
RESEARCH ARTICLE

PTBP1 induces ADAR1 p110 isoform expression through
IRES-like dependent translation control and influences cell
proliferation in gliomas

Bin Yang1,3 • Peishan Hu1 • Xihua Lin1 • Wei Han1 • Liyuan Zhu1 • Xiaochao Tan1 •

Fei Ye1 • Guanzhou Wang1 • Fan Wu1 • Bin Yin1 • Zhaoshi Bao2 • Tao Jiang2 •

Jiangang Yuan1 • Boqin Qiang1 • Xiaozhong Peng1

Received: 4 June 2014 / Revised: 25 May 2015 / Accepted: 26 May 2015 / Published online: 6 June 2015

� Springer Basel 2015

Abstract Internal ribosomal entry site (IRES)-mediated

translation initiation is constitutively activated during

stress conditions such as tumorigenesis and hypoxia. The

RNA editing enzyme ADAR1 plays an important role in

physiology and pathology. Initially, we found that the

ADAR1 p150 or p110 transcript levels were decreased in

glioma cells compared with normal astrocyte cells. In

contrast, protein levels of ADAR1 p110 were significantly

upregulated in glioma tissues and cells. This expression

pattern indicated translationally controlled regulation. We

identified an 885-nt sequence that was located between

AUG1 and AUG2 within the ADAR1 mRNA that exhibited

IRES-like activity. Furthermore, we confirmed that the

translational mode of ADAR1 p110 was mediated by

PTBP1 in glioma cells. The protein levels of PTBP1 and

ADAR1 were cooperatively expressed in glioma tissues

and cells. Knocking down ADAR1 p110 significantly

decreased cell proliferation in three types of glioma cells

(T98G, U87MG and A172). The removal of a minimal

IRES-like sequence in a p150-overexpression construct

could effectively abolish p110 induction and resulted in the

slight suppression of cell proliferation compared with

ADAR1-p150 overexpression in siPTBP1-treated T98G

cells. In summary, our study revealed a mechanism

whereby ADAR1 p110 can be activated by PTBP1 through

an IRES-like element in glioma cells, and ADAR1 is

essential for the maintenance of gliomagenesis.
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Introduction

The initiation of translation in eukaryotic cells can occur

by at least two distinct mechanisms: cap-dependent scan-

ning and internal ribosome entry [1]. IRES-dependent

translation is critical for physiological and pathological

progress and can drive the expression of proteins under

conditions where cap-dependent translation is suppressed,

which indicates a translation-regulated response to stress

environments such as hypoxia, apoptosis, inflammation and

tumorigenesis [2–5]. IRES trans-acting factors (ITAFs) are

known to contribute to IRES-mediated translation progress,

and a subset of RNA-binding proteins can function as

ITAFs, such as polypyrimidine tract binding protein (PTB,

also known as PTBP1), upstream of N-ras (UNR, also

known as CSDE1) and poly(C)-binding protein (PCBP)

[6–8].
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A-to-I RNA editing, which is catalyzed by adenosine

deaminases that act on RNA (ADAR), is an important

posttranscriptional process [9–12]. ADAR1 (also known as

ADAR) is widely expressed, especially in liver and brain.

ADAR1 is found as two isoforms: a long, 150-kDa protein

(ADAR1 p150) that is located in the cytoplasm and nucleus

and is interferon inducible and a 110-kDa protein (ADAR1

p110) that is constitutively expressed in the nucleus [13,

14]. The two isoforms are encoded from two different

AUGs that are located in exons 1A or 2, and the p150

isoform is N-terminally extended (295 amino acids) com-

pared to p110. ADAR1 plays important roles in physiology

and pathology. Disrupted RNA editing levels or abnormal

ADAR expression is associated with many diseases, such

as cancer. In recent years, several studies have revealed the

relationship between ADAR and malignant tumors, mainly

in leukemia and glioblastoma (GBM) [15–20]. Over-ex-

pressed ADAR2 (also known as ADARB1) can inhibit

glioma proliferation and the cell cycle through CDC-14B

editing [19]; however, the expression and biological role of

ADAR1 in gliomas remain unclear.

Here, we show that ADAR1 mRNA contains an IRES-

like element, and PTBP1 might contribute by regulating

the coordinated expression of ADAR1 p110 in glioma

cells.

Materials and methods

Cell culture and tumor tissues

Human astrocyte cells (NHA, HA, HA-c and HA-sp),

glioma cell lines (T98G, U87MG, A172, U251, HS-683,

SF-126, SF-763, SF-767, SHG-44, CCF-STGG1, H4, LN-

18, LN-229 and U118MG) and human 293ET cells were

purchased from the American Type Culture Collection

(ATCC) and grown in Dulbecco’s modified Eagle’s med-

ium (DMEM) supplemented with 10 % fetal calf serum

(Invitrogen) plus antibiotics.

We included 29 glioma tissue samples and 6 normal

brain tissues (from the Department of Neurosurgery, Bei-

jing Tiantan Hospital). Malignancy grade (8 samples were

grade II, 8 samples were grade III and 13 samples were

grade IV) was defined according to the guidelines of the

World Health Organization (WHO).

