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Background: While RNA-binding proteins (RBPs) are known to affect RNA homeostasis 
during cancer cell initiation and development, their characteristics and biological function in 
glioblastoma (GBM) remain unclear.
Methods: Differences in RBP expression were explored by differential analysis of The 
Cancer Genome Atlas-GBM and Genotype-Tissue Expression (GTEx) datasets. Real-time 
PCR was conducted to verify the expressional levels of Aly/REF export factor (ALYREF) in 
normal brain and GBM tissues. Proliferative assays were performed to investigate molecular 
functions of ALYREF in GBM cells in vitro and in vivo. Real-time PCR and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) were performed to analyze the ALYREF 
downstream signaling pathways. A chromatin immunoprecipitation (ChIP) assay was per-
formed to identify key transcriptional factors that regulate ALYREF expression at RNA level. 
UV crosslinking, immunoprecipitation (CLIP) and RNA stability assays were conducted to 
reveal the bound RNAs and their stability regulated by ALYREF.
Results: The results showed that ALYREF is frequently increased in GBM tissues, and its 
mRNA expression is regulated by the MYC proto-oncogene, bHLH transcription factor 
(MYC). Inhibition of ALYREF expression decreased GBM cell proliferative ability in vitro 
and tumor formation in vivo. KEGG analysis revealed that high ALYREF expression in GBM 
tissues was enriched in the upregulation of oncogenic pathways such as the Wnt/β-catenin 
signaling pathway. The CLIP assay showed that ALYREF drives GBM carcinogenesis by 
binding to and stabilizing MYC mRNAs. Overexpression of MYC restored the oncogenic 
property of ALYREF-deficient GBM cells.
Conclusion: Our data showed that ALYREF is regulated by MYC at the transcriptional level. 
ALYREF drives GBM cell proliferation by activating the Wnt/β-catenin signaling pathway 
and stabilizing MYC mRNA, suggesting that an ALYREF-MYC positive feedback loop might 
be a potential therapeutic target for treating GBM patients.
Keywords: RNA-binding protein, MYC, cell proliferation, GBM

Introduction
Glioblastoma (GBM) is an aggressive tumor affecting the brain or spine. The 
median survival of GBM patients is low, due to a limited understanding of the 
molecular mechanisms underlying disease development and inadequate treatment 
options.1,2 An increase in public research databases and available data has allowed 
for the identification of potential diagnostic biomarkers and/or therapeutic targets 
for GBM patients.3–5 For example, The Cancer Genome Atlas (TCGA) offers 
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extensive cancer transcriptomic and mutation information, 
which contains abnormal expression information and 
mutation sites of key known GBM oncogenes as well as 
potential new oncogenic targets.6 Thus, studies on cancer 
transcriptome offer ways to expand our understanding of 
GBM development and therapeutic targets.

RNA-binding proteins (RBPs) regulate the cellular 
transcriptome via post-transcriptional processing of RNA 
transcripts, maintaining cellular homeostasis.7 To date, 
over 1500 RBPs have been discovered and annotated.8 

Abnormal expression of RBPs has been reported in many 
diseases, including cancer.9–11 For example, SERBP1 is 
upregulated in GBM patients and is correlated with poor 
survival. It controls methionine production, thereby influ-
encing cancer metabolism and cancer epigenetics.12 

Serine- and arginine-rich splicing factor 3 (SRSF3) is 
a key factor in the spliceosome that participates in alter-
native splicing. In glioma, SRSF3 is overexpressed and 
enhances tumorigenesis by controlling transcription factor 
ETS variant 1 (ETV1) and nudE neurodevelopment protein 
1 (NDE1) splicing in GBM cells.13 These important find-
ings emphasize the crucial role of RBPs in GBM devel-
opment. However, their molecular functions, including the 
proliferative role of RBPs in GBM, remain unclear.

