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Abstract: Glioblastoma (GBM) is the most malignant brain tumor frequently characterized by a hypoxic microenvi-
ronment. In this investigation, we unveiled unprecedented role of Ribonuclease 4 (RNASE4) in GBM pathogenesis 
through integrative methodologies. Leveraging The Cancer Genome Atlas (TCGA) dataset and clinical specimens 
from normal brain tissues, low- and high-grade gliomas, alongside rigorous in vitro and in vivo functional analyses, 
we identified a consistent upregulation of RNASE4 correlating with advanced GBM pathological stages and poor 
clinical survival outcomes. Functional assays corroborated the pivotal influences of RNASE4 on key tumorigenic 
processes such as cell proliferation, migration, invasion, stemness properties and temozolomide (TMZ) resistance. 
Further, Gene Set Enrichment Analysis (GSEA) illuminated the involvement of RNASE4 in modulating epithelial-
mesenchymal transition (EMT) via activation of AXL, AKT and NF-κB signaling pathways. Furthermore, recombinant 
human RNASE4 (hRNASE4)-mediated NF-κB activation through IκBα phosphorylation and degradation could result 
in the upregulation of inhibitors of apoptosis proteins (IAPs), such as cIAP1, cIAP2, and SURVIVIN. Notably, treating 
RNASE4-induced TMZ-resistant cells with the SURVIVIN inhibitor YM-155 significantly restored cellular sensitivity to 
TMZ therapy. Herein, this study positions RNASE4 as a potent prognostic biomarker and therapeutic target, offering 
new insights into molecular pathogenesis of GBM and new avenues for future therapeutic interventions.
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Introduction

Glioblastoma (GBM) represents the epitome of 
malignancy among primary adult cerebral neo-

plasm, typified by a median survival of 15 
months post-diagnosis, notwithstanding agg- 
ressive therapeutic regimens [1]. Therapeutic 
options for GBM remain woefully inadequate, 
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further compounded by the paucity of prognos-
tic biomarkers as well as druggable molecular 
targets [2, 3]. Elucidating pivotal molecular 
determinants underlying the pathogenesis and 
progression of GBM is thus of great signifi-
cance, with the potential to substantially 
enhance clinical outcomes for patients [4, 5]. 
Ribonuclease 4 (RNASE4) is one of the 8  
members of RNase A family implicated in the 
extracellular degradation of RNA [6]. Despite 
an early research documents correlation of 
RNASE4 upregulation to plasticity and astro-
cytic differentiation in Sox2-depleted GBM cells 
[7], association of RNASE4 with cancer pro-
gression has currently been limited to prostate 
cancer [8]. RNase A family members other than 
RNASE4, nonetheless, have been implicated in 
promoting tumorigenesis in several neoplas- 
ms.

RNASE1, for instance, is overexpressed and 
contributes to cellular proliferation and stem-
ness of breast and pancreatic cancers [9, 10]. 
In addition, up-regulation of RNASE2 enhances 
PI3K/AKT signaling to drive tumor proliferation 
and metastasis in GBM [11], while RNASE3 
overexpression is correlated with augmented 
tumor burden and advanced pathological stag-
es in head and neck squamous cell carcino- 
ma [12]. Further, RNASE5, also recognized as 
angiogenin (ANG), is implicated in epithelial-
mesenchymal-transition (EMT) induction via 
epidermal growth factor receptor (EGFR) inter-
action to facilitate the progression of prostate 
[13, 14]. Recently, RNASE4 is reported to share 
promoter with ANG [15] and is co-expressed 
with ANG to protect hypothermia-induced neu-
rodegeneration [16]. Nevertheless, oncogenic 
role of RNASE4 still remains largely elusive 
except for its ability to stimulate AKT and S6 
phosphorylation in prostate cancer cells [8] 
that suggests that RNASE4 may contribute to 
oncogenic processes by enhancing cancer 
growth and survival.

In present study, we unprecedentedly uncov-
ered the functional association between RN- 
ASE4 and GBM clinicopathogenesis, by eluci-
dating influences of RNASE4 on oncogenic  
and stemness attributes including regulation  
of cell signaling networks composed of AXL/
AKT and NF-κB/cIAP2/SURVIVIN under hypoxia 
using various in vitro and in vivo analyses. 
Current study thus posits RNASE4 as a potent 
prognostic biomarker and therapeutic target 

within the regulatory circuitry propagating agg- 
ressive GBM phenotypes.

Materials and methods

Cell lines and culture conditions

The human GBM cell lines U87MG and DBTRG-
05MG were purchased from the American Type 
Culture Collection (ATCC, Manassas, VA, USA). 
The cells were maintained in RPMI-1640 medi-
um (Gibco, Gaithersburg, MD, USA) supple-
mented with 10% fetal bovine serum and 1% 
penicillin-streptomycin at 37°C in a humidified 
incubator containing 5% CO2. Cells were rou-
tinely sub-cultured at 70 to 90% confluence 
using phosphate-buffered saline containing 
0.05% trypsin-EDTA. Short tandem repeat pro-
filing (Promega, Madison, WI, USA) was utilized 
for cell line authentication. Cells were cultured 
for no more than three months and periodically 
tested for mycoplasma contamination. GBM 
cancer cell lines were cultured as mammo-
spheres as previously described [17, 18] to en- 
rich for stem-like subpopulations. Treatments 
with RNASE4 recombinant protein (at 1 µg/mL, 
PME100678, DIMA Biotech, Wuhan, Hubei, 
China) were carried out in serum-free culture 
medium for 16 hours prior to subsequent west-
ern blotting or luciferase reporter analysis, 
respectively. All experiments were performed in 
triplicates and data are presented as mean ± 
standard error of mean (SEM).