RNA extraction and quantitative real-time PCR

Total RNA was isolated from treated cells using Trizol

reagent (Invitrogen) and was reverse transcribed using a

reverse transcription system to generate a cDNA template

according to the manufacturer’s instructions. Quantitative

real-time (qRT) PCR was performed using an SYBR-

green-containing PCR kit (Takara) and the IQ5 sequence

detection system (Applied Biosystems) according to the

manufacturer’s instructions. To detect relative gene

expression, the RNA input was normalized to levels of

human GAPDH, 18S rRNA mRNA. The primer sequences

that were used for RT-PCR and qRT-PCR are listed in

Supplementary Information Table 1.

Western blotting

Tissues or cells were harvested using TNTE lysis buffer

(pH 7.4) containing 50 mM Tris–HCl, 150 mM NaCl, 1 %

NP-40, 0.1 % SDS and protease inhibitor cocktail (Roche,

Mannheim, Germany).

Proteins for immunoblotting were resolved in 8–15 %

SDS-PAGE gels (Invitrogen) and transferred to nitrocel-

lulose (NC) membranes. The NC membranes were blocked

with 5 % skim milk in TBS-T (20 mM Tris–HCl, pH 7.4,

150 mM NaCl, 0.1 % Tween 20) for at least 1 h. Anti-

bodies were added in TBS-T containing 5 % skim milk,

and the blots were washed with TBS-T. Immunoblot sig-

nals were developed using an enhanced

chemiluminescence reagent (GE Healthcare Bio-Sciences

Corp.). The following antibodies were used in this study:

mouse anti-human ADAR1 (cat. ab88574, Abcam, USA),

rabbit anti-human HIF-1a (cat. ab2185, Abcam, USA),

rabbit anti-human PCBP2 (Aviva Systems Biology, USA),

rabbit anti-human PTBP1 (provided by our lab) and goat

anti-human UNR (cat. sc-79292, Santa Cruz, USA).

Plasmid constructs and luciferase assays

Human ADAR (NM_001111) cDNA clone plasmids were

obtained from Origene. Fragments (1–885 nt) of ADAR1

and the 50UTR of UNR were PCR amplified and cloned

into the pGL3-basic and pHRF vectors. The primer

sequences that were used for PCR amplification are listed

in Supplementary Information Table 1. Twenty-four hours

before transfection, 293ET and T98G cells were plated into

a 24-well plate. For the pGL-3 vector transfection system,

pGL-3 plasmids (800 ng) and pRL-TK (100 ng) were

transfected into 293ET cells in one well using Lipofec-

tamineTM 2000 (Invitrogen Life Technology Inc.). For the

pHRF vector transfection system, the b-galactosidase
reporter plasmid (100 ng) and pHRF vectors (600 ng) were

co-transfected into cells in one well using LipofectamineTM

2000 (for 293ET cells) or vigorous transfection reagent (for

T98G cells). After 48 h, luciferase assays were performed

using the Dual Luciferase Reporter Assay System (Pro-

mega, USA). The b-galactosidase activity was assayed

using a b-galactosidase enzyme assay system (Beyotime,

China). For each experimental trial, cells were transfected

with the same plasmids in quadruplicate, and each well was
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assayed. These experiments were repeated more than three

times, and the P value was calculated using a two-tailed

t test.

RNAi duplexes and transfection

RNAi duplexes for ADAR1 were designed and synthesized

by Genepharma (China). SiADAR1 (50-CGCAGAGUUC
CUCACCUGUATT-30 and 50-UACAGGUGAGGAACUC
UGCGCGTT-30) was synthesized [21] and bound the

coding region of the human ADAR1 mRNA sequence

(GenBank accession no. NM_001111.4). Stealth RNAiTM

siRNA for PTBP1 (50-AGAAGGACCGCAAGAUGGCA
CUGAU-30 and 50-AUCAGUGCCAUCUUGCGGUCCU
UCU-30) was designed and synthesized by Invitrogen.

SiNC duplexes were also synthesized. Cells were seeded in

DMEM containing 10 % fetal bovine serum without

antibiotics. Twenty-four hours later, the cells were trans-

fected with siRNA or siNC (final concentration of 100 nM)

using LipofectamineTM 2000, and progress was followed

using the manufacturer’s protocol for LipofectamineTM

2000-based transfections.

Biotin pulldown assay

ADAR1-885 and EV71 50UTR RNA probes were prepared

from pGEM-3zf(?) constructs. The reaction mixture con-

tained 200 mg of the cell extracts and 12.5 pmol of each

biotinylated RNA probe. The RNA-binding buffer (buffer

I) contained 10 mM HEPES (pH 7.1), 50 mM KCl,

1.5 mM MgCl2 and 0.5 % NP-40. When using the RNA-

binding buffer (buffer II), we added 2 mM DTT, 1 U

RNasin, 1 mM EDTA, 0.2 % vanadyl-ribonucleoside

complexes (VRC), 20 lM protease inhibitor cocktail and

100 lg/ml tRNA in a final volume of 4 mL, which con-

tained 3.6 mL of buffer I. The final system included

100 lL of T98G extract, 700 lL of buffer II and 10 lL of

mRNA probe. The mixture was incubated for 30 min at

30 �C and then added to 500 mL of Streptavidin Mag-

neSphere Paramagnetic Particles (Promega) for 10 min at

room temperature to allow binding. The protein–RNA

complexes were washed three times with buffer I. After the

final wash, 30 lL of DEPC-PBS and 20 lL of protein

loading buffer were added to the beads and incubated for

10 min at 98 �C to dissociate the proteins from the RNA.

