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Abstract
WAC is closely related to the occurrence and development of tumors. However, its role in human
glioblastoma (GBM) and its potential regulatory mechanisms have not been investigated. This study
demonstrated that WAC is downregulated in GBM, and its low expression predicts a poor prognosis. We
investigated the effect of WAC on the proliferation of glioma cells through the CCK-8 assay, EdU
incorporation and cell formation. The effects of WAC on apoptosis and autophagy in glioma were
demonstrated by �ow cytometry, TUNEL detection, immuno�uorescence, q-PCR, WB and scanning
electron microscopy. We found that overexpression of WAC inhibited proliferation of glioma cells,
promoted apoptosis and induced autophagy. Therefore, WAC is likely to play a role as a new regulatory
molecule in glioma.

Introduction
The most common tumor of the human brain is glioblastoma multiforme (GBM), a glial cell-derived
tumour (Glioma) that has a high malignant potential and tends to invade surrounding tissues [1]. They
are classi�ed into four grades (I-IV) according to their histopathological and molecular characteristics.
Glioblastoma can arise from the beginning as a grade IV tumour (glioblastoma multiforme) or a low
grade (grade II) or anaplastic glioma (anaplastic astrocytoma, grade III) and eventually malignant
progression to secondary glioma [2]. Despite the widespread use of standard treatment strategies,
including surgery, chemotherapy, radiation therapy and immunotherapy, the average patient survival is
still less than 15 months [3, 4]. More importantly, the survival rate of patients with GBM is inversely
proportional to tumour grade[1]. While molecular targeted therapy and other methods have attracted more
and more attention, the research of molecular targeted therapy is still complex because the relevant
mechanism of the occurrence and development of GBM is still not precise. Therefore, further basic
research on the occurrence and development of GBM is becoming increasingly important.

Autophagy and apoptosis are critical self-destructive processes and can be used as internal equilibrium
mechanisms to maintain the homeostasis of eukaryotic cells. To some extent, the tumor is a disease with
too little apoptosis and too much proliferation, if the proliferation of tumour cells can be inhibited and
apoptosis can be induced, the growth of tumour cells will stop to some extent [5]. As a highly conserved
catabolic process that is ubiquitous in evolution, autophagy has been shown to play an essential role in
both promoting and inhibiting glioma proliferation in recent years[6, 7].In promoting tumour, cytoplasmic
consumed by autophagy body can be used as "biofuel" promote the proliferation of glioma cells, at the
same time in the cell stress state (hungry), radiotherapy, and chemotherapy, autophagy may also inhibit
tumour cell disruption, maintain material synthesis and metabolism in cells and thus played a "tumour
cell protection" [8].In terms of tumour inhibition, autophagy protects cells from reactive oxygen species
(ROS), necrosis, in�ammation, genomic instability and metabolic changes by removing damaged
proteins and organelles. Therefore, autophagy is also considered an inhibitor of tumour initiation[9].
Autophagy may have positive or negative effects on the prognosis of glioma.
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WAC is a new member of WW-domain-containing splicing factors. The WW domain of WAC contains a
central block of three tyrosine residues [10]. WW domain-containing proteins are commonly involved in
ubiquitin-dependent protein degradation[11, 12], signal transduction[13], transcriptional regulation[14],
and pre-mRNA splicing[15]. WAC is no exception in these respects. It has been reported that during gene
transcription, WAC targets RNF20/40 and binds to the RNA polymerase II complex to conduct H2B
ubiquitination at the active transcription site, thereby regulating transcription[16]. In addition, WAC
regulates p53-induced p21 transcription and prevents the cell cycle from responding to genotoxic stress,
thus playing an essential role in cell cycle checkpoint activation following DNA damage [17]. Under
different conditions, WAC may have adverse effects on autophagy regulation by binding to different
protein chaperones. It can positively regulate hunger-induced autophagy and promote the formation of
autophagosomes, or indirectly inhibit autophagy and regulate energy-mediated mTORC1 activity[18, 19].
However, the expression pattern and pathological role of WAC in the progression of human GBM have not
been studied, and relevant animal studies remain to be explored.