Aly/REF export factor (ALYREF) plays key roles in 
RNA metabolism, and is involved in RNA nuclear export, 
RNA stability, and gene transcription.14–17 Specifically, 
ALYREF couples with RNA helicase UAP56 and the 
THO sub-complex to form the TREX complex that reg-
ulates the nuclear export of mRNAs.18 Recent studies have 
revealed that ALYREF is dysregulated in human cancers 
and is correlated to poor survival.19 Saito et al identified 
that inhibition of ALYREF expression resulted in cancer 
cell migration in human oral squamous cell carcinoma.20 

To date, the detailed molecular function of ALYREF in 
GBM is poorly understood.

The aim of the present study was to evaluate RBP mRNA 
expression in GBM, and better understand the biological role 
of these proteins in GBM. The up-regulation of ALYREF is 
controlled by MYC at transcriptional levels. Importantly, 
ALYREF drives GBM cells proliferation by enhancing the 
Wnt/β-catenin signaling pathway and stabilizing MYC 
mRNA. Our findings suggested that an ALYREF-MYC posi-
tive feedback loop might be a potential therapeutic target for 
GBM patients.

Materials and Methods
Tissue Sample Collection
Cohort 1 of GBM tissues and normal brain tissues was 
obtained from Fudan University Shanghai Cancer Center. 
All tissue specimens were collected and stored at −80°C. 
Written informed consent was obtained from all patients in 
accordance with institutional guidelines. The study was 
conducted in accordance with the Declaration of 
Helsinki, and approved by the Ethics Committee of 
Fudan University Shanghai Cancer Center (approval No. 
050432-4-1911D). The clinicopathological features of all 
patients are summarized in Table 1.

Cell Culture
HEK-293T, GBM cell line U251 and U-118 MG cells 
were purchased from the Shanghai Cell Bank Type 
Culture Collection Committee (Shanghai, China). All 
cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) supplemented with 10% fetal bovine serum, 
100 U/mL penicillin and 100 μg/mL streptomycin, and 
maintained in a cell incubator (at 37°C and 5% CO2). 
Approximately 1 × 107 GBM cells were cultured in 
a 10 cm dish for ChIP and CLIP assay. Approximately 
2000 GBM cells were seeded in a 6-well plate for colony 
formation assay and in a 96-well plate for cell counting 
kit-8 assay.

Table 1 Correlation Between the ALYREF mRNA Expression and 
Clinicopathological Features

Features Number (n) ALYREF Expression 
Low (n=33) High 
(n=32)

P-value

Gender 0.5426
Male 37 20 17

Female 28 13 15

Age 0.3898

<55 29 13 16

≥55 36 20 16

Tumor size 0.0186

<5 cm 34 22 12
≥5 cm 31 11 20

IDH1 mutation 0.7018
Wild type 30 16 14

Mutant 35 17 18
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RNA Interference
Small interfering RNAs (siRNAs) were acquired from Sangon 
(Shanghai, China) and transfected using Lipofectamine 
RNAiMAX reagent (Invitrogen). GBM cells seeded into 
6-well plates were collected to validate the knockdown effi-
ciency after 48 h of transfection. The targeting ALYREF 
siRNA sequences are listed in Supporting Table S1.

Total RNA Extraction and Follow-Up
Total RNA was extracted using the RNeasy mini kit 
(Qiagen) and transcribed using the PrimeScript RT 
Reagent Kit (TaKaRa, Shiga, Japan). qRT-PCR was per-
formed with SYBR Premix Ex Taq II (TaKaRa) and 
detected using an ABI Prism 7900HT detection system 
(Thermo Fisher Scientific). Primer sequences of the tar-
geted genes are listed in Supporting Table S1.

Lentivirus Generation
The GFP and MYC overexpression plasmids and the Cas9 
and sgRNA plasmids targeting ALYREF were mixed with 
psPAX2 and pMD2.G, and co-transfected into HEK-293T 
cells using LipoFiter 3.0 (Hanbio, China). Lentiviruses 
were collected after 48 h and infected into GBM cells 
with polybrene (Sigma).

Colony Formation
Colony formation assay was performed as previously 
described.21 GBM cells were digested and maintained in 
6-well plates for nearly 12days. The colonies were stained 
with staining buffer (100% methanol with 0.25% crystal 
violet) and counted using ImageJ software.

