiquitination and degradation
[54]. In consequence, CDR1as binding can potentially
restrict the interaction of p53 with MDM2, resulting in
the arrest of p53 ubiquitination and degradation.
Collectively, our results show that CDR1as plays a vital

role as a tumor suppressor of glioma tumorigenesis.
CDR1as is expressed abundantly in brain, but at low
levels in most of other normal tissues [28]. Compared to
adjacent normal brain, CDR1as is greatly down-
regulated in glioma [20]. It restricts cell proliferation by
inducing cycle arrest and apoptosis. Therefore, CDR1as
possesses the inhibitory function of tumorigenesis, which
is further verified by the experiments of tumor growth
in vivo. Notably, the present findings are at odds with
those of others who reported that CDR1as functions as
an oncogene [26, 27]. It is well known that gene func-
tions are context dependent, so many genes can possess
dual functions as tumor suppressors or oncogenes.
CDR1as has previously been regarded as a potent sponge
for miRNAs, particularity miR-7 27–28. Our results, for
the first time, discover that it can bind protein and it
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may function by destabilizing the p53/MDM2 complex
independently of its binding with miRNAs. With further
study in the future, more aspects of its function will be
disclosed.
Tumorigenesis is most frequently driven by loss of

wild-type p53 function, either due to its mutations or in-
activation [3]. p53 stability is closely controlled by the
formation of p53/MDM2 complex. We first discover
that circRNA CDR1as directly interacts with this com-
plex, and their interaction may disrupt of the binding of
p53 with MDM2, thus preventing formation of the p53/
MDM2 complex. In this manner, CDR1as stabilizes p53
protein through decreasing ubiquitination by MDM2. In
glioma, down-regulated CDR1as may promote tumori-
genesis due to p53 inactivation. For decades, targeting
the p53/MDM2 complex has been one of top attractive
strategies of cancer treatment [45, 55]. Our discovery
might pave a way for a strategy to overcome one of the
greatest challenges of health care.
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Additional file 1 Table S1. Multivariate Cox regression analysis of
prognosis in glioma. *p < 0.05; **p < 0.01. Table S2. The list of qPCR
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Additional file 2 Figure S1. CDR1as expression in different types of
human tissue and cancer. A. Heatmap of expression of p53-binding
lncRNAs in human tissues (up); CDR1as expression in human tissues (low).
B. Heatmap of expression of p53-binding lncRNAs in 31 types of cancer
(up); CDR1as expression in 31 types of cancer (low). C. Kaplan-Meier
curves of the overall survival of patients for CDR1as with different glioma
grades in the CGGA cohort. D. AUC (Area Under Curve) plotted for differ-
ent durations of survival for p53-binding lncRNAs in the CGGA cohort
(up); Cox univariate regression for survival for p53-binding lncRNAs in the
CGGA cohort (low). E. RNA FISH assays of CDR1as expression in glioma
(n = 87) and normal brain tissues (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.

Additional file 3 Figure S2. CDR1as up-regulates expression of p53 pro-
tein by inhibiting its ubiquitination in LN229 cells. A. Western bolt ana-
lysis of p53 and its targets (left); and validation of RNA levels of CDR1as,
TP53, MDM2, CDKN1A and PUMA by RT-qPCR (right) in LN229 cells trans-
fected with increasing concentrations of plasmid encoding CDR1as. B.
Luciferase reporter assays for p53 transcription activity in LN229 cells
transfected with increasing concentrations of plasmid encoding CDR1as.
C. Immunoblot of p53 protein (left) and quantification of its relative level
(right) at the indicated time in LN229 cells transfected with plasmid en-
coding CDR1as or control plasmid with CHX treatment to block protein
synthesis. D. Immunoblot of p53 ubiquitination in LN229 cells co-
transfected with the plasmids encoding HA-Ub, Myc-MDM2 and CDR1as
with MG132 treatment to inhibit proteasomal degradation. *p < 0.05;
**p < 0.01; ***p < 0.001.

Additional file 4 Figure S3. CDR1as regulates sub-cellular distribution
of p53 in U87MG cells. U87MG cells were transfected with different siC-
DR1as or siNC. After 48 h, cells were treated with MG132 for 4 h. Subse-
quently, cell fractionation assays (A) were performed for cytoplasmic and
nuclear fraction of p53. Fractionation efficiency was validated by Western
blot using antibodies specific to marker proteins of each fraction: GAPDH
for cytoplasm and Histone 3 (H3) for nucleus. IF assays (B) were per-
formed for sub-cellular localization of p53.

