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Abstract: Glioblastoma is the most common cancer in the brain, resistant to conventional therapy and prone to
recurrence. Therefore, it is crucial to explore novel therapeutics strategies for the treatment and prognosis of GBM.
In this study, through analyzing online datasets, we elucidated the expression and prognostic value of POLR2J and
its co-expressed genes in GBM patients. Functional experiments, including assays for cell apoptosis and cell migra-
tion, were used to explore the effects of POLR2J and vorinostat on the proliferation and migration of GBM cells. The
highest overexpression of POLR2J, among all cancer types, was observed in GBM. Furthermore, high expression
of POLR2J or its co-expressed genes predicted a poor outcome in GBM patients. DNA replication pathways were
significantly enriched in the GBM clinical samples with high POLR2J expression, and POLR2J suppression inhibited
proliferation and triggered cell cycle G1/S phase arrest in GBM cells. Moreover, POLR2)J silencing activated the
unfolded protein response (UPR) and significantly enhanced the anti-GBM activity of vorinostat by suppressing cell
proliferation and inducing apoptosis. Additionally, POLR2J could interact with STAT3 to promote the metastatic po-
tential of GBM cells. Our study identifies POLR2J as a novel oncogene in GBM progression and provides a promising
strategy for the chemotherapeutic treatment of GBM.
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Introduction novel targets for the treatment and prognosis of

GBM.
Glioma is one of the most prevalent types of

primary malignant brain tumors in adults,
accounting for approximately 81% of malignant
brain tumors, with a 5-year overall survival rate
of less than 10% [1, 2]. The standard treatment
for GBM patients includes surgical resection
followed by radiotherapy with concurrent and
adjuvant temozolomide chemotherapy, yet
prognosis remains poor [3]. Given the genetic
instability, highly invasiveness, angiogenesis,
resistance to conventional therapy, and prone-
ness to recurrence [4], it is crucial to identify

In eukaryotes, RNA polymerase Il is a multipro-
tein complex responsible for transcribing DNA
into mMRNA precursors, as well as most small
nuclear RNA and microRNA [5]. RNA polymerase
Il'is composed of nine subunits, including RPB1,
RPB2, RPB3, RPB4, RPB5, RPB6, RPB7, RPB8
and RPB11, includes DNA-directed RNA poly-
merase |l subunit J-1 (POLR2J, also known as
RPB11), which is integral to its function [6, 7].
Furthermore, RNA polymerase Il assembles
with general transcription factors to form a pre-
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initiation complex which opens promoter DNA
to initiate transcription [8]. Notably, transcrip-
tion factor ATF4, a vital component of RNA
polymerase Il containing POLR2J, activates
transcription by directly interacting with the
RNA polymerase Il at the heterodimer
region of o-like subunits (RPB3-RPB11) [9].
Meanwhile, RPB3, another crucial subunit of
RNA polymerase |l, enhances ATF4 activation
through promoter recognition [10]. Interestingly,
POLR2J has been identified as a promising
prognostic biomarker for patients with testicu-
lar germ cell tumor [11] and is overexpressed in
rectal tumor organoids [12]. However, the
mechanism responsible for the dynamic prop-
erties of POLR2J in tumor progression have yet
to be fully elucidated.

In this study, we explored the fundamental
functions and mechanisms of POLR2J in GBM.
Firstly, POLR2J exhibits maximal upregulation
in GBM compared to normal tissues across all
cancer types. Furthermore, POLR2J promotes
cell proliferation, metastasis, and epithelial-
mesenchymal transition (EMT) in GBM. In addi-
tion, POLR2J suppression enhanced the anti-
GBM activity of vorinostat. Collectively, these
findings suggest that POLR2J could serve as a
potential prognostic biomarker and therapeutic
target for GBM.

Materials and methods
Data collection

The UALCAN portal (http://ualcan.path.uab.
edu) was used to evaluate the mRNA and pro-
tein expression level of POLR2J. The potential
value of POLR2J and its co-expression genes
in GBM prognosis were analyzed via 0S
from the SurvExpress (http://bioinformatica.
mty.itesm.mx:8080/Biomatec/SurvivaX.jsp)
and ExSurv database (https://exsurv.soic.iupui.
edu). Gene co-expression analysis and Gene
Set Enrichment Analysis (GSEA) of POLR2J
were performed utilizing LinkedOmics (http://
www.linkedomics.org/admin.php). The “HiSeq
RNA” platform and “TCGA_GBM” cohort were
selected for the analysis. The correlation
between POLR2J and STAT3 expression was
explored using the cBioPortal (http://www.cbio-
portal.org).