Analysis of cell proliferation and clonogenicity

To assess cell proliferation, GBM cells were 
seeded in RPMI-1640 supplemented with 10% 
FBS at a density of 5 × 103 cells/well in tripli-
cate. At indicated timepoints, cells were har-
vested, and viable cells quantified by trypan 
blue exclusion assay using a LUNA Automated 
Cell Counter (Logos Biosystems, Villeneuve-
d’Ascq, France). For clonogenic assay, 1 × 105 
GBM cells were seeded per well and cultured 
with regular medium changes for seven days. 
Resulting colonies were fixed with cold metha-
nol, stained with crystal violet solution, and 
imaged after overnight air-drying.

RNA interference and overexpression experi-
ments

Lentiviral particles were generated by co-trans-
fecting short hairpin RNA (shRNA), packaging, 
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and envelope plasmids into 293FT cells using 
Lipofectamine 3000 reagent (ThermoFisher 
Scientific, Rockville, MD, USA). Two RNASE4-
specific shRNA sequences were utilized to spe-
cifically knockdown expression of RNASE4 
(ShRNASE4-1: CCGGGAGCACTAGACGTGTTGTC- 
ATCTCGAGATGACAACACGTCTAGTGCTCTTTTTG; 
ShRNASE4-2: CCGGTGATCGCTACTGCAACTTG- 
ATCTCGAGATCAAGTTGCAGTAGCGATCATTTTTG). 
Viral supernatants were collected to infect tar-
get cells in the presence of polybrene (Sigma-
Aldrich). RNASE4 over-expression was achieved 
by transfecting a Flag-tagged expression plas-
mid (OriGene, Rockville, MD, USA) and select-
ing with neomycin (Sigma-Aldrich). Successful 
over-expression and knockdown were verified 
by western blot analysis.

Cell migration and invasion assays

Transfected cells were harvested, resuspended 
in serum-free medium containing 0.1% bovine 
serum albumin (Sigma-Aldrich), and seeded 
into Transwell chambers at 1 × 105 cells/cham-
ber. For the invasion assay, the upper cham-
bers were pre-coated with Matrigel, and the 
bottom chambers contained RPMI-1640 with 
20% FBS for chemoattractant purposes. After 
24 hours, non-migrated cells were removed 
using cotton swabs. Migrated cells on the 
underside were fixed with methanol, stained 
with crystal violet, and imaged in three random 
fields per chamber. Cell numbers were quanti-
fied and normalized to control. Experiments 
were performed in triplicates.

Immunoblot analysis

Total cell lysates and conditioned media, col-
lected and concentrated using Amicon Ultra-4 
Centrifugal Filter Devices (Merck Millipore Ltd.), 
were analyzed using western blot as described 
previously [19]. The following primary antibod-
ies were used at the recommended dilutions: 
anti-RNASE4 (Invitrogen, PA5-121640), anti-
ACTIN (Abcam, Waltham, MA, ab8227). anti-
AKT (Cell signaling technology, Rockville, MD, 
USA, #9272), anti-phospho-Akt (Ser473) (Cell 
signaling technology, Rockville, MD, USA, 
#9271), anti-AXL (Cell signaling technology, 
Rockville, MD, USA, #8661), anti-Phospho-AXL 
(Tyr702) (Cell signaling technology, Rockville, 
MD, USA, #5724), anti-HIF1A (Genetex, Irvine, 
CA, USA, GTX127309), anti-phospho-IκBα (Ser- 
32/36) (Cell signaling technology, Rockville, 

MD, USA, #9246), anti-IκBα (Cell signaling  
technology, Rockville, MD, USA, #4821), anti-
cIAP1 (Proteintech, Chicago, IL, USA, 10022-1-
AP), anti-cIAP2 (Proteintech, Chicago, IL, USA, 
24304-1-AP) and anti SURVIVIN (Proteintech, 
Chicago, IL, USA, 10508-1-AP).

In vivo xenograft experiments

Xenograft experiments were performed by sub-
cutaneous injection of RNASE4-overexpressing 
GBM cells into the flanks of 6 to 8 weeks old 
male NOD/SCID mice (n=4 per group). Mice 
were randomly assigned to experimental gro- 
ups. Tumor dimensions were measured once 
weekly using digital calipers. Tumor volumes 
were calculated as length × width2 × 0.5. After 
four weeks, mice were euthanized, and excised 
tumors were weighed. All procedures were 
approved by the Institutional Animal Care and 
Use Committee of China Medical University, 
Taiwan (CMUIACUC-2022-095) and performed 
in accordance with established guidelines. 
Experiments were conducted in a blinded ran-
domized fashion.