The samples containing the eluted proteins were then

subjected to 10 % SDS-PAGE and visualized by using

western blotting.

Recombinant adenovirus packaging and infection

Adenoviruses (AD-shNC and AD-shADAR1-1#/2#) were

packaged by GeneChem Co., Ltd, Shanghai, China. Before

infection, the cell medium was replaced with fresh medium

without FBS. Adenoviruses were added at a final concen-

tration of 1010 pfu/mL of medium, and the cells were

incubated and shaken gently every 15 min. Two hours

later, the medium was replaced with complete medium.

MTT and colony formation assay

Glioblastoma cells (T98G, U87MG and A172) were seeded

at a density of 3000 cells per well containing 100 lL of

medium in a 96-well plate for 24 h and then transfected

with siNC/siRNA for ADAR1 or AD-shNC/AD-shA-

DAR1-2#. Every 24 h after transfection, the surviving cell

number was determined as described previously [22]. For

colony formation assays, transfected or infected cells were

plated in six-well plates at 1000 cells per well. Approxi-

mately 14 days later, the cell colonies were stained and

counted.

Results

Differential expression patterns of ADAR1 in glioma

tissues and cells

It has been reported that three different promoters control

the transcriptional levels of the human ADAR1 gene [23–

26] (Fig. 1a). The PA promoter, which is interferon (IFN)-

induced, leads to the production of a p150 mRNA that

contains the p150-specific exon 1A. In contrast, the two

other promoters (PB and PC), which are constitutively

active, lead to the production of p110 mRNAs. Through

complicated alternative splicing, three transcript variants

with mutually exclusive first exons (exon 1A, 1B and 1C)

exist in the human transcriptome. The 150-kDa and

110-kDa isoforms have different N-terminal extensions and

are expressed either from AUG1- or AUG2-containing

mRNAs.

To investigate the expression ofADAR1 in gliomas, qRT-

PCR assays were carried out to analyze the mRNA levels of

four glioma cell lines (T98G, U87MG, U251 and A172) and

four astrocyte cell lines (NHA, HA, HA-c and HA-sp)

(Fig. 1b). The qRT-PCR primers for p150 or p110 (depicted

as numbers 1 and 2 in Supplementary Fig. 1A) were

designed as described (Ma et al. [15]); the p150 qRT-PCR

products contained the first start codon (AUG1), whereas the

p110 qRT-PCR products spanned exon 1B and exon 2. We

also introduced another pair of primers (designed for the

p150 and p110 transcripts, depicted as number 7 in Supple-

mentary Fig. 1A) whose 62-bp product spanned the exon

7–8 boundary (Supplementary Fig. 1B). Specific oligonu-

cleotides for different ADAR1 transcripts showed that

mRNA levels were downregulated in glioma cells when
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compared with normal astrocyte cells. To rule out the pos-

sibility that some housekeeping genes such as GAPDH may

change their expression profile during glioma genesis, we

performed qRT-PCR assays (Fig. 1b) to detect ADAR1 p110

mRNA levels using 18S rRNA as loading controls. In gen-

eral, ADAR1 p110 levels also demonstrated a reduction in

glioma cells. However, p110 levels exhibited moderate dif-

ferences from one reference to another; this may be because

the two loading references exhibit different expression pro-

files in gliomas compared with normal glia cells.

A 136-nt alternative intron was identified within the

ADAR1 p150 transcripts between AUG1 and AUG2 in a
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previous study [26] that could generate other isoforms

(approximately, 144 kDa). Splice variants of a large

number of genes could exhibit abnormal expression in

GBM cells, such as GLI1 [27]. To examine the impact of

alternative splicing on the mRNA levels of ADAR1, we

designed corresponding primers [identified as 3–6 in Sup-

plementary Fig. 1A, with the forward primer

complementary to the specific first exon (1A or 1B) and the

reverse primer matching either the exon junction (without

the 136-nt intron) or the intron] and performed qRT-PCR

assays (Supplementary Fig. 1C). The results indicated a

decreased abundance of the transcripts without the 136-nt

intron in glioma cells. Notably, ADAR1 p110 transcripts

without the 136-nt intron were significantly downregulated

in four types of glioma cells compared to HNA cells.

Additionally, the Cancer Genome Atlas (TCGA) database

[28] indicated that the mutation rate of the ADAR1 gene in

glioma tissues was 0.8 %, and no splice or frameshift

mutations were detected in the sequenced glioma samples

(Supplementary Fig. 2A and 2B). Bioinformatic analysis

(The Data Browser, http://tcga-portal.nci.nih.gov/tcga-

portal/AnomalySearch.jsp) also revealed that, of the 424

GBM specimens, 17 (4 %) were significantly upregulated

(1.4-fold, mRNA level) when compared with normal brain

tissue (AgilentG4502A_07 log2 tumor/normal ratio C0.5),

and only 1 sample was elevated by twofold (\1 %) (log2

tumor/normal ratio C1). Approximately, 67 % of samples

were unchanged (Supplementary Fig. 2C and 3A). The

TCGA analysis also supported the evidence that the mRNA

levels of ADAR1 decreased in GBM tissues.

