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A B S T R A C T

Targeting nucleotide enzymes emerges as a promising avenue for impeding tumor proliferation
and fortifying anti-tumor immunogenicity. The non-canonical role of nucleotide enzymes remains
poorly understood. In this study, we have identified that Phosphoglucomutase 2 (PGM2) rapidly
accumulates at the DNA damage site to govern the DNA damage response mediated by the
phosphorylation at Serine 165 and by forming a complex with Rho-associated coiled-coil-con-
taining protein kinase 2 (ROCK2). Silencing PGM2 in Glioblastoma Multiforme (GBM) cells
heightens DNA damage in vitro and enhances the sensitivity of temozolomide (TMZ) treatment by
activating anti-tumor immunity in vivo. Furthermore, we demonstrate that pharmacological in-
hibition of ROCK2 synergistically complements TMZ treatment and pembrolizumab (PD-L1)
checkpoint immunotherapy, augmenting anti-tumor immunity. This study reveals the non-
canonical role of the nucleotide enzyme PGM2 in the regulation of DNA damage response and
anti-tumor immunity, with implications for the development of therapeutic approaches in cancer
treatment.

1. Introduction

GBM, a malignant tumor with a poor prognosis and limited treatment options, primarily relies on traditional chemotherapy and
radiation therapy as standard treatments while facing significant challenges in the context of immunotherapies [1]. Even with optimal
treatment, recurrence remains almost inevitable in the majority of cases [2]. GBM is also known as a "cold tumor" due to its
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insensitivity to immunotherapies. GBM cells acquire distinctive metabolic characteristics that facilitate their rapid proliferation and
treatment resistance [3]. One such trait is the manipulation of nucleotide metabolism, which is pivotal in conferring resistance to
cancer therapies [4]. The augmented nucleotide metabolism permits the aggressive behaviors of GBM cells including the immune
evasion of GBM cells [4]. Considerable attention has been directed toward unraveling the nucleotide metabolism intricacies in glioma
cells, particularly within the pyrimidine and purine pathways [5,6]. Nucleotide imbalance and nucleoside degradation regulate cell
state transitions and cell fate decisions, particularly following replication stress [7]. The nucleotide metabolism greatly affects the DNA
repair and therapy resistance in GBM by increasing nucleobase-containing metabolites and the inhibition of nucleotide synthesis
enzymes sensitizes GBM cells to radiation therapy [8]. Therefore, targeting nucleotide metabolism and DNA damage repair in GBM
represents a potential strategy for sensitizing GBM to treatments. Recent research has demonstrated that aberrations in nucleotide
metabolism not only affect tumor development, but also disrupt the typical immune response within the tumor microenvironment
(TME), highlighting the potential for targeting nucleotide metabolism as a way to enhance immunotherapeutic interventions [9].

The concept of metabolic enzymes performing additional, non-canonical ("moonlighting") functions has attracted considerable
attention in recent years. Beyond their established roles as enzymes, numerous metabolic enzymes and metabolites exhibit non-
canonical functions that support the malignant transformation of cancer cells [10]. Classic enzymes such as
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [11], phosphoglycerate mutase 2 (PGAM2) [12], and pyruvate kinase M2
(PKM2) [13] are known to possess important non-canonical roles.

PGM2 is a component of the pentose phosphate pathway (PPP) and its role in cancer cells remains inadequately elucidated. The
PPP, which operates in parallel to glycolysis, generates NADPH, pentoses, and ribose-5-phosphate (R-5-P), a precursor necessary for
nucleotide synthesis to support DNA replication and DNA damage repair [14]. The canonical function of PGM2 lies in catalyzing the
conversion of ribose-1-phosphate and deoxyribose-1-phosphate, which are the breakdown products of nucleosides, into their
respective 5-phosphopeptides. This enzymatic activity facilitates the recycling of degradation products, enabling their incorporation
into subsequent nucleotide synthesis processes [15].

In this study, we found that the cytoplasmic PGM2 translocated into nuclear upon DNA damage drug treatment. Moreover, the
nuclear PGM2 rapidly accumulates at DNA damage sites shortly after the occurrence of DNA double-strand breaks (DSBs), which
depends on the phosphorylation of PGM2 at the Ser 165 site and the binding with ROCK2. Targeting PGM2 sensitizes GBM cells to
chemotherapy and enhances the anti-tumor immunity in vivo. Our findings support that targeting PGM2 may be a promising strategy
to overcome therapy resistance in GBM.

