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1 | INTRODUCTION

| KuoYu! | Kaile Chen! | JinlaiLiu? | Kexiang Dai® | Peng Zhao!

Abstract

Glioma is the most common malignant tumor in the central nervous system, and it
is crucial to uncover the factors that influence prognosis. In this study, we utilized
Mfuzz to identify a gene set that showed a negative correlation with overall survival
in patients with glioma. Gene Ontology (GO) enrichment analyses were then under-
taken to gain insights into the functional characteristics and pathways associated with
these genes. The expression distribution of Hyaluronan Synthase 2 (HAS2) was ex-
plored across multiple datasets, revealing its expression patterns. In vitro and in vivo
experiments were carried out through gene knockdown and overexpression to vali-
date the functionality of HAS2. Potential upstream transcription factors of HAS2 were
predicted using transcriptional regulatory databases, and these predictions were ex-
perimentally validated using ChIP-PCR and dual-luciferase reporter gene assays. The
results showed that elevated expression of HAS2 in glioma indicates poor progno-
sis. HAS2 was found to play a role in activating an antiferroptosis pathway in glioma
cells. Inhibiting HAS2 significantly increased cellular sensitivity to ferroptosis-inducing
agents. Finally, we determined that the oncogenic effect of HAS2 is mediated by the
key receptor of the WNT pathway, FZD?7.
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groups.® Glioblastoma multiforme represents the most aggressive

Glioma is a prevalent type of tumor that develops within the central
nervous system, specifically originating from the supportive tissues
surrounding neurons and neuroglia.! This aggressive tumor can man-
ifest in different regions of the brain, such as the cerebral cortex,
white matter, and brainstem.? Glioma is recognized as one of the

most frequent primary brain tumors affecting individuals of all age

and fatal variant of glioma, characterized by its infiltrative growth
and the extreme challenge of achieving complete surgical removal.*
The median survival time for individuals diagnosed with GBM is cur-
rently estimated to be approximately 15 months.>¢

The tumor microenvironment is a complex milieu consisting of
tumor cells, ECM, diverse immune cells, stromal cells, blood vessels,

cytokines, growth factors, and distinct physicochemical conditions
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like hypoxia and acidic pH.” This intricate environment closely in-
teracts with tumor cells and exerts a substantial influence on their
behavior and progression.8

The ECM not only serves as a supportive and structural frame-
work but also plays a crucial role in regulating cellular behavior
within the glioblastoma microenvironment.”

Compared to primary glioblastomas, patients who received stan-
dardized treatment showed elevated expression of genes related to
the ECM.X This change in ECM composition is closely linked to a sig-
nificant decrease in survival rates among recurrent glioma patients.
Additionally, tumor tissue undergoes substantial changes in the
composition of ECM components compared to normal tissue.'>*?

HAS2, being the primary enzyme responsible for synthesizing HA,
is frequently found to be highly expressed in glioblastoma tissue.*®
Consequently, this elevated expression results in the excessive accu-
mulation of HA within the tumor microenvironment.’* The increased
levels of HA within glioma tissue have the potential to stimulate the
migration, invasion, and proliferation of tumor cells through various
signaling pathways.> Moreover, HA interacts with other constituents
present in the tumor microenvironment, such as tumor-associated
cells, vascular endothelial cells, and immune cells. These interactions
can modulate the behavior of tumor cells and influence the growth,
invasiveness, and response to treatment of glioblastoma.¢”

Further research is necessary to fully comprehend the exact
mechanisms and functions of HAS2 in glioblastoma progression. A
comprehensive understanding of the association between HAS2 and
glioblastoma is vital for uncovering the molecular mechanisms that
drive its development, which can guide the development of inno-
vative therapeutic strategies. In this study, we extensively utilized
bioinformatics data and tools to investigate and elucidate the pre-
cise mechanisms by which HAS2 promotes glioblastoma progression.
These findings establish a theoretical basis for considering HAS2 as a

potential therapeutic target in future endeavors.