Amido black staining

Due to the complexity of individual secreted 
proteins in cell culture and their tendency to 
fluctuate under varying cellular conditions, 
Amido Black staining of total secreted proteins 
is considered an acceptable internal control for 
assessing the expression of target secreted 
proteins [20]. Total protein staining with Amido 
Black dye (Sigma-Aldrich) was employed to 
detect and visualize secreted proteins from 
GBM cells, serving as a loading control. Protein 
samples (10 μg) from conditioned medium of 
GBM cells were first separated by SDS-PAGE 
and subsequently transferred onto the PVDF 
membrane. Staining was conducted by in- 
cubating the membrane with 0.1% amino black 
dye in 10% acetic acid and 25% isopropanol for 
up to 10 minutes. The membranes were then 
destained by rinsing with a solution of 10% ace-
tic acid and 25% isopropanol until clear protein 
bands are visible.

Gene set enrichment analysis (GSEA)

Gene expression data from 154 glioblastoma 
(GBM) patients were retrieved from The Cancer 
Genome Atlas (TCGA) database. Pearson cor-
relation coefficients were calculated between 
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RNASE4 expression and the expression of all 
other genes in the dataset, using RNASE4 as 
the target gene. Gene set enrichment analysis 
(GSEA) was subsequently performed, with the 
ranked list based on Pearson correlation coef-
ficients serving as the input and the HALLMA- 
RK gene set as the reference for enrichment. 
The significance of each gene set associated 
with RNASE4 was evaluated by calculating 
enrichment scores from the ranked list, fol-
lowed by permutation testing to assess signifi-
cance levels. This analysis identified gene sets 
that are significantly correlated with RNASE4 in 
GBM.

Statistical analysis

All in vitro experiments were performed in tripli-
cates and data are presented as mean ± stan-
dard error of the mean (SEM). Statistical com-
parisons between groups were conducted us- 
ing GraphPad Prism software (GraphPad Soft- 
ware, San Diego, CA, USA). Based on data char-
acteristics, differences between two groups 
were determined using unpaired two-tailed 
Student’s t-test or non-parametric Mann-Whit- 
ney U test. Paired t-test was used for pair- 
ed sample analysis. P Values less than 0.05 
were considered statistically significant. The 
Kaplan-Meier survival analysis was conducted 
to compare the survival rates of two patient 
groups with GBM from TCGA dataset, catego-
rized based on differing levels of RNASE4 
expression.

Results

Augmented expression of RNASE4 is correlat-
ed to GBM progression and poor prognosis

The Cancer Genome Atlas (TCGA) has signifi-
cantly advanced brain cancer research by  
serving as an invaluable repository that facili-
tates comprehensive bioinformatic analyses of 
molecular alterations implicated in tumorigen-
esis [21, 22]. Utilization of the TCGA datasets 
can be instrumental in uncovering pivotal 
genes potentially associated with oncogenic 
development and exacerbated malignancy of 
GBM. Our analysis thus encompassed TCGA 
cohorts comprising normal brain tissue (n=10), 
lower-grade glioma (LGG, n=516), a combin- 
ed dataset of lower-grade glioma and GBM 
(GBMLGG, n=670), and GBM (n=154), unveil- 
ing significantly escalating upregulations in 

RNASE4 expression when comparing normal 
cerebral tissue through LGG and GBMLGG to 
GBM (Figure 1A). This observation is support- 
ed by Kaplan-Meier survival analysis of the 
TCGA GBM cohort, which demonstrated inver- 
se correlation of elevated RNASE4 expression 
to mitigated overall survival (OS) rate and pro-
gression-free survival (PFS) rate (Figure 1B, 
1C). Subsequent immunohistochemical (IHC) 
assessments of human brain tumor specimens 
spanning low-grade (grade I to II) and high-
grade (grade III to IV) along with adjacent nor-
mal tissues corroborated our TCGA analyses, 
showing highest level of RNASE 4 in grade III+IV 
tumors relative to grade I+II tumors or normal 
brain sections (Figure 1D). These marked in- 
creases in RNASE4 protein levels in high-grade 
tumors compared to low-grade sections thus 
suggest that progressively elevated RNASE4 
expression is closely associated with advanc-
ing pathological stages.

Knockdown of RNASE4 suppresses clonoge-
nicity, proliferation, migration, chemoresis-
tance and stemness of GBM cells

