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Abstract

UDP-glucose 6-dehydrogenase (UGDH) catalyzes the conversion of UDP-glucose (UDP-Glc) to UDP-
glucuronic acid (UDP-GIcUA) and is implicated in tumor progression. However, the mechanisms
governing UGDH expression and its potential feedback regulation in glioma stem cell (GSC) maintenance
remain unclear. Here, we demonstrate that ATRX loss-induced chromatin remodeling drives UGDH
upregulation, which in turn promotes malignant properties and stem-like characteristics in GSCs.
Mechanistically, elevated UGDH depletes intracellular UDP-GIlc, relieving its inhibition of VIRMA, a core
component of the m®A methyltransferase complex. Consequently, VIRMA binds more efficiently to SOX2
mRNA, promoting its m®A modification and stabilization. Collectively, our findings establish UGDH as a
critical regulator of GSC stemness and highlight its potential as a therapeutic target in glioblastoma
through epigenetic modulation. Pharmacological inhibition of UGDH by the small-molecule inhibitor HY-
155534 effectively suppressed GSC stemness and tumor growth in vivo.

Introduction

Changes in tumor metabolism can arise from various factors. A common cause is the abnormal
expression of enzymes involved in pre-transcriptional regulation of gene expression. Indeed, chromatin
remodeling in tumor cells is known to play a crucial role in such regulation, leading to abnormal gene
expression during tumorigenesis.“? 2 Chromatin remodeling is a fundamental process that governs the
organization of chromatin structure and its accessibility by the transcriptional machinery, directly
influencing gene expression in normal and cancerous cells. The E-Thalassemia/mental retardation X-
linked (ATRX), one of the top 20 most frequently mutated genes in human cancers, has been definitively
shown to play pivotal roles in both the maintenance and dysregulation of 3D chromatin architecture.l3 4
In gliomas, mutations in ATRX and IDH1 exhibit strong co-occurrence in diffuse gliomas (WHO grades II-
I11),1% ! but independent mutations in ATRX can also occur in glioblastoma (GBM).[”!

Recent advances in chromatin conformation capture techniques, such as Hi-C, have provided deep
insights into the three-dimensional architecture of the genome. Hi-C allows for the detection of
chromatin interactions, revealing how spatial organization impacts gene regulation.!®! In cancer cells, Hi-
C studies have identified disrupted chromatin loops and topologically associating domains (TADs),
which can drive aberrant enhancer-promoter interactions. These interactions often lead to the
misexpression of oncogenes. One important mechanism uncovered through Hi-C is the formation and
dysregulation of enhancer-promoter loops, which are essential for precise gene regulation. Such
dysregulation can aberrantly activate oncogenes promoting malignant and stem-like phenotypes.[9? 10]
Understanding these processes offers potential therapeutic targets to correct epigenetic dysregulation
and chromatin disorganization in tumor cells.

Recent studies have highlighted the role of metabolic enzymes in influencing a variety of tumor
biological behaviors.l'" 12 Enzymes that control the availability of metabolites like ATP, NADH and other
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intermediates directly support cellular processes that sustain stem-like features in tumors.!"3l UDP-
glucose 6-dehydrogenase (UGDH) is a key metabolic enzyme that facilitates the conversion of UDP-
glucose into UDP-glucuronic acid, which is critical for synthesizing glycosaminoglycans, such as
hyaluronic acid (HA), heparan sulfate and chondroitin sulfate. These compounds are essential
components of the extracellular matrix (ECM) and contribute to cell signaling, adhesion and migration,
making UGDH integral to both normal cellular and tumor cell functions.["¥ In cancer metabolism, UGDH
helps maintain the structural and functional integrity of the tumor microenvironment by promoting ECM
formation, which can support tumor growth and metastasis.'® 1®! Increased UGDH activity has been
associated with chemotherapy resistance in certain cancers, where it facilitates the excretion or
inactivation of drugs.['® 77l However, the regulatory mechanisms by which UGDH enzyme activity
influences tumor cell biology require further investigation. Here, we identified a strong association
between UGDH and Vir-like m®A methyltransferase-associated protein (VIRMA), suggesting a previously
unrecognized mechanism involving N6-methyladenosine (m®A) modification that supports the
maintenance of tumor cell stemness.

The m®A modification, the most prevalent RNA modification in eukaryotes, plays a critical role in
tumorigenesis and cancer progression.['8-20] By influencing RNA stability, translation and splicing, m®A
regulates key genes associated with cell proliferation, apoptosis and differentiation, making it essential
in cancer cell adaptability and growth.2% 21! |n tumors, aberrant m®A modifications often alter oncogene
or tumor suppressor gene expression, thereby promoting stemness and treatment resistance.22-24
Research into m®A-related enzymes, including "writers" (e.g., METTL3, VIRMA), "erasers" and "readers"
(e.g., IGF2BPs), continues to uncover potential therapeutic targets.[?2 23 VIRMA (also known as

KIAA1429), a major component of the m®A methyltransferase complex, acts as an m°A "writer" and has
been implicated in targeting specific mRNA sites for methylation, including those within the 3'

untranslated region (3' UTR) of SOX2.12%1 Specifically, mPA reader proteins, such as the IGF2BP family,
bind to m®A-modified transcripts like SOX2 mRNA to enhance their stability and promote stemness in

cancer stem cells (CSCs).[25 271 Such stemness is central to cancer cell resilience, in which a
subpopulation of cancer cells, CSCs, possess the ability to escape therapeutic targeting and undergo

self-renewal and differentiation to initiate tumor regrowth.28 2 This stemness trait is a major driver of
cancer cells resistance to treatment and its recurrence following surgical and pharmacological

interventions.’3% |n glioblastoma research, we also refer to this sub-type of cells as glioma stem cells
(GSCs). In GSCs, SOX2 supports stem cell-like properties by driving pathways linked to proliferation, self-
renewal and survival under stress. Additionally, SOX2 interacts with other oncogenic signals, further

promoting tumor initiation, invasion and recurrence.3': 32 Recent research has highlighted the
importance of post-transcriptional regulation in sustaining SOX2 levels, particularly through m°A
modifications that enhance the stability of SOX2 mRNA.[28 27l However, whether UGDH metabolic activity
modulates VIRMA-mediated m®A modification of SOX2 mRNA remains unclear. Understanding how the
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metabolic activity of USDH and m®A regulatory mechanisms interact may reveal novel therapeutic
targets for inhibiting GSCs maintenance and disrupting tumor growth.

Results

Chromatin remodeling enhances transcription of UGDH

The regulation of chromatin structure is related to a variety of fundamental nuclear processes. Its
dysregulation contributes to tumorigenesis, tumor progression and responses to therapeutic treatment.

[1:2] ATRX, an ATP-dependent chromatin remodeling factor, is essential for chromatin architecture and is
notably among the commonly mutated genes in different human cancers. To elucidate the role of ATRX
in regulating three-dimensional chromatin organization and the downstream consequences of such
alterations, we performed a Hi-C assay in LN229 cells, a human glioblastoma (GBM) cell line, which we
used as a parental cell line for isogenic CRISPR ATRX knockout (KO) or an empty vector (EV) control and
was utilized in our previous study.[33! The Hi-C data suggested that ATRX*C cells have an obvious
difference in the 3D conformation compared to ATRXEY cells between 39.45 Mbp to 39.80 Mbp, which is
upstream of the UGDH promoter (Fig. T1A). ChIP-seq profiles of H3K27ac and H3K4me3 data showed
that there are two candidate enhancers located in this locus, while CTCF enrichment revealed that those
two candidate enhancers and the UGDH promoter may be separated by a candidate boundary (Fig. 1B).
These enhancers were looped to the UGDH gene in both ATRXX? and ATRXEV cells, but the interaction
between the UGDH promoter and the candidate enhancers in the ATRXKC cells was stronger than in
ATRXEV cells. We then performed qRT-PCR in LN229 and HG7 (patient-derived glioblastoma cell line34)
cells and we found that UGDH mRNA levels were higher in ATRXXC cells compared to ATRXEY cells in
both cell lines (Supplementary Fig. 1A). Using ChIP-gPCR for H3K27ac, we observed significantly

stronger H3K27ac enrichment at candidate enhancers in ATRXKC cells compared to control cells (Fig. 1C

and Supplementary Fig. 1B). We found similar results for H3K4me3 by ChIP-qPCR (Fig. 1D and
Supplementary Fig. 1C). And by ChIP-gPCR of CTCF we also found that its occupancy was lower in

ATRXXO cells, relative to control cells (Fig. 1E and Supplementary Fig. 1D).

We then performed 3C experiments in ATRXEY cells and ATRXKC cells. We designed twelve test primers,
which were evenly distributed upstream of the UGDH promoter (Fig. 1 F).[35] By 3C-gPCR we detected
stronger interactions between the UGDH promoter and the candidate enhancers in ATRXXC cells
compared to the ATRVEY cells (Fig. 1G). To further confirm the function of the candidate enhancers, we

utilized the CRISPR interference (CRISPRi) system to silence each candidate enhancer.13% 361 By Western
blotting and gPCR we found that silence of candidate enhancer 1 and 2 resulted in lower UGDH
expression (Supplementary Fig. 1E-F). Meanwhile, multiple metabolic enzymes have been identified as

critical regulators of tumor cell stemness.['3 371 To systematically assess the impact of metabolic
enzymes on ATRXK® tumor cells sphere formation ability, we used siRNA to knockdown 90 rate-limiting
metabolic enzymes in ATRXKC LN229 cells and detected their sphere-forming capacity. UGDH
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knockdown significantly impaired tumor sphere formation (Fig. TH). These results suggested that
chromatin remodeling influenced the expression of the UGDH gene and this mechanism may be
associated with tumor stemness.

To further investigate the role of ATRX in tumorigenesis and malignancy in vivo, we generated tumor
models by inducing heterozygous deletion of the tumor suppressor genes Nf1 and Tp53.138 39 This was
achieved using a Cre-loxP recombination system under the control of the Nes promoter, which
specifically targets neural progenitor cells. This approach allowed us to simulate tumorigenesis and
assess the effects of ATRX on tumor progression and malignancy. We injected such mice and their
controls (Nes-CreERT; Atrx™~ or Atrx™/Atrx*/~ or Atrx*/*; Nf1V/: Tp531/M) with tamoxifen at 4 weeks of
age, which successfully induced the development of tumors.[38! By hematoxylin and eosin (H&E) staining
of the tumors we found histological features consistent with gliomas. By IF we found that the tumors
demonstrated a high number of Ki67* cells, indicating active proliferation. Additionally, we observed
extensive expression of Pdgfr-l (oligodendrocyte precursor cell marker), Sox2 and Olig2 (stem-like
markers), suggesting the presence of a significant stem-like cell population within the tumors
(Supplementary Fig. 2A).[40=42] And by IHC we found that the expression of Sox2, Olig2 and Ugdh in the
tumors were higher in the Atrx conditional knockout (Atrx®%©) mice compared to those in the Atrx wild-
type (Atrx"T) mice (Supplementary Fig. 2B-C). Notably, the Atrx®%© mice show a significantly shorter
survival time compared to Atrx/T mice (Supplementary Fig. 2D). These findings indicated that ATRX
deletion drives tumor aggressiveness and is associated with worse outcomes in primary tumor models.

Next, we generated primary cell lines from the tumor tissues of mutant mice and subsequently cultured
them in vitro. We then transfected them with a luciferase-expressing lentivirus and stereotactically

injected them into the brains of mice to construct orthotopic tumor models (Supplementary Fig. 2E). By
CKO

bioluminescence imaging we found that the tumor models generated by using the Atrx~"" cells exhibited
faster tumor growth and resulted in a shorter survival time than the mice harboring tumors from the
AtrxVT cells (Supplementary Fig. 2F and Supplementary Fig. 3A-B). We also found that tumor cells
derived from ATRX®KC mice had lower levels of UDP-Glc than tumor cells derived from ATRXWT mice
(Supplementary Fig. 3C). By sphere formation and limited dilution assays we found that ATRX®K® cells
exhibited a stronger self-renewal capacity compared to ATRX"T cells (Supplementary Fig. 3D-F).
Meanwhile, UGDH expression was significantly higher in ATRX-negative GBM patient samples than in
ATRX-positive tumors. (Supplementary Fig. 3G-H). These findings indicated that knockout or loss of
ATRX upregulates UGDH expression through alterations in 3D chromatin architecture, and such a
negative association between ATRX and UGDH protein expression is also seen in human cases of
glioma. Notably, Atrx conditional knockout in mice primary tumors was associated with a higher degree
of malignancy and significantly impacts the survival outcomes.

UGDH enhances the stemness, proliferation and invasion ability of
tumor cells
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To investigate the correlation between UGDH expression and clinical features in glioma, we analyzed
data from the TCGA and CGGA databases. We found that UGDH expression is higher in WHO grade 4
gliomas than in grade 2 and 3 tumors. Moreover, UGDH levels are elevated in ATRX-mutant compared to
ATRX-wild-type samples (Supplementary Fig. 4A-C). GO and KEGG pathway analyses revealed that
UGDH-associated genes are enriched in pathways related to RNA degradation and stem cell regulation,
and GSEA further supported the involvement of these genes in RNA-binding protein function and glioma
stem cell maintenance (Supplementary Fig. 4D).

Based on our previous single-cell RNA sequencing (scRNA-seq) data of patient-derived GBM tissues,*3!
we identified significant co-expression patterns between UGDH and stemness markers (SOX2, OLIG2,
NES) (Fig. 2A and Supplementary Fig. 5A), suggesting a potential role of UGDH in glioma stem cell
maintenance. We next overexpressed UGDH in LN229 and HG7 cells to test what effect its elevated
levels would have on tumor cell function. Using a sphere formation assay, we found that more spheres
were formed by UGDH-overexpressing cells compared to the control cells (Fig. 2B and Supplementary
Fig. 6A). In limited dilution assays we also found that UGDH overexpression increased the self-renewal
capacity of stem-like cells (SLCs) (Fig. 2C and Supplementary Fig. 6B). Meanwhile, by
immunofluorescence (IF) and gPCR of the spheres formed by UGDH-overexpression in the SLCs we
found greater expression of the stem cell regulator sex-determining region Y(SRY)-box 2 transcription
factor (SOX2)[44] at the protein and mRNA levels, while there was lower expression of the astrocyte
marker GFAP, than in the control cells (Fig. 2D-E and Supplementary Fig. 6C-D). In addition, we also found
that the proliferation of SLCs was greater in the UGDH-overexpressing groups compared to control
groups (Fig. 2F and Supplementary Fig. 6E). By a transwell invasion assay we also found that UGDH
overexpression enhanced the invasive ability of tumor cells (Fig. 2G and Supplementary Fig. 6F).