2 | MATERIALS AND METHODS

All methods and materials can be found in Document S1 and Table S1
and S2. In summary, a potential glioblastoma progression-promoting
gene, HAS2, was identified through Mfuzz, GO enrichment analy-
sis, and survival analysis. This was further supported by in vitro and
in vivo experiments including CCK-8 assay, colony formation assay,
EdU assay, wound healing assay, Transwell assay, and a xenograft
mouse model. Downstream genes and signaling pathways of HAS2
were identified through GSEA. The impact of HAS2 on ferroptosis
in glioblastoma cells was explored through TEM observation and
MDA and GSH detection. Potential upstream transcription factors
of HAS2 were predicted using transcriptional regulatory databases
and validated by ChIP-PCR and dual-luciferase reporter gene assays.
For detailed bioinformatics analysis and experimental procedures,

please refer to Document S1.
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3 | RESULTS

3.1 | Extracellular matrix-related pathways linked
with decreased overall survival among glioma patients

We integrated transcriptomic data from three different cohorts
of glioblastoma samples, namely TCGA-GBM, CGGA325, and
CGGA693 (Figure 1A). We categorized patients into four sub-
groups (C1, C2, C3, and C4) based on quartiles of overall sur-
vival. To investigate the expression patterns of all genes in these
subgroups, we conducted Mfuzz clustering analysis (Figure S1).
Notably, genes assigned to clusters 12, 14, and 21 showed con-
sistent upregulation across subgroups C1-C4 (Figure 1B), indicat-
ing their potential significance as major drivers of glioblastoma
progression.

To gain further insights into the functional implications of these
genes, we undertook GO enrichment analyses on the intersection
of genes from these clusters and those that were upregulated in
glioblastoma (Figure 1C). The enriched GO pathways were external
encapsulating structure organization, extracellular structure organi-
zation, and ECM organization, indicating that they are primarily as-
sociated with pathways related to the ECM (Figure 1D). We further
analyzed the fold change and HR values of genes in the top three
enriched pathways. The findings reveal that HAS2 shows higher fold
change and HR values (Figure 1E,F).

Hyaluronic acid is a vital component of the ECM and is upregu-
lated in various tumors, impacting cancer cell malignancy. Hyaluronic
acid synthesis relies on hyaluronan synthase members (HAS1, HAS2,
and HAS3). Interestingly, in glioblastoma, HAS2 was among the genes
identified through Mfuzz clustering analysis and found to be upreg-
ulated. This indicates that HAS2 may play a pivotal role in glioblas-
toma progression. Additionally, genes assigned to clusters 25, 30,
and 45 showed consistent downregulation across subgroups C1 to
C4. This suggests that genes within these clusters may act as poten-
tial negative regulators of GBM development, contrary to the role
of HAS2 in glioblastoma. We identified 243 genes negatively cor-
related with HAS2 expression with p <0.05 from these three clusters
using Spearman's correlation coefficient, and the list of these genes
is provided in Table S3. Among them, histone deacetylase 11 can
directly interact with Twist protein and repress Twist-induced HAS2
gene transcription, thus inhibiting tumor cell invasion.'® Histone
deacetylase 11 has been repeatedly reported as a negative regu-
lator of GBM progression.’” 22 Tau protein (encoded by the MAPT
gene) promotes HAS2 transcription.23 MAPT-AS1, also a member of
clusters 25, 30, and 45, negatively correlated with HAS2 expression,
reportedly represses tau translation by competing with rRNA pairing
to MAPT mRNA internal ribosome entry site (IRES).2* This suggests
that MAPT-AS1 might also inhibit HAS2 expression. Additionally,
MAPT-AS1 is recognized as a negative regulator of tumor progres-
sion.?>2% These reports also indirectly support the idea that HAS2 is

a key molecule for GBM progression.
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FIGURE 1 Prognostic pathways in patients with glioblastoma (GBM). (A) Principal component analysis (PCA) reveals batch effects in the
Chinese Glioma Genome Atlas (CGGA)325, CGGA693, and The Cancer Genome Atlas (TCGA)-GBM cohorts. (B) Mfuzz analysis reveals a
consistent upregulation in the expression levels of clusters 12, 14, and 21 across samples C1 to C4. (C) Venn diagram illustrates the overlap
between genes that show increased expression in GBM and the genes identified through Mfuzz analysis. (D) Bar plot depicting the Gene
Ontology (GO) enrichment analysis results for the intersecting genes. (E, F) Fold change (FC) of specific genes in the GO pathway and the

hazard ratio (HR) value.