To elucidate the functional role of RNASE4 in 
GBM cellular dynamics, our study employed  
targeted knockdown of RNASE4 expression in 
DBTRG-05MG cells using shRNA vector-me- 
diated silencing (Figure 2A). Functional assess-
ment using clonogenic assay revealed a nota-
ble diminution in clonogenic potential from 
RNASE4-knocked down DBTRG-05MG cells 
with two distinct shRNA when compared to  
control shRNA-transduced counterparts (Fig- 
ure 2B). Of note, a marked reduction in the  
cell proliferation rate was observed following 
RNASE4 depletion (Figure 2C), while transwell 
migration and invasion assays confirmed sub-
stantial attenuations in the migratory and inva-
sive capacities of RNASE4-silenced DBTRG-
05MG cells compared to control cells (Figure 
2D). Further, in light of accumulating evidence 
indicating the role of cancer stem cells (CSCs) 
in GBM initiation, progression, therapeutic re- 
sistance and recurrence [23, 24], we next 
assessed previously unexamined impact of 
RNASE4 on GBM stem cell properties. On- 
cosphere formation assays demonstrated a 
significant reduction in oncosphere formation 
capacities in RNASE4-silenced DBTRG-05MG 
cells, suggesting the ability of RNASE4 in stem-
ness regulation (Figure 2E). Subsequently, we 
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Figure 1. RNASE4 expression correlates positively with glioblastoma malignancy grade. A. TCGA analysis illustrating a progressive increase in RNASE4 mRNA levels 
from normal brain tissue (n=10) to lower-grade glioma (LGG, n=516), a combination of lower-grade glioma and glioblastoma (GBMLGG, n=670) and glioblastoma 
(GBM, n=154). B, C. Kaplan-Meier plots depicting significantly reduced overall and progression-free survival in TCGA GBM patients with high versus low RNASE4 
expression. D. Immunohistochemistry images and quantification revealing elevated RNASE4 protein levels in high-grade (III-IV) compared to low-grade (I-II) glioma 
tissues and normal brain. Scale bar, 50 μm. The right panel shows RNASE4 immunohistochemistry scores, indicating a progressive upregulation with advancing 
tumor grade. Data are presented as mean ± SEM. *P<0.05.
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investigated the effect of RNASE4 inhibition  
on the sensitivity of GBM cells to temozolo- 
mide (TMZ), the frontline chemotherapeutic 
agent for brain cancer. Our results showed that 

RNASE4 knockdown led to significantly en- 
hanced sensitivity of GBM cells to TMZ (Figure 
2F). These findings implicate RNASE4 as a piv-
otal modulator of GBM progression and chemo-

Figure 2. RNASE4 knockdown suppresses oncogenic phenotypes of GBM. A. Western blot analysis was employed 
to confirm RNASE4 knockdown using two RNASE4-specific shRNAs in the cell lysates and conditioned medium of 
DBTRG-05MG cells. ACTIN served as the internal control for cellular lysates, while Amido Black staining of total 
secreted proteins served as the loading control for proteins in the conditioned medium. B, C. Colony formation and 
proliferation assays was evaluated in DBTRG-05MG cells with or without RNASE4 knockdown (**P<0.01). D. Tran-
swell migration and Matrigel invasion assays were performed to evaluate changes in cell motility following RNASE4 
knockdown. The right panels display statistical results from each assay, with significance indicated as P<0.01. E. 
The sphere formation ability of RNASE4-depleted DBTRG-05MG cells, achieved using two different shRNAs, was 
assessed to determine the impact of RNASE4 knockdown. Scale bar, 100 μm. Statistical significance is indicated 
as P<0.01. F. MTS assays were conducted to evaluate the effect of RNASE4 on cellular chemoresistance to TMZ in 
control versus RNASE4-KD DBTRG-05MG cells over a period of 3 days. Data are presented as mean ± SEM from 
three independent experiments. Data are mean ± SEM of three independent experiments (**P<0.01).
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resistance, impacting fundamental oncogenic 
attributes such as clonogenicity, proliferation, 
migration, invasion and CSC properties, stress-
ing the potential role of RNASE4 in advanced 
cancer stages as unraveled in Figure 1.

Extracellular (secreted) RNASE4 enhances the 
oncogenic properties of GBMR

Members of the RNase A family, including 
RNASE1, RNASE2, RNASE3, and RNASE5, have 
been shown to be oncogenic secreted proteins 
that contribute to cancer and tumorigenesis 
through the activation of key signaling path-
ways such as PI3K/AKT, NF-κB and MAPK [9, 
11, 25, 26]. To elucidate the potential oncogen-
ic role of extracellular RNASE4, gain-of-function 
strategy utilizing RNASE4-knockdown model 
and recombinant hRNASE4 protein (hRNASE4) 
was employed. Firstly, cellular migration and 
invasion assays were conducted using the engi-
neered RNASE4 stable knockdown (RNASE4-
KD) DBTRG-05MG cells, which were treated 
with exogenous hRNASE4 protein. The results 
demonstrated that the mitigated migration  
and invasion populations in the RNASE4-KD 
cells were significantly restored upon exoge-
nous addition of hRNASE4 (Figure 3A, 3B). The 
functional impact of extracellular RNASE4  
was next evaluated by oncosphere-formation 
assays. The data consistently revealed signifi-
cantly restored oncosphere formation rate in 
the exogenous RNASE4 group as compared to 
RNASE4-KD group (Figure 3C). Similarly, the 
significantly reduced viability of RNASE4-KD 
cells was restored upon treatment with recom-
binant hRNASE4. Additionally, the IC50 for cel-
lular resistance to TMZ in RNASE4-KD cells 
treated with hRNASE4 was significantly in- 
creased compared to cells without RNASE4 
treatment (Figure 3D). These findings suggest 
the oncogenic properties of secreted RNASE4 
in mediating migration, cancer stemness, and 
chemoresistance in GBM.