To detect the effect of UGDH overexpression in vivo, we used UGDH-overexpressing glioma cells and
control cells to establish orthotopic mouse models. By bioluminescene imaging we found that
overexpression of UGDH resulted in larger tumors, as well a shorter survival time, compared to those in
the control cell-bearing mice (Supplementary Fig. 7A-C). By immunohistochemistry (IHC) of tumor
tissues we found that UGDH overexpression was associated with higher SOX2 protein levels
(Supplementary Fig. 7D-E). We also examined the expression of various stemness markers in the tumor
sphere cells in both two glioma lines compared to their respective normal cells and found higher
expression of the stemness markers (SOX2, OLIG2, NES) and lower expression of GFAP (Supplementary
Fig. 7F). These results indicate that overexpression of UGDH may contribute to stemness and tumor
biological behaviors in GSCs.

UGDH enhances the mRNA stability of the stem cell regulator SOX2

To explore the mechanism by which UGDH affects tumor cells stemness, we examined the mRNA and
protein levels of SOX2 and the mRNA levels of 5 other well-regarded stemness-associated genes and
found that UGDH knockdown inhibited the expression of SOX2 and NES (the gene encoding for NESTIN)
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and increased the expression of GFAP (Fig. 3A-B and Supplementary Fig. 8A-B). To further investigate
whether the maintenance of stemness of tumor cells depended on UGDH, we knocked down UGDH by
using short hairpin RNA (sh-UGDH). We found that such knockdown inhibited the sphere formation
ability of the tumor cells while re-expression of UGDH (r-UGDH) recovered the sphere formation ability of
the UGDH knockdown cells (Fig. 3C and Supplementary Fig. 8C-D). Mice injected with UGDH knockdown
glioma cells, which exhibited slower growth, resulted in a lengthened survival time compared to the
control group or mice injected with -rUGDH/UGDH knockdown cells (Fig. 3D-F).

Higher expression of SOX2, whose activity has been associated with the maintenance of stemness and
self-renewal ability of SLCs, is associated with a poor clinical outcome.3%:3% 441 SOX2 can be regulated
at multiple levels, including transcription, mRNA decay and protein degradation.!2” 4% we also found that
both mRNA and protein levels of SOX2 were recovered in UGDH knockdown cells with r-UGDH
(Supplementary Fig. 8E). To investigate whether UGDH enhances tumor cells stemness through
regulation of SOX2 expression, we overexpressed SOX2 in UGDH knockdown cells and control cells
(Supplementary Fig. 8F) and found that this resulted in the recovery of the lower sphere formation of
UGDH knockdown cells (Fig. 3G and Supplementary Fig. 8G, Supplementary Fig. 9A). Likewise, repletion
of SOX2 expression (r-SOX2) partially restored the sphere formation ability of UGDH knockdown cells
(Fig. 3H and Supplementary Fig. 9B-D).

To explore how UGDH regulates SOX2 expression, we measured promoter reporter luciferase intensity to
evaluate the activity of the SOX2 promoter. We found that UGDH knockdown did not influence SOX2
promoter activity (Fig. 31 and Supplementary Fig. 9E), but in an RNA decay assay we observed that UGDH
knockdown significantly reduced SOX2 mRNA stability (Fig. 3J and Supplementary Fig. 9F). In addition,

knockdown of UGDH in ATRXXO cells also impaired SOX2 mRNA stability (Fig. 3K and Supplementary
Fig. 9G). These results reveal that UGDH regulates the self-renewal capacity of tumor cells by enhancing

the stability of SOX2 mRNA. Knockdown of UGDH restored the ATRXKC-enhanced SOX2 mRNA stability
to levels observed in ATRXEY cells. We speculated that the increased stability of SOX2 mRNA in ATRXKO
cells depends on elevated UGDH expression.

VIRMA interacts with UGDH to recognize SOX2 mRNA

To investigate how UGDH regulates the stability of SOX2 mRNA, we sought to identify UGDH-binding
proteins by using LC-MS/MS. Among a comprehensive analysis of several UGDH-binding proteins, we
focused on Vir-like m®A methyltransferase-associated protein (VIRMA) as a potential USDH-binding
protein for further research (Fig. 4A-B). VIRMA is a key component of the RNA m°®A methyltransferase
complex (MTC) and has been reported to play a critical role in recruiting the catalytic core components
of the MTC, facilitating preferential mMRNA methylation in the 3' UTR and near the stop codon.12% We next
validated an interaction between UGDH and VIRMA by co-immunoprecipitation assay (Supplementary
Fig. T0A). VIRMA is mostly located in the nucleus, and by IF and co-immunoprecipitation assays after
cell fractionation we verified that UGDH interacted with VIRMA in the nucleus (Fig. 4C-D and
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Supplementary Fig. 10B-C). Furthermore, in the RNA decay assay, VIRMA knockdown reduced SOX2
mRNA stability in ATRXXO cells, thereby returning it to a level similar to that in ATRXEY cells.
(Supplementary Fig. 10D). To explore whether VIRMA plays a critical role in UGDH regulating SOX2
mRNA stability, we next knocked down VIRMA in cells with UGDH overexpression and results of RNA
decay assays found that VIRMA knockdown abolished the enhancing effect of UGDH overexpression on
SOX2 mRNA stability (Fig. 4E and Supplementary Fig. 10E). To detect whether UGDH regulates VIRMA
binding to SOX2 mRNA, we performed RNA immunoprecipitation (RIP)-PCR assays and found a lower
binding affinity in the UGDH knockdown group compared to the control cells (Fig. 4F and Supplementary
Fig. 10F). We also used an anti-m°®A antibody to perform the RIP-PCR assays to assess the m°A levels of
S0X2 mRNA and found that knockdown of UGDH impaired these levels (Fig. 4G and Supplementary

Fig. 10G). These results suggested that UGDH regulates the m6A modification process of SOX2 mRNA
by VIRMA. These findings were further supported by streptavidin RNA pull-down assays (Supplementary
Fig. 10H). Additionally, we also performed RIP-PCR assays of ATRXEY and ATRXK® cells transfected with
sh-NT or sh-UGDH to assess the binding affinity between VIRMA or the anti-m®A antibody to SOX2 mRNA
and found that knockdown of UGDH eliminated the enhancement of their binding affinity to this mRNA in
the ATRXXO cells (Supplementary Fig. 11A-B). Further, by luciferase assays we found that the activity of
the SOX2 3' UTR was impaired in UGDH knockdown group (Supplementary Fig. 11C). These results
demonstrated that VIRMA-mediated m®A modification of SOX2 mRNA is required for maintaining its
stability, and this process is regulated by UGDH.

To investigate whether VIRMA regulates the stability of SOX2 mRNA via an m®A modification-mediated
mechanism, we concentrated on two primary families of m®A "readers"; namely, the insulin-like growth
factor-1l binding protein (IGF2BP) family and the YTH family.[zﬂ To identify the m®A reader specifically
binds to SOX2 mRNA, we performed streptavidin RNA pull-down assays and found that IGF2BP1
specifically bound to SOX2 mRNA (Fig. 4H and Supplementary Fig. 11D-E). As one of the m°A readers,
IGF2BPs have been found to play critical roles in regulating the levels of methylated MRNA .16l Recent
studies have revealed that the 3' UTR of SOX2 mRNA contains three candidate m°A sites (GGACH) that
can be targeted by IGF2BP1 and m®A modification of these sites results in SOX2 mRNA stabilization.[2¢
27] By RNA decay assays we confirmed that knockdown of IGF2BP1 impaired the stability of SOX2 mRNA
(Fig. 41 and Supplementary Fig. 11F). Additionally, by RIP-PCR we found that the binding affinity of
IGF2BP1 to SOX2 mRNA was lower in tumor cells with UGDH knockdown compared to control cells

(Supplementary Fig. 11G). Next, we aimed to determine whether the three candidate m°A sites are
essential for VIRMA binding to the 3' UTR of SOX2 mRNA. We constructed point mutations of the three

candidate m®A sites (Fig. 4J). Upon transfection of the WT or mutated SOX2-3' UTR constructs into the

tumor cell lines, followed by RIP-PCR, we found that mutations at each of the three candidate m°A sites
decreased the binding affinity of VIRMA and IGF2BP1 to the SOX2-3' UTR (Fig. 4K-L and Supplementary

Fig. 12A-B). We also found that the m®A levels of SOX2 mRNA were lower in the cells transfected with
any of the SOX2-3' UTR mutants compared to the WT construct (Supplementary Fig. 12C). Furthermore,
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we observed greater luciferase activity in the cells harboring the WT reporter in ATRXXC

cells compared
to ATRXEV cells; however, this increase was diminished by mutation of any one of the mOA sites in the
reporter (Supplementary Fig. 12D). By RNA decay assays, we found that each point mutation reduced the

stability of the SOX2-3' UTR construct (Fig. 4M and Supplementary Fig. 12E). These results indicated that
all three sites are critically involved in SOX2 m®A modification and UGDH plays a critical role in VIRMA-
mediated regulation of m®A modification of the 3' UTR of SOX2 mRNA.

UGDH enhances SOX2 levels by depleting UDP-Glc

UGDH, as the key enzyme in the uronic acid pathway, catalyzes the 2-fold oxidation of UDP-glucose
(UDP-Glc) to UDP-glucuronic acid (UDP-GIcUA), using NAD (P)*, typically NAD™, as the oxidizing agent.
This process is essential for the biosynthesis of glycosaminoglycans, which play important roles in cell
signaling and tissue remodeling.[”] To investigate whether UGDH's role in regulating tumor cells
stemness is linked to its involvement in biosynthetic processes, we transfected an expression vector
harboring UGDH-ED, a C276S mutant version of UGDH that maintains its protein stability but results in a
lack of its proper metabolic activity,[47] into UGDH knockdown cells to investigate the effects of rescuing
UGDH expression with a version of the protein that lacks enzyme activity (Fig. 5A-B and Supplementary
Fig. 13A-C). By streptavidin RNA pull-down assays we found that UGDH-ED expression reduced the
binding affinity of VIRMA to SOX2 mRNA (Fig. 5C and Supplementary Fig. 13D). Meanwhile, cells
expressing UGDH-ED had lower stability of SOX2 mRNA compared to cells rescued by UGDH-WT (Fig. 5D
and Supplementary Fig. 13E). These results suggested that UGDH enzymatic activity is required for
maintaining SOX2 mRNA stability.

To examine the effects of UGDH substrates and products in tumor cells, we selected the solute carrier
family-35D1 (SLC35D1) to facilitate our further investigation. SLC35D1 is a gene that encodes a
nucleotide sugar transporter involved in the transport of UDP-Glc and UDP-GIcUA.1*8] we transfected
tumor cells with Flag-SLC35D1 and by Western blotting we demonstrated that there was an elevated
expression level of SLC35D1 in the transfected cells (Fig. 5E and Supplementary Fig. 13F-G). To assess
intracellular UDP-GIcUA levels, we supplemented tumor cells with exogenous UDP-GIcUA, which
successfully restored the diminished intracellular UDP-GIcUA levels observed in UGDH knockdown cells.
However, the addition of UDP-GIcUA did not fully restore the decrease of SOX2 mRNA levels in the UGDH
knockdown cells (Fig. 5F and Supplementary Fig. 13H). The RNA decay assays further indicated that the
addition of UDP-GIcUA did not restore SOX2 mRNA stability in UGDH knockdown cells (Supplementary
Fig. 131). UDP-GIcUA is the critical precursor in the biosynthesis of hyaluronic acid (HA), a key
glycosaminoglycan involved in various physiological processes. The addition of GIcUA fully restored the
cellular HA levels (Supplementary Fig. 14A) but only slightly improved the SOX2 mRNA level of UGDH
knockdown cells (Supplementary Fig. 14B). To investigate whether this slight recovery was attributed to
HA biosynthesis, we supplemented different concentration of HA to the tumor cells and found that
concentrations that sufficiently restored intracellular HA levels did not adequately restore sphere
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formation ability (Supplementary Fig. 14C-E). These results suggested that UDP-GIcUA and its
downstream metabolites are not the primary drivers of enhanced stem cell properties.

We next supplemented the tumor cells with UDP-Glc, which significantly decreased SOX2 mRNA levels
and its stability (Fig. 5G and Supplementary Fig. 14F-G). UDP-GIc also inhibited tumor cells sphere
formation in a dose-dependent manner (Fig. 5H-J and Supplementary Fig. 14H-1). To further investigate
the mechanism of action by which UDP-GIc is involved in this process, we knocked down the expression
of UGP2, the gene encoding UTP-glucose-1-phosphate uridylyltransferase, the enzyme responsible for
UDP-Glc synthesis. UGP2 knockdown reduced intracellular UDP-Glc levels, which could be restored by r-
UGP2 expression (Supplementary Fig. 15A). Moreover, UGP2 knockdown restored sphere formation
ability that was impaired by UGDH knockdown (Fig. 5K-L and Supplementary Fig. 15B-D). Meanwhile, In
RNA decay assays we found that UGP2 knockdown increased SOX2 mRNA stability (Supplementary
Fig. 15E). In vivo bioluminescence imaging revealed that tumors in the UGP2 knockdown group exhibited
greater sizes and faster growth rates than those in the control group. (Fig. 5M-N and Supplementary
Fig. 15F). These results suggested that UDP-Glc negatively regulates SOX2 expression and stability, and
that UGDH may modulate SOX2 mRNA levels by consuming UDP-Glc.