We then found that the protein levels of ADAR1 p110

were remarkably enhanced in most of the 29 primary

glioma samples (8 samples were WHO grade II, 8 were

grade III, and 13 were grade IV) when compared with three

normal brain tissues (Fig. 1c), and a similar phenomenon

was observed in four types of glioblastoma cell lines when

compared to four normal human astrocyte cell lines

(Fig. 1d). However, the protein levels of ADAR1 p150

were slightly increased in glioma tissue and cells. All of

these data demonstrated that, unlike the concomitant

decrease in mRNA levels, the protein levels of ADAR1

p110 were over-expressed in glioma tissues and cells when

compared with normal brain tissue and astrocyte cell lines.

These findings strongly suggest that the upregulation of

ADAR1 p110 in glioblastoma is posttranscriptionally or

translationally controlled.

The 885-nt sequence between the two AUGs

within the ADAR1 p150 transcript exhibits IRES-

like activity

An inconsistent expression pattern in mRNA and protein

levels of ADAR1 in GBMs was observed in our study, and

cap-independent translational regulation might account for

this contradiction. Wang et al. speculated that a cryptic

internal ribosome entry site (IRES)-like element existed in

the ADAR1 p150 mRNA based on the fact that the p110

isoform could be produced from p150 cDNA vectors in

ADAR1 knockout cells [29]. We also transfected the

pCMV6-XL6–ADAR1-p150 plasmid into HA cells in

which ADAR1 is expressed at lower levels and then per-

formed a western blotting assay. As shown in Fig. 2a, the

p110 protein was also produced from p150 mRNA; the

relative protein expression of p110 in the empty group was

set to 1, and this value was 2.5-fold in the ADAR1 p150

over-expressed group, which may represent the activity of

the IRES. To determine whether the 885-nt sequence

(ADAR1-885) between AUG1 and AUG2 can function as

an IRES element, the 885-nt sequence from ADAR1 was

introduced into bicistronic vectors to detect possible IRES-

like activity. As negative/positive controls, the GFP-CDS

and UNR-50UTR sequences were cloned, respectively

(Fig. 2b). UNR had been reported to contain a functional

IRES structure in its 50UTR region [30]. The pHRF plas-

mid contains an artificial hairpin stem loop that effectively

prevents the translation of Renilla luciferase (Rluc), and

the translation of Firefly luciferase (Fluc) could be

enhanced if an IRES sequence was inserted. 293ET and

T98G cells that were transiently cotransfected with pHRF–

NC, pHRF–ADAR1-885 or pHRF–UNR-50UTR in com-

bination with a b-Gal transfection control exhibited

significantly higher relative Fluc activity in the presence of

ADAR1-885. The results also demonstrated that Fluc

activity for pHRF–ADAR1-885 was similar to that of

pHRF–UNR-50UTR. To exclude the possibility of a pro-

moter-like function of the element, we introduced GFP-

CDS/ADAR1-885/UNR-50UTR into the promoterless

pGL3-basic vector. Insertion of ADAR1-885 did not

enhance Fluc activity in transiently transfected 293ET cells

compared to the pGL3-basic or pGL3-NC vectors. In

bFig. 1 The expression levels of ADAR1 in glioma tissue and cells.

a Schematic map of the promoter region of the ADAR1 gene. The

three promoters (PA, PB and PC) initiate transcription from their

corresponding ADAR1 gene, each of which contains a specific exon

1. Exons and introns are depicted as boxes and lines, respectively.

b The mRNA levels of ADAR1 (p150- or p110-specific oligonu-

cleotide products, respectively) in glioma and astrocyte cells. The

mRNA levels of p110 relative to p150 in glioma cells are shown. The

RNA input was normalized to GAPDH or 18S rRNA, and the relative

mRNA levels of ADAR1 in NHA cells or HA-c cells were normalized

to 1. Expression data are presented as the mean ± standard deviation

(SD) of triplicate samples. c The protein levels of ADAR1 in glioma

tissues (grade II, 1–9#; grade III, 1–9#; grade IV, 1–11#) compared to

normal brain samples (N1–N3). d The protein level of ADAR1 in

glioma cells (T98G, U87MG, U251 and A172) compared to normal

astrocyte cell lines. Quantification of western blot bands was

performed using Quantity One (4.6.2 basic), and the volume values

for each band were normalized to corresponding values for b-actin
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Fig. 2 The ADAR1-885 sequence between AUG1 and AUG2 exhibits

IRES-like activity, and the enhanced expression of Fluc is not induced

by cryptic promoter activity. a 293ET cells were cotransfected with the

indicated reporter constructs and the TK plasmid. Forty-eight hours

after transfection, Fluc activity was measured and normalized to Rluc

activity. The expression data are presented as the mean ± SD of

triplicate samples. b Forty-eight hours after transfection with the

pCMV6-XL6–empty or pCMV6-XL6–ADAR1 vector, HA cells were

collected, and total protein was extracted using lysis buffer for western

blotting to determine the expression of ADAR1. Quantification of

western blot bandswas performed usingQuantityOne (4.6.2 basic), and

the volume values for each band were normalized to corresponding

values for b-actin. c Schematic representation of the pHRF bicistronic

constructs. Within the pHRF plasmid, a hairpin stem loop that impairs

ribosome scanning effectively blocks cap-dependent translation. The

GFP-CDS, ADAR1-885 and UNR-50UTR sequences were introduced

into the intercistronic region between the Rluc and Fluc genes.