In this study, we �rst provide evidence that WAC is a tumor suppressor for human glioblastoma. WAC
expression was signi�cantly down-regulated in human glioblastoma, which was positively correlated with
the survival time of patients. Overexpression of WAC can inhibit proliferation, promote apoptosis and
induce autophagy of GBM cells. More importantly, the changes of apoptosis-related proteins and
autophagy-related proteins also con�rmed the regulatory effect of WAC. In conclusion, our �ndings reveal
for the �rst time the role of WAC in GBM and provide an entry point and impetus for the study of the
mechanism of WAC's regulation of GBM apoptosis and autophagy.

Materials And Methods
Bioinformatics

To illustrate the expression pattern and clinical features of WAC in GBM, we used the Gliovis portal
(http://gliovis.bioinfo.cnio.es/). Data mining and analysis were performed from three different databases:
The Cancer Genome Atlas (TCGA), Gravendell and Rembrandt.

Human tissues 

Normal brain tissue and human GBM tissues were collected from the Department of Neurosurgery,
Renmin Hospital of Wuhan University. Tumor specimen was con�rmed by the pathologists of the
Department of Pathology at the Renmin Hospital of Wuhan University. Non glioma specimens were
collected from patients with various traumatic brain injuries during the course of surgery with informed
consent. Tissue acquisition and use in this study were performed with patients signed informed consent
and were approved by the institutional ethics committee of the medical department, Renmin Hospital of
Wuhan University.

Cell culture
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Human glioblastoma cell lines (U87 and A172) purchased from the Cell Bank of the Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China), the cells were cultured in
high-glucose DMEM (Gibco, Thermo Fisher Scienti�c) supplemented with 10% fetal bovine serum
(Thermo Fisher Scienti�c) and 1% penicillin/streptomycin (Thermo Fisher Scienti�c), and the incubating
temperature was 37 °C, with 5% CO2.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from tissues and cells using Trizol reagent (Invitrogen, USA). Next, we used the
PrimeScript RT reagent kit with gDNA Eraser (Takara, Tokyo, Japan) to prepare for cDNA, and real-time
PCR was performed using SYBR Premix Ex Taq II (RR820A, Takara) according to the manufacturer's
protocol. The comparative Ct method was adopted to compare the experimental and control groups, and
GAPDH was used for normalization. The speci�c primer pairs were as follows: GAPDH (forward primer, 5
´-ACAACTTTGGTATCGTGGAAGG-3'; reverse primer, 5´-GCCATCACGCCACAGTTTC-3'); WAC (forward
primer, 5´-GTTCCACAGTCGCCAATACCTC-3'; reverse primer, 5´-GCAGATGGTCCAGCAGTAAGAA-3');
Beclin1(forward primer, 5´-GAGCCATTTATTGAAACTCCTCG-3'; reverse primer, 5'-
CCCAGTGACCTTCAGTCTTCG-3'); p62 (forward primer, 5´-GGAAGGTGAAACACGGACACTT-3'; reverse
primer,5´-CTCTTCTCCTCTGTGCTGGAACT-3'); LC3B (forward primer, 5'- GTTGGCACAAACGCAGGGTA-3';
reverse primer, 5´-ACACTGCTGCTTTCCGTAACAA-3').

DNA construction and transfection

WAC cDNA was subcloned with a Flag tag (Flag-WAC) into the PCDNA3.1. The cells were seeded into the
6-well plate one night before transfection, and transfected with the help of the transfection reagent
Lipofectamine 3000 (L3000015, Thermo Fisher Scienti�c) according to the guidance of the reagent
manufacturer.

Antibodies and reagents

The primary antibodies used were anti-WAC (bs-12787R, Bioss, China), anti-DYKDDDK/Flag-tag (ANT102,
Antgene, China), anti-P62 (M162–3, Medical Biological Laboratories, Japan), anti-Beclin1 (11306–1-AP,
Proteintech, USA), anti-LC3B (GB11124, Service, China), anti-BAX (50599–2-Ig, Proteintech, USA), anti-Bcl-
2 (GTX100064, GeneTex, USA), anti-GAPDH (#5174, Cell Signaling Technology, USA).