UDP-Glc restricts the mRNA binding of VIRMA

As metabolites have also been shown to regulate the function and activity of non-metabolic proteins,
their role extends beyond traditional metabolic pathways.["'g] We employed AlphaFold Server to predict
the protein—protein interaction and obtained a potential binding mode (Supplementary Fig. 15G), While
further analysis using PRODIGY yielded a predicted binding energy of -7.3 kcal/mol. Co-
immunoprecipitation (Co-IP) with an anti-UGDH revealed that UDP-Glc promoted the association of
UGDH with VIRMA (Supplementary Fig. 15H). Therefore, we hypothesized that UDP-Glc, the substrate of
UGDH, plays a critical role in maintaining the stemness of GSCs by regulating the binding of VIRMA to
S0X2 mRNA. Indeed, pull-down assays revealed that UDP-Glc more strongly inhibited the binding of
VIRMA to SOX2 mRNA compared to UDP-GIcUA (Fig. 6A). We then used molecular docking to predict the
binding of either UDP-Glc and UDP-GIcUA to VIRMAY we were able to define the binding pocket that
both UDP-Glc and UDP-GIcUA bound, which were both in the the same domain of VIRMA. We found that
the residues that favor UDP-GIc binding were 1483, R522, R524, E527, K528, G530, while those favor UDP-
GlcUA binding were T475, S484, A519, R522, R524, K533 (Fig. 6B). We also predicted the binding

strength by utilizing the DOCK 6.9[%": 52 program (Supplementary Table 3).

To compare the interaction differences between the combinations of VIRMA-UDP-GIc and VIRMA-UDP-
GlcUA, we assessed their thermodynamic properties using isothermal titration calorimetry (ITC) assays.
This technique allows for precise measurement of binding affinities and enthalpic/entropic changes
associated with the molecular interactions, providing insights into the relative strength and nature of
these binding events. Via the ITC assays we found that VIRMA exhibited a higher affinity for UDP-Glc
compared to UDP-GIcUA (Fig. 6C). This difference in binding affinity may have implications for better
understanding how VIRMA regulates mRNA modifications. Guided by molecular dynamics simulation

Page 11/43



results, we generated VIRMA mutants R524A and R522A. By pull-down assays we found that VIRMA-
R522A exhibited reduced binding affinity to SOX2 mRNA in the presence of UDP-GIc, while VIRMA-R524A
binding was unaffected by UDP-Glc supplementation (Fig. 6D and Supplementary Fig. 16A-B). These
results suggested that the R524 mutation abolishes the inhibitory effect of UDP-Glc on SOX2-VIRMA
binding. By ITC assays we confirmed that the R524A mutation disrupted the binding of VIRMA to UDP-
Glc (Supplementary Fig. 16C). In cells, compared to VIRMA-WT, VIRMA-R524A exhibited a higher
expression of SOX2 (Fig. 6E and Supplementary Fig. 16D-E). Additionally, by Western blotting of the pull-
down assays we found that VIRMA-R524A had a higher affinity to SOX2 mRNA in both ATRX®Y and
ATRXXO cells compared to VIRMA-WT (Fig. 6F and Supplementary Fig. 16F). Notably, the VIRMA-R524A
did not significantly alter its binding affinity to the mRNAs of other stemness-related genes, including
GFAP, NES, OCT4, CD133 and OLIG2, in ATRXXO cells (Supplementary Fig. 16G). We also found that the
m°®A levels of stemness-related mRNAs showed no significant changes except for SOX2 (Supplementary
Fig. 17A). RNA decay assays revealed that SOX2 mRNA stability in ATRXEY cells expressing VIRMA-
R524A was significantly enhanced compared to the VIRMA-WT control, mirroring the stability observed
in ATRXXO cells. (Supplementary Fig. 17B).

To explore the biological role of UDP-Glc-mediated regulation of VIRMA we performed sphere formation
assays and found that tumor cells expressing VIRMA-R524A exhibited greater self-renewal capacity
compared to those expressing VIRMA-WT. Meanwhile, ATRXXC cells expressing VIRMA-R524A didn't
show a significant increase in sphere formation (Fig. 6G and Supplementary Fig. 17C). Furthermore, we
established orthotopic mouse models using tumor cells expressing either VIRMA-R524A or VIRMA-WT.
By bioluminescence imaging we found that mice inoculated with tumor cells expressing VIRMA-R524A
had a poorer outcome compared with VIRMA-WT (Fig. 6H and Supplementary Fig. 17D-E). These
findings indicate that UDP-Glc suppresses the malignant behavior of tumor cells by binding to VIRMA
and preventing its interaction with SOX2 mRNA.

Identification and functional characterization of a UGDH inhibitor
that blocks GSC maintenance and tumor growth

We next sought to identify small-molecule inhibitors of UGDH with potential therapeutic relevance. After
virtual screening, we filtered out compounds with molecular weight > 400 and retained those with AlogP
values between 2.0 to 4.0. Based on functional relevance and prior research background, we selected
HY-15534 for further experimental validation (Supplementary Table 4). This compound has been shown
to penetrate the blood-brain barrier without apparent neurotoxicity, but its anti-tumor efficacy remains
unclear. To evaluate its inhibitory effect on UGDH and therapeutic potential, we first performed molecular
dynamics simulation. The results showed that HY-155534 can stably insert into the internal binding
pocket of UGDH, with its overall conformation exhibiting good spatial complementarity to the pocket
shape (Fig. 7A and Supplementary Fig. 18A). The two-dimensional interaction map further reveals an
extensive network of non-covalent interactions between the ligand and the protein (Supplementary
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Fig. 18B). The Root Mean Square Deviation (RMSD) of the complex rose rapidly from 0 to approximately
0.25 nm at the onset of the simulation, reflecting the expected conformational relaxation of the system.
It then mainly fluctuated between 0.25 and 0.32 nm, with a brief increase to nearly 0.40 nm at around
35-40 ns, suggesting possible local conformational adjustments. After returning to 0.30 nm, the RMSD
remained stable for the remainder of the 100 ns trajectory. Overall, no persistent significant deviation
was observed, indicating that the protein-ligand complex maintained good kinetic stability throughout
the simulation (Fig. 7B and Supplementary Fig. 18C). The Root Mean Square Fluctuation (RMSF) values
of protein residues remained generally low, with most residues fluctuating by less than 0.25 nm,
indicating that the protein backbone maintained structural stability throughout the simulation
(Supplementary Fig. 18D). During the simulation, the Radius of gyration (Rog) of the complex was
predominantly distributed between 2.46 and 2.50 nm, reflecting the overall compactness of the system.
A brief increase to approximately 2.55 nm was observed at around 35-40 ns, consistent with the local
conformational adjustment seen in the RMSD analysis. Subsequently, the Rog decreased markedly and
stabilized within 2.42-2.46 nm, suggesting that the complex adopted a more compact conformation in
the middle and later stages. Notably, no sustained increase in Rog was observed at the end of the
simulation, indicating that ligand binding did not destabilize the protein structure, but rather may have
promoted a more tightly packed conformation (Fig. 7C). The Solvent Accessible Surface Area (SASA) of
the complex fluctuated mainly between approximately 205 and 218 nm? over the 100 ns simulation, with
a relatively limited overall variation. This result further supports that the protein-ligand complex
maintained a stable conformational state in the aqueous environment (Supplementary Fig. 18E). The
ligand-protein Center of Mass (COM) distance decreased from 0.75-0.90 nm to 0.55-0.65 nm after 25—
35 ns and remained stable, reflecting adaptive binding. This tighter association did not compromise
complex stability, as confirmed by RMSD and Rog, indicating successful ligand accommodation within
the binding pocket (Fig. 7D). Throughout the simulation, hydrogen bonds formed dynamically between
the protein and ligand, with the network exhibiting continuous rearrangement rather than remaining
static. Collectively, these hydrogen bonds contributed significantly to the directional and short-range
stability of ligand binding, and together with hydrophobic interactions, supported the overall stability of
the complex (Supplementary Fig. 18F). Per-residue binding energy analysis revealed that most residues
contributed negligibly (near 0 kcal/mol), whereas a small number of key hotspot residues accounted for
the majority of the binding affinity, thereby stabilizing the complex (Supplementary Fig. 18G). The free
energy landscape constructed from RMSD and Rog revealed a well-defined low-energy basin centered
around RMSD of 0.23-0.30 nm and Rog of 2.42-2.47 nm. This region corresponds to the most stable
and preferentially sampled conformational state, indicating that the complex favors a moderately
compact binding conformation with stable RMSD throughout the simulation (Fig. 7E and Supplementary
Fig. 18H). The electrostatic potential model revealed that the ligand occupies a well-defined concave
region of the charge distribution, which likely facilitates hydrogen bonding and electrostatic interactions
between its polar groups and nearby charged or polar residues (Supplementary Fig. 181). Comparison of
the complex conformations at 0, 50 and 100 ns revealed that the overall protein fold remained stable
throughout the simulation, with no signs of unfolding or large-scale structural disruption. The ligand
consistently occupied the same binding region at all three time points, indicating that it did not
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dissociate from the pocket (Fig. 7F and Supplementary Fig. 18J). Collectively, these results
demonstrated that the protein-ligand complex maintained favorable structural stability and binding
persistence throughout the 100 ns molecular dynamics simulation.

By monitoring absorbance at 340 nm, we confirmed that HY-155534 inhibits UGDH enzymatic activity,
with an IC5, of approximately 23.8 nM (Fig. 7G). The sphere formation assay demonstrated that HY-
155534 suppresses the sphere-forming capacity of tumor cells in a dose-dependent manner (Fig. 7H and
Supplementary Fig. 19A-B). The in vivo safety profile of the inhibitor was assessed via histopathological
examination (H&E staining) of major organs and complete blood count analysis in treated mice
(Supplementary Fig. 19C and Supplementary Table 5). Tumor-bearing mice were treated with daily
intraperitoneal injections of HY-155534 (4 mg/kg) starting one week post-implantation. The inhibitor
exerted therapeutic effects in both ATRXEY and ATRXKC xenograft models, with the ATRXXC group
showing the greatest response (Fig. 7l and Supplementary Fig. 19D-E). Together, these results not only
validated the identification of HY-155534 as a UGDH inhibitor but also highlighted its potential as a
targeted therapeutic agent.

Discussion

In recent years, metabolic enzymes have become a central focus of tumor research, reflecting their
critical roles in cancer development and progression.['": 12 53] These enzymes exert their influence
through diverse pathways, including reshaping metabolic networks to meet the demands of rapidly
proliferating tumor cells, modulating nutrient uptake, and supporting metabolic reprogramming to
sustain growth and survival.['’ 34 Several of them also have moonlighting functions in which they act
beyond their roles in metabolism to affect tumor cells.[® 561 Beyond these direct effects, metabolic
enzymes regulate various tumor biological behaviors by consuming specific substrates and generating
metabolites that act as signaling molecules.l” These processes are observed in different cancer types.
Gaining a deeper understanding of the influences in tumor progression caused by abnormal metabolic
enzyme activity is crucial for uncovering potential therapeutic targets. By elucidating these mechanisms,
the aim is to identify novel strategies to disrupt tumor metabolism, improve treatment efficacy and
ultimately enhance patient outcomes.

Substrates and metabolites of enzymes significantly influence tumor progression and resistance to
therapy in many ways. As a key enzyme in the hexosamine biosynthetic pathway, UGDH catalyzes the
conversion of UDP-Glc to UDP-GIcUA, a precursor for glycosaminoglycans and other macromolecules.
The altered enzymatic activity of UGDH has also been associated with the malignant behavior of cancer
cells,[1%16: 58591 gnd it has emerged as a promising therapeutic target for the treatment of various
cancers.[6 58601 our study here reveals a new mechanism by which UGDH plays a further role in tumor
persistence; namely, in the maintenance and self-renewal capacity of GSCs. Notably, we found that
chromatin remodeling in glioma cells leads to overexpression of UGDH.
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Chromatin remodeling refers to the dynamic process by which the structure of chromatin is altered to
regulate gene expression.[f’” In cancer, dysregulated chromatin remodeling can lead to aberrant gene
expression, contributing to tumorigenesis, metastasis and resistance to therapy.[& 10l Given ATRX's role
in maintaining 3D chromatin structure and its high mutation frequency across multiple cancer types,[3]
we analyzed the results of Hi-C of glioma cell lines with ATRX knockout or not, we observed that
chromatin remodeling was induced and changes in the 3D structure of the UGDH promoter and its
enhancers, which, through their close spatial proximity, facilitated the enhanced activation and
transcriptional activity of the UGDH promoter. Related studies have reported the role of 3D structure of
promoters and enhancers in driving oncogene expression. 62 63l By analyzing ChIP-seq data, we
identified two H3K27ac and H3K4me3 enrichment regions in the upstream of the promoter of UGDH that
were candidate enhancers. We hypothesized that the 3D structure of these two candidate enhancers of
the UGDH promoter became closer to the promoter upon chromatin remodeling. These hypotheses were
further corroborated by the 3C experiment. Our data suggests that these two candidate enhancers of
UGDH contribute to the upregulation of its promoter expression when chromatin remodeling occurs
during tumorigenesis.

To validate the role of UGDH elevated expression in the regulation of cancer stemness, we constructed
UGDH overexpression tumor cell lines and found that this resulted in an upregulation of SOX2 and other
tumor stemness markers, as well as enhancements in self-renewal capacity and sphere formation.
Stemness is a key characteristic of CSCs that drives tumor initiation, progression and metastasis, as
well as the reemergence of tumors after treatment.l64 651 SOX2, a transcription factor critical for
maintaining stem cell properties, plays a pivotal role in regulating the self-renewal and pluripotency of
CSCs in various cancers, including gliomas, breast cancer and colorectal cancer.l64 6 671 ynderstanding
the mechanisms that maintain stemness and the factors that promote CSC survival is critical for
developing targeted therapies aimed at eradicating these cells and improving patient outcomes in
cancer treatment.l® Our results here show that the high expression of SOX2 in UGDH overexpression
cell lines was not a result of enhanced transcription, but rather by decreases in its RNA decay, resulting
in an enhanced self-renewal capacity and stemness of the UGDH overexpression cells. However, the
underlying mechanism by which abnormal UGDH expression enhances SOX2 mRNA stability in tumor
cells remains unclear.