Reagents and antibodies
Minimum Essential Medium (MEM) and High-

glucose Dulbecco’s modified Eagle’s medium
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(DMEM) were purchased from Hyclone (Logan,
UT, USA) for cell culture. Trypsin-EDTA Solution
(0.25%) was purchased from Gibco (Grand
Island, NY, USA). BCA Protein Assay Kit and
RIPA Lysis Buffer were obtained from Beyotime
Biotechnology (Shanghai, China). Pre-stained
protein marker was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Jet PRIME
Transfection Reagent was provided by Polyplus
Transfection SA (Strasbourg, France). Vorinostat
(purity >99%) was purchased from Aladdin
(Shanghai, China). N-acetyl-L-cysteine (NAC)
was provided by Beyotime Institute of Biote-
chnology (Shanghai, China). Anti-POLR2J (164-
03-1-AP, 1:1000 dilution), anti-E-Cadherin
(20874-1-AP, 1:1000 dilution), anti-N-Cadherin
(22018-1-AP, 1:1000 dilution), anti-EGFR
(66455-1-1g, 1:1000 dilution) and anti-Cyclin
B1 (28603-1-AP, 1:1000 dilution) antibodies
were obtained from Proteintech (Wuhan,
China). The anti-p-EIF2x (Ser51) (3398, 1:1000
dilution), anti-Cyclin A2 (4656, 1:1000 dilution)
and anti-Cleaved PARP (5625, 1:1000 dilution)
antibodies were provided by Cell Signaling Te-
chnology (Danvers, MA, USA). The anti-STAT3
(sc-482, 1:500 dilution), anti-p-AKT1/2/3 (Ser-
473) (sc-7985-R, 1:500 dilution) and anti-c-
Myc (sc-40, 1:500 dilution) antibodies were
provided by Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The anti-p-STAT3 (Tyr705) (ab-
76315, 1:1000 dilution) antibody was obtained
from Abcam (Cambridge, MA, USA). The anti-
GAPDH (db106, 1:10000 dilution) antibody was
obtained from Diagbio. The anti-FLAG-tag (ABT-
2010, 1:10000 dilution) antibody was obtained
from Abbkine, Inc. (San Diego, CA, USA).

Cell culture

Glioma cell lines (T98G, U251, and A172)
were obtained from Shanghai Institute of
Biochemistry and Cell Biology (Shanghai,
China). T98G was culture with MEM containing
non-essential amino acids with 10% fetal
bovine serum (FBS), 100 U/mL penicillin and
100 pg/mL streptomycin. U251 and A172 cells
were maintained in DMEM with 10% FBS, 100
U/mL penicillin and 100 pg/mL streptomycin.
All the cells were kept in a 37°C condition with
5% CO, and periodically tested mycoplasma
negative.

Quantitative reverse transcription-PCR (qRT-
PCR)

The total RNA from cultured cell lines was
extracted with Trizol reagent (Takara, Tokyo,
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Japan), and the concentration was measured
with Nano-300 Nucleic Acid Analyzer (Allsheng,
Hangzhou, China). Subsequently the total RNA
was converted to cDNA by the HiScript Il
1st Strand cDNA Synthesis Kit according to
the manufacturers’ recommendations (Vazyme
Biotech, Nanjing, China). The gRT-PCR analysis
was then conducted with HiScript I Q RT
SuperMix (Vazyme Biotech, Nanjing, China).
The 222t method was used to calculate the
relative levels of target genes among groups. A
list of all primer sequences is provided in
Supplementary Table 1.

Plasmid and siRNA transfection

Cells were seeded into 6-well plates with a den-
sity of 1 x 10° cells per well. At 30-50% conflu-
ence, siRNA was transfected using jetPRIME
transfection reagent (Polyplus Transfection SA,
USA). siRNAs were obtained from GenePharma
(Shanghai, China) to knockdown POLR2J and
the sense sequences were shown as follows:
siPOLR2J-1, 5-AGGACACCAAGGUACCCAAUG-
TT-3, siPOLR2J-2, 5’-AGAAGAAGAUCACCAUUA-
ACATT-3’, and negative control siRNA, 5-
UUCUCCGAA CGUGUCACGUTT-3'. The POLR2J
overexpressed plasmid was obtained from
GenScript Biotech (Piscataway, NJ, USA).

Sulforhodamine B (SRB) assay

After 24 h siRNA transfection, U251 and A172
cells were cultured into 96-well plates at a den-
sity of 3 x 10° cells/well. At 30-50% conflu-
ence, cells were treated with 1-6 yM vorinostat
at 37°C for 72 h. The following steps are per-
formed as described previously [13]. The OD
value was detected at 540 nm with a micro-
plate reader (Bioteck, Winooski, VT, USA).