Additional file 5 Figure S4. CDR1as stabilizes p53 protein
independently on its binding with miRNAs. A. RT-qPCR assays for RNAs
of AGO2, CDR1as, TP53 and CDKN1A expression (up); Western blot assays
for proteins of AGO2, p53 and p21 (middle); and luciferase reporter assays
for p53 transcription activity (low) in U87MG cells transfected with differ-
ent siAGO2 or siNC. B. RT-qPCR assays for RNAs of AGO2, CDR1as, TP53
and CDKN1A expression (up); Western blot assays for proteins of AGO2,
p53 and p21 (middle); and luciferase reporter assays for p53 transcription
activity (low) in AGO2 knocked down U87MG cells transfected with plas-
mid encoding CDR1as or control plasmid. C. RT-qPCR assays for RNAs of
Dicer, CDR1as, TP53 and CDKN1A expression (up); Western blot assays for
proteins of Dicer, p53 and p21 (middle); and luciferase reporter assays for
p53 transcription activity (low) in U87MG cells transfected with different
siDicer or siNC. D. RT-qPCR assays for RNAs of Dicer, CDR1as, TP53 and
CDKN1A expression (up); Western blot assays for proteins of Dicer, p53
and p21 (middle); and luciferase reporter assays for p53 transcription ac-
tivity (low) in Dicer knocked down U87MG cells transfected with plasmid
encoding CDR1as or control plasmid. E. Western blot analysis of p53 and
its targets in U87MG cells transfected with siCDR1as or not (NC) 48 h after
treatment with the miR-7 inhibitor (General Biosystems, 25 nM); RT-qPCR
analysis of miR-7, CDR1as, TP53, MDM2 and CDKN1A in U87MG cells 48 h
after treatment with the miR-7 inhibitor. ns, no significance; *p < 0.05;
**p < 0.01; ***p < 0.001.

Additional file 6 Figure S5. CDR1as prevents the binding between p53
and MDM2 in HCT116 cells. A. IP analysis of binding between MDM2 and
p53 in HCT116p53+/+ cells co-transfected with plasmids encoding CDR1as,
and Myc-p53 or Myc-MDM2 after MG132 treatment. B-E. IP analysis of
MDM2 binding with full-length p53 (B), ND2 (C), CD1 (D) and MD1 (E) re-
spectively in HCT116p53−/− cells co-transfected with the indicated con-
structs after MG132 treatment.

Additional file 7 Figure S6. CDR1as suppresses gliomagenesis of LN229
cells in vitro and in vivo. A-D. Colony formation assays (A), cell
proliferation assays (B), flow cytometric cell cycle assays (C), and flow
cytometric apoptosis assays (D) for LN229 cells transfected with CDR1as
expressing plasmid or control plasmid. E. Excised tumors from nude mice
xenografted with LN229 cells transfected with CDR1as expressing plasmid
or control plasmid. F. Volume of xenografted tumors derived from LN229
cells transfected with CDR1as expressing plasmid or control plasmid. G.
Kaplan-Meier curves of the overall survival of nude mice xenografted with
LN229 cells transfected with CDR1as expressing plasmid or control plas-
mid. H. IHC assays for xenografted tumors derived from the indicated
LN229 cells stained with H&E, PCNA antibody and p53 antibody respect-
ively. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Additional file 8 Figure S7. CDR1as has little effects on growth of p53-
mutant GBM cells T98G and U251. A-B. Colony formation assays (A), and
cell proliferation assays (B) for p53 mutant T98G cells in which CDR1as ex-
pression was manipulated. C-D. Flow cytometric cell cycle assays (C) and
apoptosis assays (D) for p53 mutant T98G cells in which CDR1as expres-
sion was manipulated after 48 h treatment with DOXO or DMSO. E-F.
Colony formation assays (E), and cell proliferation assays (F) for p53 mu-
tant U251 cells in which CDR1as expression was manipulated. G-H. Flow
cytometric cell cycle assays (G) and apoptosis assays (H) for p53 mutant
U251 cells in which CDR1as expression was manipulated after 48 h treat-
ment with DOXO or DMSO. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.

Additional file 9 Figure S8. CDR1as serves as a protective machinery to
preserve p53 function against DNA damage in LN229 cells. A. Western
blot analysis of p53 and p21 expression (left), and RT-qPCR analysis of
CDR1as expression (right) in LN229 cells after 48 h treatment of DOXO,
VP16 or DMSO. B. Immunoblot of p53 and p21 (left), and densitometric
analysis of p53 expression normalized to GAPDH (right) in LN229 cells
transfected with plasmid encoding CDR1as or control plasmid after 48 h
treatment of DOXO or DMSO. C. Flow cytometric analysis of cell cycle in
LN229 cells transfected with plasmid encoding CDR1as or control plasmid
after 48 h treatment of DOXO or DMSO. D. Flow cytometric analysis of
apoptosis in LN229 cells transfected with plasmid encoding CDR1as or
control plasmid after 48 h treatment of DOXO or DMSO. E. IF analysis of
γH2A.X in LN229 cells transfected with plasmid encoding CDR1as or con-
trol plasmid after 48 h treatment of DOXO or DMSO (left); quantification
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of number of γH2A.X positive cells with equal or more than 10 γH2A.X
foci/nucleus (right). *p < 0.05; **p < 0.01.

Additional file 10 Figure S9. Ubiquitination of p53 in U87MG cells
without MG132 treatment. A. Immunoblot of p53 ubiquitination in
U87MG cells co-transfected with the plasmids encoding HA-Ub, Myc-
MDM2 and CDR1as without MG132 treatment. B. Immunoblot of p53 ubi-
quitination in CDR1as knocked-down (or siNC treated) U87MG cells trans-
fected with the plasmids encoding HA-Ub and Myc-MDM2 without
MG132 treatment.
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