Cell Counting Kit-8 Assay
GBM cell line U251 and U-118 MG cells were transfected 
with ALYREF siRNAs or infected with ALYREF sgRNA, 
digested and cultured in 96-well plates for 5days. Cell 
counting kit-8 assay was performed using Cell Counting 
Kit (CCK)-8 (Dojindo, Kumamoto, Japan). The OD450 

values were detected and analyzed using Biotek (USA).

Xenograft in Nude Mice
ALYREF knockdown and cas9 GBM cells were subcuta-
neously injected into mice (six in each group). After 25 
days, the mice were sacrificed to measure tumor volume 
and weight. The xenograft experiment was approved and 
treated humanely according to the Fudan University 
Animal Ethics Committee (approval No. 2019-JS-058).

Dual-Luciferase Assay
The ALYREF promoter and MYC 3ʹ-UTR sequences were 
inserted into the pGL3-promoter reporter plasmids 
(Promega, USA). GBM cells were transfected with 
ALYREF siRNA, GFP, MYC overexpression plasmids 
and reporter plasmids and were lysed with PLB buffer. 
Luciferase values were measured using BioTek (USA).

Western Blot Analysis
Western blot analysis was performed as previously 
described.21 In brief, the nitrocellulose membrane was 
incubated with ALYREF, Flag-tag and ACTB antibodies 
overnight at 4°C. The nitrocellulose membrane was 
washed three times and incubated with horseradish perox-
idase-conjugated secondary antibodies. Detailed informa-
tion on the antibodies is provided in Supporting Table S2.

UV Crosslinking and 
Immunoprecipitation (CLIP)
CLIP assays were carried out as previously described.22 In 
brief, GBM cells were irradiated at 150 mJ/cm2 at 254 nm 
and lysed in CLIP lysis buffer (30 mM Tris-HCl, pH 7.4, 
200 mM NaCl, 0.4% NP-40, 0.15% SDS) for 20 min on 
ice, digested with RNase I for 3 min at 37°C, and then 
centrifuged at 10,000 rpm for 10 min. The supernatant was 
incubated with Protein G Dynabeads (Thermo Fisher 
Scientific) and anti-ALYREF antibodies at 4°C for 6 
h. Beads were collected and washed three times with 
CLIP lysis buffer, and then RNA was extracted using an 
RNeasy mini kit. Primers targeting MYC mRNA are listed 
in Supporting Table S1.

Chromatin Immunoprecipitation (ChIP)
ChIP assays were performed as previously described.21 In 
brief, GBM cells were crosslinked, lysed in ChIP lysis 
buffer (40mM Tris-HCl pH 7.5, 1% NP-40, 300mM 
NaCl, 0.04% SDS), sonicated using a Bioruptor UCD- 
200 (Diagenode, Liege, Belgium) and centrifuged at 
13,000 rpm for 10mins. The supernatant was incubated 
with Protein G Dynabeads and anti-MYC antibodies at 4° 
C for 6 h. The magnetic beads were collected and washed 
four times. Genomic DNA was extracted using the 
MinElute Reaction Cleanup Kit (Qiagen). The ChIP- 
qPCR assay was performed using the ABI Prism 
7900HT detection system. Primer sequences targeting 
ALYREF promoters are listed in Supporting Table S1.
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Statistical Analysis
The differential expression of RBPs at the mRNA level in 
TCGA-GBM and GTEx datasets was conducted by mod-
erate Student’s t-test using R package limma. KEGG path-
way analysis was performed by the DAVID platform for 
the upregulated ALYREF group in TCGA-GBM cohort. 
Gene set enrichment analysis (GSEA) of hallmark gene 
sets was downloaded from MSigDB database. The follow-
ing R packages were used in this study: “limma”, “pheat-
map”. The ChIP sequencing data of MYC (GEO 
accession: GSM822291) in HepG2 cell and the CLIP 
sequencing data of ALYREF (GEO Accession: 
GSM2631824) in HeLa cell were downloaded and ana-
lyzed from the ENCODE database (https://www.encode 
project.org/). All data were subjected to more than three 

repeats and are shown as the mean ± SEM. Data were 
evaluated with the Student’s t-test, and P < 0.05 was 
considered statistically significant. *P < 0.05; **P < 
0.01; ***P < 0.001.