Colony formation assay

U251 and T98G cells (2 x 103/well) were seed-
ed into 6-well plates for overnight and were
then transfected with siRNA, the culture medi-
um containing the siRNA was replaced every
2-3 days for 10-14 days at 37°C. Following the
supernatant is discarded, and the 6-well plates
were carefully rinsed with PBS at three times,
and then fixed with 4% paraformaldehyde for
30 min and 1% crystal violet stained for 20 min
at room temperature, then washed with PBS
and photographed.
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Cell cycle analysis

U251 cells were seeded into 6-well plates at a
density of 1.2 x 10° cells/well. At 30% conflu-
ence, cells were transfected with siPOLR2J for
48 h at 37°C, and then cells were collected and
fixed with cold 75% ethanol at -20°C for over-
night and washed with 500 ul PBS at three
times. Subsequently, 1 ml U251 cell suspen-
sions were hatched with 5 ul Propidium iodide
(PI) solution for 5 min at room temperature, and
cell cycle analysis was then performed with a
FACSCalibur flow cytometer (USA).

Cell apoptosis assay

U251 cells (2 x 10%/well) were cultured in 6-well
plates. At 30% confluence, cells were transfect-
ed with siPOLR2J for 24 h and treated with 2.5
mM NAC for 6 h, afterwards treated with 4 uM
vorinostat at 37°C for 48 h. The cells were har-
vested, cleaned with cold PBS, and resuspend-
ed in binding buffer solution mixed with 5 pl
annexin V and 5 pl Pl and cultivated in the dark
for 15 minaccordingtothekit’s (BD Biosciences,
USA) instructions and the fluorescence proper-
ty was analyzed with a FACSCalibur flow cytom-
eter (USA). The Flowjo software was applied to
measure the figures.

Wound healing assay

The transfected cells were plated in 24-well
plates for overnight. Artificial wounds were cre-
ated using 10 pl pipette tip, and then rinsed
with 500 pl PBS for 2-3 times to remove cell
debris. Cell culture medium without FBS were
added and then wound distances were record-
ed by microscope as O h distance. After 24 h,
wound distance was recorded, and the percent-
age of wound healing was measured as (the
wound distance of O h - 24 h)/0 h wound dis-
tance x 100%.

Transwell assay

After 12 h of serum starvation, the transfected
cells were collected and resuspended in the
serum-free medium with the density of 3 x 10/
ml. The Transwell insert membranes were
coated with or without a Matrigel for invasion
or migration assay, respectively. The upper
chamber (8 um pore size) was seed with 200 pl
of cell suspension and a 600 ul medium with
20% FBS was added to the lower chamber.
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After 24 h, cells on the bottom surface of
Transwell insert membranes were fixed with
methanol for 15 min and stained with 1% crys-
tal violet for 30 min at room temperature.
Images were photographed and measured by
ImageJ software.

Western blotting

Cellular protein lysate buffering solution was
applied for protein extraction. Treated cells
were collected and dissolved with cold RIPA
lysate and the protein samples were separated
by using 8-15% SDS-PAGE and translocated
onto a PVDF (Schleicher, USA) membrane, fol-
lowed by blocked with 5% skimmed milk for
1 h at room temperature. The bands were
incubated overnight with specific antibodies at
4°C. Afterwards, underwent 1 h incubation at
room temperature with the corresponding sec-
ondary antibody. The bands were visualized
using ECL detection system (Millipore,
Germany).

Co-immunoprecipitation (Co-IP) assay

U251 cells transfected with POLR2J overex-
pressed plasmid for 48 h were lysed with IP
buffer and centrifugation at 120,000 rpm for
30 min at 4°C. Afterwards, the cell lysates were
divided equally hybridized with 20 pyl mouse I1gG
magnetic beads and anti-Flag Immunomagnetic
beads, respectively, for 16 h at 4°C with gentle
shaking. Subsequently, standing on the mag-
netic stand for 5 min, add 500 pl of PBST (NaCl
136.89 mM, KCI 2.67 mM, Na,HPO, 8.1 mM,
KH,PO, 1.76 mM, 0.5% Tween 20) to the above
precipitate, and redispersed the beads by gen-
tly blowing, then flip the sample up and down
for 5 min and removed the supernatant after
magnetic separation and repeated the above
steps 3 times. Finally, resuspend with SDS
loading buffer and performed SDS-PAGE
detection.