To further explore the underlying mechanisms by which UGDH upregulation affects cancer stemness, we
conducted a co-immunoprecipitation followed by mass spectrometry (ColP-MS) assay and identified
VIRMA as a binding partner of UGDH. VIRMA (also known as KIAA1429) is an essential component of
the m®A methyltransferase complex, functioning as a "writer" to facilitate the addition of m°A
modifications to mRNA.[%8 The m®A modification, a crucial post-transcriptional regulation of mRNA,
plays a significant role in the expression and stability of mRNAs, including those encoding stemness
factors, such as SOX2, in many types of tumor cells.[23: 26:27:68] Tq jnvestigate whether UGDH facilitates
tumor cells stemness maintenance through regulation of VIRMA binding to SOX2 mRNA, we examined
the interaction between VIRMA and SOX2 mRNA by RIP-PCR and RNA pull-down assays and found that
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overexpression of UGDH enhanced the binding of VIRMA to SOX2 mRNA. These findings fit with our
other findings showing that the overexpression of UGDH increases the m®A modification level of SOX2
mRNA. And we further validated a role for m®A modification in UGDH-mediated stabilization of SOX2
mRNA by showing that mutation of the m®A sites in the 3' UTR of SOX2 mRNA blunted this effect of
UGDH overexpression. Notably, these mutated m°®A sites prevent VIRMA binding to SOX2 mRNA and
reduced the m®A levels and the stability of SOX2 mRNA. Together, these results suggest that the binding
efficiency of VIRMA to SOX2 mRNA, and thus the stability of this mRNA species, is regulated by a

physical interaction with UGDH, and that this interaction is crucial for the maintenance of tumor
stemness.

Metabolites within the human body have been reported to hold significant potential in cancer treatment.
[69] |nterestingly, inactivating UGDH enzymatic activity also resulted in the inhibition of VIRMA binding to
S0X2 mRNA. This suggests that the metabolic activity of UGDH plays a crucial role in regulating the
binding of VIRMA to SOX2 mRNA and modulating its m®A modification. A variety of substrates or
metabolites have been reported that can affect the function of non-enzymatic proteins.['' So we
hypothesized that the substrate or product of UGDH plays a pivotal role in either inhibiting or promoting
the binding of VIRMA to SOX2 mRNA. We used recombinant His-VIRMA and biotin-SOX2 to explore
whether the binding of them was affected by the substrate or product of UGDH and by pull-down assays
found that UDP-GIc inhibited the binding more strongly. After supplementing tumor cells with UDP-Glc,
we also found an inhibition of the binding between VIRMA to SOX2 mRNA through RIP-PCR. We also
observed a decrease in the m®A levels of SOX2 mRNA in the treated tumor cells. These results suggest
that upregulation of UGDH that occurs upon chromatin remodeling results in the cellular depletion of
UDP-Glc that in turn leads to less suppression of VIRMA binding to SOX2 mRNA and its m°A
modification. By molecular docking and ITC experiments, as well as site-directed mutagenesis of key
residues, we confirmed that UDP-GIc strongly binds to VIRMA, whereas UDP-GIcUA exhibited a weaker
binding affinity, likely explaining how a depletion of UDP-Glc, which occurs when UGDH levels are
elevated, results in greater VIRMA binding to its target mRNAs. Whether other targets of VIRMA also play
a role in cancer cell stemness warrants further exploration. But even so, our findings extend the role of
metabolites in cancer progression by identifying UDP-Glc as a direct modulator of epitranscriptomic
machinery.

To further verify the inhibitory effect of UDP-Glc on VIRMA binding to SOX2, we knocked down UGP2,
which encodes for UTP-glucose-1-phosphate uridylyltransferase, a key enzyme in the uronic pathway and
one involved in the biosynthesis of UDP-Glc.l% After confirming that intracellular UDP-GIc levels were
reduced in UGP2 knockdown cells, we further validated that the decrease of UDP-GIc led to an increased
binding of VIRMA to SOX2 mRNA. This was demonstrated through RIP-PCR and RNA pull-down assays.
Also we found that a reduction of intracellular UDP-GIc levels in tumor cells enhances their self-renewal
capacity. This finding was further confirmed by examining the intracellular UDP-GIc levels in
spontaneous tumor models using condition knock out mice harboring the same genetic mutations as

those utilized at the outset of this study. We further confirmed that the knockout mice had significant
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alterations in the expression levels of SOX2 and other stemness markers in their tumor tissues and
showed reduced stemness function in primary cells generated from their tumors.

In addition to elucidating the mechanistic link between ATRX loss and GSC stemness, we identified HY-
155534 as a small-molecule inhibitor of UGDH through virtual screening. HY-155534 exhibited potent
inhibitory activity against UGDH and demonstrated stable binding in molecular dynamics simulations.
Functionally, pharmacological inhibition of UGDH with HY-155534 impaired GSC sphere formation
capacity and suppressed tumor growth in vivo, phenocopying the effects of UGDH knockdown. Notably,
HY-155534 can cross the blood-brain barrier and shows no obvious neurotoxicity, underscoring its
potential for clinical translation.

To conclude, this work extends our understanding of nonmetabolic biological processes regulated by
intracellular enzymatic metabolic activities in tumor cells. The role of UGDH's metabolic function within
this mechanism is further elucidated (Fig. 8). Notably, these findings imply an interaction between
cellular metabolic activities and m®A methylation, highlighting the functional significance of intracellular
metabolic processes in regulating RNA metabolism to maintain and to promote the function of GSCs.
The clinical relevance of our findings lies in the potential targeting of UGDH-mediated metabolic
pathways as a strategy to overcome or to prevent cancer cell resistance to therapeutic treatments,
especially for particularly aggressive or difficult to eradicate cancers, such as gliomas.

Materials and Methods
Data collection

ChlP-seq data of CTCF, H3K27ac and H3K4me3 were obtained from the Gene Expression Omnibus
database (GEOQ, https://www.ncbi.nlm.nih.gov/geo/).

Cell lines and cell culture

The human tumor cell lines LN229 were purchased from the Chinese Academy of Sciences Cell Bank.
Patient-derived tumor cells HG7 were isolated from discarded glioblastoma (GBM) specimens according

to the previous studies.””" 72

In brief, tumor tissues were first washed and mechanically dissociated using MACS C Tubes (Miltenyi
Biotec, Germany). The tissue fragments were then enzymatically digested in a solution containing 0.1%
trypsin (Invitrogen, USA) and 10 U/mL DNase | (Promega, USA) at 37°C for 45 minutes. Digestion was
halted by adding minimum essential medium (MEM-a) supplemented with 10% fetal bovine serum (FBS).
Red blood cells were lysed using ACK lysis buffer (Beyotime, China). The resulting cell suspension was
filtered through a 100 pym cell strainer to obtain a single-cell suspension. Cells were then cultured in
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) supplemented with N2 and B27
supplements (Gibco, USA) and 20 ng/mL human basic fibroblast growth factor (bFGF; Sino Biological,
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China). All primary cell lines were authenticated by short tandem repeat (STR) profiling (Genetic Testing
Biotechnology, China).

Cell transfection

Lentiviral particles and plasmids products were purchased from GeneChem Company (Shanghai, China).
Lipofectamine 2000 (Invitrogen, USA) was used for transfection according to the manufacturer's
instructions. After 48 and 72 hours, the virus-containing supernatant was collected, filtered through a
0.45 pm filter, and concentrated using PEG8000 (Sigma, USA) precipitation. Target tumor cells were
infected with lentivirus in the presence of 8 pg/mL polybrene (Sigma, USA) for 24 hours. Successfully
infected cells were selected using puromycin (2 pg/mL) for 72 hours before further experiments.

RNA extraction and qRT-PCR

The total RNA of each cell line was extracted by using TRIzol reagent (Invitrogen, USA). The cDNAs were
synthesized by using the PrimeScript RT reagent Kit (TaKaRa, Japan, cat.RR037A). In the final reaction
volume of 20 pL, 2 uL cDNA were used at a concentration of 100 ng/pL. Real-time quantitative PCR was
performed on triplicate samples in a reaction mix of SYBR Green (TaKaRa, Japan). Conventional PCR
and gRT-PCR were conducted using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA);
The qRT-PCR data were normalized to GAPDH and analyzed by using the 2 22Ct method. The primers
used in gRT-PCR were listed in (Supplementary Table 1).

Total Protein Extraction and Western Blotting

Total protein was extracted using pre-chilled RIPA buffer (Solarbio, China) supplemented with 1%
protease and phosphatase inhibitor cocktails (Selleck, China). Protein concentrations were determined
using the BCA Protein Quantification Kit (Sigma, USA), and the protein levels were measured using a
NanoDrop 2000C spectrophotometer (NanoDrop Products) within a range of 0.5—-30 pg/mL. For Western
blotting, 20 pL of each protein sample was subjected to 7.5%, 10%, or 12.5% SDS-PAGE (EpiZyme
Scientific). The PVDF membranes were blocked with a 5% milk-TBST solution and incubated overnight at
4°C with primary antibodies (Supplementary Table 2). After washing, membranes were incubated with
HRP-conjugated secondary antibodies: mouse IgG (ZSGB-BIO, China) or rabbit IgG (ZSGB-BIOQ, China).
Protein bands were visualized using the chemiluminescence (ECL) kit (Boster, China) and quantified with
ImagelLab software.

CCKS8 assays

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; Dojindo, Japan) following the
manufacturer's protocol. Briefly, tumor cells were seeded into 96-well plates at a density of 3x10° cells
per well in 100 pyL of complete medium and cultured under standard conditions. After the desired
treatment period, 10 pL of CCK-8 reagent was added to each well and incubated at 37°C for 1 hour. The
absorbance was then measured at 450 nm using a microplate reader (BioTek, USA).

Luciferase reporter assay
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Tumor cells were seeded into 24-well plates and transfected with the pGL2 promoter luciferase reporter
construct (Promega, USA) using Lipofectamine 3000 (Thermo Fisher Scientific, USA), according to the
manufacturer's instructions. To normalize transfection efficiency, cells were co-transfected with a Renilla
luciferase control plasmid (Promega, USA). After 24-48 hours, luciferase activity was measured using
the Dual-Luciferase Reporter Assay System (Promega, USA) following the manufacturer's protocol.
Firefly luciferase activity was normalized to Renilla luciferase activity.

Sphere formation assays

Tumor cells were enzymatically dissociated and cultured in serum-free medium (SFM), composed of a
1:1 mixture of DMEM and F12 supplemented with 20 ng/mL epidermal growth factor (EGF) (Sino
Biological, China), and 0.5x B27 and N2 supplements (Gibco, USA). Cells were plated in ultralow-
attachment 6-well plates (Corning, USA) to promote tumor sphere formation. Fresh SFM was replenished

every 3 days, and cultures were maintained for 14 days to allow for sphere growth.[73: 74

Xenograft model in vivo

All animal experiments in this study were performed in accordance with the International Guiding
Principles for Animal Research and were approved by the Laboratory Animal Centre of Harbin Medical
University. All the animals were housed under identical controlled specific pathogen-free (SPF) standard
environmental conditions (23 + 2°C, 12 h light/dark cycle) with free access to food and allowed to move
freely. Four-week old female athymic BALB/c nude mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). To established PDX-GBM (LN229) models,
LN229 cells were stereotactically injected into the brain at a dose of 5 x 10° cells (18pL) per mouse (4-
week-old). The intracranial tumors were measured at the 7th, 14th and 21st days after tumor
implantation with bioluminescence imaging via D-Luciferin, Potassium Salt (Yeason, China)
intraperitoneal injection with concentration 150 mg kg™ " using an IVIS Lumina Imaging System
(Xenogen, USA).I73]

Transgenic mouse

All animal experiments in this study were performed in accordance with the International Guiding
Principles for Animal Research and were approved by the Laboratory Animal Centre of Harbin Medical
University. All animals were maintained under standardized specific pathogen-free (SPF) conditions, with
unrestricted access to food and water, and housed in environments that allowed free movement.
Transgenic mice used to induce primary tumors were purchased from Cyagen (USA). In brief, Nes-

CreERT mice were established by and purchased from Cyagen (USA). Nf17/* and Tp537* mice were
created by Cyagen (USA) through ES genome engineering. Nf1"* mice were mated with Tp53™* mice to
generate Nf17: Tp53"1 mice. Nf17/f: Tp531/f mice were mated with Nestin-CreERT mice and finally
generated Nestin-CreERT; Nf17/f Tp531/f mice. Then Atrx”* mice were mated with Atrx*/~ to generate
Atrx™~ and Atrx™® mice. Then Atrx™f mice were mated with Nestin-CreERT mice to generate Nestin-
CreERT; Atrx™f or Atrx~ mice. Nestin-CreERT; Atrx™/ were mated with Nf1%/f: Tp531/f mice to generate

Page 19/43



Nestin-CreERT; Atrx™M or Atrx™~; Nf11/f: Tp531/f mice. Mice (Nestin-CreERT; Atrx™~ or Atrx™/f/Atrx*/~ or
Atrx*: NF1 VT Tp531/7) were intraperitoneally injected with tamoxifen (1 mg/d, 5d) (Rhawn, China) at 4

weeks of age to obtain mice with conditional knockout triggering primary tumors.[76-78l

Hematoxylin-eosin (H&E) staining and
immunohistochemistry (IHC)

Tumor tissues were fixed in 4% paraformaldehyde for 24 to 48 hours, followed by dehydration and
embedding in paraffin according to standard protocols. For hematoxylin and eosin (H&E) staining, the
slides were deparaffinized and rehydrated, then stained with hematoxylin solution (ZSGB-BIO, China) for
8 minutes and eosin-phloxine solution (ZSGB-BIO, China) for 30 seconds to 1 minute, before being
mounted with xylene. For immunohistochemistry (IHC), 4 pm paraffin sections were processed using a
DAB staining kit (ZSGB-BIO, China). Briefly, formalin-fixed, paraffin-embedded tissue sections were
incubated at 80°C for 15 minutes, dewaxed in xylene, and rehydrated in graded ethanol, followed by
washing with double-distilled water. Antigen retrieval was performed by steaming the slides in sodium
citrate buffer at 95°C for 15 minutes. The sections were then incubated overnight at 4°C with the relevant
primary antibodies. After incubation, the sections were treated with HRP-labeled anti-mouse or anti-
rabbit 1IgG (ZSGB-BIO, China) secondary antibodies for 30 minutes. Finally, the slides were stained with
DAB chromogen solution for 2 minutes, rinsed with PBS, and counterstained with hematoxylin.