In vivo tumor growth and oncogenesis of GBM 
U87MG cells is augmented by RNASE4 overex-
pression

To substantiate the oncogenic role of RNASE4, 
we engineered U87MG cells to stably overex-
press Flag-tagged RNASE4 (Figure 4A). This 
modification yielded a significant proliferation 
surge in RNASE4-overexpressing U87MG cells 
compared to controls (Figure 4B), alongside 

marked enhancements in cellular migration 
and invasion capacities (Figure 4C). Consider- 
ing the renowned role of CSCs in GBM progres-
sion and therapeutic resistance [27], we evalu-
ated the impact of RNASE4 overexpression on 
stemness characteristics in GBM. Under stem 
cell-selective culture conditions, RNASE4 over-
expression facilitated a significant elevation  
in oncosphere numbers, denoting heightened 
cancer stemness in GBM (Figure 4D). These in 
vitro findings were corroborated by in vivo 
experiments employing a xenograft mouse 
model, where RNASE4 overexpression signifi-
cantly augmented the tumor growth of U87MG 
xenograft (Figure 4E). Collectively, these in  
vitro and in vivo outcomes from engineered 
RNASE4-overexpressing cells affirmed the role 
of RNASE4 as a novel GBM oncogenesis and 
tumorigenesis facilitator.

RNASE4 activates AXL/AKT and NF-κB/cIAP1/
cIAP2/SURVIVIN signaling pathways under hy-
poxic conditions

To uncover genes and pathways linked to 
RNASE4 activity in GBM, we conducted Gene 
Set Enrichment Analysis (GSEA) using TCGA 
datasets. The GSEA demonstrated a positive 
correlation between RNASE4 expression and 
gene signatures characteristic of EMT, TNF-
mediated NF-κB signaling and hypoxia (Figure 
5A, 5B). Echoing the identification of EMT as a 
RNASE4-associated pathway in GBM progres-
sion, our in vitro and in vivo functional findings 
presented in Figures 2 to 4 that encompass- 
ed cellular proliferation, migration, invasion, 
clonogenic potential, oncosphere formation 
and tumorigenesis attested the involvement of 
RNASE4 in facilitating EMT during GBM pro-
gression. Since GBM is demonstrated to ex- 
hibit hypoxic microenvironment that promotes 
cancer progression through elevated EMT [28, 
29], we next investigated whether RNASE4 
could be induced in hypoxic environment of 
GBM. Our data revealed that both intracellular 
and extracellular levels of RNASE4 were sig- 
nificantly increased in U87MG cells under 
hypoxic conditions (1% O2) (Figure 5C). In  
hypoxic conditions, hypoxia-inducible factor 1 
(HIF1A) is reported to be involved in upregulat-
ing the expression of receptor tyrosine kinase 
AXL and promoting metastasis in neoplasms 
such as renal cell carcinoma and prostate can-
cer [30, 31]. In this study, activation of AXL 



Hypoxia-induced RNASE4 activates AXL and NF-κB signaling in GBM progression

4327	 Am J Cancer Res 2024;14(9):4320-4336

Figure 3. Recombinant human RNASE4 protein potently restores the oncogenic properties mitigated by RNASE4 knockdown in DBTRG-05MG cells. Cellular mi-
gration (A) and invasion (B) abilities of DBTRG-05MG cells, significantly reduced by RNASE4 knockdown, were restored upon treatment with recombinant human 
RNASE4 protein (hRNASE4) for 16 h (**P<0.01). (C) Oncosphere formation in RNASE4-KD cells was restored by treatment with hRNASE4 (oncosphere culture 
medium replaced every three days with or without hRNASE4 supplement), demonstrating the extracellular effects of RNASE4 on this oncogenic property. (D) Cel-
lular viability following TMZ treatment for 3 days in control or RNASE4-knockdown DBTRG-05MG cells, with or without recombinant human RNASE4 treatment, was 
assessed. P<0.05. Data are mean ± SEM from at least three independent experiments.