Statistical analysis

All data are presented as the mean + SD.
Statistical significance was determined by
unpaired two-tailed Student’s t test or one-way
ANOVA followed by Tukey’s post hoc test using
GraphPad Prism 7 software. P-values <0.05
were considered statistically significant.
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Results

POLR2J was overexpressed and predicted poor
prognosis in GBM patients

Initially, we compared the mRNA expression of
POLR2J between tumor and normal tissue
across 24 cancer types using the UALCAN data-
base. Compared with normal tissues, the most
significant upregulation of POLR2J was ob-
served in GBM, indicating the highest level of
POLR2J expression among all cancer types
(Figure 1A, 1B) [14, 15]. Similarly, POLR2J pro-
tein levels were found to be overexpressed in
GBM compared to normal tissues (Figure 1C)
[16], and elevated POLR2J expression was pre-
dictive of poor outcomes of GBM patients
(P=0.008, Figure 1D) [17]. Furthermore, the
Kaplan-Meier plot of POLR2J in the TCGA-GBM
dataset obtained from The Human Protein Atlas
(https://www.proteinatlas.org/) also predicted
poor prognosis of GBM patients with high
expression of POLR2J (P=0.017, Figure 1E).
These findings suggested that POLR2J may
participate in development of glioma and that
the overexpression of POLR2J was correlated
with poor prognosis of glioma patients.

POLR2J co-expressed genes in GBM predicted
poor prognosis

To further elucidate the prognostic value of
POLR2J in GBM patients, we identified the co-
expressed genes of POLR2J in GBM using
LinkedOmics [18]. The Pearson coefficient test
revealed 8187 positively co-expressed genes
(red label) and 11,473 negatively co-expressed
genes (green label) with POLR2J in GBM (Figure
2A). The top 50 crucial genes which were posi-
tively (left panel) and negatively (right panel)
associated with POLR2J are shown in a heat
map (Figure 2B). A network of protein-protein
connections between 39 significantly co-
expressed genes that had an important posi-
tive correlation with POLR2J was visualized
using Cytoscape (Figure 2C) [19]. The prognos-
tic value of these co-expressed genes was eval-
uated using ExSurv [17], showing that 27 of the
39 co-expressed genes were associated with
poor outcomes in GBM patients (Figure 2D).
This indicates that both POLR2J and its co-
expressed genes are linked to worse prognoses
in GBM patients.
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Figure 1. POLR2J was overexpressed and predicted poor prognosis in GBM patients. (A-C) Comparison of POLR2)J
expression between tumor and normal samples. Pan-cancer view (A) and mRNA Expression in Glioblastoma multi-
forme (B); protein expression in Glioblastoma multiforme (C). (D) Kaplan-Meier analysis of the association between
POLR2J expression and OS in GBM form https://exsurv.soic.iupui.edu/. (E) The survival plot of POLR2J in TCGA-

GBM samples from HPA dataset.

POLR2J suppression inhibits GBM cells prolif-
eration

Gene Set Enrichment Analysis (GSEA) was con-
ducted to annotate the biological function of
POLR2J in GBM tumorigenesis using Linked-
Omics [18]. GSEA plots demonstrated that the
POLR2J signature positively correlated with
pathways involved in the citrate cycle, DNA rep-
lication, mismatch repair, and metabolic pro-
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cesses, suggesting POLR2J may participate in
the proliferation of GBM cells (Figure 3A).
Additionally, a Venn diagram from over-repre-
sentation analysis (ORA) generated using
LinkedOmics highlighted the significant enrich-
ment of cell cycle pathways from KEGG path-
way, Panther pathway, Reactome pathway, and
Wikipathway in GBM samples with high POLR2)J
expression (Figure 3B). GSEA further validated
the positive correlation between POLR2J and
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Figure 2. The co-expressed genes of POLR2J in GBM predicted poor prognosis. A. The whole significantly associ-
ated genes with POLR2J distinguished by Pearson test in GBM cohort. B. Heat maps of the most top 50 significant
genes positively and negatively correlated with POLR2J in glioma. C. Protein-protein connection network and MCODE
analysis of POLR2J co-expressed genes. D. Kaplan-Meier analysis of the association between POLR2J co-expressed

genes and OS in GBM.

DNA replication in GBM (Figure 3C) [18].
Consequently, we explored the impact of
POLR2J inhibition on GBM cell proliferation,
revealing substantial suppression (Figure 3D,
3E) and reduced clone formation (Figure 3F,
3G). In addition, GSEA enrichment demonstrat-
ed that POLR2J was positively correlated with
cell cycle in GBM patient samples, and POLR2)J
silencing significantly triggered cell cycle
G1/S phase arrest in GBM cells (Figure 3H).
Furthermore, EGFR activation in glioblastoma
promoted cellular proliferation via activation of
PI3K-Akt pathways [20, 21]. Moreover, POLR2)J
knockdown significantly inhibited EGFR and
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AKT pathways involved in GBM cell proliferation
(Figure 3lI).