Results
ALYREF is Highly Expressed and 
Correlated with Proliferative Ability in 
GBM
We systematically analyzed the mRNA levels of 1542 RBPs 
in TCGA-GBM (n = 160) and the Genotype-Tissue 
Expression (GTEx) portal normal brain tissue datasets (n = 
222) to identify potentially dysregulated RBPs in GBM 
development. The expression of 448 RBPs was elevated, 
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Figure 1 The dysregulated RBPs in GBM tissues. (A) Clustered heatmap of 1542 RBPs in TCGA-GBM and GTEx cohort. (B) The circular panel represented the top up- 
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and the expression of 222 RBPs was decreased (Fold change 
> 1.5; Figure 1A). To reveal the potentially proliferative 
RBPs, we selected 91 top upregulated RBPs (Fold change 
> 3) to analyze the proliferative correlation of upregulated 
RBPs in U-118 MG GBM cells (https://depmap.org, correla-
tion coefficient> −0.2; Figure 1B). Among 91 RBPs, the 
mRNA expression levels of 10 RBPs (MSI1, MEX3A, 
HNRNPA1, ALYREF, PPAN, PTRF, EZH2, EXO1, 
RNASEH2A, PTBP1) were significantly correlated with 
the proliferative ability (Figure 1B). Importantly, the RBP 
ALYREF serves as a dominant risk factor (Hazard ratio value 
= 1.86). We therefore selected ALYREF for further investi-
gation in GBM. We tested the correlation of RBPs with GBM 
tumor purity using the ESTIMATE deconvolution method 
and found that the mRNA levels of ALYREF were also 
strongly correlated with tumor purity in GBM tissues (P < 
0.001, R = 0.48; Figure 1C). We tested the expression pattern 
of ALYREF in our internal GBM tissue sample cohort. The 
results showed that ALYREF was significantly upregulated in 
GBM tissues (P < 0.001; Figure 1D). These findings sug-
gested that the expression of RBPs was dysregulated in GBM 
tissues. Among them, ALYREF serves as a potentially onco-
genic regulator in GBM development.

MYC Controls ALYREF mRNA 
Expression at the Transcriptional Levels
To better understand the high expression levels of 
ALYREF in GBM, we analyzed potential key transcrip-
tional factors that bind to the ALYREF promoter. 
Importantly, we found that MYC was enriched in the core 
ALYREF promoter in HepG2 cells (Figure 2A). MYC is 
a key transcriptional factor in human cells, which encodes 
a protein that is coupled with MAX to control gene 
expression at the transcriptional level. In GBM, MYC is 
highly expressed and serves as an oncogene to accelerate 
GBM development.23 We hypothesized that MYC may also 
regulate ALYREF at the transcriptional level in GBM cells. 
Therefore, we performed ChIP-qPCR, and the results 
showed similar binding ability in GBM cells (Figure 2B). 
To further validate this regulatory process, we performed 
dual-luciferase and found that overexpression of MYC 
enhanced ALYREF promoter activity in GBM cells 
(Figure 2C). Overexpression of MYC also upregulated 
ALYREF expression in U251 and U-118 MG cells 
(Figure 2D). These findings showed that high expression 
of ALYREF in GBM is regulated by MYC at the RNA 
level.
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ALYREF Promotes GBM Cells 
Proliferation
To further explore the proliferative effects of ALYREF in 
GBM cells, we first knocked-down ALYREF expression 
with specific siRNAs. The knockdown efficiency in GBM 
cells was determined by Western blot analysis (Figure 
S1A). Proliferation assays demonstrated that inhibition of 
ALYREF dramatically downregulated GBM cell prolifera-
tion and colony formation in vitro (Figure 3A and B). 
Next, we used the CRISPR tool to knock down ALYREF 
(Figure S1B), which showed identical molecular function 
to the siRNA interference experiment (Figure 3C and D). 
Finally, we infected Cas9 and sgRNA lentiviruses target-
ing ALYREF in U251 cells and performed a xenograft 
experiment to evaluate the proliferative property in vivo. 
Importantly, inhibition of ALYREF expression dramati-
cally abolished tumorigenicity (Figure 3E–G). These 

results suggested that ALYREF accelerated GBM cell pro-
liferation both in vitro and in vivo.