Hypoxia-induced RNASE4 activates AXL and NF-κB signaling in GBM progression

4328	 Am J Cancer Res 2024;14(9):4320-4336

Figure 4. RNASE4 overexpression promotes glioblastoma progression in vitro and in vivo. A. The efficiency of RNASE4 overexpression in U87MG cells was confirmed 
by Western blotting, with ACTIN serving as the internal control for cellular lysates, and Amido Black staining of total secreted proteins serving as the loading control 
for proteins in the conditioned medium. B. Cell proliferation curve based on viable cell counts from control or RNASE4-overexpressing U87MG cells for a period of 
7 days was plotted (**P<0.01). C. Transwell migration and matrigel invasion assays were used to assess changes in cell motility of RNASE4-overexpressed cells. 
Graphs on the right depict the statistical results (**P<0.01). D. The effects of RNASE4 overexpression on U87MG cells were evaluated using a sphere formation 
assay under stem cell-selective culture conditions. The right panel displays the statistical results for the number of oncospheres (greater than 100 μm in size) in 
control versus RNASE4-overexpressing cells. Data are presented as mean ± SEM from three independent experiments (**P<0.01). Scale bar, 100 μm. E. Control 
or RNASE4-overexpessing U87MG cells (2 × 106) were subcutaneously injected into NOD/SCID mice for monitoring of tumor growth. Tumors from the tumor-bearing 
mice (n=4 for each group) were collected as shown in the left panel image. Weights of the excised tumors were measured and plotted in the right panel, and statisti-
cal differences between the control group and the RNASE4-overexpression group were determined using Student’s t-test (**P<0.01).
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phosphorylation (T702) and AKT phosphory- 
lation (S473) was observed in U87MG cells 
where HIF1A was induced under hypoxic condi-
tion (Figure 5D). Further, RNASE4-overexpress- 
ing model of U87MG also elicited augmented 
phosphorylation levels of AXL (T702) and AKT 
(S473) as compared to control cells, alongside 
upregulation of EMT markers including SLUG 
and N-CADHERIN (Figure 5E). In line with this 
observation, exogenous hRNASE4 treatment 
resulted in signaling activation of AXL and AKT 
phosphorylation (Figure 5F). Moreover, since 
RNASE4 expression in GBM specimens was 
predictively associated with NF-κB (Figure 5A, 
5B), and NF-κB signaling is known to be a 
canonical downstream effector of EMT under 
hypoxia [32]. We next employed an NF-κB 
reporter system to ascertain the influence of 
RNASE4 on NF-κB activity in our GBM models. 
The results demonstrated that hRNASE4 treat-
ment significantly enhanced luciferase activity 
when compared to vehicle group in NF-κB-Luc-
transfected U87MG cells and DBTRG-05MG 
cells (Figure 5G), suggesting a prominent role 
of RNASE4 in modulating NF-κB signaling activ-
ity. To corroborate the molecular mechanism 
underlying RNASE4-mediated activation of NF- 
κB signaling, we next examined the phosphory-
lation of IκBα at serine residues 32 and 36 
(S32/36). This post-translational modification 
is critical for the proteasomal degradation of 
IκBα and the subsequent nuclear translocation 
of NF-κB induced by hypoxia [32]. The data 
revealed that treatment with recombinant 
hRNASE4 protein in U87MG cells led to a 
marked increase in IκBα phosphorylation at 
serine residues 32 and 36 (S32/36) (Figure 

5H). Similar results of IκBα S32/36 phosphory-
lation was also observed in the RNASE4-treated 
DBTRG-05MG cells (Figure 5I). Furthermore, 
other relevant downstream effectors of the 
NF-κB signaling axis, such as members of the 
inhibitors of apoptosis (IAPs), were investigat-
ed, with a focus on their primary function as 
inhibitors of apoptotic cell death. Our results 
revealed that IAP family members including 
cIAP1, cIAP2, and SURVIVIN were significantly 
increased in RNASE4-treated GBM U87MG  
and DBTRG-05MG cells (Figure 5H, 5I). These 
findings collectively suggest the predominant 
influence of RNASE4 on AXL/AKT and NF-κB-
cIAP1/cIAP2/SURVIVIN signaling axes in hypox-
ic GBM.

RNASE4 activates signaling network com-
posed of AXL/AKT and NF-κB-cIAP1/cIAP2/
SURVIVIN to promote GBM oncogenesis

The aforementioned effects of exogenous 
RNASE4 on downstream effectors of the IκBα/
NF-κB pathway, including cIAP1, cIAP2, and 
SURVIVIN, were further investigated to deter-
mine whether this signaling network regulated 
by RNASE4 was mediated through HIF1A dur- 
ing hypoxia. As shown in Figure 6A, overex- 
pression of HIF1A in U87MG cells resulted in 
increased protein levels of not only RNASE4, 
but also cIAP1, cIAP2 and SURVIVIN. Of note, 
secreted protein level of RNASE4 was aug-
mented in the condition medium of HIF1A-
overexpressed cells (Figure 6A). Under HIF1A-
overexpression, significantly increased popula-
tion of migrated cells and oncospheres were 
observed as compared to that of control cells 

Figure 5. Hypoxia-induced RNASE4 expression activates AXL/AKT and NF-κB/cIAP1/cIAP2/SURVIVIN signaling in 
GBM. A, B. GSEA was conducted to reveal the correlation of RNASE4 expression to potential biological pathways. 
The enrichment plots indicated positive correlation with epithelial-mesenchymal transition (EMT), TNF signaling 
via NF-κB and hypoxia signatures in TCGA GBM cohort. C. RNASE4 expressions in the cell lysates and conditioned 
medium of U87MG cells under normoxia and hypoxia conditions were assessed using Western blot analysis. ACTIN 
served as the internal control for cellular lysates, while Amido Black staining of total secreted proteins was used as 
the loading control for proteins in the conditioned medium. D. Expression levels of the indicated proteins in U87MG 
cells cultured under normoxia and hypoxia for 16 hours were assessed by Western blot analysis. E. In addition to 
the unphosphorylated and phosphorylated levels of AXL and AKT, the protein expressions of EMT markers, includ-
ing SLUG and N-CADHERIN, in RNASE4-overexpressing U87MG cells were assessed by Western blotting. F. Expres-
sions of unphosphorylated and phosphorylated AXL and AKT in U87MG cells treated with recombinant human 
RNASE4 protein (hRNASE4) were detected using Western blotting. G. The impact of RNASE4 on NF-κB activation 
was evaluated by transfecting U87MG and DBTRG-05MG cells with the luciferase reporter construct containing 
NF-κB-responsive elements. Cells were treated with either vehicle or recombinant human RNASE4 for 16 hours 
before harvest for reporter activity analysis. Data are presented as mean ± SEM of three independent experiments 
(**P<0.01). H, I. U87MG and DBTRG-05MG cells treated with recombinant human RNASE4 for 16 hours were sub-
jected to immunoblotting using antibodies specific for phosphorylated IκBα at serine residues 32 and 36 (S32 and 
S36), unphosphorylated IκBα, cIAP1, cIAP2, and SURVIVIN. ACTIN was used as the loading control.
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(Figure 6B and 6C). To verify whether HIF1A-
mediated GBM oncogenic progression is me- 
diated through RNASE4, RNASE4 knockdown 
was performed in HIF1A-overexpressing cells 
(Figure 6D). Analysis of NF-κB downstream 
effectors revealed that RNASE4 knockdown 
reduced the protein expression of cIAP1, cIAP2 