POLR2J suppression enhanced the anti-GBM
activity of vorinostat

GSEA enrichment revealed that POLR2J was
positively correlated with NADH dehydrogenase
complex assembly, oxidoreductase complex,
NADH dehydrogenase complex, and oxidore-
ductase activity in GBM (Figure 3A). The inter-
play between oxidative stress and the unfolded
protein response (UPR), which triggers endo-
plasmic reticulum (ER) stress, is known to con-
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Figure 3. POLR2J suppression inhibits the proliferation of GBM cells. A. Visualization of positively functional profiles
for POLR2J based on GSEA. B. The Venn diagram through over-representation analysis (ORA) using LinkedOmics
demonstrated that the enrichment in the GBM clinical samples with high POLR2J expression among KEGG pathway,
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negative siRNA for 48 h, and then RT-PCR was used to detect the knock-down efficiency of siPOLR2J in GBM cells.
E. GBM cells were incubated with siPOLR2J or negative siRNA for 24 h, and then transferred to 96-wells plate, the
cell proliferation was determined after 1, 2, 3, 4, and 5 days. F, G. GBM cells were transfected with siPOLR2J or
negative siRNA, and the number of cell clone was counted. H. GBM cells were transfected with siPOLR2J or nega-
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Figure 4. POLR2J suppression enhanced the anti-GBM activity of vorinostat. A. GSEA was utilized to investigate the
enrichment of oxidative stress and unfolded protein response in GBM according to the expression of POLR2J using
LinkedOmics online tool. B. GBM cells were transfected with siPOLR2J or negative siRNA for 48 h, the expression of
proteins was detected by western blot. C. GBM cells were transfected with siPOLR2J or negative siRNA for 6 h, and
then cells were incubated with NAC for 48 h, finally the expression of proteins was detected by western blot. D. GSEA
was utilized to investigate the enrichment of drug metabolism in GBM according to the expression of POLR2J using
LinkedOmics online tool. E. GBM cells were cultured with siPOLR2J or negative siRNA for 24 h, and then incubated
with vorinostat at the indicated concentrations for 72 h, SRB assay was performed to detect the proliferation of GBM
cells. F, G. GBM cells were incubated with siPOLR2J or negative siRNA for 24 h, and then treated with vorinostat at
the indicated concentrations for 48 h, Annexin V-FITC/PI staining assay was performed to detect the apoptosis of
GBM cells. H. GBM cells were cultured with siPOLR2J or negative siRNA for 24 h, and then treated with vorinostat
at the indicated concentrations for 48 h, the expression of protein was detected by western blot. I. GBM cells were
transfected with siPOLR2J or negative siRNA for 24 h, pretreated with NAC for 6 h, and then incubated with vorino-

stat for 48 h, finally the expression of protein was detected by western blot.

tribute to tumor development [22]. Furthermore,
tumor cells adapt to ER stress by increasing
NADPH production [23]. Therefore, we hypoth-
esized that POLR2J might participate in cancer
progression by regulating oxidoreductase
activity and the UPR. GSEA, conducted using
the LinkedOmics online tool, confirmed that
POLR2J was positively associated with oxidore-
ductase activity and the unfolded protein
response in GBM (Figure 4A). Our data demon-
strates that POLR2J silencing significantly acti-
vated the UPR by enhancing the phosphoryla-
tion of elF2a, a key indicator of UPR activation
(Figure 4B). Additionally, N-acetylcysteine (NAC)
reversed the activation of UPR induced by
POLR2J silencing in GBM cells (Figure 4C).
Adapting to oxidative stress has been proposed
as an effective strategy to overcome chemo-
therapy resistance in cancer treatment [24].
Despite multimodal treatments for GBM, the
prognosis remains poor, largely due to chal-
lenges in blood-brain barrier penetration and
intrinsic GBM resistance. Histone deacetylase
inhibitors (HDACis) have been explored as a
treatment for various malignancies by altering
transcriptomic profiles to induce tumor cell
death. Vorinostat (SAHA) is the most advanced
HDAC inhibitor to enter clinical trials for GBM.
Our findings suggest that POLR2J may influ-
ence drug metabolism, and its silencing mark-
edly enhanced the cytotoxic effect of vorinostat
on GBM cells (Figure 4D and 4E). Furthermore,
POLR2J knockdown increased vorinostat-
induced apoptosis in GBM cells, an effect that
could be mitigated by NAC treatment (Figure
4F, 4G). The cleavage of PARP, a classical mark-
er of apoptosis, was observed when combining
vorinostat with a PARP inhibitor, leading to
apoptosis in GBM cells [25]. Moreover, POLR2J
silencing amplified PARP cleavage induced by
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vorinostat (Figure 4H). This effect, as well as
the expression of cleaved PARP (C-PARP) and
phosphorylated elF2a (p-elF2a) induced by
POLR2J knockdown in combination with vorino-
stat, was reversed by NAC (Figure 4l). This indi-
cates that POLR2J suppression enhances the
sensitivity to vorinostat, potentially through
mechanisms involving PARP and elF2a. These
findings suggest that POLR2J silencing acti-
vates the UPR and strengthens the anti-GBM
efficacy of vorinostat by modulating the UPR.