Bicistronic reporter plasmids were co-transfected with a b-galactosi-
dase plasmid into 293ET and T98G cells. Forty-eight hours after

transfection, Rluc and Fluc activities were measured and normalized to

b-galactosidase activity. Values presented are normalized against the

fluorescence intensity produced from the pHRF–NC plasmid, which

was set to 1. The expression data are presented as the mean ± SD of

triplicate samples
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contrast, the positive control containing an SV40 promoter

exhibited strong relative luciferase activity (*350-fold)

compared to the promoterless vector (Fig. 2c). These data

suggested that ADAR1-885 oligonucleotides did not

demonstrate marked promoter activity.

These findings suggested that the 885-nt sequence

between two AUGs within the ADAR1 p150 transcript

exhibit IRES-like activity, but not cryptic promoter

activity.

ADAR1-301–600 exhibits necessary, core IRES-like

activity

To map the core sequence that was responsible for the

putative IRES-like activity, we generated a series of pHRF

constructs containing different lengths of DNA (marked as,

e.g., ADAR1-1–300, 301–600, 601–885) (Fig. 3a). Dele-

tion analysis indicated that the fragment 301–600

represented the minimal IRES-like active element in

Fig. 3 The ADAR1-301–600 sequence exhibits minimal IRES-like

properties. a The indicated fragments were inserted into the region

between the Rluc and Fluc reporter genes in the pHRF vector.

b Bicistronic vectors were transfected into 293ET cells and Fluc/Rluc

activity was determined. The values are expressed relative to that of

the pHRF–NC vector. Expression data are presented as the

mean ± SD of triplicate samples. c RNAdraw (v1.1) software was

used to predict the secondary structure of the human ADAR1 nt

301–600 region
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293ET cells (Fig. 3b), and pHRF–ADAR1-301–885

demonstrated full IRES-like activity.

In some cases, an IRES is a special mRNA motif that

can form a typical clover leaf-like structure with a length of

150–250 bp [4, 31, 32]. Therefore, we employed the

bioinformatics tools RNAdraw and RNA fold (http://rna.

tbi.univie.ac.at/cgi-bin/RNAfold.cgi) to predict the stable

secondary structures of the selected sequences (Fig. 3c and

Supplementary Fig. 4). As expected, a typical cloverleaf-

like style was exhibited when we input the human ADAR1-

301–600 sequence.

PTBP1 can bind the ADAR1-885 domain

and regulates ADAR1 p110 expression in glioma

cells

Given that the ADAR1-885 transcript exhibited IRES-like

activity, we speculated that IRES trans-acting factors

(ITAF) could be independently recruited and facilitate the

translation process. It has been reported that PTBP1 can

bind to CCUn at polypyrimidine-rich regions of RNA [33,

34]. We further confirmed several motifs (CCU) within the

ADAR1-885 fragment by prediction (Fig. 4a). Then, RNA
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pulldown assays were performed on T98G cells (Fig. 4b),

and the EV71-50UTR, which contained IRES (741 bp), was

used as a positive control [35].

As shown in Fig. 4c, UNR and PTBP1 could specifically

bind to ADAR1-885, but PCBP2 could not. We further

investigated the relationship between PTBP1 and ADAR1

p110 in 293ET and T98G cells. We introduced pcDNA4.0-

PTBP1 into 293ET cells, and pcDNA4.0 empty plasmid

was used as a negative control. An approximately 10 %

enhancement in IRES activity with the pHRF–ADAR1-885

construct (significant, P\ 0.05) was observed after over-

expression of PTBP1 (Fig. 4d). In contrast, the ratio of

pHRF–NC was not influenced. Western blotting analysis

also confirmed that the protein levels of ADAR1 p110 were

improved when cells were transfected with the PTBP1

expression vector. Given that 293ET already exhibits high

levels of PTBP1 expression, the over-expression experi-

ment was also performed with HA cell lines, and the results

showed a significant increase in ADAR1 p110 protein

levels after transfection with pCDNA4.0–PTBP1. We then

knocked down PTBP1 and analyzed the Fluc/Rluc ratio of

pHRF–ADAR1-885 and the protein levels of ADAR1 p110

in T98G cells (Fig. 4e). Surprisingly, the relative IRES

activity of ADAR1-885 was decreased by approximately

50 % after knocking down PTBP1 by approximately 40 %,

and the protein levels of ADAR1 p110 were significantly

decreased. However, knocking down ADAR1 could not

impair PTBP1 in T98G cells, which indicated that ADAR1

was a downstream target of PTBP1. The data above

demonstrated that PTBP1 could positively regulate ADAR1

p110 expression via its IRES-like domain in glioma cells.

The protein expression of PTBP1 is consistent

with ADAR1 p110 in glioma tissue and cells

PTBP1 is known to be aberrantly over-expressed in glio-

mas [36]. Therefore, we also detected the expression of

PTBP1 in glioma tissues and cells. As shown in Fig. 5a,

western blotting analysis showed that PTBP1 protein levels

increased with malignancy grade (5 normal brain tissues, 6

WHO grade II samples, 6 WHO grade III and 6 WHO

grade IV), and ADAR1 p110 exhibited the same pattern in

glioma tissues. In addition, we analyzed the RNAseq

RPKM values of ADAR1 and PTBP1 from 241 glioma

patients (the data were supported by Beijing Tiantan

Hospital, as shown in Supplementary Information Table 2).