and SURVIVIN, which were elevated in HIF1A-
overexpressing U87MG cells (Figure 6A, 6D). 
Cell migration and oncosphere formation, 
which were elevated in HIF1A-overexpressing 
cells, were significantly reduced when RNASE4 
expression was abrogated (Figure 6E, 6F), sug-
gesting that RNASE4 was responsible for mod-

Figure 6. RNASE4 mediates oncogenic effects and cIAPs induction by HIF1A in U87MG cells. (A) Effects of HIF1A 
overexpression on RNASE4, cIAP1, cIAP2, and SURVIVIN protein levels in U87MG cells were assessed by Western 
blot analysis. (B) Transwell migration assays and oncosphere formation assays (C) were conducted to evaluate 
changes in cell motility and cancer stemness following HIF1A overexpression in U87MG cells. The right panel dis-
plays the statistical quantification results (**P<0.01). (D) The effects of RNASE4 knockdown on the expression 
levels of cIAP1, cIAP2, and SURVIVIN in HIF1A-overexpressing U87MG cells were assessed by Western blot analysis. 
(E, F) The effects of RNASE4 knockdown on the migration and oncosphere formation capacities of HIF1A-overex-
pressing U87MG cells were evaluated using transwell migration and oncosphere formation assays. Data are pre-
sented as mean ± SEM from three independent experiments (**P<0.01). (G) MTS assay was conducted to evaluate 
the effects of LCL-161 (cIAP1/2 inhibitor, 10 µM) and YM-155 (SURVIVIN inhibitor, 5 nM) on control and RNASE4-
overexpressing U87MG cells treated with Temozolomide (TMZ) for 3 days (*P<0.05, **P<0.01).
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ulating the effects of HIF1A during GBM pro-
gression. Since our data in Figure 3D suggest-
ed an association between RNASE4 and TMZ 
chemoresistance, and IAPs are known for pro-
moting chemoresistance [33, 34], we next 
used small molecule inhibitors against IAPs 
and SURVIVIN to further investigate the role of 
these IAPs in RNASE4-mediated chemoresis-
tance in GBM. Our data showed that the TMZ 
chemoresistance significantly enhanced by 
RNASE4 overexpression was notably reduced 
by treatment with the SURVIVIN inhibitor YM- 
155 (Figure 6G). Nonetheless, treatment with 
cIAP1/2 inhibitor LCL161 only exhibited a mild 
suppressive effect on RNASE4-induced chemo-
resistance to TMZ, suggesting that RNASE4-
mediated chemoresistance could be specifi-
cally targeted by inhibiting the RNASE4-NF-κB-
SURVIVIN signaling axis.

Discussion

Despite advances in discovering reliable prog-
nostic and predictive biomarkers for GBM, pro-
viding therapeutic guidance and tracking dis-
ease progression remain unresolved clinical 
challenges for this most prevalent and aggres-
sive malignancy of the central nervous system 
[35, 36]. Aberrations in RNase activity within 
the RNase A superfamily have been linked to 
cancer development through the modulation  
of receptor tyrosine kinases (RTKs) [6], even 
though RNases and RTKs were traditionally 
considered distinct families. Recently, RNASE5 
has emerged as an EGFR ligand and a prognos-
tic serum marker for breast cancer [13], while 
RNASE1 interacts with the ephrin A4 receptor 
(EphA4) and contributes to the tumorigenesis 
of breast cancer [37]. Consistent with these 
observations, activation of AXL signaling was 
indicated by elevated tyrosine phosphoryla- 
tion (T702) in RNASE4-overexpressing and 
hRNASE4-treated GBM cells (Figure 5E, 5F). In 
addition to AXL phosphorylation, concurrent 
phosphorylation of AKT (S473) in RNASE4-
overexpressing GBM cells was similar to what 
has been observed in prostate cancer cells [8].