Clone formation

U87 and A171 cells were digested with trypsin 24 h after transfection and inoculated into 6-well plates at
a density of 1000 cells per well. The cells were then incubated in a humidi�ed incubator at 37°C and 5%
CO 2 until the clones were visible to the naked eye. The medium was then removed, the cells were washed
with phosphate buffer (PBS), �xed with 4% paraformaldehyde, and stained with crystal violet. The
number of colonies with ≥50 cells was counted under an inverted microscope (Olympus, Tokyo, Japan).

Cell count kit-8(CCK-8) assay
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CCK-8 (SolarBio Biotech Corp., Beijing, China) was used to detect cell viability according to the
manufacturer's instructions. In short, approximately 4×103 cells were plated into each well of the 96-well
plate. At 24, 48 and 72 h after transfection, a 10% volume of CCK8 solution was added to each well and
incubated in the dark for two hours. OD values were measured at 450 nm to determine cell viability. Three
separate experiments were conducted.

EdU-DNA Synthesis Assay

Cell-Light EdU Apollo567 In Vitro Kit (RiboBio, Guangzhou, China) was used to study the DNA synthesis
activity in WAC-treated cells. According to the reagent vendor's protocol, cells were seeded in 96-well
plates at 5000 per well. Edu was added to the medium at 50 µl 48 h after transfection, followed 2 h later
by �xing the cells in 4% paraformaldehyde for 30 min, permeated with 0.5% Trixon-X 100 for 10 min, and
then stained with 10 μM Apollo 567 for 30 min. The cells were then restained with Hoechst 33342 to hide
from light for 30 min. EdU was visualized using a �uorescence microscope (Olympus BX51, Japan).

Flow Cytometric analysis

Forty-eight hours after transfection, AN Annexin V-PE/7-AAD Kit (Becton Dickinson, New Jersey, USA) was
used to measure the apoptosis rate of GBM cells. The cells were digested with EDTA-free trypsin,
collected, and then washed three times with cold PBS. After samples were stained with 5 µl of Annexin V-
PE and l of 7-AAD for 15 min in the dark, 400 µl of 1 x Binding Buffer was mixed into the mixture. Finally,
apoptosis results were analyzed by Cyto�ex Flow Cytometer (Beckman Coulter) and FlowJo 10.0.7
software.

TUNEL assay

Forty-eight hours after transfection, the cells were immobilized in 4% paraformaldehyde for 15 min. Next,
we used the Tunel Kit (Roche Diagnostics, Mannheim, Germany) and followed the protocol provided by
the reagent vendor to detect apoptosis. Finally, under the Olympus BX51 microscope (Olympus, Japan),
TUNEL positive cells show green �uorescence. ImageJ software is used to count the TUNEL positive
cells. The experiment was carried out three times independently.

Assay of green �uorescent protein-LC3 Puncta

WAC plasmids were transfected into GBM cells that stably expressed green �uorescent protein (GFP)-LC3.
The cells were �xed with 4% paraformaldehyde 48 h after transfection. Then the GFP-LC3 spots in the
cells were observed using confocal laser scanning microscopy (Olympus, Japan). Count the mean of
GFP-LC3 points/cell in at least 100 cells.

Western blotting

The RIPA lysis buffer containing the protease inhibitor mixture (Beyotime, Shanghai, China) was used to
extract the protein, and the protein concentration was determined using the BCA assay (Biosharp, China).
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The sample and loading buffer were thoroughly mixed. Heat at 100°C for 5 minutes. Next, each sample of
the same concentration was separated by 10% or 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to the PVDF membrane. Block with 5% skim milk at room temperature for
1 hour and incubate overnight with diluted primary antibody at 4°C. After three elutions with PBST to
remove residual primary antibodies, the membrane was incubated with Alex Fluor 680/790 labeled
secondary antibodies (Li-Cor Bioscience, USA) for 1 to 2 h. Finally, the proteins were visualized using the
Li-Cor Odyssey Infrared Imaging System (Li-Cor Bioscience). The relative density of the strips was
analyzed by Image J software version 1.8.0. GAPDH was used as an internal control.

Immunohistochemistry

After the tissue sections were dewaxed and hydrated, they were immersed in a microwave oven boiling
Tris-EDTA buffer (pH 9.0) for antigenic repair and then incubated overnight with anti-WAC (1:100; Bioss)
at 4°C. The next day, the slides were washed and incubated with the secondary antibody for 1 hour.
Finally, DAB staining was used to detect the signal, and hematoxylin was restained. After dehydration, the
�lm was sealed with neutral resin. Images were visualized by Olympus.

Transmission Electron microscopy (TEM)

Cells transfected with Flag-WAC or control plasmid were �xed with an electronic �xation solution
containing 2.5% glutaraldehyde and post-�xed in 1% osmic acid. The �xed sample was then dehydrated
using a graded series of ethanol (70-100%) and �nally embedded in the EPON resin. An ultra�ne slicer
was used to cut ultra�ne slices and was double-stained with uranium dioxide acetate and lead citrate.
The stained sections were then observed using a transmission electron microscope (Hitachi HT7700,
Tokyo, Japan).

Statistical analysis

GraphPad Prism 8.0 software was used to analyze and generate graphs in this study, and all data were
presented as mean ± standard deviation. Student T-test determined differences between two groups, and
One-way ANOVA determined differences between multiple groups. Kaplan-Meier and log-rank tests were
used for survival analysis. P < 0.05 was considered statistically signi�cant.

Result
WAC is downregulated and associates with prognosis in GBM

  In order to clarify whether WAC is involved in the occurrence and development of GBM, we used RNAseq
data from three public datasets to �nd that WAC mRNA expression was signi�cantly lower in GBM than
in non-tumor tissues (Fig1A), and WAC expression was also signi�cantly lower in high-grade gliomas
than in low-grade gliomas (FigS1). Based on clinical specimens, we examined WAC protein or mRNA
expression levels in non-tumor tissues and GBM.  Consistent with the bioinformatic results, both protein
and mRNA expression of WAC was signi�cantly lower in GBM than in non-tumor tissues (Fig1B,1C),
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which was also con�rmed by immunohistochemistry (Fig1D). To investigate the correlation between WAC
and GBM invasiveness, we compared the expression of WAC under different IDH1/2 states. Compared
with IDH1/2 mutant glioma in TCGA, WAC expression was signi�cantly reduced in IDH1/2 wild-type
glioma (Fig1E). This suggests that WAC expression is inextricably related to GBM malignancy. To test
whether WAC can predict prognosis in patients with GBM, we performed survival analyses on three
different data points using the Gliovis platform. The results showed that the expression of WAC was
positively correlated with the survival time of patients (Fig1F). Taken together, these results suggest that
WAC expression is downregulated in GBM and predicts a good prognosis.

WAC overexpression inhibited GBM cell proliferation in vitro

  To investigate the biological role of WAC in GBM, a Flag-WAC overexpression vector was constructed
and veri�ed by Western blot (Fig2B). CCK-8 was used to detect the viability of U87 and A172 cells. The
results showed that overexpression of WAC signi�cantly inhibited the proliferation of GBM cells in vitro
(Fig2A). In addition, the results of the colony formation also showed that the GBM cells transfected with
Flag-WAC formed fewer and smaller colonies compared to the control group (Fig2C,2D). EdU
incorporation assay was used to detect the effect of WAC on DNA synthesis in GBM cells. The results
showed that WAC induced a signi�cant decrease in EdU positive cells in U87 and A172 cells (Fig2E-2H).
These results suggest that WAC inhibits GBM cell proliferation in vitro.

WAC overexpression induced GBM cell apoptosis in vitro

Based on the above observations, we used Annexin V-PE/7-AAD double staining to examine whether WAC
induced apoptosis in glioma cells. The results demonstrated by �ow cytometry showed that the
overexpression of WAC strongly induced apoptosis of U87 and A172 cells (Fig3A-3D). In addition, TUNEL
staining showed that the proportion of TUNEL positive cells (green) in the WAC overexpression group was
signi�cantly higher than that in the control group (Fig3E-3G). In summary, all the data suggest that WAC
expression can positively regulate apoptosis of glioblastoma cells.

WAC overexpression enhanced GBM cell autophagy in vitro

Autophagy can protect cells from death but can also mediate cell death [20]. Further to investigate
whether WAC plays a crucial role in GBM autophagy, we exogenously upregulated WAC in GBM cells
stably expressing GFP-LC3B, an intracellular green �uorescent labelled recombinant protein for
autophagosomes. We found that the number of GFP-LC3-rich subcellular granules around the nucleus in
the Flag-WAC group was signi�cantly more than that in the control group, indicating that the autophagy
activity in cells was increased (Fig4A,4B). In addition, we observed the autophagy structure of glioma
cells using transmission electron microscopy. The results showed that autophagy vacuoles were
increased in the Flag-WAC group, and most autophagosomes contained residual digestive components,
while the control group rarely showed this characteristic (Fig4C,4D).

WAC in�uences glioma malignancy through the classical signal axis
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In order to further explore the regulatory effect of WAC, we detected the differences in the mRNA
expression levels of autophagy-related markers by RT-PCR, which was consistent with the expected
results WAC promoted Beclin1 and LC3b and inhibited P62 at the transcriptional level (Fig.4E,4F). More
importantly, Western blotting results showed that the protein expressions of Beclin1 and LC3B were
signi�cantly increased after WAC overexpression, while the expression of P62 was suppressed. At the
same time, the expression of pro-apoptotic protein Bax was also increased, while that of Bcl-2 was
reversed. In conclusion, it is very likely that WAC directly or indirectly associates with Beclin1, LC3B, p62,
Bax, Bcl-2, and regulates proteins involved in apoptosis and autophagy, which promotes apoptosis and
autophagy progression and consequently inhibits glioblastoma development.

Discussion
Many studies provide compelling evidence that glioblastoma is the most common primary brain tumour
type[21]. Gene therapy, which can provide a "cure" for some terminal or severely disabling diseases, has
long been a source of fascination for clinicians and researchers because of its potential to treat diseases
at their genetic roots[22]. For example, effective targets such as EGFR and BRAF have been found in
glioblastoma [23, 24]. Nevertheless, even in this era of molecular medicine, it is still di�cult to change the
poor prognosis of GBM patients[25]. Therefore, novel therapeutic targets for GBM are urgently needed to
advance gene therapy and mechanistic studies of GBM.

In this study, we found low expression of WAC in high-grade GBM, relative to low-grade GBM and normal
brain tissue, based on data from three publicly available databases and our cohort of clinical samples. In
addition, WAC expression was signi�cantly associated with several critical clinicopathological
parameters, including WHO II, III, and IV classi�cations and IDH mutant or wild types. Subsequently,
Kaplan-Meier survival analysis showed that higher WAC expression was associated with higher patient
survival. The present results suggest that the WAC may be involved in the development and progression
of GBM.

Further functional studies, we showed that the up-regulation of WAC inhibited the proliferation of GBM
cells in vitro. Cancer cell growth depends on a balance between proliferation and apoptosis[26]. Now that
we have found the inhibitory effect of WAC on cell proliferation, we examined the effect of WAC on cell
apoptosis by �ow cytometry. Interestingly, our results showed that Flag-WAC promoted apoptosis in U87
and A172 cells. mitochondria-dependent apoptosis is one of the most important pathways to induce
apoptosis. Bcl-2 family proteins are central regulators of intrinsic pathways that inhibit or promote
changes in mitochondrial membrane permeability required for the release of Cyt-c and other apoptotic
proteins[27]. Bax, a pro-apoptotic member of the Bcl-2 protein family, can form transmembrane pores
large enough to allow the release of cytochrome C and activate mitochondrial permeability conversion
pores[28]. Subsequently, the in�uence of WAC on Bcl-2 and Bax in the two cell lines was detected, and the
expression of Bcl-2 was signi�cantly decreased, while the expression of Bax was signi�cantly increased
compared with the control group. Therefore, the present data suggest that WAC regulates cell
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proliferation and apoptosis by down-regulating Bcl-2 expression and upregulating the Bax, leading to
tumor development.

In the following study, we found that WAC could also induce autophagy in glioma cells. Mechanically
speaking, it induces autophagy at the transcription and protein levels. The mRNA and protein expressions
of Beclin1, LC3B and P62 were detected. Autophagy and apoptosis have antagonistic or synergistic
effects under certain conditions. Apoptosis and autophagy can co-occur, triggering cell death, while
apoptosis can also accelerate the transformation of cells to autophagy death[29, 30]. So, WAC has been
shown to inhibit GBM development through the synergy of these two pathways, but whether there is a
certain relationship between WAC's regulation of apoptosis and autophagy in GBM cells needs further
study in the future.

In conclusion, the current data suggest that WAC may be a potential tumour suppressor of GBM and may
regulate apoptosis and autophagy-related proteins like Beclin1, LC3B, P62, Bax, and Bcl-2 promote
apoptosis and autophagy processes, thereby inhibiting the development of GBM. Thus, we demonstrate
that WAC is an expression pattern and regulatory role in GBM for the �rst time. It has been previously
reported that WAC and GM130 interact with the ATG8 homologous molecule GABARAP and regulate its
subcellular localization. GABARAPs are located in the pericentral matrix, and this dynamic pool
contributes to autophagosome formation [19]. Whether WAC in�uences the occurrence of GBM through a
series of complex regulatory mechanisms in this signaling pathway still needs further study.
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Figure 1

WAC is downregulated and associates with prognosis in GBM. (A) WAC mRNA expression in Normal
brain tissue (NBT) and GBM in TCGA, Gravendell and Rembrandt datasets. (B-C) Western blot analysis
and RT-PCR were performed to detect protein (NBT, n=5; GBM, n=5) and mRNA (NBT, n= 9; GBM, n=11)
levels of WAC in NBT and glioma. (D)Representative images of IHC staining of WAC in in NBT and GBM,
Scale bar, 50 μm. (E) WAC mRNA expression in patients with mutant (MT) and wildtype (WT) IDH1/2 in
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TCGA datasets. (F) Kaplan-Meier survival analysis for WAC expression in all glioma patients in TCGA,
Gravendell and Rembrandt datasets. *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 2

WAC overexpression inhibited GBM cell proliferation in vitro. (A) CCK-8 assay was used to detect the
effect of WAC overexpression on U87 and A172 cell viability over a three-day period. (B)Western blot was
used to detect the overexpression e�ciency of WAC, GAPDH served as loading control. (C, D) Colony
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formation assay was performed to measure clone formation of U87 and A172 cells after transfection. (E-
H) EdU incorporation assay was used to measure DNA replication of U87 and A172 cells after
transfection. Proliferative cell was labeled with EdU (red) and cell nuclei were stained with DAPI (blue).
Scale bar, 200 μm. *P<0.05 **P<0.01 and ***P<0.0001. Experiment was repeated three times with similar
results

Figure 3
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WAC overexpression induced GBM cell apoptosis in vitro. (A-D) Cell apoptosis was signi�cantly increased
after transfection with WAC measured by �ow cytometry and results were statistically analyzed. (E-G)
Representative images of TUNEL staining. Scale bars, 50 µm. For at least three independent experiments.
**P < 0.01, ***P < 0.001.

Figure 4
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WAC overexpression enhanced GBM cell autophagy in vitro. (A, B) The numbers of GFP-LC3 puncta were
quanti�ed using confocal laser scanning microscopy in U87-MG cells transfected with GFP-LC3. Scale
bars,10 μm. **P < 0.01. (C, D) Transmission Electron microscopy was used to detect autophagy activity in
U87 cells after transfection with Flag-WAC and control Flag at 48 h. Scale bars, 5 µm at low
magni�cation, 1 µm at high magni�cation. (E, F) RT-PCR was used to detect the effect of WAC
overexpression on the mRNA expression of Beclin1, LC3B and P62 in two cell lines. *P<0.05 **P<0.01 and
***P<0.0001. Data represents mean ± SD.
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Figure 5

WAC in�uences glioma malignancy through the classical signal axis. (A, B) Effects of WAC
overexpression on autophagy-related and apoptosis-related protein levels in GBM cells. (C) Mechanistic
model for the WAC regulation of cell apoptosis and autophagy in GBM. **P < 0.01, ***P < 0.001. All bar
plot data are the means ± SD.
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