As shown in Supplementary Fig. 5A, the mRNA levels of

PTBP1 positively correlated with the malignancy grade of

the GBM tumors (83 samples were WHO grade II, 70 were

grade III and 88 were grade IV). In the TCGA database, the

mRNA levels of PTBP1 were upregulated in glioma tissues

(*99 % of samples were higher by 1.4-fold and *88 %

increased twofold over that of normal brain tissues), which

implied that the transcriptional and translational levels of

PTBP1 were higher in the glioma samples (Supplementary

Figs. 2C and 3B). In contrast, the mRNA levels of ADAR1

remained unchanged among the different grades (no sig-

nificant difference for multiple comparisons, one-way

ANOVA with Bonferroni correction). Elevated protein

levels of ADAR1 and PTBP1 were obtained when glioma

cell lines (HS-683, SF-126, SF-763, SF-767, SHG-44,

CCF-STGG1, H4, LN-18, LN-229 and U118MG) were

assayed and compared to three astrocyte cell lines (HA,

HA-c and HA-sp) (Fig. 5b). Moreover, we showed that the

mRNA levels of ADAR1 were downregulated in nearly all

tested glioma cells when compared with normal glia cells

(Fig. 5c). These findings provide novel information

regarding the relevance of PTBP1 and ADAR1 p110 in

gliomas.

Above all, PTBP1 is a potential functional RNA-binding

protein that is over-expressed in gliomas and results in

aberrant upregulation of ADAR1 p110 at the translational,

but not transcriptional level.

bFig. 4 PTBP1 can bind to the ADAR1-885 sequence and mediates

the expression of ADAR1-p110. a Potential PTBP1 binding regions

within the ADAR1-885 sequence are indicated by underlining (CCU)

and the pyrimidine-rich region is marked in bold red. b Outline of the

RNA pulldown assay in T98G cells. The protocol was modified by

Lin et al. [35]. c The specific association between UNR/PTBP1 and

ADAR1-885 was confirmed by western blot analysis. A negative

control (NC) and EV71-50UTR were also used. d Schematic design

for the over-expression of PTBP1 in 293ET cell lines. 293ET cells

were transferred to 24- or 6-well plates; the cells in the 24-well plate

were co-transfected with the pHRF and pcDNA4.0-PTBP1 vectors,

and Fluc/Rluc luciferase activity was examined 48 h after transfec-

tion. The IRES activities of the samples containing the pHRF–NC and

pcDNA-4.0-empty vectors were set to 1. The protein extracts of the

cells in the six-well plates were harvested 48 h after transfection with

either pcDNA4.0-empty or pcDNA4.0–PTBP1 plasmid, and western

blotting analysis for ADAR1 p110 was performed in the 293ET and

HA cell lines and is shown below. Quantification of western blot

bands was performed using Quantity One (4.6.2 basic), and the

volume values for each band were normalized to corresponding

values for b-actin. Finally, the normalized values of ADAR1 p110 in

cells transfected with the pcDNA4.0 vector were set to 1. e Schematic

design for the knockdown of PTBP1 in the T98G cell lines. T98G

cells were transferred to a 24- or 6-well plate. The 24-well plate was

then transfected with siPTBP1 or siNC, and, 24 h later, the pHRF

vectors were transfected. Final Fluc/Rluc activity was measured 48 h

after transfection with the pHRF vectors. The IRES activities of the

samples with pHRF–NC and siNC were set to 1. The protein extracts

of the cells in the six-well plate were harvested, and western blotting

analysis was performed 72 h after transfection with either siNC or

siADAR1/PTBP1, as shown below. Quantification of western blot

bands was performed using Quantity One (4.6.2 basic), and the

volume values for each band were normalized to their corresponding

b-actin values. Finally, the normalized values of PTBP1 of the siNC

group were set to 1. All of the values are represented as the

mean ± SD of four parallel wells, and asterisks indicate as follows:

*P\ 0.05, **P\ 0.01, ***P\ 0.001
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The biological effects of ADAR1 on cell proliferation

in gliomas

To examine the biological role of ADAR1 in glioma cells,

we synthesized siADAR1 duplexes as described [21]. After

transfection with siNC or siADAR1 for 72 h, the protein

expression of ADAR1 was examined in the T98G, U87MG

and A172 cell lines by western blotting. The results showed

that the levels of ADAR1 in the siADAR1 group were

significantly reduced compared to the siNC group

(Fig. 6a), and a dimethyl thiazolyl diphenyl tetrazolium

(MTT) assay showed that the reduction of ADAR1

decreased the growth of glioma cells (Fig. 6b). To avoid

off-target effects, recombinant adenovirus vectors (AD-

shADAR1-1# and 2#) that could bind different sites on

ADAR1 mRNA were designed and synthesized. As shown

in Fig. 6c, d, knocking down ADAR1 with AD-shADAR1-

2# suppressed the endogenous levels of ADAR1 more

effectively than AD-shADAR1-1# in glioma cells. Thus,

AD-shADAR1-2# was used for subsequent experiments.

We also found that knocking down ADAR1 with AD-

shADAR1-2# inhibited the growth and survival of T98G

and U87MG cells after transfection for 48 h [the glioma

cell growth was strongly inhibited when transfected with

adenovirus (AD-shNC or AD-shADAR1-2#) for 72 h].