2. Results

2.1. PGM2 translocates into the nucleus by chemo-drug treatment

PGM2 was reported as primarily located in the cytoplasm involving in the ribose-phosphate conversion within the pentose
phosphate pathway (Fig. 1A). Comprehensive investigation of the expression and localization of PGM2within cancer cells has unveiled
its dual residency, spanning both cytoplasmic and nuclear compartments, a discovery substantiated by endogenous PGM2 antibody
staining (Fig. 1B–D; Fig. S1D). Further validation through the depletion of PGM2 using single-guide RNAs (sgRNAs) confirmed its
presence in both the cytoplasm and nucleus of U251 cells (Fig. S1B). We next engineered PGM2 variants tagged with HA, Flag, and
GFP, subjecting them to immunostaining, collectively verified the dual residency of PGM2 in the cytoplasm and nucleus (Fig. 1E;
Figs. S1A and S1C and S1E-H). Together, these results conclusively establish that PGM2 is not confined to the cytoplasm but also
locates the nucleus within cells.

To further investigate the signaling in controlling the localization of PGM2, we found the nuclear translocation of PGM2 was
induced by the treatment of TMZ or doxorubicin (Doxo) in U251 (Fig. 1F and G). To further study the dynamic subcellular location
change of PGM2, we subjected HeLa and U2OS cells stably expressing GFP-PGM2 or HA-PGM2 to TMZ, Doxo, and etoposide (Eto)
treatment. Our results revealed a significant translocation of PGM2 into nuclear by chemo-drug treatment (Fig. 1J and K; Figs. S1G and
H). Cytosolic and nuclear fractionation separation also confirmed that nuclear PGM2 level increased upon chemo-drug treatment
(Fig. S1I). We observed the dynamic of nuclear translocation of GFP-PGM2 using living cell imaging with increased nuclear trans-
location upon Eto treatment in U2OS (Fig. 1H and I). We also observed the accumulation of PGM2 in the nucleus in G2/M checkpoint
upon cell cycle blockade, consistent with its role in DNA damage repair (Figs. S1J and S1K). In summary, our data presents strong
evidence for PGM2’s dual presence within cancer cells, existing in both the cytoplasm and nucleus. Notably, we observed an enhanced
nuclear localization of PGM2 under conditions of chemo-drug treatment. These insights shed light on the intricate interplay between
PGM2 and DNA damage repair processes.

2.2. PGM2 depletion enhances the sensitivity of GBM cells to DNA damage

The dynamic relocation of PGM2 under chemo-drug treatment prompted us to further explore the function of PGM2 in DNA
damage repair. Analysis of the TCGA database revealed significantly elevated expression of PGM2 in GBM (Fig. 2A). To gain deeper
insights into the functional involvement of PGM2 within glioma cells, we used two independent sgRNAs to efficiently knockout PGM2
in U251 cells (Fig. 2B). Notably, our findings reveal a substantial increase in DNA damage levels in U251 cells lacking PGM2, both in
the presence and absence of TMZ treatment, as evidenced by elevated levels of phospho-γH2A (Fig. 2C and D). Knockdown of PGM2
using shRNA also achieved consistent results (Figs. S2B and C). Additionally, the neutral comet assay revealed increased double-strand
DNA break in PGM2 knockout cells (Fig. 2E and F). The depletion of PGM2 significantly sensitized U251 cells to TMZ treatment with
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increased cell death (Fig. S2A). To further validate the role of PGM2 in DNA damage repair, we conducted immuno-staining assays
targeting phospho-γH2A foci and TP53BP1 foci with and without TMZ treatment in U251. Our results demonstrate that PGM2
knockout leads to elevated DNA damage levels (Fig. 2G-J). Taken together, these findings unveil the role of PGM2 in the intricate
machinery of DNA damage response and the depletion of PGM2 enhances the sensitivity of GBM cells to DNA damage.

2.3. Nuclear PGM2 is recruited to the DNA damage site

In order to determine the precise functional domain of PGM2 implicated in DNA damage repair, we conducted a meticulous
investigation into the distinct roles played by cytoplasmic and nuclear PGM2 within PGM2-knockout HeLa and U2OS cells. To achieve
this, we introduced distinct GFP-PGM2 constructs, each featuring nuclear localization sequences (NLS) and nuclear export sequences
(NES) (Figs. S3A and B). The intracellular localization patterns were validated by the location of GFP (Fig. 3A; Fig. S3C). Subsequently,
we conducted a comprehensive assessment of DNA damage levels in NLS and NES cells, both in the presence and absence of TMZ
treatment. We observed a pronounced increase in the level of phospho-γH2A in NES cells compared to NLS cells (Fig. 3B-G). This
finding underscores the functional significance of nuclear-localized PGM2 in DNA damage repair mechanisms. Collectively, these
results demonstrated that the nuclear localization is pivotal for the functional roles of PGM2 in DNA damage repair processes.