POLR2J promotes the migratory and invasive
abilities of GBM cells

EMT is recognized as a critical process in initi-
ating tumor invasion and metastasis, affecting
cell shape, adhesion, and movement [26].
GO-KEGG analysis of genes co-expressed with
POLR2J (Figure 2) similarly underscored the
significance of the cell cycle pathway, as high-
lighted in the corresponding Figure 3B. The
results also indicated the enrichment of the cell
adhesion, ECM-receptor interaction pathways
among genes associated with POLR2)J (Figure
5A). Consequently, we posited that POLR2J
plays a significant role in the EMT and meta-
static potential of GBM cells. Indeed, transwell
assays demonstrated that POLR2J suppres-
sion could remarkably restrict the migrative
and invasive abilities of GBM cells, including
U251 and A172 cells (Figure 5B-E). Likewise,
wound healing assays also revealed that
POLR2J inhibition could significantly inhibit the
migration ability of GBM cells (Figure 5F, 5G). In
addition, POLR2J knockdown suppressed the
progress of EMT in GBM cells by increasing
E-cadherin expression and reducing N-cadherin
expression (Figure 5H). Conversely, transwell
assays demonstrated that POLR2J overexpres-
sion significantly enhanced the migratory and
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Figure 5. POLR2J silencing inhibited the migration and invasion of glioma cells. A. GO-KEGG analysis of genes which
were co-expressed with POLR2J. B, C. GBM cells were transfected with siPOLR2J or negative siRNA for 24 h, and
then transferred to the upper chamber of transwell, the migrated cells were stained with crystal violet and counted.
D, E. GBM cells were transfected with siPOLR2J or negative siRNA for 24 h, and then transferred to the upper cham-
ber of transwell with a Matrigel coating on the insert membrane, the invaded cells were stained with crystal violet
and counted. F, G. GBM cells were incubated with siPOLR2J or negative siRNA for 24 h and wound healing assay
was performed. H. GBM cells were transfected with siPOLR2J or negative siRNA for 48 h, and then western blot was

performed.

invasive capabilities of GBM cells (Figure 6A-D).
Likewise, POLR2J overexpression significantly
enhanced the migrative ability of GBM cells
in wound healing assays (Figure 6E, G6F).
Moreover, POLR2J augmented the EMT prog-
ress in GBM cells by promoting N-cadherin
expression and reducing E-cadherin expression
(Figure 6G). These findings suggest that
POLR2J accelerates the migratory and invasive
abilities of GBM cells.

POLR2J interacts with STAT3

The GO-KEGG analysis presented in Figure 5A
also highlighted the enrichment of PI3K-AKT
and focal adhesion pathways among genes
associated with POLR2J. Subsequent analysis
revealed that POLR2J co-expressed with Signal
Transducer and Activator of Transcription 3
(STAT3) in diffuse glioma and brain low-grade
glioma patient samples (Figure 7A; diffuse glio-
ma: Spearman =0.24, P=0.0307, Pearson
=0.57, P=5.03e®; brain low grade glioma:
Spearman =0.20, P=6.58e*, Pearson =0.12,
P=0.0408) [27-30]. Given that RNA polymerase
Il interacts with general transcription factors to
form a pre-initiation complex, thereby opening
promoter DNA to initiate transcription, we
hypothesized that POLR2J may interact with
STAT3 to promote malignant behaviors in GBM.
Interestingly, the result showed that POLR2)J
could bind to STAT3, which was confirmed by
immunoprecipitation in U251 cells (Figure 7B).
Numerous studies have demonstrated that
STAT3 plays a significant role in the prolifera-
tion and metastasis of tumors [31]. To further
elucidate POLR2J-regulated metastasis via the
STAT3 pathway, we examined whether overex-
pression of POLR2J could rescue GBM migra-
tion and invasion mediated by STAT3 silencing.
Wound healing assays demonstrated that
POLR2J overexpression significantly enhanced
the migration of GBM cells, whereas STAT3
downregulation mitigated this increased migra-
tion (Figure 7C, 7D). Similarly, a transwell assay
confirmed that upregulating POLR2J expres-
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sion restored GBM migration and invasion fol-
lowing STAT3 downregulation (Figure 7E-G).
Additionally, our results indicated that the pro-
tein level of p-STAT3 Tyr705 was reduced
following POLR2J knockdown (Figure T7H).
Furthermore, we investigated the effects of
concurrent STAT3 suppression and POLR2J
overexpression. It was found that the upregula-
tion of N-Cadherin, Cyclin A2, STAT3, and
p-STAT3 Tyr705 protein levels due to POLR2)J
overexpression was mitigated by STAT3 inhibi-
tion (Figure 7I). These results demonstrate that
POLR2J regulates metastasis and EMT in glio-
ma cells by promoting the STAT3 signaling
pathway.