Moreover, the reduction of ADAR1 decreased the colony-

forming ability of T98G cells (Fig. 6e).

Deletion of the IRES-like element resulted

in a reduction in p110 induction/cell proliferation

in T98G cells

To determine the function of the IRES-like element on

p110 induction/cell proliferation, we first generated an

IRES-deletion construct, marked as pCMV6-XL6–

ADAR1-D301–600 (Fig. 7a). Due to ADAR1 p110

expression at high levels in T98G cells, we then performed

transfections with empty or ADAR1-p150 or ADAR1-

D-301–600 plasmid in siPTBP1-treated T98G cells. As

shown in Fig. 7b, the ADAR1 p110 levels were abolished

in the ADAR1-D-301–600 group compared to the ADAR1-

p150 group. MTT assays showed that siRNA target PTBP1

could suppress cell proliferation (P\ 0.001, siNC group

with empty vector versus siPTBP1 group with empty

vector) (Fig. 7c) and also decrease the protein levels of

ADAR1 p110 in T98G cells (Fig. 7b). However, over-ex-

pressing the ADAR1-p150 vector led to the slight rescue of

cell proliferation in siPTBP1-treated T98G cells (P\ 0.01,

siPTBP1 group with ADAR1-p150 vector versus siPTBP1

group with empty vector). The results demonstrated that

ADAR1 p110 is essential for the maintenance of

gliomagenesis.

Based on our findings, we propose that PTBP1 is

expressed at background levels in normal astrocyte cells,

and once malignant transformation occurs, PTBP1 is sig-

nificantly enhanced and can upregulate ADAR1 p110

expression via its IRES-like domain in glioblastoma cell

lines. In this study, our results showed that knocking down

ADAR1 could suppress cell proliferation in glioma cells.

The deletion of the IRES-like element could abolish p110

induction, and over-expression of the ADAR1-p150 vector

resulted in the slight rescue of cell proliferation in

siPTBP1-treated T98G cells.

Discussion

Downregulated ADAR1 mRNA levels in gliomas compared

with normal brain tissue were demonstrated in our study

and have been confirmed by other groups [37–39]. For

instance, only 1 GBM sample exhibited higher expression

of ADAR1, whereas 24 other glioma samples demonstrated

decreased mRNA levels by 50–80 % relative to that of

normal brain (NB) [38]. Next, the reason for deficient

mRNA transcripts generating abundant protein products in

glioma cells was determined to be due to an IRES-like

element. A previous report confirmed that an IRES

sequence was located between the AUG1 and AUG2 sites

in protein 4.1 R (EPB41) transcripts [40], and another

report demonstrated that the increase in c-Jun protein

accumulation in glioblastoma cells was activated by an

IRES mechanism with no corresponding increase in c-Jun

mRNA [5]. However, a core IRES-like element (ADAR1-

301–600) is present in all three transcripts (within exons

1A, 1B and 1C, respectively), which indicates that the p110

isoform can be produced by all three transcripts through

IRES-like dependent translation initiation. We showed that

multiple mechanisms (transcriptional or translational

bFig. 5 The protein expression of PTBP1 is consistent with that of

ADAR1 p110 in glioma tissue and cells. a The protein levels of

ADAR1 and PTBP1 in selected glioma tissues (grade II, 1–6#; grade

III, 1–6#; grade IV, 1–6#) compared to normal brain samples (N1–

N5). b The protein levels of PTBP1 in four types of glioma cells

(T98G, U87MG, U251 and A172) compared to normal astrocyte cell

lines (upper). ADAR1 protein abundance in four types of glioma cells

(T98G, U87MG, U251 and A172) compared to normal astrocyte cell

lines is shown in Fig. 1d. The protein levels of ADAR1 p110 and

PTBP1 in ten other types of glioma cells (HS-683, SF-126, SF-763,

SF-767, SHG-44, CCF-STGG1, H4, LN-18, LN-229 and U118MG)

compared with normal astrocyte cell lines (middle and lower).

Quantification of western blot bands was performed using Quantity

One (4.6.2 basic), and the volume values for each band were

normalized to their corresponding b-actin values. Finally, the

normalized values of PTBP1 or ADAR1 p110 in NHA cells or HA

cells were set to 1. c The mRNA levels of ADAR1 were assayed in the

cells mentioned in Fig. 5b. RNA input was normalized to GAPDH

mRNA, and the relative mRNA levels of ADAR1 in NHA cells were

normalized to 1. Expression data are presented as the mean ± SD of

triplicate samples
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regulation or alternative splicing) could control the

expression of ADAR1 p110, but in glioma cells cryptic

IRES-like translation plays a leading role.