3.2 | HAS2 highly expressed in glioma and
associated with poor prognosis in patients

Based on the data from CCLE and UALCAN,? it has been observed
that HAS2 shows a high expression level in both glioma cell lines and
GBM samples (Figure S2A,B). To gain preliminary insights into the
potential function of HAS2, we used STRING?® and GeneMANIA?’

to identify proteins that could have potential interactions with HAS2
(Figure S2D,E).

Through analysis of 10 transcriptome sequencing datasets, we
observed significant upregulation of HAS2 in tumor samples com-
pared to normal (Figure 2A). To examine HAS2 expression across gli-
oma grades, considering the correlation between WHO grading and
prognosis, we undertook additional investigations. Results showed
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FIGURE 2 Expression level of HAS2 and its correlation with the clinical characteristics of patients. (A) Expression of HAS2 in glioma and
normal brain cancer tissues. (B) Expression levels of HAS2 in different grades of glioma. (C) Diagnostic efficacy of HAS2 in distinguishing
between glioblastoma and lower-grade glioma. (D) Single-cell sequencing reveals the expression profile of HAS2 in different cell types within
glioma tissue. (E) Time-dependent receiver operating characteristic curves for 1, 3, and 5-year survival prediction. (F) Kaplan-Meier survival
curves for high and low groups based on HAS2 expression levels. AUC, area under the curve; TCGA, The Cancer Genome Atlas; TPM,

transcripts per million.

a positive correlation between HAS2 transcription levels and glioma
grades, indicating higher expression as indicative of more aggressive
or advanced stages (Figure 2B).

Next, we explored the relationship between HAS2 and histology,
IDH mutation status, 1p/19q codeletion status, and age. Results re-
vealed higher HAS2 levels in primary and recurrent GBM, IDH WT,
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non-codeletion, and agex42years (Figure S2C). The ROC curve
analysis illustrated that the expression level of HAS2 could reliably
discriminate between GBM and lower-grade glioma (LGG) samples
(Figure 2C). Further confirmation was obtained from the single-cell
sequencing data of 16 glioma samples collected by TISCH.%® The
analysis revealed that HAS2 is primarily expressed in glioma cells
(Figure 2D).Furthermore, the ROC curves at 1, 3, and 5years indi-
cated that HAS2 expression had moderate predictive value for pa-
tient prognosis (Figure 2E). The Kaplan-Meier survival curve showed
that patients with high expression levels of HAS2 had a lower median
survival time (Figure 2F).

Taken together, these findings indicate that HAS2 is significantly
upregulated in glioma tissues and is closely associated with unfa-
vorable patient prognosis. This suggests that HAS2 could potentially

serve as a valuable prognostic marker for gliomas.

3.3 | HAS2 ssilencing inhibits glioma cells
proliferation, migration and invasion

The malignant characteristics of glioma cells, such as infiltrative
growth and invasiveness, greatly affect treatment effectiveness.
Recognizing and addressing these malignancies is crucial for improv-
ing treatment outcomes and prognosis in glioma patients.>!

We used Gene Set Variation Analysis (GSVA) to compute scores
for migration, invasion, proliferation, and cell cycle pathways in gli-
oma samples from the TCGA, CGGA325, and CGGA693 datasets.
Our results revealed that the high-expression group of HAS2 shows
significantly higher scores in terms of proliferation, migration, and in-
vasion pathways compared to the low-expression group (Figure 3A).

To investigate the role of HAS2 in glioma progression, we ex-
amined the mRNA and protein expression levels of HAS2 in various
glioma cell lines and two human astrocyte cell lines. We observed
higher expression of HAS2 in U87 and LN229 cell lines, while lower
expression was found in A172 and U118 cell lines (Figures 3B,C
and S5A). To silence HAS2, lentiviral particles carrying two shRNAs
against HAS2 were individually introduced to U87 and LN229 cells.
Following puromycin selection, we established stable transfected
glioma cell lines. Quantitative PCR revealed that the two HAS2 shR-
NAs effectively silenced over 90% of HAS2 mRNA compared to the
control (shNC) (Figure S3A,B). Consequently, HAS2 protein levels
were significantly downregulated (Figure S4A,B). We undertook a
series of in vitro experiments to evaluate whether the silencing of
HAS2 would induce phenotypic changes in glioma cells. The results
indicated that HAS2 silencing led to a marked inhibition of cell viabil-
ity, clonogenicity, and nuclear EdU incorporation in U87 and LN229
cells (Figures 3D-F and S5B). Furthermore, wound healing assay,
Transwell migration assay, and Matrigel Transwell invasion assay
showed that HAS2 silencing significantly inhibited cell migration and
invasion (Figures 3G and S5C,D). To further clarify the responsibility
of HAS2, we carried out the rescue experiment using the shHAS2#1-
treated cells ectopically expressed (sh-resistant) WT HAS2. The re-
sult confirmed that the ectopic expression of HAS2 reinstated the

malignant characteristics of glioma cells (Figures 3D-G and S5B-D).
In addition, we validated the function of HAS2 in vivo. HAS2-silenced
U87 (shHAS2#1) cells labeled with luciferase and relevant control
cells were injected into the frontal subdural region of nude mice. The
nude mice with HAS2-silenced cells showed weaker bioluminescent
intensity and longer survival time compared to the control group
(Figure 3H-J). In conclusion, our findings suggest that HAS2 silenc-

ing inhibits proliferation, migration, and invasion of glioma cells.

3.4 | Overexpression of HAS2 promotes glioma
cells proliferation, migration, and invasion

To further investigate the function of HAS2 in glioma cells,
HAS2-WT expression vector, HAS2-K190R mutant (catalytically
inactive HAS2)%? expression vector, or empty vector was stably
transfected into cells with low HAS2 expression (A172 and U118).
Overexpression of HAS2 was confirmed by qPCR and western
blot experiments (Figures S3C,D and S4C,D). Overexpression of
HAS2-WT significantly enhanced cell viability (Figure 4A), clono-
genicity (Figure 4B), and nuclear EdU incorporation (Figure 4C) in
A172 and U118 cells. However, HAS2-K190R did not have such an
effect. Additionally, both wound healing and Transwell migration as-
says showed that ectopic expression of HAS2-WT augmented the
migratory ability of glioma cells (Figure 4D,E). The Matrigel Transwell
invasion assay also revealed that HAS2-WT overexpression pro-
moted glioma cell invasion (Figure 4E). Similarly, catalytically inac-
tive HAS2 did not significantly alter the migration or invasion abilities
of glioma cells. Furthermore, nude mice injected with HAS2-WT
overexpression U118 cells displayed increased bioluminescence sig-
nals and shorter survival time compared with the relevant control
(Figure 4F-H). These findings provide evidence that overexpression
of HAS2 promotes proliferation, invasion, and migration of glioma

cells in an enzyme activity-dependent manner.

3.5 | HAS2 inhibits ferroptosis in glioma cells

To investigate the role of HAS2 in glioma cells, we undertook differ-
ential and GSEA enrichment analyses using median grouping based
on HAS2 expression levels. Our findings revealed a correlation be-
tween HAS2 and activation of the ferroptosis inhibition pathway
(Figure 5A). High expression of HAS2 in glioma cells could confer
resistance to ferroptosis, highlighting its importance in cancer cell
behavior.

Even though glioma cells frequently experience oxidative stress
and show increased iron uptake, they demonstrate a remarkable re-
sistance to a form of cell death called ferroptosis.>? Overcoming the
resistance of cancer cells, including glioma cells, to ferroptosis has
emerged as a significant objective in cancer therapy.

To induce ferroptosis, we treated U87 and LN229 cell lines
with erastin, a compound known for its ability to trigger this spe-
cific form of cell death. Using TEM, we observed typical ferroptotic



LIU ET AL. _ 2607
Cancer Science A yins A
(€)

(A) (B)
1o e TCGA " p CGGAG93 1o CGGA325 3 20 ) on
[ 3 2 315 W) 4
0.5 HAS2 0.5 HAS2 0.5 HAS2 HAS2 - - - L
§ group § 9f°"P § group 210 | - - L 55
<| 0.0f " low <I 0.0} <l 0.0} o low E
H ® high > l hlgh H ® high o
8- 8o 8ue 111 GAPDH[e s e o s e w0 =] .
=1.0] =1.0] =1.0] g 0 s I'L el NHA SVGP12 U87 U261 U118 A172 LN229 T98
3 g N KIS ¥ 0
& ¢ e & & & é”\ r SSRGS
& cﬁ\o < @“0 & ¢ @‘0 o °°\0 <« “2@ ST Z\\Oq
(D) us7 LN229 (E) shNC  shHAS2#1 shHAS2#2 sh1+HAS2
20 -+ ShNC 25 P =S .
SnHAS2# 20 - S::iszm ‘ Y \
£ 157 =+ shHAS2#2 . g s AF \
S | = shisHas2 i| O iff us87 A §
B 1, 3 "7 = sh1+HAs2 y
< <t - ;
o a 1o / )
O os o
05
0.0 T T T T 0.0 . r , r R
0 1 2 3 4 0 1 2 3 4 LN229
days days
shNC shHAS2#1  shHAS2#2  sh1+HAS2 LN229
_ 80 T
9 9 | e
g g
I €40
[ [
2 2
H K
g g 20
=) =)
) i F
LN229 0 NP
o
& S* e‘f'k
& o
& é“
(©) v,
g o B 200 o 1
=S [] 2 T
- = =
o 5 & 150
.00 2 -
7] 0
~ |2 3 5 100
o0 o o
S| c S S so
o = 50 »
2 s s
i > o
g g0 = o &
Z = O N 4 s & & @
- PRGN F ¥
S S8
(H) shNC shHAS2

‘ 0 0
Day 10 (s B
. YE°. sshNC = ShHAS2 —ShNC — shHAS2

<
so X o
= 1.00
0
Day 15 o 4.0 o 9
. ' ! E 4 - £ 075
. 30 @ E
I s 2 0.50
! 2.0 8 2 L g
Day 2 :
w0 s ® 025 00018
2 1.0 ] i
. 0.00
0 A
s S Day10 Day 15 Day 20 Day 25 0 2 40
Day 25 < Days

FIGURE 3 Association between HAS2 and malignant phenotypes of glioma. (A) Box plots illustrating the relationship between HAS2
expression levels and proliferation, cell cycle, migration, and invasion scores. (B, C) Expression levels of HAS2 in different cell lines. (D) CCK-8
assay revealed the proliferative activity of glioma cells under different HAS2 treatments. (E) Representative images of colony formation
assay following HAS2 knockdown and rescue. (F) EdU assay showed changes in glioma proliferation capacity following HAS2 knockdown

and rescue. (G) Representative images and quantitative analysis of Transwell migration and invasion assays in U87 cells following HAS2
treatment. (H, 1) Representative images of the orthotopic xenograft model and quantitative analysis of fluorescence intensity. (J) Difference
in survival time between two groups of mice. All experiments were independently repeated at least three times. Student's t-test was used
for comparisons between two groups, one-way ANOVA followed by Tukey's post hoc test was used for comparisons among three or more
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ns, not significant; OD, optical density.
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characteristics, including shrunken mitochondria, shrinking or dis-
appearing mitochondrial cristae, and increased mitochondrial mem-
brane density in the shHAS2 group (Figure 5B). In line with this,
downregulating HAS2 expression in glioma cells resulted in in-
creased levels of lipid peroxidation, a hallmark of ferroptosis, and de-
creased content of GSH (Figure 5C). Additionally, ferrostatin-1, the
ferroptosis inhibitors can counteract the increased MDA levels and
decreased GSH levels caused by the inhibition of HAS2 (Figure 5C).
In conclusion, the high expression of HAS2 in glioma cells is closely

associated with its resistance to ferroptosis.

3.6 | HAS2 promotes ferroptosis resistance in
glioma cells through FZD7/p -catenin

To further elucidate the mechanism of HAS2 inhibition on ferrop-
tosis, we assessed the correlation between HAS2 expression levels
and the activity of various pathways using progeny analysis.®* The
results (Figure 6A) revealed that HAS2 showed the highest correla-
tion and most significant p value with the WNT pathway. Western
blot analysis validates that the protein expression of both total
p-catenin and nuclear g-catenin significantly decreases following
HAS2 knockdown (Figures 6B and S6C). The combination of LF3
(a specific inhibitor of Wnt/-catenin) and erastin significantly in-
creased MDA levels and decreased GSH levels, while ferrostatin-1
was able to inhibit this effect (Figures 6C and S6A,B). This suggests
that the Wnt pathway plays a role in resisting ferroptosis in gli-
oma cells. Furthermore, SKL2001 (a Wnt/B-catenin agonist) was
able to reverse the ferroptotic effect caused by HAS2 knockdown
(Figure 6D,E). This suggests that the antiferroptotic effect of HAS2
is mediated by the Wnt signaling pathway. Previous research sug-
gests that the activated WNT pathway targets the transcription of
GPX4 to inhibit ferroptosis.®”