Discussion

GBM represents the most common primary
malignant brain tumor, characterized by high
morbidity and mortality. Due to the extensive
invasion and infiltration capabilities of GBM,
complete resection is challenging to achieve,
and recurrence is common even after total
removal [32]. Consequently, identifying promis-
ing biomarkers for the diagnosis and therapy
of GBM patients is of paramount importance.
This study is the first to demonstrate that
POLR2J is significantly upregulated in GBM
compared to normal tissues across all cancer
types, with high levels of POLR2J predicting a
poor outcome for GBM patients. Additionally,
genes co-expressed with POLR2J were also
linked to unfavorable prognoses in GBM
patients. Furthermore, POLR2J suppression
notably inhibited cell proliferation, and silenc-
ing POLR2J induced significant cell cycle G1/S
phase arrest in GBM cells. Moreover, POLR2)J
reinforced the EMT progress, as well as the
migratory and invasive capabilities of GBM
cells. In this context, our data, for the first time,
reveals that POLR2J functions as an oncogene
in the tumorigenesis of GBM, presenting it as a
promising prognostic and therapeutic biomark-
er for GBM.

Am J Cancer Res 2024;14(5):2037-2054



POLR2J promotes glioblastoma malignancy

A ?;% ° U251 T98G
e i )
- R b = 9001 i
R Chita 8 | EEV
= / @’a;}@ « 7507 [ POLR2J
Ll 3600 "
% E
4 2450'
2 ;. T3007
=y s
- G
>t E 0_
POLR2J
¢ A0 AN U251 T98G
2]
23001 ,
g MEv
s /POLR2J
S 5200
i\ Choade FON
T -
(2N ] Z
= 1001
[T}
T
©
2
— 0-
E F U251 T98G
| 5- = eV
o
5 9 " POLR2J
: a ?4 .
~ S o ok
0 28 4-
=) =5
8T
N B 521
S oL
s .
0-
G U251 T98G
N-Cadherin <. o = = s
0 L ¥ 4 I I
S ~ E-Cadherin E Bl e -
¥ PoLR2y -
=

GAPDH —— e e e———

- + - +

2049 Am J Cancer Res 2024;14(5):2037-2054



POLR2J promotes glioblastoma malighancy

Figure 6. POLR2J promoted the migration and invasion of glioma cells. A, B. GBM cells were transfected with POL-
R2J plasmid or empty vector for 24 h, and then transferred to the upper chamber of transwell, the migrated cells
were stained with crystal violet and counted. C, D. GBM cells were incubated with POLR2J plasmid or empty vector
for 24 h, and then transferred to the upper chamber with a Matrigel coating on the insert membrane, the invaded
cells were stained with crystal violet and counted. E, F. GBM cells were transfected with POLR2J plasmid or empty
vector for 24 h, and then wound healing assay was performed. G. GBM cells were transfected with POLR2J plasmid
or empty vector for 48 h, and then western blot was performed.