Like many other IRES, the ADAR1-IRES-like element

required PTBP1 for its activity (Fig. 4). Interestingly, we

found similar expression patterns for ADAR1 p110 and

Fig. 6 ADAR1 knockdown inhibits the growth and survival of

glioma cells. a Seventy-two hours after transfection with siNC or

siADAR1, glioma cells were collected, total protein was extracted

using lysis buffer and western blotting was used to determine the

expression of ADAR1 in 3 glioma cell lines (T98G, U87MG and

A172). b MTT assays show the proliferation of T98G, U87MG and

A172 cell lines after transfection with siRNA against ADAR1 or

control siRNA. c, d Forty-eight hours after transfection with

adenovirus (AD-shNC and AD-shADAR1-1#/2#), glioma cells were

collected, total protein was extracted using lysis buffer and western

blotting was performed to determine the expression of ADAR1 in

T98G and U87MG cells. The asterisks indicate that AD-shADAR1-

2# could suppress the endogenous levels of ADAR1 effectively and

could be used for subsequent experiments. MTT assays were also

performed to detect cell growth and cell survival. e The effects of

knocking down ADAR1 with AD-shADAR1-2# on the colony-

forming abilities of T98G cells. Cell colonies were counted and

plotted. The expression data are presented as the mean ± SD of

triplicate samples, and asterisks indicate as follows: *P\ 0.05,

**P\ 0.01, ***P\ 0.001
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PTBP1 in glioma cell lines (Fig. 5). PTBP1 is a multi-

functional, RNA-binding protein that is aberrantly over-

expressed in gliomas [36]. Our data revealed that ADAR1

p110 was directly regulated by PTBP1 in gliomas. In

addition, other ITAFs, such as UNR, could also bind to

ADAR1-885 (Fig. 4c), and the protein expression levels of

UNR were also consistent with that of ADAR1 in glioma

cells (Supplementary Fig. 5B). In the TCGA database, the

mRNA levels of UNR were unchanged in glioma tissues

(6 % of samples were higher by 1.4-fold and 1 % of

samples were increased by twofold over normal brain tis-

sues) (Supplementary Figs. 2C and 3C). Whether UNR

expression is enhanced by IRES-mediated translation in

gliomas requires further study.

In some cases, an mRNA sequence containing an IRES

element is expressed under stress or conditions where cap-

dependent translation is decreased without corresponding

changes in transcript abundance [41]. Furthermore, PTBP1

plays a stimulatory role in the IRES-mediated translation of

HIF-1a when the oxygen supply is limited [2]. We found

that the protein levels of ADAR1 p110 exhibited a time-

dependent increase, similar to HIF-1a (as a positive con-

trol) during hypoxia with 1 % O2 or DFO treatment

(Supplementary Figs. 6A, 6B and 6C). The mRNA levels

of ADAR1 were also examined, and the findings indicated

that the p150 and p110 mRNAs exhibited time-dependent

decreases after DFO treatment in glioma cells (Supple-

mentary Fig. 6D). Interestingly, protein levels of PTBP1

were induced after oxygen deficiency in U87MG cells

(Supplementary Fig. 6A), which suggested that the

upregulation of PTBP1 and ADAR1 p110 was consistent

under hypoxic conditions.

A-to-I RNA editing is involved in many types of cancers

[42–45]. ADAR1 is upregulated in acute lymphoblastic

leukemias (ALL), GBM, human hepatocellular carcinoma

(HCC) and esophageal squamous cell carcinoma (ESCC)

[15, 18, 46, 47]. ADAR1 has a role as an oncogene in HCC

and ESCC. Similarly, our study indicated that knocking

down ADAR1 could decrease cell proliferation in glioma

cells. Another report demonstrated that ADAR1 could

mediate microRNA processing by forming a complex with

Dicer [48], which suggests that the role of microRNAs in

GBM is mediated by ADAR1. A variety of studies in

mouse models, C. elegans and cell culture have demon-

strated that ADAR1 protects against apoptosis and

promotes cell survival [49–52], and our data also supported

the notion that knocking down ADAR1 could suppress the

proliferation of glioma cells (Fig. 6).The consequences of

ADAR1 upregulation on editing activity must be further

examined. We also transfected HA cells with empty,

Fig. 7 The deletion of the IRES-like element could eliminate p110

induction, and over-expression of the ADAR1-p150 vector resulted in

the slight rescue of cell proliferation in siPTBP1-treated T98G cells.

a A schematic representation of the ADAR1 IRES-deletion cDNAs

used in western blotting or MTT assays is shown. In the D301–600
vector, the ADAR1-301–600 sequence was removed. b T98G cells

were transferred to a 12-well plate. The 12-well plate was then

transfected with siPTBP1 or siNC, and, 24 h later, the pCMV6-XL6–

empty/ADAR1-p150/ADAR1-D301–600 vectors were transfected.

Western blotting analysis was performed 60 h after transfection with

either siNC or siPTBP1. c MTT assays show the proliferation of the

siNC/siPTBP1-treated T98G cell lines after transfection with

pCMV6-XL6–ADAR1-p150, pCMV6-XL6–ADAR1-D301–600 or

the empty vector. The expression data are presented as the

mean ± SD of triplicate samples, and asterisks indicate as follows:

*P\ 0.05, **P\ 0.01, ***P\ 0.001
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ADAR1-p150 or ADAR1-D-301–600 plasmids. ADAR1-

p110 induction/cell proliferation was improved in the

ADAR1-p150 group and was less enhanced in the ADAR1-

D-301–600 group (all compared with the empty group, data

not shown). The data provided supplemental information

regarding the function of the ADAR1 in normal glia cells.

Taken together, our study results revealed a model in

which an IRES-like element that is located between two

AUGs within the mRNA sequence of ADAR1 p150 allows

for the use of an internal second AUG site and, therefore,

synthesis of 110-kDa isoforms. Moreover, IRES-mediated

expression of ADAR1 p110, which is mediated by PTBP1,

was upregulated in glioma cells and exerted functions by

affecting cell proliferation.
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