Quantitative evaluation was performed by examining each section using at least 10 different high-power
fields with the most abundant stained cells.l’ 8% Two independent neuropathologists reviewed and
scored each stained slide in a double-blinded fashion. The proportion of stained cells counts per field
was used for statistical analysis. Staining was scored using a 4-point scale from “~" to “+++”" or “+" to
“++++", with “~" if there was no staining or very little staining, “+” if less than 10% of cells stained
positively, “++" if 10—-30% of cells stained positively, “+++” if 30—50% of cells stained positively, and
“++++" more than 50% of cells stained positively.”": 81 The representative imaged field were determined
by the average method.

Transwell migration assays

LN229 and HG7 (4 x 10%) cells were replated onto the upper chamber of a Transwell filter with 8 pm
pores (Jet Biofil, China) with serum free medium. After 12h culture in a humidified atmosphere with 5%
CO, and 95% air with 37 °C, cells were fixed with 4% paraformaldehyde in PBS. Non-migrated cells on

the upper side of the filter were removed with a cotton swab, and cells on the underside of the filter were
stained with 0.4% crystal violet in 10% ethanol.

UGDH activity assays

UGDH enzymatic activity was measured as previously described,['® 7] based on the reduction of NAD*

to NADH. Briefly, the assay was performed in 0.1 M Tris-HCI buffer (pH 7.4) containing T mM UDP-Glc

and 10 mM NAD*. The reaction was initiated by adding the enzyme-containing sample and allowed to
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proceed at room temperature for 1 minute. The enzymatic activity was quantified by monitoring the
increase in absorbance at 340 nm using a spectrophotometer (Thermo Fisher Scientific, USA), which
reflects the generation of NADH.

Quantification of UDP-Glc and UDP-GIcUA

The intracellular levels of UDP-Glc and UDP-GIcUA were quantified by mass spectrometry. 1 x 107 cells
were harvested and centrifuged at 1 000 x g for 5 min. Cell pellets were washed once with ice-cold PBS,
followed by the addition of 200 pL of 0.5 M ice-cold perchloric acid and vigorous mixing. After incubation
on ice for 2 min, samples were centrifuged at 10 000 x g for 5 min at 4°C to remove cellular debris. The
resulting supernatants were added with 50 pL of 2.5 M KOH in 1.5 M K,HPO, and incubated on ice for 2
min. Precipitated potassium perchlorate was removed by a second centrifugation step, and clarified
extracts were filtered through 0.2-um filters. Metabolite separation was achieved using an HPLC system.
The UDP-GIc and UDP-GIcUA standards (MCE, China) were used to generate calibration curves for
quantification. Mass spectrometric detection was performed in negative ion mode, monitoring m/z
566.30 for UDP-GIc and m/z 610.27 for UDP-GICUA. Peak areas from experimental samples were
quantified relative to standard curves to determine intracellular concentrations.

3C-qPCR

3C-qPCR assays were performed in LN229 ATRXEY and ATRXKC cells according to protocol.[35 82 83l

Briefly, ten million cells were trypsinized and resuspended in a 10% FBS/PBS buffer. The cells were fixed
with 1% formaldehyde in 10 ml of 10% FBS/PBS buffer for 10 minutes at room temperature. The reaction
was then quenched with ice-cold glycine. After centrifugation, the pellets were washed with cold PBS
and re-suspended in lysis buffer (10 mM NaCl; 10 mM Tris-HCI, pH 7.5; 0.2% NP-40; 1x protease
inhibitor). Nuclear extracts were obtained after centrifugation, and genomic DNA was digested using
Hindlll (Abclonal, China). Digestion efficiency was evaluated by SYBR-qPCR, and only fully digested
chromatin DNA was ligated using T4 DNA ligase (Beyotime, China). After reverse crosslinking, the DNA
fragments were purified by ethanol precipitation. The concentration of ligated DNA samples was
measured by SYBR-gPCR, and samples were diluted to 100 ng/uL for gPCR analysis. The standard curve
for each primer was generated by serial dilution of the control template, and results were normalized to
ERCC3 as a control. All primers used in this experiment are listed in (Supplementary Table 1).

Hi-C construction and data analysis

In situ Hi-C experiments for the two cell lines were performed following the protocol (Annoroad, China).

[84] Raw Hi-C files were processed using HiCExplorer®% 8¢l (https://hicexplorer.readthedocs.io/en/latest/)
for filtering, mapping, and generating raw contact count matrices. These matrices were then normalized
using the iterative correction method.

mRNA decay assays
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The mRNA decay assay was performed refer to protocol.[87] In brief, tumor cells were pretreated with
actinomycin D (Abcam, USA). Total RNA was extracted by above method mentioned. The cDNAs were
synthesized by using The PrimeScript RT reagent Kit (TaKaRa, Japan). The gRT-PCR were conducted
using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA). The primer pairs used are
listed in (Supplementary Table 1).

RNA immunoprecipitation (RIP)

Tumor cells were lysed and immunoprecipitated using an anti-VIRMA antibody (Proteintech, China), with
normal rabbit IgG (ZSGB-BIO, China) used as a negative control. The mRNA bound to the anti-VIRMA
antibody or normal IgG was reverse transcribed into cDNA and analyzed by qRT-PCR. The levels of
precipitated mRNAs were normalized to the input RNA to account for potential variations in RNA
preparation. The specific primer sequences used for PCR are listed in (Supplementary Table 1).

Chromatin Immunoprecipitation (ChIP)

A Millipore EZ-Magna ChIP kit (Sigma-Aldrich, USA) was used to perform all ChIP experiments. Briefly, 2
x 10° cells were crosslinked with 1% formaldehyde for 10 min at room temperature. Next, 10 m glycine
qguenched cross-linking. Chromatin was sonicated to 200-1 000 bp in lysis buffer and ChIP DNA was
extracted following the manufacturer's protocol. The specific primer sequences used for PCR are listed
in (Supplementary Table 1).

Biotin pull-down assays

Pull-down assays were performed by incubating biotinylated SOX2 (Roche, Switzerland) (0.4 pg) with cell
lysates, or with purified recombinant His-tagged VIRMA (5 pg), for 4 hours. The resulting complexes
were then captured using Pierce streptavidin agarose beads, and immunoblotting was carried out using
the specified antibodies.

Molecular dynamics simulation

The binding pocket was defined based on the crystal structure of VIRMA with UDP-Glc and UDP-GIcUA
using Autodock 4.2.15% The structure of VIRMA (AF-Q69YN4-F1-v4) was downloaded from the the
AlphaFold Database (https://www.alphafold.ebi.ac.uk/). The structures of UDP-Glc and UDP-GIcUA were
downloaded from the the PubChem Database (https://pubchem.ncbi.nlm.nih.gov/). Molecular docking
calculations were further conducted using the Dock6 protocol in Yinfo Cloud Computing Platform
(https://cloud.yinfotek.com/). DOCK 6.9 program was utilized to execute semi-flexible docking and
output poses were evaluated by the Grid scoring function.

Isothermal titration calorimetry assay

Thermodynamic parameters for the binding of VIRMA or its variants to UDP-GIcUA or UDP-Glc were
measured using isothermal titration calorimetry (ITC) (Bio-Lab Company, China). In brief, the binding
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affinity and thermodynamic parameters between ligands (UDP-Glc or UDP-GIcUA) and protein samples
(VIRMA or its variants) were measured using a MicroCal ITC200 system (Malvern Panalytical, USA) at
25°C. All proteins and ligands were dialyzed against the same buffer (20 mM HEPES, 150 mM NacCl, pH
7.4) to minimize buffer mismatch heat effects. In each experiment, 250 pL of protein solution (0.1 mM)
was loaded into the sample cell, and T mM ligand solution was loaded into the injection syringe. A total
of 20 injections (2 pL each) were performed at 180-second intervals, with the first injection (0.5 pL)
discarded to eliminate diffusion-related artifacts.

The raw data were integrated and analyzed using the Origin 7.0 software (MicroCal), and the binding
isotherms were fitted using a single-site binding model to calculate the binding constant (K_d), enthalpy
change (AH), entropy change (AS), and Gibbs free energy (AG).

Statistical analysis

The differences between variables in groups were assessed using Student's t-test and chi-squared test.
Survival analyses were performed using Kaplan-Meier curves, the Log-rank test. Data analysis and
visualization were conducted with R version 4.1.0, while statistical analyses were performed using
GraphPad Prism version 9.0 or IBM SPSS Statistics 23.0.

Animal Studies Statement

All animal experiments were performed in accordance with institutional guidelines for the care and use
of laboratory animals and were approved by the Animal Ethics Committee of Laboratory Animal Centre
of Harbin Medical University.

Human Subjects Statement

All human tissue samples were collected with informed consent from patients or their legal guardians
after the nature and potential consequences of the study had been fully explained. The study protocol
was reviewed and approved by the Clinical Research Ethics Committee of Harbin Medical University.

Declarations

Author Contributions

J.Cai. and C.Jiang. designed the experiments. K.Tian. and X.Meng. performed the experiments. K.Tian.,
P.Sun., J.Zhong., N.Sun., X.Hou and Y.Zhao. analyzed the data. K.Tian. wrote the manuscript. W.Ma.,
Y.Song., D.Yu., J.Hu., H.Xuan., F.Xu., TWang., R.Tian., Z.Chen., J.Dong. and Y.Wang. contributed materials
and analysis tools.

Acknowledgments

Page 23/43



This study was supported by 1. National Natural Science Foundation of China (82372901, 82230086,
82272988, 82472925); 2. Youth Science and Technology Talent Team of Heilongjiang Province
(CYQN24012); 3. Heilongjiang Provincial Key R & D Project (2022ZX06C18); 4. Natural Science
Foundation of Heilongjiang Province (LH2022H022); 5. China Postdoctoral Science Foundation
(2019M660074, 2022T150173); 6. Heilongjiang Postdoctoral Science Foundation (LBH-Z19029, LBH-
TZ2218); 7. Medjaden Academy & Research Foundation for Young Scientists (MJR202310029); 8.Health
China - BuChang ZhiYuan Pubic Welfare Project for Heart and Brain Health (HIGHER2023042).

Data Availability Statement

All relevant data supporting the findings of this study were available within the article and its
Supplementary Information files or from the corresponding author upon reasonable request.

References

1. Morrison, A.J. (2020). Chromatin-remodeling links metabolic signaling to gene expression.
Molecular metabolism 38, 100973.

2. He, B., Bie, Q., Zhao, R,, Yan, Y., Dong, G., Zhang, B., Wang, S., Xu, W,, Tian, D., Hao, Y., et al. (2024).
Arachidonic acid released by PIK3CA mutant tumor cells triggers malignant transformation of
colonic epithelium by inducing chromatin remodeling. Cell reports. Medicine 5, 101510.

3. Aguilera, P, and Lépez-Contreras, A.J. (2023). ATRX, a guardian of chromatin. Trends in genetics:
TIG 39, 505-519.

4. Pang, Y., Chen, X., Ji, T., Cheng, M., Wang, R., Zhang, C., Liu, M., Zhang, J., and Zhong, C. (2023). The
Chromatin Remodeler ATRX: Role and Mechanism in Biology and Cancer. Cancers 75.

5. Hu, C., Wang, K., Damon, C., Fu, Y., Ma, T,, Kratz, L., Lal, B., Ying, M., Xia, S., Cahill, D.P, et al. (2022).
ATRX loss promotes immunosuppressive mechanisms in IDHT mutant glioma. Neuro-oncology 24,
888-900.

6. Brat, D.J., Verhaak, R.G., Aldape, K.D., Yung, W.K., Salama, S.R., Cooper, L.A., Rheinbay, E., Miller, C.R.,
Vitucci, M., Morozova, 0., et al. (2015). Comprehensive, Integrative Genomic Analysis of Diffuse
Lower-Grade Gliomas. The New England journal of medicine 372, 2481-2498.

7. Hollon, T., Jiang, C., Chowdury, A., Nasir-Moin, M., Kondepudi, A., Aabedi, A., Adapa, A., Al-Holou, W.,
Heth, J., Sagher, O., et al. (2023). Artificial-intelligence-based molecular classification of diffuse
gliomas using rapid, label-free optical imaging. Nature medicine 29, 828-832.

8. Ren, B, Yang, J., Wang, C., Yang, G., Wang, H., Chen, Y., Xu, R,, Fan, X,, You, L., Zhang, T, et al. (2021).
High-resolution Hi-C maps highlight multiscale 3D epigenome reprogramming during pancreatic
cancer metastasis. Journal of hematology & oncology 74, 120.

9. Matharu, N., and Ahituv, N. (2015). Minor Loops in Major Folds: Enhancer-Promoter Looping,
Chromatin Restructuring, and Their Association with Transcriptional Regulation and Disease. PLoS

genetics 77, e1005640.
Page 24/43



10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Flavahan, W.A., Drier, Y., Liau, B.B., Gillespie, S.M., Venteicher, A.S., Stemmer-Rachamimoyv, A.O., Suva,
M.L., and Bernstein, B.E. (2016). Insulator dysfunction and oncogene activation in IDH mutant
gliomas. Nature 529, 110-114.

. Ly, S., and Wang, Y. (2018). Nonmetabolic functions of metabolic enzymes in cancer development.

Cancer communications (London, England) 38, 63.

Ganapathy-Kanniappan, S., and Geschwind, J.F. (2013). Tumor glycolysis as a target for cancer

therapy: progress and prospects. Molecular cancer 72, 152.

Navas, L.E., and Carnero, A. (2021). NAD(+) metabolism, stemness, the immune response, and

cancer. Signal transduction and targeted therapy 6, 2.

Spicer, A.P, Kaback, L.A., Smith, T.J., and Seldin, M.F. (1998). Molecular cloning and characterization

of the human and mouse UDP-glucose dehydrogenase genes. The Journal of biological chemistry

273,25117-25124.

Doshi, M.B., Lee, N., Tseyang, T., Ponomarova, O., Goel, H.L., Spears, M., Li, R, Zhu, L.J., Ashwood, C.,

Simin, K., et al. (2023). Disruption of sugar nucleotide clearance is a therapeutic vulnerability of

cancer cells. Nature 623, 625-632.

Wang, X, Liu, R, Zhu, W,, Chu, H., Yu, H., Wei, P, Wu, X., Zhu, H., Gao, H., Liang, J., et al. (2019). UDP-

glucose accelerates SNAIT mRNA decay and impairs lung cancer metastasis. Nature 577, 127-131.

Zhang, X., Liu, F,, Fang, Q., Sun, C., and Fan, J. (2025). E3 ligase HERC5-catalyzed UGDH isgylation

promotes SNAIT-mediated tumor metastasis and cisplatin resistance in oral squamous cell

carcinoma. Biology direct 20, 27.

Meyer, K.D., Saletore, Y., Zumbo, P, Elemento, O., Mason, C.E., and Jaffrey, S.R. (2012).

Comprehensive analysis of mMRNA methylation reveals enrichment in 3' UTRs and near stop codons.

Cell 749, 1635-1646.

Visvanathan, A., Patil, V., Arora, A., Hegde, A.S., Arivazhagan, A., Santosh, V., and Somasundaram, K.

(2018). Essential role of METTL3-mediated m(6)A modification in glioma stem-like cells

maintenance and radioresistance. Oncogene 37, 522—-533.

An, Y., and Duan, H. (2022). The role of m6A RNA methylation in cancer metabolism. Molecular

cancer 21, 14.

Wang, X., Lu, Z., Gomez, A., Hon, G.C,, Yue, Y., Han, D, Fu, Y., Parisien, M., Dai, Q., Jia, G., et al. (2014).

N6-methyladenosine-dependent regulation of messenger RNA stability. Nature 505, 117-120.

Chen, J., Zhang, H., Xiu, C., Gao, C., Wy, S., Bai, J., Shen, Q., and Yin, T. (2023). METTL3 promotes

pancreatic cancer proliferation and stemness by increasing stability of ID2 mRNA in a m6A-

dependent manner. Cancer letters 565, 216222.

Zhang, X., Su, T., Wy, Y., Cai, Y., Wang, L., Liang, C., Zhou, L., Wang, S., Li, X.X., Peng, S., et al. (2024).

N6-Methyladenosine Reader YTHDF1 Promotes Stemness and Therapeutic Resistance in

Hepatocellular Carcinoma by Enhancing NOTCH1 Expression. Cancer research 84, 827-840.

Wang, X,, Liy, Y., Zhou, M., Yy, L., and Si, Z. (2023). m6A modified BACE1-AS contributes to liver

metastasis and stemness-like properties in colorectal cancer through TUFT1 dependent activation
Page 25/43



25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

of Wnt signaling. Journal of experimental & clinical cancer research: CR 42, 306.

Yue, Y., Liu, J., Cui, X,, Cao, J., Luo, G., Zhang, Z., Cheng, T., Gao, M., Shu, X., Ma, H,, et al. (2018).
VIRMA mediates preferential m(6)A mRNA methylation in 3'UTR and near stop codon and
associates with alternative polyadenylation. Cell discovery 4, 10.

Xue, T, Liu, X, Zhang, M., E, Q,, Liy, S., Zou, M., Li, Y., Ma, Z., Han, Y., Thompson, P, et al. (2021).
PADI2-Catalyzed MEK?1 Citrullination Activates ERK1/2 and Promotes IGF2BP1-Mediated SOX2
mRNA Stability in Endometrial Cancer. Advanced science (Weinheim, Baden-Wurttemberg,
Germany) 8, 2002831.

Li, T., Hu, PS., Zuo, Z.,, Lin, J.F, Li, X., Wu, Q.N., Chen, Z.H., Zeng, Z.L., Wang, F,, Zheng, J., et al. (2019).
METTLS3 facilitates tumor progression via an m(6)A-IGF2BP2-dependent mechanism in colorectal
carcinoma. Molecular cancer 78, 112.

Batlle, E., and Clevers, H. (2017). Cancer stem cells revisited. Nature medicine 23, 1124-1134.

Visvader, J.E., and Lindeman, G.J. (2012). Cancer stem cells: current status and evolving
complexities. Cell stem cell 70, 717-728.

Najafi, M., Mortezaee, K., and Majidpoor, J. (2019). Cancer stem cell (CSC) resistance drivers. Life
sciences 234,116781.

Mirzaei, S., Paskeh, M.D.A., Entezari, M., Mirmazloomi, S.R., Hassanpoor, A., Aboutalebi, M., Rezaei,
S., Hejazi, E.S., Kakavand, A., Heidari, H., et al. (2022). SOX2 function in cancers: Association with
growth, invasion, stemness and therapy response. Biomedicine & pharmacotherapy = Biomedecine
& pharmacotherapie 756, 113860.

Lopez-Bertoni, H., Johnson, A., Rui, Y., Lal, B, Sall, S., Malloy, M., Coulter, J.B., Lugo-Fagundo, M.,
Shudir, S., Khela, H., et al. (2022). Sox2 induces glioblastoma cell stemness and tumor propagation
by repressing TET2 and deregulating ShmC and 5mC DNA modifications. Signal transduction and
targeted therapy 7, 37.

Han, B., Meng, X., Wy, P, Li, Z., Li, S., Zhang, Y., Zha, C., Ye, Q., Jiang, C., Cai, J., et al. (2020).
ATRX/EZH2 complex epigenetically regulates FADD/PARP1 axis, contributing to TMZ resistance in
glioma. Theranostics 70, 3351-3365.

Sun, N., Chen, Q., Chen, H., Sun, P, Liy, Y., Song, D., Yu, D., Wang, P, Song, Y., Qin, J., et al. (2025). A
novel nuclear RNA HSD52 scaffolding NONO/SFPQ complex modulates DNA damage repair to
facilitate temozolomide resistance. Neuro-oncology 27, 963-978.

Ahmed, M., Soares, F, Xia, J.H., Yang, Y., Li, J., Guo, H., Su, P, Tian, Y., Lee, H.J., Wang, M., et al.
(2021). CRISPRI screens reveal a DNA methylation-mediated 3D genome dependent causal
mechanism in prostate cancer. Nature communications 72, 1781.

Li, K., Liu, Y., Cao, H., Zhang, Y., Gu, Z,, Liu, X., Yu, A, Kaphle, P, Dickerson, K.E., Ni, M., et al. (2020).
Interrogation of enhancer function by enhancer-targeting CRISPR epigenetic editing. Nature
communications 77, 485.

Varadharaj, V., Petersen, W., Batra, S.K., and Ponnusamy, M.P. (2025). Sugar symphony: glycosylation
in cancer metabolism and stemness. Trends in cell biology 35, 412-425.

Page 26/43



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Alcantara Llaguno, S., Chen, J., Kwon, C.H., Jackson, E.L., Li, Y., Burns, D.K., Alvarez-Buylla, A., and
Parada, L.F. (2009). Malignant astrocytomas originate from neural stem/progenitor cells in a
somatic tumor suppressor mouse model. Cancer cell 75, 45-56.

Reilly, K.M., Loisel, D.A., Bronson, R.T., McLaughlin, M.E., and Jacks, T. (2000). Nf1;Trp53 mutant
mice develop glioblastoma with evidence of strain-specific effects. Nature genetics 26, 109-113.
Verma, R, Chen, X., Xin, D., Luo, Z., Ogurek, S., Xin, M., Rao, R., Berry, K., and Lu, Q.R. (2023). Olig1/2-
Expressing Intermediate Lineage Progenitors Are Predisposed to PTEN/p53-Loss-Induced
Gliomagenesis and Harbor Specific Therapeutic Vulnerabilities. Cancer research 83, 890-905.

Lu, F, Chen, Y., Zhao, C., Wang, H., He, D., Xu, L., Wang, J., He, X., Deng, Y., Lu, E.E, et al. (2016). Olig2-
Dependent Reciprocal Shift in PDGF and EGF Receptor Signaling Regulates Tumor Phenotype and
Mitotic Growth in Malignant Glioma. Cancer cell 29, 669-683.

Ligon, K.L., Huillard, E., Mehta, S., Kesari, S., Liu, H., Alberta, J.A., Bachoo, R.M., Kane, M., Louis, D.N.,
Depinho, R.A,, et al. (2007). Olig2-regulated lineage-restricted pathway controls replication
competence in neural stem cells and malignant glioma. Neuron 53, 503-517.

Zhao, Y., Qin, J., Yy, D,, Liu, Y., Song, D., Tian, K., Chen, H,, Ye, Q., Wang, X., Xu, T, et al. (2024).
Polymer-locking fusogenic liposomes for glioblastoma-targeted siRNA delivery and CRISPR-Cas
gene editing. Nature nanotechnology 79, 1869-1879.

Novak, D., Hiser, L., Elton, J.J., Umansky, V., Altevogt, P, and Utikal, J. (2020). SOX2 in development
and cancer biology. Seminars in cancer biology 67, 74-82.

Yoo, W,, Song, Y.W,, Kim, J., Ahn, J., Kim, J., Shin, Y., Ryu, J.K., and Kim, K.K. (2023). Molecular basis
for SOX2-dependent regulation of super-enhancer activity. Nucleic acids research 57, 11999-12019.
Huang, H., Weng, H., Sun, W., Qin, X., Shi, H., Wu, H., Zhao, B.S., Mesquita, A, Liy, C., Yuan, C.L,, et al.
(2018). Recognition of RNA N(6)-methyladenosine by IGF2BP proteins enhances mRNA stability and
translation. Nature cell biology 20, 285-295.

Sommer, B.J., Barycki, J.J., and Simpson, M.A. (2004). Characterization of human UDP-glucose
dehydrogenase. CYS-276 is required for the second of two successive oxidations. The Journal of
biological chemistry 279, 23590-23596.

Hiraoka, S., Furuichi, T., Nishimura, G., Shibata, S., Yanagishita, M., Rimoin, D.L., Superti-Furga, A.,
Nikkels, P.G., Ogawa, M., Katsuyama, K, et al. (2007). Nucleotide-sugar transporter SLC35D1 is
critical to chondroitin sulfate synthesis in cartilage and skeletal development in mouse and human.
Nature medicine 73, 1363-1367.

Lv, D, Dixit, D., Cruz, A.F.,, Kim, L.J.Y., Duan, L., Xu, X., Wu, Q., Zhong, C., Lu, C., Gersey, Z.C,, et al.
(2024). Metabolic regulation of the glioblastoma stem cell epitranscriptome by malate
dehydrogenase 2. Cell metabolism 36, 2419-2436.e2418.

Morris, G.M., Huey, R., Lindstrom, W., Sanner, M.F,, Belew, R.K., Goodsell, D.S., and Olson, A.J. (2009).
AutoDock4 and AutoDockTools4: Automated docking with selective receptor flexibility. Journal of
computational chemistry 30, 2785-2791.

Page 27/43



o1.

92.

53.

o4.

99.

56.

o7.

58.

59.

60.

61.

62.

63.

64.

Lang, P.T., Brozell, S.R., Mukherjee, S., Pettersen, E.F.,, Meng, E.C., Thomas, V., Rizzo, R.C., Case, D.A,,
James, T.L., and Kuntz, I.D. (2009). DOCK 6: combining techniques to model RNA-small molecule
complexes. RNA (New York, N.Y.) 75, 1219-1230.

Mukherjee, S., Balius, T.E., and Rizzo, R.C. (2010). Docking validation resources: protein family and
ligand flexibility experiments. Journal of chemical information and modeling 50, 1986—-2000.

Wang, B., Wy, L., Chen, J., Dong, L., Chen, C., Wen, Z., Hu, J., Fleming, |., and Wang, D.W. (2021).
Metabolism pathways of arachidonic acids: mechanisms and potential therapeutic targets. Signal
transduction and targeted therapy 6, 94.

He, Y., Gao, M., Cao, Y., Tang, H., Liu, S., and Tao, Y. (2017). Nuclear localization of metabolic
enzymes in immunity and metastasis. Biochimica et biophysica acta. Reviews on cancer 1868, 359—
371.

Yu, X., and Li, S. (2017). Non-metabolic functions of glycolytic enzymes in tumorigenesis. Oncogene
36, 2629-2636.

Snaebjornsson, M.T., and Schulze, A. (2018). Non-canonical functions of enzymes facilitate cross-
talk between cell metabolic and regulatory pathways. Experimental & molecular medicine 50, 1-16.
Li, M., Yang, Y., Xiong, L., Jiang, P, Wang, J., and Li, C. (2023). Metabolism, metabolites, and
macrophages in cancer. Journal of hematology & oncology 76, 80.

Harrington, B.S., Kamdar, R, Ning, F., Korrapati, S., Caminear, M.W., Hernandez, L.F., Butcher, D.,
Edmondson, E.F, Traficante, N., Hendley, J., et al. (2023). UGDH promotes tumor-initiating cells and
a fibroinflammatory tumor microenvironment in ovarian cancer. Journal of experimental & clinical
cancer research: CR 42, 270.

Teoh, S.T., Ogrodzinski, M.P, and Lunt, S.Y. (2020). UDP-glucose 6-dehydrogenase knockout impairs
migration and decreases in vivo metastatic ability of breast cancer cells. Cancer letters 492, 21-30.
Vitale, D.L., Caon, I., Parnigoni, A., Sevic, ., Spinelli, E.M., Icardi, A., Passi, A., Vigetti, D., and Alaniz, L.
(2021). Initial Identification of UDP-Glucose Dehydrogenase as a Prognostic Marker in Breast
Cancer Patients, Which Facilitates Epirubicin Resistance and Regulates Hyaluronan Synthesis in
MDA-MB-231 Cells. Biomolecules 717.

Oudelaar, A.M., and Higgs, D.R. (2021). The relationship between genome structure and function.
Nature reviews. Genetics 22, 154-168.

Sept, C.E., Tak, Y.E., Goel, V., Bhakta, M.S., Cerda-Smith, C.G., Hutchinson, H.M., Blanchette, M., Eyler,
C.E., Johnstone, S.E., Joung, J.K,, et al. (2025). High-resolution CTCF footprinting reveals impact of
chromatin state on cohesin extrusion. Nature communications 76, 4506.

Lam, J.C., Aboreden, N.G., Midla, S.C., Wang, S., Huang, A., Keller, C.A., Giardine, B., Henderson, K.A.,,
Hardison, R.C., Zhang, H., et al. (2024). YY1-controlled regulatory connectivity and transcription are
influenced by the cell cycle. Nature genetics 56, 1938-1952.

Wang, X., Chen, Y., Wang, X., Tian, H., Wang, Y., Jin, J., Shan, Z,, Liu, Y., Cai, Z., Tong, X., et al. (2021).
Stem Cell Factor SOX2 Confers Ferroptosis Resistance in Lung Cancer via Upregulation of SLC7A11.
Cancer research 817, 5217-5229.

Page 28/43



65.

66

67.

68.

69.

70.

/1.

72.

73.

74.

75.

76.

77.

Huang, T., Song, X., Xu, D., Tiek, D., Goenka, A., Wu, B., Sastry, N, Hy, B, and Cheng, S.V. (2020). Stem
cell programs in cancer initiation, progression, and therapy resistance. Theranostics 70, 8721-8743.

. Tang, Q., Chen, J., Di, Z., Yuan, W., Zhou, Z., Liuy, Z., Han, S,, Liu, Y., Ying, G., Shu, X., et al. (2020).

TMA4SF1 promotes EMT and cancer stemness via the Wnt/B-catenin/SOX2 pathway in colorectal
cancer. Journal of experimental & clinical cancer research: CR 39, 232.

Yu, J.M,, Sun, W,, Wang, Z.H., Liang, X., Hua, F, Li, K., Lv, X.X., Zhang, X.W., Liu, Y.Y,, Yu, J.J., et al.
(2019). TRIB3 supports breast cancer stemness by suppressing FOX01 degradation and enhancing
SOX2 transcription. Nature communications 70, 5720.

Jiang, X,, Liy, B., Nie, Z., Duan, L., Xiong, Q., Jin, Z., Yang, C., and Chen, Y. (2021). The role of m6A
modification in the biological functions and diseases. Signal transduction and targeted therapy 6,
74.

Eniafe, J., and Jiang, S. (2021). The functional roles of TCA cycle metabolites in cancer. Oncogene
40, 3351-3363.

Mohammad, M.A,, Hadsell, D.L., and Haymond, M.W. (2012). Gene regulation of UDP-galactose
synthesis and transport: potential rate-limiting processes in initiation of milk production in humans.
American journal of physiology. Endocrinology and metabolism 303, E365-376.

Meng, X., Zhao, Y., Han, B., Zha, C., Zhang, Y., Li, Z., Wy, P, Qi, T,, Jiang, C., Liu, Y., et al. (2020). Dual
functionalized brain-targeting nanoinhibitors restrain temozolomide-resistant glioma via attenuating
EGFR and MET signaling pathways. Nature communications 77, 594.

Wuy, P, Cai, J., Chen, Q., Han, B., Meng, X,, Li, Y., Li, Z., Wang, R., Lin, L., Duan, C., et al. (2019). Lnc-
TALC promotes O(6)-methylguanine-DNA methyltransferase expression via regulating the c-Met
pathway by competitively binding with miR-20b-3p. Nature communications 70, 2045.

Miiller, S., GlaR, M., Singh, A K., Haase, J., Bley, N., Fuchs, T., Lederer, M., Dahl, A., Huang, H., Chen, J.,
et al. (2019). IGF2BP1 promotes SRF-dependent transcription in cancer in a m6A- and miRNA-
dependent manner. Nucleic acids research 47, 375-390.

Chen, X., Niu, W,, Fan, X., Yang, H., Zhao, C., Fan, J., Yao, X., and Fang, Z. (2023). Oct4A palmitoylation
modulates tumorigenicity and stemness in human glioblastoma cells. Neuro-oncology 25, 82-96.
Huang, K., Liu, X., Li, Y., Wang, Q., Zhou, J., Wang, Y., Dong, F,, Yang, C., Sun, Z., Fang, C., et al. (2019).
Genome-Wide CRISPR-Cas9 Screening Identifies NF-kB/E2F6 Responsible for EGFRvIII-Associated
Temozolomide Resistance in Glioblastoma. Advanced science (Weinheim, Baden-Wurttemberg,
Germany) 6, 1900782.

Jia, C., Xiang, Z., Zhang, P, Liu, L., Zhu, X,, Yu, R,, Liu, Z., Wang, S., Liu, K., Wang, Z., et al. (2024).
Selenium-SelK-GPX4 axis protects nucleus pulposus cells against mechanical overloading-induced
ferroptosis and attenuates senescence of intervertebral disc. Cellular and molecular life sciences:
CMLS 817, 49.

Xiang, Z., Zhang, P, Jia, C., Xu, R,, Cao, D., Xu, Z., Lu, T,, Liu, J., Wang, X., Qiu, C., et al. (2024). Piezo1
channel exaggerates ferroptosis of nucleus pulposus cells by mediating mechanical stress-induced
iron influx. Bone research 12, 20.

Page 29/43



78. Ma, W., Tian, Y., Shi, L., Liang, J., Ouyang, Q., Li, J., Chen, H., Sun, H., Ji, H,, Liu, X,, et al. (2024). N-
Acetyltransferase 10 represses Uqcr11 and Uqcrb independently of ac4C modification to promote
heart regeneration. Nature communications 75, 2137.

79. Yang, P, Cai, J,, Yan, W,, Zhang, W., Wang, Y., Chen, B., Li, G, Li, S., Wy, C., Yao, K., et al. (2016).
Classification based on mutations of TERT promoter and IDH characterizes subtypes in grade I1/11]
gliomas. Neuro-oncology 78, 1099-1108.

80. Zhang, C., Cheng, W., Ren, X., Wang, Z., Liu, X,, Li, G, Han, S., Jiang, T., and Wu, A. (2017). Tumor
Purity as an Underlying Key Factor in Glioma. Clinical cancer research: an official journal of the
American Association for Cancer Research 23, 6279-6291.

81. Lambein, K., Van Bockstal, M., Vandemaele, L., Geenen, S., Rottiers, I., Nuyts, A., Matthys, B., Praet,
M., Denys, H., and Libbrecht, L. (2013). Distinguishing score 0 from score 1 +in HER2
immunohistochemistry-negative breast cancer: clinical and pathobiological relevance. American
journal of clinical pathology 740, 561-566.

82. Frohler, S., and Dieterich, C. (2009). 3PD: Rapid design of optimal primers for chromosome
conformation capture assays. BMC genomics 70, 635.

83. Hagége, H., Klous, P, Braem, C., Splinter, E., Dekker, J., Cathala, G., de Laat, W., and Forné, T. (2007).
Quantitative analysis of chromosome conformation capture assays (3C-qPCR). Nature protocols 2,
1722-1733.

84. Rao, S.S., Huntley, M.H., Durand, N.C., Stamenova, E.K., Bochkov, I.D., Robinson, J.T., Sanborn, A.L.,
Machol, I, Omer, A.D., Lander, E.S,, et al. (2014). A 3D map of the human genome at kilobase
resolution reveals principles of chromatin looping. Cell 759, 1665-1680.

85. Servant, N., Varoquaux, N., Lajoie, B.R., Viara, E., Chen, C.J., Vert, J.P, Heard, E., Dekker, J., and
Barillot, E. (2015). HiC-Pro: an optimized and flexible pipeline for Hi-C data processing. Genome
biology 76, 259.

86. Kumar, R., Sobhy, H., Stenberg, P, and Lizana, L. (2017). Genome contact map explorer: a platform
for the comparison, interactive visualization and analysis of genome contact maps. Nucleic acids
research 45, e152.

87. Cannell, I.G., Merrick, K.A., Morandell, S., Zhu, C.Q., Braun, C.J., Grant, R.A., Cameron, E.R., Tsao, M.S,,
Hemann, M.T,, and Yaffe, M.B. (2015). A Pleiotropic RNA-Binding Protein Controls Distinct Cell Cycle
Checkpoints to Drive Resistance of p53-Defective Tumors to Chemotherapy. Cancer cell 28, 831.

Figures

Page 30/43



A Chra H3K27ac ChIP-gPCR D H3K4me3 ChIPgPCR

LN229 LN228
38.0 39.5 40.0 40.5 41.0 Mbj
P 251 < FP=188x10* 30 \d‘ P=3.66x=10*
ATRXEY
= 5
[=5 a
£ e
10.0 3 =
# ES
ATRXFe
Hi-C
0.0
CTCF H H GSM5573347
e N MR TPV i ado F e
“3Ki"°'";:‘; : l | H | GSM7720344 E
Lo : L H l - e : LN229 ATRX® cells aniiere snancer || 3C-assay
H3K27ac H i 25
i H GSM3670042
i H P=846 = 10?
[0-24] : : p= _ y
' i = 3
: UGDH 0 +-Ef\
S o P =227 x 10? 4
B _____________ E‘ 15 qlf'_ s digested —___'T_‘-_
B USRS . s . ATRXE -
I 2 10 B ATRX ATRX™ cells +
H
39.50 39.60 39.70 39.80 e (5
H 5
cTeF : 4
' [0-3] GSMS5573397 f— constant primer
| WHM IYEPRL1U [TTRRTIRRY PRTHR Imh i v i ly 1] 3 ecrosslinks. -
: H SN .
; ; FPPLEEL 221X st e
| H3K4me3 H
H 83 H
‘p ] i l l esmrr203as | (G LN229 3C-qPCR H
H 6 5
: P=420% 10" 8.0
! H3K27ac : g ' UGDH : :
[0-16] ' 2 s F DAk
; ,L l GSM3670042 ! g 4 P=567~10° 6.0 : .
H .J.u‘l-u L e L b st 1P - I.....n.u b sdaiiond - L : :
i ueoH candidate  candidate £ g 401 ) “we 17 A
i i = % D - LI
promoter enhancer 1  enhancer 2 w —e—ATRXE g A l.: o ._® ‘l
g 2 ——ATRX™® < 204 A S""" el
constanmt —a—— 44w . : £ . ..* o A
primer ‘@\'\ NG 0“‘5 G@kh Q}b a‘h @P\‘\ q}‘b éﬁ‘&}@ g\'\ krﬂf H 5 F F
N . & N \6\ & - \(Q @ . o OD- ........... srrrsnensser i ciissrimiiiianainies
S T EEEE ; , : ,
.............................................................................. 0- -1.0 -0.5 '] 0.5 1.0
log,FC (average)

Figure 1

Chromatin remodeling facilitates transcriptional activation of the UGDH promoter.

A. Hi-C maps and histone ChIP-seq tracks surrounding the upstream region of the UGDH locus (chr4: 39
000 000-41 000 000).

B. Upper: Histone ChIP-seq tracks (CTCF; H3K4me3; H3K27ac) surrounding the UGDH locus (chr4: 39
450 000-39 800 000); Bottom: Schematic diagram shows the design of primers for 3C experiments.

C. ChIP-qPCR data of LN229 cells showing the enrichment of H3K27ac in the upstream promoter of
UGDH (n = 3). Data are presented as the mean * S.D. P value was determined by Student's t - test.

D. ChIP-qPCR data show that different enrichment of H3K4me3 in the upstream region of the UGDH
promoter (n = 3). Data are presented as the mean + S.D. P value was determined by Student's t - test.
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E. ChIP-gPCR data show that different occupancy of CTCF in the upstream region of the UGDH promoter
(n = 3). Data are presented as the mean + S.D. P value was determined by Student's t - test.

F. Schematic diagram of the 3C experiment.

G. 3C-gPCR of the interaction between the upstream region of UGDH and its promoter (n = 3). Data are
presented as the mean + S.D. P value was determined by Student's t - test.

H. ATRXKC LN229 cells were independently transfected with siRNAs targeting of the 90 metabolic rate-
limiting enzymes, followed by sphere-formation assays. Fold changes (FC) were normalized to si-Control,
with means (average) calculated from three independent experiments. P value was determined by
Student's t-test.
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High expression of UGDH enhances the malignant behavior of tumor cells.
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A. The stemness markers (SOX2, OLIG2, NES) and UGDH expression of cells in scRNA-seq data. Data
analysis employed the UMAP dimensionality reduction method.

B. Representative images of sphere formation of LN229 cells that have either normal (NC) or
overexpression (OE) of UGDH (left) and their quantitation (right). Tumor spheres with diameters > 50 ym
were counted (n = 3). Scale bar, 200 pm. Data are presented as the mean 1S.D. P value was determined
by Student's t - test.

C. Limited dilution assays (LDA) were used to test self-renewal ability of LN229 cells after UGDH
overexpressing. Data are representative of three independent experiments.

D. Representative images of IF assays show SOX2 expression in LN229 cells with UGDH overexpression
or not. Scale bar, 100 pm. Images are representative of three independent experiments.

E. gRT-PCR analysis of mRNA levels of SOX2, GFAP, OLIG2, NES in stem-like cells (SLCs) of LN229 with
UGDH overexpressing or not (n = 3). Data are presented as the mean + S.D. P value was determined by
Student's t - test.

F. CCK-8 assay of LN229 cell growth following UGDH overexpression. (n = 3). cells were transfected with
UGDH overexpression vector or empty vector control. Cell viability was measured at indicated time
points using the CCK-8 reagent. Data are presented as the mean +S.D. P value was determined by
Student's t - test.

G. Left: Representative images of transwell assays performed by using LN229 cell, with transfected with
UGDH overexpression vector or empty vector control. Right: The statistical analyses of numbers of
migrated cells (n = 3). Scale bar, 100 pm. Images are representative of three independent experiments.
Data are presented as the mean +S.D. P value was determined by Student's t - test.
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Figure 3

UGDH promotes the maintenance of tumor cell stemness by stabilizing SOX2 mRNA.

A. Representative images of IF assays show SOX2 expression in LN229 SLCs with UGDH knockdown or
not. Scale bar, 100 pm.

B. gRT-PCR analysis of the mRNA levels of SOX2, NES, OCT4, CD133, OLIG2 and GFAP after UGDH
knockdown (n = 3). Data are presented as the mean + S.D. P value was determined by Student's t - test.

C. Left: Sphere formation assays were performed in UGDH knockdown LN229 SLCs rescued with empty
vector (EV) or r-UGDH; Scale bar, 200 pm. Images are representative of three independent experiments.

Right: Relative number of sphere formation are shown in histogram. Tumor spheres with diameters > 50
pum were counted (n = 3). Data are presented as the mean * S.D. P value was determined by Student's t -
test.

D. Representative bioluminescence images of tumor-bearing mice at the indicated time points. Mice
were implanted with tumor cells expressing sh-NT, sh-UGDH or sh-UGDH together with UGDH rescue
construct. Bioluminescence signals reflect tumor burden in each group (n = 10).
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E. Quantification of bioluminescent imaging signal intensities (n = 10). P value was determined by
Student's t - test.

F. Kaplan-Meier survival curves were generated for mice bearing tumors (n = 10). P value was
determined by Log-rank test.

G. Left: Sphere formation assays were performed in UGDH knockdown LN229 SLCs with or without
SOX2 over-expression; Scale bar, 200 pm. Images are representative of three independent experiments.
Right: Relative number of sphere formation are shown in histogram. Tumor spheres with diameters > 50
pum were counted (n = 3). Data are presented as the mean * S.D. P value was determined by Student's t -
test.

H. Left: Sphere formation assays were performed in control and UGDH knockdown LN229 SLCs with
SOX2 rescue or not; Scale bar, 200 pm. Images are representative of three independent experiments.
Right: Relative number of sphere formation are shown in histogram. Tumor spheres with diameters > 50
pum were counted (n = 3). Data are presented as the mean * S.D. P value was determined by Student's t -
test.

I. LN229 SLCs were transfected sh-NT and sh-UGDH with or without rescued by r-UGDH, and luciferase
activity of SOX2 promoter reporter was measured (n = 3). Data are presented as the mean + S.D. P value
was determined by Student's t-test. ns (no significance).

J. UGDH knockdown LN229 SLCs rescued with empty vector (EV) or r-UGDH were treated with
actinomycin D (1 pg/mL). The remaining SOX2 mRNA were examined by qRT-PCR at indicated time (n =
3). Data are presented as the mean * S.D. P value was determined by Student's t - test.

K. ATRXEY and ATRXXC LN229 SLCs with or without UGDH knockdown were treated with actinomycin D
(1 pg/mL). The remaining SOX2 mRNA were examined by gRT-PCR at indicated time (n = 3). Data are
presented as the mean + S.D. P value was determined by Student's t - test.
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Figure 4

The interaction between UGDH and VIRMA facilitates m®A modification of SOX2 mRNA.
A. Sliver staining assay were performed by using Co-IP samples (UGDH, IgG antibody).

B. High-resolution MS/MS spectra of cross-linked peptide pairs between UGDH and VIRMA.

C. Cytoplasmic and nuclear proteins from ATRXEY and ATRXX? cells were extracted separately for IP
experiments. Western Blot analyses are shown.

D. Immunofluorescence (IF) were performed with anti-UGDH and anti-VIRMA antibodies in adherent
ATRXEY and ATRXXO LN229 SLCs. Scale bar, 10 pm.

E. LN229 SLCs transfected with UGDH OE with or without sh-VIRMA were followed by treatment with
actinomycin D (1 pg/mL). The remaining SOX2 mRNA were examined by qRT-PCR at indicated time (n =
3). Data are presented as the mean * S.D. P value was determined by Student's t - test.
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F. Top: Schematic illustration of the primer pair F1/R1 design. Bottom: RNA immunoprecipitation (RIP)
assays were performed in LN229 SLCs transfected with sh-NT or sh-UGDH. The relative precipitated
SOX2 mRNA levels were examined by qRT-PCR (n = 3). Data are presented as the mean + S.D. P value
was determined by Student's t - test.

G. RNA immunoprecipitation (RIP) assays were performed in LN229 SLCs transfected with sh-NT or sh-
UGDH. The relative precipitated SOX2 mRNA levels were examined by gRT-PCR (n = 3). Data are
presented as the mean + S.D. P value was determined by Student's t - test.

H. Pull-down assays were performed by incubating the cell lysates of ATRXEY and ATRXXC SLCs with or
without biotin-SOX2.

I. IGF2BP1 knockdown LN229 SLCs rescued with empty vector (EV) or r-IGF2BP1 followed by treatment
with actinomycin D (1 pg/mL). The remaining SOX2 mRNA were examined by qRT-PCR at indicated time
(n = 3). Data are presented as the mean + S.D. P value was determined by Student's t - test.

J. Schematic representation of reporters with point mutations (A to G, shown in red) at three m°A sites
within the SOX2-3' UTR.

K. Top: Schematic illustration of the primer pair F2/R2 design. Bottom: RNA immunoprecipitation (RIP)
assays were performed in ATRXEY and ATRXXC LN229 SLCs transfected with wild-type or mutant SOX2-3'
UTR. The relative precipitated SOX2 mRNA levels were examined by qRT-PCR (n = 3). Data are presented
as the mean £ S.D. P value was determined by Student's t - test.

L. RNA immunoprecipitation (RIP) assays were performed in ATRXEY and ATRXKC LN229 SLCs
transfected with wild-type or mutant SOX2-3' UTR. The relative precipitated SOX2 mRNA levels were
examined by qRT-PCR (n = 3). Data are presented as the mean + S.D. P value was determined by
Student's t - test.

M. LN229 SLCs were transfected with wild-type or mutant SOX2-3' UTR, followed by treatment with
actinomycin D (1 pg/mL). The remaining SOX2 mRNA were examined by qRT-PCR at indicated time (n =
3). Data are presented as the mean + S.D. P value was determined by Student's t - test.
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Figure 5

UGDH promotes SOX2 mRNA stability and tumor stemness by depleting UDP-Glc.

A. LN229 SLCs were transfected with sh-UGDH and rescued by Flag-UGDH (WT) or Flag-UGDH (ED), then
the enzymatic activity was measured (n = 3). Data are presented as the mean + S.D. P value was
determined by Student's t - test.

B. The UDP-GIc and UDP-GIcUA intracellular concentrations of LN229 SLCs transfected with sh-NT or sh-
UGDH rescued with r-UGDH (WT) or r-UGDH (ED) were measured (n = 3). Data are presented as the mean
+ S.D. P value was determined by Student's t - test.

C. ATRXEV/ATRXKO LN229 SLCs with UGDH knockdown were rescued with r-UGDH (WT) or r-UGDH (ED).
Pull-down assays were conducted by incubating the cell lysates with or without biotin-SOX2 for 4 hours.

D. LN229 SLCs were transfected with sh-UGDH and rescued by r-UGDH (WT) or r-UGDH (ED), followed by
treatment with actinomycin D (1 pg/mL). The remaining SOX2 mRNA were examined by qRT-PCR at
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indicated time (n = 3). Data are presented as the mean  S.D. P value was determined by Student's t -
test.

E. Representative images of immunofluorescence (IF) assays were performed by anti-Flag to confirme
Flag-SLC35D1 expression in LN229 SLCs. Scale bar, 50 pm.

F. SLC35D1-overexpressing cells, with or without UGDH knockdown, were supplemented with UDP-GICUA
(5 mM). Then the intracellular UDP-GIcUA levels were measured (n = 3). Then the SOX2 mRNA levels
were measured (n = 3). Data are presented as the mean + S.D. P value was determined by Student's t -
test.

G. LN229 SLCs transfected with sh-NT or sh-UGDH were supplemented with or without UDP-Glc (5 mM),
followed by treatment with actinomycin D (1 pyg/mL). The remaining SOX2 mRNA were examined by qRT-
PCR at indicated time (n = 3). Data are presented as the mean  S.D. P value was determined by
Student's t - test.

H. LN229 SLCs were supplemented with different dose of UDP-Glc. The concentrations of cellular UDP-
Glc were determined (n = 3). Data are presented as the mean + S.D. P value was determined by Student's
1 -test.

I. Sphere formation assays were performed in LN229 SLCs with different dose of UDP-Glc. Scale bar, 200
pum. Images are representative of three independent experiments.

J. Relative number of sphere formation are shown in histogram. Tumor spheres with diameters > 50 ym
were counted (n = 3). Data are presented as the mean + S.D. P value was determined by Student's t - test.

K. Sphere formation assays were performed in LN229 SLCs with UGDH/UGP2 knock down or both. Scale
bar, 200 um. Images are representative of three independent experiments.

L. Relative number of sphere formation are shown in histogram. Tumor spheres with diameters > 50 pm
were counted (n = 3). Data are presented as the mean + S.D. P value was determined by Student's t - test.

M. Kaplan-Meier survival curves were generated for mice bearing tumors (n = 10 mice). The mice were
implanted with genetically modified LN229 cells transfected with sh-NT and sh-UGP2 with or without
rescued by r-UGP2. P value was determined by Log-rank test.

N. Representative bioluminescence images of tumor-bearing mice at the indicated time points. Mice
were implanted with tumor cells expressing sh-NT, sh-UGP2 or r-UGP2. Bioluminescence signals reflect
tumor burden in each group (n = 10).
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Figure 6

UDP-Glc binds to VIRMA and disrupts its association with mRNA.

A. Purified recombinant His-VIRMA (10 pg) was incubated with biotin-SOX2 and varying concentrations
of UDP-GIc or UDP-GIcUA, followed by pull-down assays.

B. The binding modes of UDP-Glc (top) and UDP-GIcUA (bottom) with VIRMA are shown. The protein
shown as a cyan-colored cartoon. The two ligands, UDP-Glc and UDP-GICcUA, are presented in stick
representation, and the dominant residues involved in the interaction are also highlighted in stick form.
This visualization emphasizes the structural details of how these ligands bind to VIRMA and the key
residues that mediate their interaction.

C. Isothermal titration calorimetry assays were performed with purified recombinant His-VIRMA (0.1
mM) and UDP-Glc (1 mM) or UDP-GIcUA (1 mM). Kd, dissociation constant.

D. The recombinant His-VIRMA-WT, His-VIRMA-R524A (5 pg) was incubated with or without UDP-Glc.
Then incubated with biotin-SOX2 and followed by pull-down assays.
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E. ATRXEY and ATRXKO LN229 SLCs with VIRMA knockdown were rescued by VIRMA-WT or VIRMA-
R524A. The western blot analysis confirmed the expression of VIRMA and SOX2.

F. Pull-down assays were performed by incubating the cell lysates with or without biotin-SOX2.

G. Left: LN229 ATRXEY or ATRXXO SLCs rescued by wild-type or mutant VIRMA, sphere formation assays
were performed. Scale bar, 200 pm. Images are representative of three independent experiments. Right:
Relative number of sphere formation are shown in histogram. Tumor spheres with diameters > 50 ym
were counted (n = 3). Data are presented as the mean + S.D. P value was determined by Student's t - test.

H. Representative bioluminescence images of mice derived from LN229 cells transfected with sh-VIRMA
and rescued by VIRMA-WT or VIRMA-R524A (n = 10).
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Figure 7

Treatment with the UGDH inhibitor HY-155534 suppresses tumor growth in vivo and impairs the
self-renewal capacity.
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A. The binding modes of HY-155534 with UGDH are shown. The protein shown as a cyan-colored
cartoon. HY-155534 are presented in stick representation, and the dominant residues involved in the
interaction are also highlighted in stick form.

B. Time-dependent RMSD variations of the protein, ligand, and complex over the 100 ns molecular
dynamics (MD) simulation. RMSD was computed with respect to the starting conformation and
monitored throughout the trajectory.

C. Time-dependent variation of the radius of gyration (Rog) of the complex over the 100 ns MD
simulation. Rog values were calculated to monitor the overall compactness of the complex throughout
the trajectory.

D. Distance between the center of mass (COM) of the ligand and that of the protein over the 100 ns MD
simulation. The COM distance was monitored to evaluate the positional stability and binding tightness of
the ligand within the binding pocket.

E. Three-dimensional free energy landscape (FEL) of the complex as a function of RMSD and Rog. FEL
was constructed based on the RMSD and Rog values extracted from the 100 ns MD simulation. The low-
energy basin (blue) represents the most thermodynamically favorable conformational ensemble.

F. Superimposed conformations of the complex at 10 ns intervals over the 100 ns MD simulation.

G. IC5 determination of HY-155534 inhibit UGDH enzymatic activity. UGDH activity was measured in the
presence of increasing concentrations of HY-155534 (n = 3). Data are presented as the mean + S.D.

H. LN229 SLCs were treated with different dose of HY-155534 and performed sphere formation assays.
Scale bar, 200 um. Images are representative of three independent experiments.

I. Representative bioluminescence images of tumor-bearing mice at the indicated time points. Mice were
implanted with ATRXEY or ATRXKC cells. One week after tumor cell implantation, mice were treated with

daily intraperitoneal injections of HY-155534 (4 mg/kg) or an equivalent volume of DMSO control (n =
10).
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Figure 8

Chromatin remodeling promotes UGDH expression, thereby driving tumor stemness maintenance.

Figure 8. The mechanistic scheme diagram of UGDH promoting stemness maintenance in tumor cells.
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