Temozolomide (TMZ) is widely used in GBM
treatment; however, approximately 50% of
patients treated with TMZ do not respond [33].
Additionally, the overall 5-year survival rate
post-TMZ treatment is only 9.8%, underscoring
the urgent need for alternative GBM treatment
options [34]. HDAC inhibitors, such as vorino-
stat, have shown tolerability as monotherapy in
patients with recurrent GBM and demonstrate
modest single-agent efficacy [25]. HDAC inhibi-
tors trigger the nuclear translocation of tran-
scription factors and activate cytoprotective
autophagy, contributing to therapeutic resis-
tance. Moreover, combining HDAC inhibitors
with autophagy-modulating drugs has shown to
enhance anti-cancer activity in high-risk neuro-
blastoma cells [35]. It has been reported that
POLR2J can interact with transcription factors
to activate transcription [9]. Thus, we hypothe-
sized that silencing POLR2J might amplify the
anti-cancer efficacy of vorinostat by modulating
transcription factors. For the first time, this
study showed that POLR2J may be involved in
drug metabolism, and its silencing significantly
bolstered the anti-GBM activity of vorinostat by
inhibiting cell proliferation and inducing apopto-
sis. Endoplasmic reticulum (ER) stress/unfold-
ed protein response (UPR) plays a critical role in
GBM pathophysiology, with overexpression of
the UPR marker ATF4 correlated with poor over-
all survival and significant in GBM progression
[36]. GSEA indicated that POLR2J positively
correlates with oxidoreductase activity and
UPR in GBM. The UPR is mediated through
three ER transmembrane protein sensors:
IRE1x, PERK, and ATF6¢a. PERK, in response to
ER stress, initiates an adaptive reaction by
phosphorylating elF2a, a commonly used
marker for PERK activation [37, 38]. POLR2)J
silencing activated the UPR by enhancing elF2a
phosphorylation, and the ROS inhibitor NAC
reversed this activation in GBM cells. These
findings suggest a correlation between POLR2J
and UPR in GBM, where POLR2J knockdown
enhances UPR activation. Given that HDAC
inhibitors induce apoptosis in cancer cells
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through ROS accumulation [39], POLR2J silenc-
ing could potentially enhance the anti-cancer
activity of vorinostat by increasing ROS accu-
mulation, presenting a novel chemo-sensitiza-
tion strategy for vorinostat treatment in GBM.

The potential mechanisms through which
POLR2J promotes glioma progression remain
unclear. To address this, we further explored
and integrated online databases, conducting a
series of in vitro experiments. Our results indi-
cated that POLR2J is positively associated
with, and can interact with STAT3. STAT3 plays
a critical role in regulating cell proliferation,
apoptosis, oncogenesis, and metastasis in var-
ious tumors, including glioma [40-43]. By
knocking down POLR2J expression, we
observed a significant reduction in the protein
level of p-STAT3, suggesting that POLR2J regu-
lates cell proliferation and invasion through
STAT3 pathways. Intriguingly, our findings also
revealed that suppressing STAT3 could coun-
teract the metastasis and EMT processes
mediated by POLR2J overexpression. This sug-
gests that POLR2J promotes glioma cell metas-
tasis by activating STAT3 signaling. Despite
these findings, the mechanisms by which
POLR2J interacts with STAT3 and how POLR2J
specifically influences STAT3 phosphorylation
require further investigation.

Conclusions

Our study has demonstrated that POLR2J is
overexpressed in GBM when compared to nor-
mal tissues, and a high level of POLR2J is asso-
ciated with a poor prognosis in GBM patients.
Moreover, it was found that POLR2J functions
as an oncogene in the tumorigenesis of GBM,
and that POLR2J silencing could be a novel
chemo-sensitization strategy for the use of
vorinostat in treating GBM. Furthermore,
POLR2J promoted the development and pro-
gression of GBM by regulating the STAT3 signal-
ing pathway. Thus, POLR2J could serve as a
novel prognostic and therapeutics biomarker
for GBM treatment.
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Figure 7. POLR2J promoted the migration of glioma cells by regulating STAT3 signalling pathway. A. The co-expres-
sion relationships between POLR2J and STAT3 were collected from cBioPortal (http://www.cbioportal.org). B. U251
cells were incubated with POLR2J plasmid for 48 h, an immunoprecipitation assay was carried out to assess the
interaction between POLR2J and STAT3. C, D. GBM cells were transfected with POLR2J plasmid or empty vector for
24 h and transfected with siSTAT3 or negative siRNA for 24 h, and then wound healing assay was performed. Im-
ages were acquired under a microscope. E-G. GBM cells were transfected with POLR2J plasmid or empty vector for
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24 h and transfected with siSTAT3 or negative siRNA for 24 h, and then the migration and invasion ability of GBM
cells were assessed. H. GBM cells were incubated with siPOLR2J or negative siRNA for 48 h, and then western blot
was performed to analyze the expression of STAT3 and p-STAT3. |. GBM cells were cultured with POLR2J plasmid or
empty vector for 24 h and transfected with siSTAT3 or negative siRNA for 24 h, and then western blot was conducted

to analyze the expression of proteins.
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Supplementary Table 1. Primer sequences used for RT-PCR assay

Gene list Forward primer Reverse primer
POLR2)J GGGCGAGAAGAAGATCACCATTA TTTTATGGCCACCCGAAAGC
GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG




