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SRSF3 promotes the generation of XBP1s to stabilize autophagy
and enhance hypoxia adaptation in glioma
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ABSTRACT

Hypoxia is a key driver of glioblastoma (GBM) progression. Serine/arginine-rich splicing factor 3 (SRSF3) is
associated with the malignant progression of GBM, but its role in the hypoxic microenvironment of GBM
remains unclear. This study aimed to explore the regulatory role and molecular mechanisms of SRSF3 in
hypoxia adaptation in GBM. The expression of SRSF3 in normal astrocytes and GBM cells was detected. The
effects of knockdown or overexpression of SRSF3 combined with hypoxia treatment on malignant phenotypes
and hypoxia stress adaptation in GBM cells were evaluated. Cell viability, colony formation, migration, inva-
sion, and cell death assays were performed to assess phenotypic changes. Mechanisms were investigated using
mRFP-GFP-LC3, autophagy, and unfolded protein response (UPR)-related molecular detection. SRSF3 was
highly expressed in GBM cells. Knockdown of SRSF3 inhibited cell viability, migration, invasion, and colony
formation, whereas overexpression of SRSF3 promoted malignant behaviors. Further studies revealed that
hypoxia induction significantly increased the expression levels of GRP78, CHOP, ATF4, LC3-II/I, and p62;
upregulated the GFP/mRFP ratio; and increased cleaved-caspase3 expression, promoting cell death.
Mechanistic studies revealed that SRSF3 overexpression promoted XBP1s formation, alleviated hypoxia-
induced autophagic flux blockage, and reduced cell death. The IRE1 RNase inhibitor 4u8C weakened the
SRSF3-mediated promotion of XBP1s generation. SRSF3 enhances adaptive UPR output by promoting IRE1-
dependent XBP1 splicing, thereby maintaining autophagic flux and promoting GBM cell survival under hypox-
ic conditions.
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Introduction

Glioma is the most common primary malignant tumor of the
central nervous system and accounts for 80-85% of all brain
tumors.! Glioblastoma (GBM), the highest grade (WHO grade 4)
astrocytoma, poses significant public health challenges because of
its high degree of malignancy, rapid progression, short survival
period, and poor prognosis.? Studies have shown that approximate-
ly two-thirds of patients survive no more than two years after diag-
nosis, and high treatment costs impose a substantial burden on
patients.>* Therefore, there is an urgent need to clarify its key path-
ogenic mechanisms and develop targeted therapeutic strategies.
Hypoxia is a core microenvironmental feature of GBM and pro-
motes tumor invasion, treatment resistance, and recurrence.>®
However, the underlying mechanisms by which hypoxia drives the
malignant behavior of GBM remain incompletely understood.

GBM exists in a long-lasting hypoxic microenvironment, and
hypoxia inevitably induces endoplasmic reticulum stress (ERS)
and activates the unfolded protein response (UPR).” The UPR is
controlled by GRP78 and three major sensors (PERK, IRE1, and
ATF6). Studies have shown that temozolomide activates the PERK
pathway, leading to sustained ERS and thereby promoting
chemoresistance in GBM.® Hu et al.’ reported that knocking down
CREB3 promotes apoptosis in GBM cells by activating the PERK
pathway. These studies indicate that UPR signaling does not linear-
ly promote survival or death; its biological outcome depends on
the intensity and duration of stress.'®!" Additionally, as a critical
downstream adaptive mechanism of ERS, autophagy is believed to
help clear misfolded proteins and damaged organelles under stress
conditions such as hypoxia, thereby alleviating endoplasmic retic-
ulum load and maintaining cellular homeostasis.'> Research by
Bhavya et al.’® supports this role, finding that ERS-induced
autophagy protects cells from chemical hypoxia and oxidative
damage. However, recent studies have reported that the initiation
of autophagy does not necessarily imply enhanced autophagic
flux.'* Previous studies have reported that under certain conditions,
an increase in the number of autophagosomes or LC3-II may
reflect only initiation events without accompanying complete
autophagosome degradation processes. Therefore, it is necessary
to combine indicators such as lysosomal inhibition or p62 degrada-
tion to assess true flux changes." Singh et al.'® demonstrated that
autophagic flux, rather than mere autophagy initiation, is the key
determinant of cell fate. However, the mechanisms regulating
autophagic flux under ERS conditions in the hypoxic microenvi-
ronment of GBM remain unclear.

Inositol-requiring enzyme 1-spliced X-box binding protein 1
(IRE1-XBP1s) is a key branch of the UPR and plays significant
roles in endoplasmic reticulum protein homeostasis, membrane
biosynthesis, angiogenesis, invasion, and other processes.!’
Studies indicate that the poor prognosis of GBM is associated with
tumor cells utilizing the UPR to adapt to stress.” For instance,
Obacz et al.'® reported that IRE1 promotes UBE2D3 expression
through XBP1s, thereby driving myeloid immune cell infiltration
in GBM and leading to poor prognosis. Additionally, the IRE1-
XBP1s axis can increase the expression levels of autophagy-relat-
ed genes, thereby coordinating adaptive responses between ERS
and autophagy. For example, XBP1s can regulate autophagy levels
via a Bcl-2/Beclin-1-associated mechanism.!” However, a review
revealed that under acute or deep hypoxic conditions, IRE1 activ-
ity may be inhibited, resulting in decreased or non-significantly
increased XBPl1s levels.?’ Serine/arginine-rich splicing factor 3
(SRSF3) is a crucial multifunctional splicing factor. High expres-
sion of SRSF3 is linked to GBM progression and poor patient
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prognosis.?! Notably, SRSF3 deficiency leads to impaired XBP1
splicing, accompanied by reduced levels of active spliced
XBP1s.22 However, in GBM, whether SRSF3 can enhance tumor
cell adaptation to hypoxic microenvironments by regulating XBP1
splicing remains unclear. This study aims to investigate this
process through related experimental studies.

Materials and Methods

Cell processing

The human astrocyte cell line HA (SNP-H239) and the GBM
cell Lines U87 (SNL-096), U251 (SNL-095), A172 (SNL-091),
and T98G (SNL-457) were purchased from Shangen
Biotechnology (Wuhan, China). They were cultured at 37°C and
5% CO, in DMEM-H (C2701; Beyotime, Shanghai, China) sup-
plemented with 10% FBS (C0226; Beyotime) and 1%
penicillin/streptomycin (C0222; Beyotime). To investigate the
effect of SRSF3 on cell growth, T98G cells were transfected with
siRNA targeting SRSF3 (si-SRSF3) or si-NC (GenePharma,
Suzhou, China) using Lipofectamine™ 3000 (L3000150;
Invitrogen, Carlsbad, CA, USA), and U87 cells were transfected
with the pcDNA3.1-SRSF3 overexpression plasmid (OE-SRSF3)
constructed by GenePharma, with an empty vector used as a con-
trol. After 48 h of incubation, the relevant indicators were meas-
ured. To mimic the hypoxic microenvironment of GBM, the cells
were allowed to adhere to a normoxic incubator, the medium was
replaced with fresh complete medium, and the cells were trans-
ferred to a three-gas incubator with premixed gases (1% O,) for 24
h. Normoxic conditions (21% O,) were maintained in a standard
humidified incubator. To explore the impact of SRSF3 on cells
under hypoxia, cells were first transfected with OE-SRSF3 plas-
mids, and after overexpression was confirmed, hypoxia induction
was performed. Finally, to determine whether the role of SRSF3
depends on the IRE1-XBP1s axis, 5 uM?* of the IRE1 RNase activ-
ity inhibitor 4u8C (412512; Sigma-Aldrich, St. Louis, MO, USA)
was added for a 1-h pretreatment following SRSF3 overexpres-
sion, followed by 24 h of culture under hypoxic conditions.

CCK-8 assay

A T98G/U8T7 cell suspension (2x10° cells, 100 puL) was inocu-
lated into a 96-well plate. After the cells were precultured in an
incubator, 10 pL of CCK-8 solution (CA1210; Solarbio, Beijing,
China) was added to each well. The plate was incubated for 4 h,
after which the absorbance at 450 nm was measured using a
microplate reader.

Colony formation assay

After treatment, the cells were digested with trypsin and even-
ly seeded into 6-well plates at a density of 200 cells per well. They
were placed in a 37°C, 5% CO, incubator until visible, appropri-
ately sized colonies formed in the control group (14 days), with
100 pL of medium replenished every 3 days. After the endpoint
was reached, the medium was discarded, and the cells were fixed
with 4% paraformaldehyde at room temperature for 15 min. Then,
0.1% crystal violet (G1014; Servicebio, Wuhan, China) was added
for 5 min of staining. The plates were subsequently washed with
running water, and the number of colonies was observed and
counted under a microscope.

Transwell assay
Transwell chambers (FTW001; Beyotime) were used for cell
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migration and invasion assays. For the cell migration assay, loga-
rithmic-phase cells were collected, washed with serum-free medi-
um, and counted. A 100 pL suspension containing 1x10* cells was
added to the upper chamber, while 600 pL of medium containing
10% FBS was added to the lower chamber. After 48 hours of incu-
bation, the chambers were removed. The cells on the inner surface
of the membrane were wiped off with a cotton swab, fixed with
absolute ethanol for 5 min, and then stained with 0.1% crystal vio-
let (G1014; Servicebio, Wuhan, China) for 5 min. After the cells
were rinsed with running water and air-dried, images were cap-
tured under a microscope, and the cells were counted. The invasion
assay differed in that the upper chamber was precoated with dilut-
ed Matrigel (356234; Solarbio); the remaining steps were identical
to those of the migration assay.

LDH release assay

Cell death was detected using an LDH assay kit (C0016;
Beyotime). Briefly, cells were seeded in a 96-well plate at a density
of 1x10%well and cultured until they reached 80% confluency.
After the groups were treated, LDH release reagent was added and
incubated for 1 h. The supernatant was then transferred to a new
plate by centrifugation at 400 x g for 5 min. Freshly prepared lac-
tate-INT-enzyme mixture working solution was added, and the
absorbance at 490 nm was measured after 30 min of incubation at
room temperature in the dark. Cell mortality was calculated based
on the results.

mRFP-GFP-LC3 staining

Autophagy was detected by observing the formation of
autophagosome-fluorescent puncta using an adenovirus labeled
with mRFP-GFP-LC3 (GenePharma). Briefly, cells were seeded
on confocal dishes and cultured overnight. After transfection with
adenovirus (MOI=20, diluted in serum-free medium) for 2 h, the
cells were further cultured in complete medium for 48 h. The cells
were then gently washed with PBS, fixed with 4% paraformalde-
hyde, stained with DAPI, and mounted. Analysis was performed
using a fluorescence microscope. The fluorescence intensities of
the GFP and mRFP channels were analyzed using ImageJ soft-
ware, and autophagic flux was assessed by the GFP/mRFP ratio.

RT-qPCR

Total RNA was extracted using an RNA isolation kit
(AM1912; Invitrogen), and cDNA synthesis and PCR amplifica-
tion were subsequently performed using a one-step RT—qPCR sys-
tem (12597500; Thermo Fisher Scientific, Waltham, MA, USA).
B-actin was used as the internal reference, and the relative expres-
sion levels of genes were calculated using the 2-44¢T method. The
sequences of the primers used are shown in Table 1.

Table 1. Sequences of primers (RT-PCR).

Genes Forward primer (5°-3”)
SRSF3 GTGTGGGTTGCTAGAAACC
f-actin CATGTACGTTGCTATCCAGGC

Semi-quantitative RT-PCR

The changes in XBP1 splicing levels were evaluated through
semiquantitative RT-PCR combined with agarose gel electrophore-
sis. In accordance with the aforementioned experimental methods,
total RNA was extracted from US87 cells and then reverse-tran-
scribed to synthesize cDNA. Using cDNA as the template, PCR
amplification was performed using a specific primer? that spans
the IRE1 splicing site. The reaction system used Taq PCR Mix
(K1081; Thermo Fisher Scientific), and the number of cycles was
controlled during the exponential amplification stage. The PCR
products were separated on a 2% agarose gel, and the bands were
observed and recorded with a gel imaging system. XBP1u (256)
and XBP1s (230) were distinguished based on the size of the PCR
products, with B-actin as the internal reference (250). The splicing
level of XBP1 was evaluated by comparing the changes in the band
intensities of XBP1u and XBP1s in the different treatment groups.
The sequences of the primers used are shown in Table 2.

Western blot

The cellular proteins from each group were extracted using
RIPA lysis buffer (R0010; Solarbio). The protein concentration
was subsequently measured using a BCA kit (23225; Thermo
Fisher Scientific). The proteins were separated by SDS-PAGE and
transferred to a PVDF membrane (FFP24; Beyotime). The mem-
brane was then blocked with 5% BSA for 1 h, followed by
overnight incubation with primary antibodies at 4°C. The primary
antibodies used were against the following: SRSF3 (1:1000;
ab198291; Abcam, Cambridge, UK), HIF-1a (1:1000; ab179483;
Abcam), GRP78 (1:2000; 11587-1-AP; Proteintech, Rosemont, IL,
USA), CHOP (1:1000; 15204-1-AP; Proteintech), ATF4 (1:1000;
10835-1-AP; Proteintech), LC3 (1:2000; ab192890; Abcam), p62
(1:1000; ab109012; Abcam), cleaved-caspase3 (1:1000; #9661;
Cell Signaling Technology, Inc., Danvers, MA, USA), XBPlu
(1:1000; 25997-1-AP; Proteintech), XBP1s (1:1000; 24868-1-AP;
Proteintech), and B-actin (1:1000; ab8227; Abcam). After the
membrane was washed three times with TBST, it was incubated
with an HRP-conjugated secondary antibody (1:2000; ab205718;
Abcam) at room temperature for 1 hour. Finally, development was
performed using a kit (PO018S; Beyotime). The protein bands were
quantified using ImagelJ software.

Statistical analysis

GraphPad Prism 8.0 software (La Jolla, CA, USA) was used
for data analysis, with measurement data expressed as the mean
+SD. The normality of the data distribution was evaluated through
the Shapiro-Wilk test, and the homogeneity of variance was
detected using the Levene test. All the data met the statistical
assumptions for a normal distribution and homogeneity of vari-

Reverse primer (5°-3”)

CATAGTGTTCTTCCATCTAGCTC
CTCCTTAATGTCACGCACGAT

Table 2. Sequences of primers (semi-quantitative RT-PCR).

Forward primer (5°-3°)

XBPlu/s

p-actin

GGTCTGCTGAGTCCGCAGCA
CATGTACGTTGCTATCCAGGC

Reverse primer (5’-3°)

AAGGGAGGCTGGTAAGGAAC
CTCCTTAATGTCACGCACGAT
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ance. Comparisons between two groups were performed using
independent samples #-tests, and comparisons among multiple
groups were conducted using one-way ANOVA with the Tukey test
to assess differences between groups. A p-value <0.05 was consid-
ered to indicate statistical significance.

Results

SRSF3 is highly expressed in glioma cells

Previous studies have shown that SRSF3 can promote malig-
nant behaviors such as proliferation and invasion in GBM.?! This
study first investigated the expression characteristics of SRSF3 in
GBM. Analysis of the TCGA database revealed that the expression
of SRSF3 in GBM tissues was significantly greater than that in
normal brain tissues (Figure 1A). Furthermore, we examined the
expression of SRSF3 in HA cells and the glioma cell lines U87,
U251, A172, and T98G. RT-qPCR and Western blot results demon-
strated that compared with those in HA cells, the mRNA and pro-
tein expression levels of SRSF3 were significantly elevated in all
glioma cell lines. Among these cells, T98G cells presented the
highest relative expression of SRSF3, whereas U87 cells presented
the lowest (Figure 1 B,C). These findings suggest that SRSF3 may
play a critical role in the progression of GBM.

SRSF3 promotes the malignant growth of glioma cells

To further investigate the role of SRSF3 in GBM progression,
we selected T98G cells, which exhibit the highest SRSF3 expres-
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sion among glioma cell lines, for SRSF3 knockdown. RT-qPCR
and Western blot results demonstrated that SRSF3 knockdown sig-
nificantly reduced the mRNA and protein expression levels of
SRSF3, with si-SRSF3#2 having more pronounced effects (Figure
2 A,B). CCK-8 assays revealed that compared with the si-NC
group, the group in which SRSF3 was knocked down had signifi-
cantly decreased cell viability (Figure 2C). Compared with those in
the si-NC group, the number of cell colonies in the SRSF3 knock-
down group were markedly decreased, particularly in the si-
SRSF3#2 group (Figure 2D). Additionally, SRSF3 knockdown
inhibited cell migration and invasion (Figure 2 E,F). We subse-
quently selected U87 cells, whose glioma cell lines exhibit the
lowest SRSF3 expression, for which SRSF3 was overexpressed.
RT-qPCR and Western blotting confirmed the transfection efficien-
cy of OE-SRSF3 (Figure 2 G,H). CCK-8 assays revealed that com-
pared with the OE-NC group, the SRSF3-overexpressing group
had significantly increased cell viability (Figure 2I). Compared
with those in the OE-NC group, the number of colonies in the
SRSF3-overexpressing group were significantly increased (Figure
2J). Furthermore, compared with those in the OE-NC group, the
migration and invasion abilities of the cells in the SRSF3-overex-
pressing group were increased (Figure 2 K,L). These results indi-
cate that SRSF3 promotes malignant growth in glioma cells.

Hypoxic glioma cells exhibit increased cell death,
accompanied by elevated endoplasmic reticulum
stress levels and impaired autophagic flux

Previous studies have shown that hypoxia is a core feature of
the GBM microenvironment and can induce ERS and
autophagy.?>2¢ Therefore, we subjected U87 cells to hypoxic con-
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Figure 1. High expression of SRSF3 in glioma cells. A) Bioinformatics analysis revealed high expression of SRSF3 in GBM. B) RT-qPCR
was used to measure the expression of SRSF3 mRNA in each group of cells. C) Western blotting was used to measure the expression of
SRSF3 in each group of cells. n=3 independent experiments; *p<0.05, **p<0.01, ***p<0.001.

[European Journal of Histochemistry 2026; 70:4530]

OPEN 8ACCESS



Article

B C

15 e 20

i
#*
*
#*

=
in

- si-NC
= si-SRSF3#1

si-SREF3#2

SRSF3 mRNA levels (5-NC) 3>
{—3

=
&

Number of cloned cells

E miigrating
si-SRSF3#1

Number of migrating cells

invading
F 2507 oor
s-NC si-SRSF3#1 s-SRSF3#2 idm
H e &
& ‘ £ 300
g - v, &
e S 200
2w
=
Z.
F o
FF
OE-SRSF3
ek
o ;
T, e i \4(
= L 4 LS Xy
o
- YT X Wy

ek

£t

Number of migrating cells
=)
g g

SRSF3 protein expression
(/f-acting

- = = et

= in = in

i‘

QQ“’O
o,

%,

g

Number of cloned cells
2

& 3
%
o, E
i,
%ﬁ

P T R
H £ =

Number of invading cells

oe%”f‘
e,

Figure 2. SRSF3 promotes the malignant growth of glioma cells. A) RT-qPCR detection of SRSF3 mRNA expression in T98G cells. B)
Western blot detection of SRSF3 expression in T98G cells. C) CCK-8 assay for T98G cell viability. D) Colony formation assay to assess
the effect of SRSF3 knockdown on T98G cell proliferation. E) Transwell assay to evaluate the effect of SRSF3 knockdown on T98G cell
migration. F) Transwell assay to examine the effect of SRSF3 knockdown on T98G cell invasion. G) RT-qPCR detection of SRSF3 mRNA
expression in U87 cells. H) Western blot detection of SRSF3 protein expression in U87 cells. I) CCK-8 assay for U87 cell viability. J)
Colony formation assay to assess the effect of SRSF3 overexpression on U87 cell proliferation. K) Transwell assay to evaluate the effect
of SRSF3 overexpression on U87 cell migration. L) Transwell assay to examine the effect of SRSF3 overexpression on U87 cell invasion.

n=3 independent experiments; *p<0.05, **p<0.01, ***p<0.001.

OPEN 8ACCE55

[European Journal of Histochemistry 2026; 70:4530]



Article

A

=
T

C

E 1.04 * e E 1.04 e
4 9 — 5E
2 0.8+ s £ S ().8-
g 304 g B
EEUG % Cleaved ':é:'g(,
bl v — 2 = 0.6
= T = spase. ]
_ £ & 0.4 E 27 0.4
= 0.2 3 > £ 0.2+
i i = . o @
oA T = Q. > -
& & T 0.0- 0 & & S 0.0-
0‘ Qﬁ .,;49 QQO
= o -3 bl g QS o D Y
o Qe‘e- {\d" Qo'\- 6@* Q&__
5 & £ 3)
%Q 'b o *2" %0 é
D B Normoxia [ Hypoxia E
= . .
= 1.54 . Marker Normoxia Hypoxia
e T 256 bp
= 56 bp
S El g 107 230 bp BBEIU
Fi 200 bp XBFls
Z 0.
ﬂ-ac“n El :% = bp mﬂ-ac‘in
I £ 0.0- '
o S R
& Qc‘sQ GRP78 CHOP ATF4
\;e
B Normoxia [ Hypoxia
F = G B Normoxia [ Hypoxia
g £207  sax
XBPls | s e 2 L B
214 s LC3-11 = i
w b
w -
z 0.57 ?
= = -
© ]
& & =0 e XBP1 & & £ 00-
& Qﬁ@ s " & &Q" LC3-11 p62
& <
H mRFP GFP
= Pl il
: .
% E E 1.0+
Ez
=
G £ 05
(=]
=
= -
2
= F
S

Figure 3. Hypoxic glioma cells exhibit increased cell death accompanied by elevated endoplasmic reticulum stress levels and blocked
autophagic flux. A) Western blot analysis of HIF-1a expression in U87 cells. B) LDH release assay to detect cell death. C) Western blot
analysis of cleaved-caspase3 expression in U87 cells. D) Western blot analysis of GRP78, CHOP, and ATF4 expression in U87 cells.
E) RT-PCR detection of XBPlu and XBP1s expression. F) Western blot analysis of XBPlu and XBP1s expression in U87 cells.
G) Western blot analysis of LC3-1I and p62 expression in U87 cells. H) mRFP-GFP-LC3 staining to assess autophagic flux. n=3 inde-

pendent experiments; *p<0.05, **p<0.01, ***p<0.001.

[European Journal of Histochemistry 2026; 70:4530]

OPEN 8ACCE55



Article

ditions and detected related indicators. Compared with that in the
normoxia group, the expression level of HIF-1la in the hypoxia
group was significantly greater (Figure 3A), indicating successful
activation of the hypoxia signaling pathway. LDH release assays
revealed that 24 hours of hypoxia induction significantly increased
the mortality rate of U87 cells (Figure 3B). Additionally, compared
with the normoxia group, the hypoxia group presented significant-
ly increased cleaved caspase3 expression (Figure 3C), indicating
increased apoptosis. Furthermore, compared with the normoxia
group, the hypoxia group exhibited significantly elevated expres-
sion levels of GRP78, CHOP, and ATF4 (Figure 3D), suggesting
that ERS activation had occurred. RT-PCR and Western blot analy-
ses of XBP1s expression revealed that after 24 h of hypoxia, the
expression of XBP1u tended to decrease, whereas the expression
of XBP1s tended to increase, but the differences were not signifi-

A

cant compared with the expression levels in the normoxia group
(Figure 3 E,F). Further detection revealed that hypoxia induction
also significantly increased LC3-II and p62 expression (Figure
3G). mRFP-GFP-LC3 staining revealed an elevated GFP/mRFP
ratio in U87 cells after 24 h of hypoxia (Figure 3H), indicating
impaired autophagic flux. These results suggest that hypoxia
induction promotes apoptosis in glioma cells, which is accompa-
nied by elevated ERS levels and blocked autophagic flux.

SRSF3 improves autophagic flux and reduces cell
death under hypoxic conditions

In the above study, we confirmed that hypoxia can trigger ERS
and block autophagic flux, increasing cell death. Furthermore, we
explored the effects of overexpressing SRSF3 on these processes.
Compared with the OE-NC group, the SRSF3 overexpression
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Figure 4. SRSF3 improves autophagic flux and reduces cell death under hypoxic conditions. A) Western blotting analysis of the expres-
sion levels of LC3-1I/I and p62 in U87 cells. B) mRFP-GFP-LC3 staining to measure autophagic flux. C) Colony formation assay to assess
the effect of SRSF3 overexpression on the hypoxia-induced proliferation of U87 cells. D) LDH release assay to detect cell death.
E) Western blotting analysis of cleaved caspase-3 expression in U87 cells. n=3 independent experiments; *p<0.05, **p<0.01, ***p<0.001.
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group had a higher LC3-II/I ratio and lower p62 expression (Figure
4A). mRFP-GFP-LC3 staining revealed that SRSF3 overexpres-
sion weakened the hypoxia-induced inhibition of autophagic flux
and decreased the GFP/mRFP ratio (Figure 4B). Colony formation
assays demonstrated that SRSF3 overexpression significantly
increased the number of clonogenic cells (Figure 4C).
Additionally, the LDH release assay results indicated that SRSF3
overexpression markedly reduced hypoxia-induced cell death in
U87 cells (Figure 4D). Western blot results also revealed that com-
pared with the OE-NC group, the SRSF3 overexpression group
had significantly decreased cleaved-caspase3 expression (Figure
4E), suggesting reduced apoptosis. These results indicate that
SRSF3 can ameliorate hypoxia-induced inhibition of autophagic
flux and cell death.

SRSF3 promotes XBP1s formation

Previous studies have shown that XBP1s can promote autophagic
flux.”” As demonstrated above, SRSF3 overexpression restored
autophagic flux and reduced cell death. We further investigated
whether its molecular mechanism depends on the enhancement of the
IRE1-XBP1s axis. Experiments were conducted by adding the IRE1
RNase activity inhibitor 4u8C to hypoxic U87 cells overexpressing
SRSF3. RT-PCR and Western blot results revealed that compared
with the OE-NC group, the SRSF3 overexpression group had signif-
icantly increased XBP1s expression and decreased XBPlu expres-
sion. However, 4u8C weakened the effects of SRSF3 overexpression
on XBP1lu and XBP1s expression, increased XBP1u expression and
decreased XBP1s expression (Figure 5 A,B). These results indicate
that SRSF3 improves autophagic flux and reduces cell death under
hypoxic conditions by promoting the formation of XBP1s.

Discussion

GBM is a WHO grade 4 astrocytoma with high incidence and
mortality rates and an extremely poor prognosis, posing a signifi-
cant threat to human life and health.?® Current GBM treatment still
relies primarily on comprehensive therapy, including surgical
resection, postoperative radiotherapy, chemotherapy, and other
adjuvant treatments. However, owing to issues such as high inva-
siveness and drug resistance, GBM remains an “almost incurable”
malignant tumor.?’ Hypoxia is a core microenvironmental feature
of GBM and can drive tumor progression through the remodeling
of metabolism, invasion, and stress pathways.’*3! This study
revealed that hypoxia induces ERS in GBM cells and leads to

blocked autophagic flux, promoting cell death. SRSF3 is highly
expressed in GBM cells and alleviates hypoxia-induced autophagy
pathway dysfunction and cell death by promoting the formation of
XBP1s. Our research highlights the critical role of SRSF3 in the
adaptation of GBM to hypoxia.

Previous studies have suggested that SRSF3 plays a malignant
biological role in GBM by promoting proliferation and invasion.?!
In this study, analysis of the TCGA database revealed that the
expression of SRSF3 was significantly greater in the GBM group
than in the normal group. Similarly, this study revealed that com-
pared with those in HA cells, SRSF3 expression levels in multiple
GBM cell lines (U87, U251, A172, and T98G) were markedly
greater. These expression profiles suggest that SRSF3 may be
functionally related to the development and progression of GBM.
SRSF3, the smallest classical splicing factor in the SRSF family, is
a multifunctional protein involved in various physiological and
pathological processes, including RNA export, RNA translation,
and transcriptome integrity.’> Previous studies have shown that
SRSF3 expression is associated with the survival rate of patients
with GBM and the expression profiles of related tumor markers
and that silencing SRSF3 expression significantly inhibits tumori-
genesis and progression.’? Research by Song et al.?! also demon-
strated that SRSF3-regulated alternative RNA splicing promotes
GBM tumorigenicity by influencing multiple cellular processes.
These studies indicate that SRSF3 acts as an oncogenic factor that
drives GBM tumor biology. The results of functional experiments
in this study further demonstrated that knocking down SRSF3
under normoxic conditions suppressed T98G cell viability and
clonogenic ability and reduced migration and invasion.
Conversely, overexpression of SRSF3 enhanced these malignant
phenotypes, suggesting that SRSF3 is a regulatory factor that
drives glioma cell growth and invasion. Given the ability of SRSF3
to regulate alternative splicing and mRNA metabolism, its pro-
malignant effects may be achieved through influencing stress
adaptation, metabolic reprogramming, or transcriptional networks
related to cell fate.

Hypoxia is among the core features of the GBM microenviron-
ment; hypoxia drives tumor cell invasion, stemness maintenance,
and chemotherapy resistance but also poses challenges to cellular
protein folding homeostasis.?>** For example, in vivo and in vitro
studies have shown that hypoxia can upregulate miR-26a through
HIF-1a regulation, thereby inhibiting mitochondrial apoptosis and
reducing the sensitivity of GBM cells to temozolomide, leading to
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Figure 5. SRSF3 promotes XBP1s formation. A) RT-PCR detection of XBP1u and XBP1s expression in each group of cells. B) Western
blot detection of XBP1u and XBP1s expression in each group of cells. n=3 independent experiments; *p<0.05, **p<0.01, ***p<0.001.
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chemotherapy resistance.® Other studies have indicated that the
UPR is more active in GBM cells than in low-grade gliomas and
normal brain tissues, with elevated expression of the three major
pathways (PERK, IREla, and ATF6) in response to the stress
microenvironment.’® Hypoxia is a key trigger for UPR activation,
which promotes short-term cell survival but may also promote
apoptosis under sustained severe stress.’” Our results demonstrated
that 24 h of hypoxia significantly increased HIF-1a levels, accom-
panied by elevated LDH release and cleaved-caspase3 expression,
suggesting enhanced apoptosis. Concurrently, the upregulation of
ERS markers such as GRP78, CHOP, and ATF4 indicates UPR
activation. Additionally, autophagy, as a critical adaptive mecha-
nism to ERS, is tightly coupled with ERS. For instance, in malig-
nant glioma cells, CsA treatment induces ERS while activating
autophagy, and inhibition of the ERS pathways PERK and IREla
partially blocks the autophagic response, highlighting the precur-
sor role of ERS and its clear association with autophagy.’® Multiple
reviews have reported that ERS upregulates autophagy-related
gene expression and activity through key UPR branches, whereas
autophagy reciprocally modulates ERS intensity, aiding in the
clearance of damaged ER fragments to maintain ER homeostasis.*
This study revealed that autophagy markers exhibit “flux obstruc-
tion”, as indicated by increased LC3-1I/I and p62 expression, along
with elevated GFP/mRFP ratios in mRFP-GFP-LC3 fluorescence
assays, suggesting impaired autophagosome-lysosome fusion or
degradation. This phenomenon indicates that under hypoxic stress,
glioma cells exhibit not simply “enhanced autophagy” but rather
“increased autophagic initiation/autophagosome formation with
impaired terminal degradation,” reflecting incomplete autophagy
or flux blockade. Thus, the critical determinant of cell fate under
hypoxia may not be “whether UPR/autophagy is activated” but
rather “whether the adaptive UPR is sufficient and autophagic flux
remains intact”. Furthermore, by overexpressing SRSF3 in hypox-
ia-induced U87 cells, we observed that SRSF3 overexpression
improved autophagic flux and reduced cell death, demonstrating
that SRSF3 promotes GBM cell survival under hypoxia by main-
taining autophagic flux.

XBP1s is a noncanonical splicing product mediated by IRE1
and serves as a critical adaptive transcription factor in the UPR; it
is capable of inducing molecular chaperones, ER-associated degra-
dation (ERAD), and lipid biosynthesis and enhancing cellular tol-
erance to protein folding stress.** Studies have indicated that
XBP1s expression promotes the proliferation and survival of GBM
cells. Inhibiting XBP1 splicing not only reduces cell viability but
also reverses drug resistance, as demonstrated in temozolomide-
resistant GBM cells.* Furthermore, XBP1s has been shown to reg-
ulate autophagy. For instance, Margariti et al.*’ revealed that
XBP1s, generated through unconventional splicing of XBPI,
directly binds to the BECLIN-1 gene promoter, transcriptionally
activates BECLIN-1, and promotes autophagosome formation.
However, in the hypoxic tumor microenvironment, the activation
and functional efficacy of XBP1s are not always sufficient. A sys-
tematic review revealed that acute or severe hypoxia in certain cell
types can impair IREla activity or hinder the accumulation of
XBP1s.?0 Additionally, the output of XBP1s may be regulated by
other signaling pathways. Xia et al.** demonstrated that the Wnt/f-
catenin pathway suppresses the functional output of XBP1s under
hypoxia. In this study, compared with normoxia, hypoxia induced
XBP1 splicing, but the difference was not significant. Given that
XBPl1s is generated through noncanonical splicing and that the
specific loss of SRSF3 leads to a marked reduction in XBP1s pro-
tein expression,?> we propose that the splicing factor SRSF3 may
act as a key regulatory node linking hypoxia, ERS, and autophagic
flux. Further investigations revealed that SRSF3 overexpression
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enhances XBP1s production, whereas treatment with 4p8C attenu-
ates the SRSF3-induced increase in the expression of XBPls.
These results suggest that SRSF3 relies on IRE1 RNase activity to
promote the generation of XBP1s from XBP1u, thereby enhancing
adaptive UPR output.

This study focuses on stress adaptation mechanisms in the
hypoxic microenvironment of GBM and reveals that the splicing
factor SRSF3 increases adaptive UPR output by regulating IRE1-
dependent XBP1 splicing, thereby maintaining autophagic flux
and promoting the survival of GBM cells under hypoxic condi-
tions. However, this study did not clarify whether SRSF3 directly
regulates XBP1 pre-mRNA splicing; furthermore, we did not com-
pensate for XBP1s expression in the context of SRSF3 overexpres-
sion to verify whether it is sufficient to restore autophagic flux and
cell survival, which requires further validation in the future.
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