Although RNASE4 has recently been reported 
to activate AXL signaling and is suggested as  
a biomarker to differentiate prostate cancer 
from benign prostatic hyperplasia [8], patho-
physiological roles underlined by RNASE4 in 
driving GBM progression remains largely ob- 

scure. In this study, our findings revealed a sig-
nificant correlation between elevated RNASE4 
expression and advanced clinicopathological 
stages, as well as reduced survival rates in 
GBM (Figure 1). This suggests that RNASE4 
could serve as a novel prognostic biomarker for 
GBM. The prognostic value of RNASE4 was fur-
ther supported by experiments manipulating 
RNASE4 expression in GBM cells, which dem-
onstrated its substantial role in regulating cel-
lular migration, invasion, oncosphere forma-
tion, and chemoresistance (Figure 2). Notably, 
extracellular RNASE4 exerted significant influ-
ence on the oncogenic features of GBM. The 
addition of recombinant hRNASE4 significantly 
restored migration, invasion, oncosphere for-
mation, and TMZ chemoresistance in RNASE4-
KD cells (Figure 3). It is anticipated that extra-
cellular RNASE4 may interact with the AXL and/
or PI3K complex, initiating downstream signal-
ing cascades in a manner similar to how secre-
tory RNASE1 binds to EphA4 to promote breast 
tumorigenesis [9]. This notion is further sup-
ported by the observation that RNASE4 overex-
pression greatly increased secretory RNASE4 
in the conditioned medium and significantly 
enhanced cellular migration, invasion, onco-
sphere formation, as well as the growth of GBM 
xenografts (Figure 4).

Furthermore, although RNASE4 shared tran-
scriptional promoter with RNASE5 [15], our 
data indicate that RNASE4 promotes oncogen-
esis via the AXL/AKT and NF-κB signaling axes 
(Figure 5A, 5B, 5D-F) but not through EGFR. 
Supporting our findings that the AXL/AKT sig-
naling axis contributes to GBM oncogenesis, 
the previous study also underscore its role in 
enhancing cell migration and invasion through 
the induction of EMT genes in various cancer 
types, including GBM [38]. In addition to AKT 
activation, AXL has been shown to activate 
NF-κB signaling in esophageal adenocarcino- 
ma cells [39]. In the present study, we identifi- 
ed inhibitors of apoptosis (IAP) members, 
including cIAP1, cIAP2, and SURVIVIN, as key 
downstream effectors of RNASE4 under hy- 
poxic conditions (Figure 5C, 5G, 5H). These 
results are consistent with the literature, which 
reports that cIAP2 and SURVIVIN are upregu-
lated during the activation of NF-κB signaling 
[40]. Furthermore, given the established role of 
IAPs in conferring resistance to apoptosis and 
modulating drug and immune responses in var-
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ious cancers [41, 42], our subsequent experi-
ments on RNASE4-mediated TMZ chemoresis-
tance were corroborated by employing inhibi-
tors LCL-161 and YM-155, which specifically 
target cIAP1/2 and SURVIVIN, respectively. 
Notably, our results demonstrated that the 
SURVIVIN inhibitor YM-155 was more effec- 
tive, significantly mitigating RNASE4-induced 
chemoresistance to TMZ (Figure 6G). Impor- 
tantly, TMZ is currently the first-line chemother-
apeutic agent capable of effectively crossing 
the blood-brain barrier for GBM treatment. Our 
data suggest that hypoxia-induced RNASE4-
mediated upregulation of cIAPs could repre- 
sent a promising target for enhancing GBM  
chemotherapy. Indeed, targeting AXL and cIAPs 
in cancer therapy has shown significant poten-
tial in improving immunotherapy and angiogen-
esis [33, 43]. RNASE4-induced AXL activation 
and cIAPs induction in GBM progression thus 
warrants further exploration as potential thera-
peutic strategies for GBM treatment. Our find-
ings advocate for the clinical translation of 
RNASE4 and warrant novel development of tai-
lored therapies against this deadly malignancy.

Moreover, exogenous ribonucleases have 
recently attracted increasing research atten-
tion as RNASEs derived from non-mammalian 

signaling, thus promoting GBM progression 
and chemoresistance (Figure 7). These find-
ings implicate potential avenues for non-inva-
sive diagnostics and the exploration of RNASE4-
driven TMZ chemoresistance to enhance tar-
geted therapies for advanced GBM.
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Figure 7. Proposed model of RNASE4-mediated promotion of GBM onco-
genesis through AXL/AKT and NF-κB/cIAPs signaling activation under hy-
poxia. RNASE4 expression is induced under hypoxic conditions, leading to 
the activation of the AXL/AKT and NF-κB/cIAP1/cIAP2/SURVIVIN signaling 
pathways. These cascades, in turn, promote glioblastoma proliferation, ep-
ithelial-to-mesenchymal transition (EMT), stemness, and chemoresistance.

sources such as Bacillus pum-
ilus have exhibited significant 
antitumor activity by reorga-
nizing the microRNA (miRNA) 
network within tumor cells 
[44], while engineered RNases 
can control cellular levels of 
specific miRNA within tumor 
cells and lead to p53-mediat-
ed apoptosis [45, 46]. Present 
findings position RNASE4 as a 
potential biomarker and thera-
peutic target through a novel 
mechanism, where extracellu-
lar RNASE4 mediates GBM 
progression via activation of 
AXL/AKT and IκBα/NF-κB sig-
naling pathways. This mecha-
nism can be targeted by in- 
hibiting elevated levels of 
cIAP1, cIAP2, and SURVIVIN. 
Collectively, this study reveals 
that RNASE4 acts as a novel 
hypoxia-responsive mediator 
of AXL/AKT and NF-κB/cIAPs 
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