ALYREF Regulates the Wnt/β-Catenin 
Signaling Pathway
Our previous studies showed that ALYREF served as an 
oncogene in GBM development. To understand its oncogenic 
mechanism in GBM, we first separated GBM samples from 
TCGA datasets into high and low ALYREF-expression 
groups. Second, we analyzed the cancer hallmarks enriched 
in the ALYREF high-expression group using single sample 
gene set enrichment method (ssGSEA). The results showed 
that some key cancer hallmarks, such as the Wnt/β-catenin 
signaling pathway, MYC targets, and NOTCH signaling 
pathway were activated in the ALYREF high-expression 
group (Figure 4A). GSEA analysis showed that the Wnt/β- 
catenin signaling pathway, MYC targets, G2M checkpoints, 
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and E2F targets were significantly enriched (enrichment 
score > 0, P < 0.05; Figure 4B). We also found that the 
Wnt/β-catenin and cell cycle signaling pathways were 
enriched in the high ALYREF sub-group through KEGG 
analysis (Figure 4C). To validate the enrichment of signaling 
pathways in the ALYREF high-expression group, we selected 
the top 14 genes in the Wnt/β-catenin pathway which their 
expression was correlated with ALYREF mRNA levels (R > 
0.3, P < 0.05) and performed RT-qPCR analysis. The results 
showed that genes like AXIN2 and FRAT1 were decreased 
upon inhibition of ALYREF expression. Importantly, the 
mRNA level of MYC was dramatically downregulated in 
GBM cells when ALYREF was knocked-down (Figure 4D). 

These studies demonstrated that ALYREF drives GBM devel-
opment by activating the Wnt/β-catenin pathway.

ALYREF Enhances MYC mRNA Stability 
in GBM Cells
To further identify the detailed mechanism by which ALYREF 
regulates MYC mRNA levels in GBM cells, we searched 
public CLIP sequencing data and found that ALYREF is an 
RBP that binds specifically to MYC mRNA, notably in the 3ʹ- 
UTR region of HeLa cells (Figure 5A). Previous studies have 
reported that the 3ʹ-UTR region of human genes is the key 
sequence regulating mRNA stability in human cancers.24,25 

Therefore, we speculated that ALYREF binds to the 3ʹ-UTR of 
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MYC mRNA to control its stability, and drive GBM cell 
proliferation. To test this, we first performed CLIP-qPCR 
analysis and found that ALYREF bound to MYC mRNA in 
GBM cells (Figure 5B). Next, we constructed 3ʹ-UTR reporter 
plasmids of MYC and found that knockdown of ALYREF 
decreased luciferase activity of the MYC 3ʹ-UTR sequence 
(Figure 5C). Knockdown of ALYREF also reduced MYC 
mRNA stability in GBM cells (Figure 5D). Importantly, over-
expression of MYC could rescue the proliferative ability of 
ALYREF-deficient GBM cells (Figure 5E). Finally, we ana-
lyzed TCGA expression data and found that the mRNA 

expression of ALYREF was positively correlated with MYC 
mRNA in GBM samples (Figure 5F). These findings indicate 
that ALYREF promotes carcinogenesis by controlling MYC 
mRNA stability in GBM cells.

Discussion
RBPs have recently been reported to be dysregulated in 
many cancer tissues. The oncogenic RBPs not only parti-
cipate in cancer initiation but also control cancer 
progression.26,27 Moreover, targeting these RBPs may 
have potential clinical application in cancer treatment.28 

A

B C D

E F

Figure 5 ALYREF controls MYC mRNA stability in GBM cells. (A) The CLIP sequencing data showed the enrichment of ALYREF at 3ʹ-UTR of MYC in HeLa cell. (B) iCLIP- 
qPCR validation for ALYREF binding to MYC mRNA in GBM cells. (C) The relative luciferase activity of 3ʹ-UTR of MYC transfected with control or ALYREF siRNAs in U251 
and U-118 MG cells. (D) The relative MYC mRNA levels in U251 and U-118 MG cells transfected with control or ALYREF siRNAs and treated with actinomycin D. (E) The 
colony assay transfected with ALYREF, ALYREF plus MYC overexpression plasmids or negative siRNA in U251 and U-118 MG cells. (F) The expressional correlation of ALYREF 
with MYC in TCGA-GBM cohort. The results (n = 3) were represented as the mean ± SEM in (B–E). *P < 0.05; **P < 0.01.
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However, the molecular mechanisms governing GBM, 
including the proliferative properties of this cancer, remain 
unclear. In this work, we analyzed public TCGA-GBM 
RNA sequencing data and identified a group of RBPs 
that were dysregulated and that potentially promoted 
GBM cell proliferation. Of note, we found that ALYREF 
is overexpressed in GBM patients and triggers GBM cell 
proliferation. These findings suggest that ALYREF plays 
an oncogenic role in GBM development. We also assessed 
the expression of ALYREF in other cancers and found that 
it was also highly upregulated in brain lower grade glioma, 
breast cancer, colon cancer and liver hepatocellular carci-
noma. These results suggest that ALYREF might also 
participate in the progression of other tumors.

To further examine the mechanisms underlying the 
upregulation and proliferative function of ALYREF in 
GBM, we analyzed related transcriptional factors and 
found that MYC is enriched in the ALYREF promoter and 
regulates ALYREF mRNA expression. Studies have 
reported that MYC serves as a key transcriptional factor 
that enhances glioma cell proliferation and migration.29,30 

We analyzed MYC mRNA levels and found that MYC is 
also highly expressed in GBM and brain lower grade 
glioma (LGG) tissues and its expression is positively cor-
related with ALYREF mRNA expression (data partially not 
shown). It has recently been reported that RPBs can reg-
ulate MYC mRNA stability. For example, Du et al found 
that long non-coding RNA (lncRNA) linc02042 enhanced 
tumorigenesis in esophageal squamous cell carcinoma by 
recruiting YBX1 to stabilize MYC mRNA.31 Our study 
revealed that ALYREF protein could bind to and stabilize 
MYC mRNA, which forms a positive loop to accelerate 
GBM development. Interestingly, RNA modifications and 
their RNA-modifying proteins (RMPs) have also been 
identified as key players in strengthening the aggressive-
ness of GBM.32 Moreover, Yang et al recently reported 
that 5-methylcytosine (m5C) of RNA is specifically recog-
nized by ALYREF.33 How m5C modification of oncogenic 
RNAs regulated by ALYREF in GBM needs to be further 
investigated.

The findings of the present study further revealed 
a potential group of RBPs that participate in GBM pro-
liferation, including MEX3A, SNRPB, and INTS5. It has 
been reported that MEX3A and SNRPB act as oncogenes 
to promote GBM tumorigenesis.34,35 In pancreatic ductal 
adenocarcinoma (PDAC), increased expression of 
MEX3A is correlated with higher disease stage, and 
depletion of MEX3A decreased resistance to gemcitabine 

for PDAC patients.36 INTS5 is a factor in the integrator 
complex, where it binds to the RNA polymerase II to 
control RNA transcription and processing. 
Bioinformatics analysis has found that could be abnor-
mally expressed in specific cancers.37 In GBM, further 
studies investigating the detailed molecular functions and 
clinical significance of INTS5 should be undertaken.

Conclusion
In conclusion, our study demonstrates that ALYREF is 
highly expressed in some GBM patients, and is regulated 
by MYC at the transcriptional level. ALYREF enhances the 
high proliferation activity of GBM cells through the Wnt/ 
β-catenin signaling pathway and stabilizing MYC mRNA. 
The ALYREF-MYC positive feedback loop may represent 
a potential therapeutic target for GBM patients.
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