FZD7, a key receptor in the WNT pathway, has been found to
play a crucial role in inhibiting ferroptosis. It accomplishes this by
promoting the activation of f-catenin, facilitating its translocation
into the nucleus, and subsequently enhancing the transcription of
TP63.3¢ TP63 possesses the ability to inhibit cell damage induced
by oxidative stress through a specific mechanism. It exerts its ef-
fect by promoting the transcription of GPX4, which subsequently
enhances the synthesis of glutathione.37 The heatmap analysis of
14 datasets indicated a positive correlation between the expres-
sion levels of HAS2 and FZD7 (Figure 6F). HAS2 knockdown leads to
decreased FZD7 expression, whereas HAS2 overexpression results
in increased FZD7 expression (Figure 6G). The overexpression of
FZD7 can restore the expression level of g-catenin when HAS2 is
knocked down (Figure 6H and SéD). This indicates that HAS2 in-
deed affects the activity of the WNT pathway by promoting the
expression of FZD7. Finally, the expression changes of FZD7 and
p-catenin show consistency with the alterations observed in HAS2
(Figure 61,J and S6E,F).

In a word, the increased HAS2 expression in glioma cells confers
notable resistance to ferroptosis. This resistance is mediated by the
upregulation of FZD7 expression, facilitated by HAS2.

3.7 | FZD7 mediates the oncogenic effects of HAS2
Although we have confirmed that HAS2 regulates the expression
of FZD7, it is still unclear whether the former's oncogenic effects
are mediated through the latter. Single-cell data suggests that FZD7
and HAS2 expression have similar distribution patterns (Figure S7A).
The transcription and protein levels of FZD7 are higher in glioma
compared to normal brain tissue, and the expression of FZD7 is as-
sociated with poor prognosis in patients (Figures 7A and S7B). The
immunohistochemistry images from HPA®® also indicate that the
expression of FZD7 is higher in GBM patients compared to LGG pa-
tients and normal individuals (Figure S7C).

Transmission electron microscopy revealed that elevated
FZD7 partially reverses the mitochondrial shrinkage and increased
membrane density caused by HAS2 inhibition-induced ferroptosis
(Figure 7B). Furthermore, overexpression of FZD7 in cells with in-
hibited HAS2 resulted in a decrease in MDA levels and an increase
in GSH levels (Figure 7C,D). The CCK-8, colony formation, and
EdU assays showed that overexpression of FZD7 can restore the
proliferation inhibition caused by HAS2 knockdown in glioma cells
(Figure 7E-G). Transwell assays indicated that the migration and in-
vasion abilities of the HAS2 knockdown/FZD7 overexpression group
are higher compared to the HAS2 knockdown group (Figure 7H).

The above results strongly suggest that FZD7 plays a crucial role
in mediating the oncogenic effects of HAS2.

3.8 | Identification of upstream transcription
factors of HAS2

Considering the significant impact of HAS2 on glioma cells, it is im-
perative to identify the upstream transcription factors that govern
its regulation.

We predicted potential transcription factors of HAS2 using
four different types of transcription factor prediction databases:
JASPAR,* Cistrome DB,*® KnockTF,** and GTRD.*> SNAI2 was
selected for experimental validation as it was found to be a com-
mon intersection among these databases (Figure 8A). We analyzed
the expression correlation between SNAI2 and HAS2 in 33 cancer
tissues from TCGA. Positive expression correlation was observed
between SNAI2 and HAS2 in various tumor types (Figure 8B).
Immunofluorescence images from HPA% showed nuclear local-
ization of SNAI2 in glioma cells (Figure 8C), indicating its potential
role as a transcription factor. Inhibition of SNAI2 led to decreased
expression of HAS2, while overexpression of SNAI2 resulted in its
upregulation (Figures 8D and S8A). Furthermore, the luciferase
reporter assay confirmed that SNAI2 enhances the transcriptional
activity of HAS2 (Figure 8E). Using JASPAR, we predicted poten-
tial binding sites where SNAI2 interacts with the promoter region of
HAS2 (Figure 8F), providing insight into the regulatory mechanism
of SNAI2 on HAS2 expression. The ChIP-gPCR analysis revealed a
strong association between SNAI2 and site 3, demonstrating its bind-
ing capability (Figure 8G). We verified this binding in SNAI2 knock-
down and overexpression cell lines through ChIP-gPCR (Figure 8H).
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FIGURE 6 HAS2 promotes ferroptosis resistance in glioma cells through FZD7/p-catenin. (A) Correlation and p values of the activity

of 14 pathways in progeny with respect to HAS2. (B) Alteration in the activity of the WNT/B-catenin pathway following knockdown of
HAS2. (C) Relative changes of glutathione (GSH) levels following combined treatment of WNT inhibitor and erastin. (D, E) Relative levels of
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the expression of HAS2 and FZD7 in various public datasets. (G) Relative mRNA levels of FZD7 after HAS2 knockdown and overexpression.
(H) Expression levels of -catenin in two groups: shHAS2 and shHAS2 + FZD?7. (1, J) Changes in protein levels of FZD7 and p-catenin following
HAS2 knockdown and overexpression. All experiments were independently repeated at least three times. Student's t-test was used for
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FIGURE 7 FZD7 plays a crucial role in mediating the function of HAS2. (A) Expression levels of FZD7 in glioblastoma (GBM) (T) and normal
(N) tissues. (B) Representative transmission electron microscopy images and quantitative analysis under different treatments. (C, D) Relative
levels of malondialdehyde (MDA) and glutathione (GSH) in control group, shHAS2 group, and rescue group. (E-G) Role of FZD7 in the
oncogenic effect of HAS2 was substantiated through CCK-8, colony formation, and EdU assays. (H) FZD7 could restore the effects of HAS2
changes on cell migration and invasive capacity. All experiments were independently repeated at least three times. Student's t-test was used
for comparisons between two groups, one-way ANOVA followed by Tukey's post hoc test was used for comparisons among three or more
groups. **p<0.01, ***p<0.001, ****p<0.0001. CPTAC, Clinical Proteomic Tumor Analysis Consortium; LGG, lower-grade glioma; OD, optical
density; oe, overexpression.
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Moreover, when site 3 was mutated, SNAI2 no longer exerted its
regulatory influence on HAS2 expression, suggesting the critical role
of this specific binding site in mediating SNAI2's impact on HAS2
transcription (Figure 8I). Subsequently, we further investigated the
role of SNAI2 for transduction of the HAS2-FZD7-ferroptosis sig-
naling pathway. Through fractionation-western blot analysis fol-
lowing SNAI2 knockdown and overexpression in glioma cell lines,
we observed a decrease in FZD7 expression levels following SNAI2
downregulation, accompanied by a concurrent reduction in Wnt/p-
catenin signaling activity (Figure S8A). Conversely, SNAI2 overex-
pression yielded the opposite effect (Figure S8A). Additionally, we
evaluated the impact of SNAI2 modulation on the occurrence of fer-
roptosis in glioma cells. Downregulating SNAI2 expression in glioma
cells resulted in increased levels of MDA and decreased content of
GSH (Figure S8B), and ferrostatin-1 could counteract the increased
MDA levels and decreased GSH levels. Similarly, overexpression of
SNAI2 was found to decrease MDA levels and elevate GSH levels in
U118 cells, while the use of ferroptosis inhibitors did not seem to
significantly enhance this trend (Figure S8C). Under TEM observa-
tion, SNAI2 knockdown cells showed marked ferroptotic features,
whereas cells overexpressing SNAI2 showed resistance to erastin-
induced ferroptosis (Figure S8D). In conclusion, our study provides
compelling evidence that SNAI2 exerts its role as a positive tran-
scription factor for HAS2 in glioblastoma cells.

4 | DISCUSSION

Glioblastoma patients often experience recurrence after initial treat-
ment, leading to poor prognosis and limited survival rates. Emerging
evidence suggests that remodeling of ECM plays a crucial role in the
development of chemoradioresistance and the recurrence of GBM.X°
The ECM is a complex network of proteins, glycoproteins, and prote-
oglycans surrounding cells within the tumor microenvironment.*® It
provides structural support, regulates cell behaviors, and influences
interactions between cells and their surroundings. In healthy tissue,
the ECM maintains tissue homeostasis through dynamic remodeling
processes involving synthesis, degradation, and modification of its
components. However, in GBM, aberrant ECM remodeling occurs,
contributing to disease progression and treatment resistance.**

Consistent with previous knowledge, our analyses provide ad-
ditional evidence supporting the association between ECM-related
pathways and poor prognosis in GBM. HAS2, as one of the key genes
in the ECM pathway, is known to be associated with aggressive be-
haviors in various tumors.*® Using UALCAN, we present the expres-
sion levels of HAS2 in tumor and normal tissues.

To further elucidate the mechanisms by which HAS2 promotes
aggressive behaviors in GBM, we analyzed HAS2 in multiple gli-
oma datasets and found that it is associated with the activation of
ferroptosis inhibition pathways. This finding was further validated
through experimental results.

Ferroptosis is a unique mode of regulated cell death character-
ized by iron-dependent lipid peroxidation.*® The ability of glioma
cells to evade this particular cell death pathway highlights their

adaptability and robust survival mechanisms, further complicating
the development of effective therapeutic strategies against gliomas.

Additionally, we confirmed that HAS2 promotes the expression of
FZD7, which subsequently leads to the upregulation of GPX4. We de-
termined the differential expression of FZD7 between cancerous and
corresponding normal tissues (Figure S7D). GPX4 inhibits ferroptosis
by suppressing lipid peroxidation.*’ Multiple datasets also show a
positive correlation between the expression of HAS2 and FZD7. This
finding indicates that genes related to the ECM do have the poten-
tial to regulate intracellular metabolic states. However, the specific
mechanism through which HAS2 regulates the expression of FZD7 is
still unknown. Further research is needed to elucidate this molecu-
lar mechanism and understand the role of HAS2 in regulating FZD7
expression. There are reports suggesting that HAS2 can synthesize
HA to activate cell surface receptors, thereby regulating downstream
genes or signaling pathways. Binding of HA to the cell surface recep-
tor CD44 can activate the Nanog homeobox protein (Nanog) and pro-
mote its nuclear translocation, thereby facilitating the transcription
of stem cell regulators Rex1 and Sox2.*® Additionally, HA binding to
CD44 can activate the PI3K/Akt signaling pathway, thereby promot-
ing the transcriptional expression of MMP-2 and MMP-9, facilitating
tumor invasion.*? In addition to CD44, HA synthesized by HAS2 has
been reported to bind to other receptor proteins such as receptor for
hyaluronan-mediated motility (RHAMM), Toll-like receptors 2 and 4
(TLR-2 and -4), and lymphatic vessel hyaluronan receptor (LYVE), ex-
erting regulatory effects on genes or signaling pathways.’%°! These
mechanisms depends on the enzymatic activity of HAS, which is
consistent with what we observed in Figure 4. Interestingly, Porsch
et al. reported that TGF-p-induced HAS2 expression can promote the
mMRNA transcription of EMT markers fibronectin, Snaill, or Zeb1. This
effect is independent of both HA and CD44. Further studies with
HAS2-K190R revealed that the role of HAS2 in TGF-f-mediated EMT
isindependent of its hyaluronan synthesizing activity.52 This suggests
that the regulatory mechanisms of HAS2 on downstream genes or
signaling pathways are complex and diverse.

Through comprehensive analysis using four transcription fac-
tor prediction databases, which consider different aspects, com-
bined with experimental validation, we have successfully identified
SNAI2 as an upstream transcription factor of HAS2. SNAI2, a well-
known transcription factor that promotes EMT transformation in
cancer cells, facilitates the proliferation and invasion of GBM.>®
Furthermore, studies have indicated that SNAI2 plays a role in inhib-
iting ferroptosis in ovarian cancer.>*

In summary, our combined approach of bioinformatics analysis
and experimental validation has revealed that HAS2 is an important
target in glioblastoma resistance to ferroptosis. The high expression
of HAS2 in gliomas is, to some extent, influenced by increased lev-
els of SNAI2. Moreover, we have discovered that the activation of
the ferroptosis inhibition pathway by HAS2 is achieved through the
downstream molecule FZD7.
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