Earlier observations had noted the translocation of PGM2 into the nucleus in response to DNA damage induced by chemothera-
peutic agents. In light of these insights, our pursuit to establish PGM2’s direct involvement at DNA damage sites during repair led us to
conduct DNA laser micro-irradiation assays in HeLa and U2OS cells expressing GFP or GFP-PGM2. The results conclusively revealed
the rapid recruitment of PGM2 to the DNA damage site immediately following laser-induced DNA damage (405 nm), in stark contrast
to GFP, which exhibited no such propensity for accumulation (Fig. 3H-K). These compelling observations substantiate the direct
involvement of PGM2 in DNA damage repair processes, as it is precisely localized to sites of DNA damage. In conclusion, our
comprehensive results highlight the unique and noncanonical role of nuclear PGM2 in the context of DNA damage repair, particularly
its direct participation in the DNA damage repair process. These insights contribute to a deeper understanding of the functional
mechanisms that govern PGM2-mediated DNA damage repair processes.

2.4. Phosphorylation of PGM2 at S165 protects cells against DNA damage stress

The intricate machinery of the DNA damage response (DDR) network depends on precisely coordinated protein phosphorylation
dynamics. This process plays a pivotal role in regulating protein localization and their functional characteristics [16]. To further
investigate the role of PGM2 in DNA damage repair, we engineered a Flag-PGM2 construct for flag beads immunoprecipitation to
explore the phosphorylation state and potential interacting partners of PGM2. Subsequent to flag immunoprecipitation (flag-IP), mass
spectrometry (MS) analysis unveiled the phosphorylation of PGM2 at the 165 serine (S165) site, a conservative site observed among
various species (Fig. 4A). Notably, heightened phosphorylation levels were evident following etoposide treatment (Fig. S4C). To
further investigate the role of PGM2 S165 phosphorylation, we generated mutant cell lines in which S165 was mutated to alanine
(designated SA, a phospho-dead mutant) or aspartic acid (designated SD, a constant-phosphorylation mimic) in PGM2-knockout HeLa,
U2OS and U251 cells (Figs. S4A and E). Intriguingly, these mutant lines exhibited no overt deviations in cellular localization patterns
(Fig. S4B). We further observed a significant decrease in DNA damage in S165D cells compared to S165A cells. This finding was
consistently confirmed through Western blot analysis and immunofluorescence staining targeting phospho-γH2A, highlighting the
crucial role of PGM2 S165D in DNA damage repair (Fig. 4B-G; Fig. S4D). To investigate whether S165 phosphorylation plays a role in
guiding PGM2’s recruitment to DNA damage sites, we conducted DNA laser micro-irradiation assays. The results demonstrated the
rapid and prominent recruitment of the S165Dmutant to DNA damage sites, whereas the S165Amutant showed limited recruitment in
HeLa, U2OS and U251 cells (Fig. 4H-K; Figs. S4F and G). In summary, our findings strongly support the notion that the phosphorylation
status of PGM2 at serine 165 plays a crucial role in regulating its functional participation in DNA damage repair.

Fig. 1. PGM2 translocates into the nucleus by chemo-drug treatment. A. PGM2 functions in ribose-phosphate conversion. B. Immunofluorescence
staining of endogenous PGM2 in U251 cells using PGM2 antibody and co-localization profiling of PGM2 with DAPI of line-indicated section. Scale
bar: 10 μm. C. Immunofluorescence staining of endogenous PGM2 in U87 cells using PGM2 antibody and co-localization profiling of PGM2 with
DAPI of line-indicated section. Scale bar: 10 μm. D. Immunofluorescence staining of endogenous PGM2 in HeLa cells using PGM2 antibody and co-
localization profiling of PGM2 with DAPI of line-indicated section. Scale bar: 10 μm. E. Immunofluorescence staining of HA-tagged PGM2 in HeLa
cells using HA antibody and co-localization profiling of PGM2 with DAPI of line-indicated section. Scale bar: 10 μm. F. Immunofluorescence images
of PGM2 staining in ctrl, TMZ-treated, and Doxo-treated U251 cells, with nuclei counterstained by DAPI. U251 cells were treated with 0.001%
DMSO, 400 μM TMZ, or 2 μM Doxo for 24 h. G. Quantification of PGM2 intensity (Nuclear intensity/Cytoplasmic intensity) in figure F. At least 30
cells were measured in each group. H. Representative images of live-cell imaging in U2OS cells. Scale bar: 20 μm. U2OS cells were transfected with
GFP or GFP-PGM2, followed by live-cell imaging with or without 5 μM etoposide for 24 h. I. Quantification of relative GFP intensity (Nuclear
intensity/Cytoplastic intensity) of live-cell imaging in U2OS cells, with 10 cells measured in each group. J. Immunofluorescence images displaying
GFP or GFP-PGM2 and αTubulin in 0.001%DMSO-treated, TMZ-treated, and etoposide-treated HeLa cells, with nuclei counterstained by DAPI. HeLa
cells were transfected separately with GFP or GFP-PGM2, and then treated with 0.001%DMSO, 400 μM TMZ, or 5 μM etoposide for 24 h. K.
Quantification of relative GFP intensity (Nuclear intensity/Cytoplasmic intensity) of GFP or GFP-PGM2 in figure J. At least 20 cells were measured
in each group. Statistical significance was denoted as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Fig. 2. PGM2 depletion enhances the sensitivity of GBM cells to DNA damage. A. The relative mRNA expression of PGM2 in TCGA and GTEx
datasets. B. U251 cells were subjected to knockout of PGM2 using two independent sgRNAs, and the effectiveness of the knockout was confirmed
through Western blot analysis. C. sgScramble and sgPGM2 U251 cells were treated with TMZ in a dose-dependent manner (0.001 % DMSO, TMZ
200 μM, 400 μM). DNA damage was assessed by quantifying phospho-γH2A.X protein levels. D. sgScramble and sgPGM2 U251 cells were treated
with 0.001%DMSO or 400 μM TMZ in a time-dependent manner (24h, 48h). DNA damage was assessed by quantifying phospho-γH2A.X protein
levels. E. U251 cells transfected with sgScramble or sgPGM2 were subjected to the neutral comet assay. Microphotographs representing the results of
the neutral comet assay. Scale bar: 0.2 cm. F. Quantification of the tail moment of figure E. Data were compiled from approximately 100 cells in each
group. G. Representative images of phospho-γH2A.X staining in U251 cells. Scale bar: 30 μm. U251 cells transfected with sgScramble or sgPGM2
were treated with 0.001 % DMSO or TMZ 400 μM for 48h, and after treatment, the level of phospho-γH2A.X was assessed through immunofluo-
rescence staining. H. Quantification of phospho-γH2A.X intensity per nucleus of figure G. At least 50 cells were measured in each group. I.
Representative images of TP53BP1 staining in U251 cells. Scale bar: 20 μm. U251 cells transfected with sgScramble or sgPGM2 were treated with
0.001 % DMSO or TMZ 400 μM for 48h, and after treatment, the level of TP53BP1 was assessed through immunofluorescence staining. J. Quan-
tification of TP53BP1 foci per nucleus in figure I. At least 50 cells were counted in each group. Statistical significance was denoted as * for p < 0.05,
** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001.
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2.5. ROCK2 interacts with PGM2

The intricate network of protein interactions governing DNA damage repair entails multifaceted complexities. Our experimental
design of MS encompassed distinct conditions for flag-IP assays including the control group and etoposide-treated group, with a vector
plasmid serving as the negative control (Fig. 5A; Fig. S5A). The conditions were carefully chosen to explore PGM2’s possible inter-
acting proteins during DNA damage response (Fig. S5B). Remarkably, distinct sets of proteins emerged across the experimental co-
horts, with certain proteins consistently present in both groups. The results unveiled an intriguing candidate, ROCK2, which exhibited
a heightened score in the etoposide-treated group compared to the control group (Fig. 5B). ROCK2, a serine/threonine kinase, plays
critical roles in various cellular processes, including cytoskeletal organization, DNA damage repair, and cell cycle progression [17].
ROCK2 has been reported to interact with DNA repair assembly proteins to modulate the DDR, facilitating DNA damage repair in
cancer cells [18–20]. To confirm the binding between ROCK2 and PGM2, we constructed PGM2 tagged with GFP-Flag and ROCK2
tagged with mRFP-HA, followed by co-immunoprecipitation (co-IP) experiments in 293T cells. The binding of PGM2 and ROCK2 was
confirmed through flag immunoprecipitation and HA immunoprecipitation (Fig. 5C and D). Subsequently, semi-endogenous immu-
noprecipitation with HA in HeLa cells further confirmed the increased association between PGM2 and ROCK2 under etoposide
treatment (Fig. 5E). Furthermore, the endogenous co-IP with PGM2 antibody revealed that the increased binding of ROCK2 and PGM2
under etoposide treatment in both HeLa and U251 cells (Fig. 5F; Fig. S5D). Building upon prior findings suggesting that the phos-
phorylation status of PGM2 at serine 165 played an important role in the DDR, we aimed to investigate whether this phosphorylation
enhances its interaction with ROCK2. In both 293T, HeLa and U251 cells, we confirmed that ROCK2 specifically interacts with the
PGM2 S165D mutant, in contrast to the S165A mutant (Fig. 5G and H; Fig. S5E). This observation consistently aligns with the
functional differences observed between the S165A and S165D mutants. DNA laser micro-irradiation experiments further confirmed
that knockdown of ROCK2 significantly hindered the recruitment of PGM2 to DNA damage sites, mirroring the behavior observed with
the PGM2 S165A mutant (Fig. 5I and J, Figs. S5C and F-H). Taken together, this interaction emphatically highlights the pivotal role of
the complex formed by phosphorylated PGM2 and ROCK2, which plays a key role in guiding PGM2’s recruitment to DNA damage sites
and, in turn, facilitates its active participation in DNA damage repair processes.

2.6. PGM2 knockdown sensitizes glioma to TMZ in vivo by activating the immune microenvironment

Previous research has uncovered the involvement of nucleotide metabolism and the DDR in modulating anti-tumor immune re-
sponses. We next investigate the role of PGM2 in anti-tumor immunity within immunocompetent murine. We utilized different shRNAs
to achieve PGM2 knockdown in both GL261 and CT2A murine glioma cells, and the effectiveness of the knockdown was confirmed
through qRT-PCR assessments (Fig. 6A; Fig. S6A). The increased DNA damage observed in PGM2 knockdown cells, both with and
without TMZ treatment, aligned with previous results and was verified using immunofluorescence staining of phospho-γH2A.X
(Fig. 6B and C). DNA damage is known for inducing the production of ISGs to amplify the immune response for enhanced anti-tumor
immunity [21,22]. The heightened DNA damage, as a result, led to a robust generation of ISGs, which was confirmed through
qRT-PCR. Notably, after exposure to TMZ, PGM2 knockdown cells displayed a significant increase in the upregulation of ISGs,
including Cxcl10 and Ccl5 (Fig. 6F). The cyclic GMP–AMP synthase (cGAS)–stimulator of interferon genes (STING) pathway is an
intrinsic immune pathway responsible for detecting both endogenous and exogenous double-strand DNA, thereby initiating a robust
immune response [23,24]. The presence of micro-nuclei, indicative of DNA rupture and subsequent cGAS activation, was assessed in
CT2A cells, revealing an elevated micro-nuclei level in the PGM2 knockdown groups (Fig. S6A).

For in vivo tumorigenesis assessment, we established mouse models using luciferase-expressing GL261 cells (GL261-luc). Notably,
PGM2 knockdown significantly suppressed the growth of GL261-luc cells and increased their sensitivity to TMZ treatment, as evi-
denced by the luciferin intensity measurements (Fig. 6D and E). In both GL261 and CT2A glioma, knockdown of PGM2 greatly hin-
dered the growth of glioma suggested by decreased tumor volume and improved survival (Fig. 6G; Fig. S6D). Moreover, we investigate
the role of PGM2 in the regulation of the tumor microenvironment. The number of micro-nuclei in the shPGM2 cohort is significantly

Fig. 3. Nuclear PGM2 is recruited to the DNA damage site. A. Immunofluorescence images displaying NLS- and NES-PGM2 in HeLa and U2OS
sgPGM2 cells, with nuclei counterstained by DAPI. Scale bar: 10 μm. B. HeLa sgPGM2 cells were transfected with NLS- and NES-PGM2, followed by
treatment with 0.001 % DMSO or 200 μM TMZ for 24 h. Then, the extent of DNA damage was evaluated by quantifying phospho-γH2A.X protein
levels by WB. The levels of phospho-γH2A.X were measured using the DMSO-treated NLS group as the control. C. U2OS sgPGM2 cells were
transfected with NLS- and NES-PGM2, followed by treatment with 0.001 % DMSO or 200 μM TMZ for 24 h. Subsequently, the extent of DNA damage
was evaluated by quantifying phospho-γH2A.X protein levels by WB. The levels of phospho-γH2A.X were measured using the DMSO-treated NLS
group as the control. D. Representative images showing phospho-γH2A.X and GFP-PGM2 in NLS- and NES-PGM2 HeLa sgPGM2 cells treated with
0.001 % DMSO or 200 μM TMZ for 24 h, with nuclei counterstained by DAPI. Scale bar: 5 μm. E. Representative images showing phospho-γH2A.X
and GFP-PGM2 in NLS- and NES-PGM2 U2OS sgPGM2 cells treated with 0.001 % DMSO or 200 μM TMZ for 24 h, with nuclei counterstained by
DAPI. Scale bar: 5 μm. F. Quantification of phospho-γH2A.X levels measured as mean intensity per nucleus in NLS- and NES-PGM2 sgPGM2 HeLa
cells. At least 50 cells were measured in each group. G. Quantification of phospho-γH2A.X levels measured as mean intensity per nucleus in NLS- and
NES-PGM2 sgPGM2 U2OS cells. At least 50 cells were measured in each group. H, I. Representative fluorescence micrographs of HeLa cells and
U2OS cells expressing GFP or GFP-PGM2 individually coexpressing mCherry-PCNA as positive control, before and after laser micro-irradiation,
following pretreatment with 10 μM BrdU for 24 h in HeLa cells and U2OS cells. Scale bar: 10 μm. J, K. Quantification of GFP intensity in the
DNA laser micro-irradiation assay in Figure H, I. At least 10 cells were measured in each group. Statistical significance was denoted as * for p < 0.05,
** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
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higher than shScramble cohort (Fig. S6B), and immunofluorescence staining of frozen GL261 and CT2A glioma slices revealed a
noticeable increase of CD3+ cells, CD8+GranzB+ cells, and CD8+IFNγ+ cells within the shPGM2 cohort. This effect was further
amplified when combined with TMZ treatment (Fig. 6H–M; Figs. S6I–S6J). In summary, PGM2 depletion led to increased production of
ISGs and activation of immune cells, and sensitized glioma cells to TMZ treatment in vivo by activating the immunemicroenvironment.

2.7. ROCK2 inhibition sensitizes glioma to TMZ and PD-L1 in vivo by activating the immune microenvironment

Previous evidence has shown that the ROCK2-PGM2 complex plays an important role in DNA damage repair. Several ROCK in-
hibitors are currently undergoing clinical trials for diverse medical conditions, including diffuse cutaneous systemic sclerosis, chronic
graft versus host disease (cGvHD), and Fuchs’ endothelial dystrophy [25]. However, no prior study has explored the treatment po-
tential of ROCK2 in glioma. As ROCK2 and ROCK1 share high homology, we selected the FDA-approved ROCK2-specific inhibitor
Belumosudil (also known as KD025) to investigate its efficacy in treating glioma [17].

In both GL261 and CT2A glioma models, the inhibition of ROCK2 by Belumosudil (BEL) exhibited robust anti-tumor effects, either
as a standalone therapeutic agent or in combination with TMZ treatment. This was evident through the reduction in tumor volume
(Fig. 7A; Fig. S7C) and improved overall survival (Fig. 7B; Fig. S7D). Consistent with the results observed after PGM2 knockdown,
treatment with Belumosudil also induced the activation of the immune microenvironment within the glioma, leading to increased
numbers of CD3+ cells, CD8+GranzB+ cells, and CD8+IFNγ+ cells (Fig. 7C-H; Figs. S7E–S7J). The cellular experiments further
confirmed Belumosudil’s ability to stimulate the expression of ISGs, and it demonstrated synergistic effects when combined with TMZ.
Crucially, these effects were diminished when PGM2 was knocked down, implying that Belumosudil exerts its ISG-inducing function
through PGM2 (Figs. S7A and B). Additionally, Belumosudil-treated groups exhibited an increased level of DNA damage in vivo
(Figs. S7K and L).

Given the immune microenvironment activation within gliomas induced by pharmacological ROCK2 inhibition using Belumosudil,
we aimed to combine Belumosudil with the immune checkpoint inhibitor PD-L1 to assess the potential sensitizing effect of ROCK2
inhibition on immunotherapy in glioma. The results demonstrate that Belumosudil sensitized PD-L1 treatment, led to reduced tumor
volume (Fig. 7I), extended survival of mouse survival (Fig. 7J), and an increased presence of CD3+ cells, CD8+GranzB+ cells, and
CD8+IFNγ+ cells in the microenvironment (Fig. 7K–P). In conclusion, the pharmacological inhibition of ROCK2 using Belumosudil
unequivocally demonstrates substantial anti-tumor effects characterized by increased DNA damage in cancer cells and concurrent
activation of the immune microenvironment. This underscores the significant therapeutic promise of Belumosudil in the treatment of
glioma.

3. Discussion

Cancer cells exhibit unique metabolic characteristics, especially in nucleotide metabolism that enable their rapid proliferation and
resistance to treatment. In this study, we delved into the role of PGM2, an enzyme involved in the pentose phosphate pathway, within
the context of DNA damage response in GBM.

The non-canonical role of metabolic enzymes revealed the dynamic crosstalk between cell metabolism and other important cellular
processes. To meet the increased demands for materials required for DNA synthesis and DNA damage repair, cancer cells employ
various strategies to meet their metabolic needs. One such strategy involves the upregulation of DNA-related metabolic enzymes to
facilitate rapid material replenishment [4]. Besides fulfilling metabolic needs, the interaction between metabolic enzymes and DNA
damage repair has gained growing attention in recent years. Multiple metabolic enzymes moonlight in DNA damage repair, including
PKM2 [26], PGAM1 [12,27], and fructose-2,6- bisphosphatase 3 (PFKFB3) [28] by directly involved in the network of DDR [29]. PKM2
has been found to promote homologous recombination-mediated DNA double-strand break repair by phosphorylating and activating
CtIP [26].

Our results demonstrate that PGM2 acquires a unique cellular location both in the cytoplasm and the nucleus, and its translocation

Fig. 4. Phosphorylation of PGM2 at S165 protects cells against DNA damage stress. A. The 165 serine phosphorylation site of PGM2 detected by MS
is conservative. B. HeLa sgPGM2 cells were individually transfected with GFP-PGM2(S165A) and GFP-PGM2(S165D), followed by treatment with
0.001 % DMSO or 200 μM TMZ for 24 h. Subsequently, the extent of DNA damage was assessed by quantifying phospho-γH2A.X protein levels using
Western blot analysis. The levels of phospho-γH2A.X were measured using the DMSO-treated S165A group as the control. C. U2OS sgPGM2 cells
were individually transfected with GFP-PGM2(S165A) and GFP-PGM2(S165D), followed by treatment with 0.01 % DMSO or 200 μM TMZ for 24 h.
Subsequently, the extent of DNA damage was assessed by quantifying phospho-γH2A.X protein levels using Western blot analysis. The levels of
phospho-γH2A.X were measured using the DMSO-treated S165A group as the control. D. Representative images illustrating phospho-γH2A.X levels
in PGM2 S165A and S165D HeLa sgPGM2 cells treated with 0.001 % DMSO or 200 μM TMZ for 24 h, with nuclei counterstained by DAPI. Scale bar:
5 μm. E. Representative images illustrating phospho-γH2A.X levels in PGM2 S165A and S165D U2OS sgPGM2 cells treated with DMSO or 200 μM
TMZ for 24 h, with nuclei counterstained by DAPI. Scale bar: 5 μm. F. Quantification of phospho-γH2A.X levels measured as mean intensity per
nucleus in Figure D. At least 50 cells were measured in each group. G. Quantification of phospho-γH2A.X levels measured as mean intensity per
nucleus in Figure E. At least 50 cells were measured in each group. H. Representative fluorescence micrographs of HeLa cells individually expressing
GFP-PGM2 S165A or GFP-PGM2 S165D, before and after laser micro-irradiation. Scale bar: 10 μm. I. Quantification of Figure H. At least 10 cells
were measured in each group. J. Representative fluorescence micrographs of U2OS cells individually expressing GFP-PGM2 S165A or P-PGM2
S165D, before and after laser micro-irradiation. Scale bar: 10 μm. K. Quantification of Figure J. At least 10 cells were measured in each group.
Statistical significance was indicated as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
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into the nucleus occurs under DNA damage conditions. PGM2 depletion sensitizes GBM cells to DNA damage induced by chemo-
therapeutics. Our findings indicate that the translocation of PGM2 into the nucleus is linked to DNA damage repair, a process initiated
by phosphorylation at the S165 site of PGM2. Furthermore, we have substantiated that the interaction between PGM2 and ROCK2 is
crucial for PGM2’s nuclear function. Notably, when we pharmacologically targeted ROCK2 using its inhibitor Belumosudil, we
observed increased sensitivity of glioma to TMZ and PD-L1 treatments. The well-acknowledged role of ROCK2 is the direct phos-
phorylation of myosin light chain 2 (MLC2) to modulate the activity of myosin II. Besides its traditional roles in cell skeleton

Fig. 5. ROCK2 interacts with PGM2. A. Workflow regarding flag beads immunoprecipitation of Flag-PGM2. B. Identification of potential interacting
proteins in Ctrl and etoposide-treatment group. C. 293T cells were separately transfected with GFP-Flag-PGM2 and mRFP-HA-ROCK2 or co-
transfected with both. After 36 h of transfection, cell lysates were immunoprecipitated using anti-Flag beads. The input and immunoprecipitates
were subjected to immunoblotting for the indicated proteins. D. 293T cells were separately transfected with GFP-Flag-PGM2 and mRFP-HA-ROCK2
or co-transfected with both. After 36 h of transfection, cell lysates were immunoprecipitated using anti-HA beads. The input and immunoprecipitates
were subjected to immunoblotting for the indicated proteins. E. HeLa cells expressing mRFP-HA-ROCK2 were treated with 0.001 % DMSO or 5 μM
etoposide for 24 h. Cell lysates were immunoprecipitated using anti-HA beads. The input and immunoprecipitates were subjected to immunoblotting
for the indicated proteins. F. HeLa cells were treated with 0.001 % DMSO or 5 μM etoposide for 24 h. Cell lysates were immunoprecipitated using the
anti-PGM2 antibody or IgG control antibody. The input and immunoprecipitates were subjected to immunoblotting for the indicated proteins. G.
293T cells were separately transfected with Flag-PGM2 wt, S165A mutant, and S165D mutant together with mRFP-ROCK2. After 36 h of trans-
fection, cell lysates were immunoprecipitated using anti-HA beads. The input and immunoprecipitates were subjected to immunoblotting for the
indicated proteins. H. HeLa cells expressing mRFP-HA-ROCK2 separately with GFP-Flag-PGM2 S165A or S165D were treated with 0.001 % DMSO or
etoposide 5 μM for 24h. Cell lysates were immunoprecipitated using anti-HA beads. The input and immunoprecipitates were subjected to immu-
noblotting for the indicated proteins. I. Representative fluorescence micrographs of HeLa cells stably expressing GFP-PGM2 with/without ROCK2
knock down in before and after DNA laser micro-irradiation assay. Scale bar: 10 μm. J. Quantification of DNA laser micro-irradiation assay in Fig. I.
At least 10 cells were measured in each group. Statistical significance was indicated as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for
p < 0.0001.
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Fig. 6. PGM2 knockdown sensitizes glioma to TMZ in vivo by activating the immune microenvironment. A. Implementation of PGM2 knockdown in
GL261 cells using two distinct shRNAs; effectiveness of the knockdown ascertained via qRT-PCR analysis. B. Display of representative phospho-
γH2A.X stained GL261 cells expressing either scramble shRNA (shScramble), shPGM2-1, or shPGM2-2 with/without 400 μM TMZ treatment for 24h.
Scale bar: 5 μm. C. Quantification of phospho-γH2A.X levels measured as mean intensity per nucleus in figure B. At least 50 cells were measured in
each group. D. Representative bioluminescence imaging of C57/B6J mice bearing GL261-luc gliomas expressing either shScramble or shPGM2-2
with/without TMZ treatment. E. Quantitative assessment of the bioluminescent signal intensity in C57/B6J mice bearing GL261 gliomas
expressing either shScramble or shPGM2-2 with/without TMZ treatment. F. Quantitative analysis of ISGs expression in CT2A cells expressing either
shScramble or shPGM2-2 treated by 100 μM and 200 μM TMZ, performed via qRT-PCR. G. Representative brain slices image of GL261 glioma-
bearing mice stained with DAPI for nuclear (Left panel). Kaplan-Meier survival analysis of C57/B6J mice intracranially implanted with GL261
cells expressing either shScramble or shPGM2-2 with/without TMZ treatment (Right panel). H. Fluorescence imaging of the distribution of CD3+

from mice bearing GL261 gliomas expressing either shScramble or shPGM2-2 with/without TMZ treatment. Scale bar: 20 μm. I. Fluorescence
imaging of CD8+GranzB+ cells within frozen sections from mice bearing GL261 gliomas expressing either shScramble or shPGM2-2 with/without
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modulation, ROCK2 has been reported to bind with DDR proteins to participate in DNA damage repair [19], and in MGMTlow glioma,
ROCK2 is involved in homologous recombination repair to acquire temozolomide resistance [18]. Our study further proved the
treatment potential of ROCK2 in GBM.

The nucleotide metabolism serves as an important bridge between cell metabolism and anti-tumor immunity. Targeting nucleotide
metabolism rises as an effective strategy for enhancing cancer immunotherapy. Dihydroorotate dehydrogenase (DHODH), a key rate-
limiting enzyme of pyrimidine biosynthesis, has been identified to efficiently treat various malignancies including GBM [5,6]. The
DHODH inhibitor, P1788, has been found to enhance anti-tumor immunity through increased interferon signaling [30]. Targeting
another rate-limiting enzyme, carbamoyl phosphate synthetase, aspartyl transcarbamoylase, and dihydroorotase (CAD), also increases
the efficacy of immune checkpoint blockade therapy [31]. In our study, targeting PGM2 exhibited great potential in enhancing
anti-tumor immunity by disrupting DNA damage response. The increased DNA damage induced the DNA sensing innate immune
pathway cGAS-STING pathway activation and higher ISGs in the microenvironment, reshaping the immune environment and boosting
anti-tumor immunity. Our research highlights the crosstalk between nucleotide metabolism and anti-tumor immunity. Targeting
PGM2 directly by knockdown or indirectly by pharmacological inhibition of ROCK2 both showed significant treatment efficiency in
GBM. In conclusion, we found that PGM2 participates in DNA damage response mediated by 165 serine phosphorylation and inter-
action with ROCK2. Hindering this process leads to increased DNA damage reshaping the immune microenvironment of glioma,
enhancing the sensitivity to chemotherapy and immunotherapy (Fig. 7Q).

Despite these contributions, our study has certain limitations. To begin with, the signal that induced the phosphorylation of PGM2
and the details underlying its interaction with ROCK2 remain unclear. Also, the mechanisms regulating the translocation of PGM2
require further investigation. The recruitment of PGM2 onto the DNA damage site is rapid, requiring 165 serine phosphorylation and
the interaction with ROCK2. However, the signal governing the nuclear translocation of PGM2 is so far unclear in our study. Addi-
tionally, the role of PGM2 in DNA damage repair also needs further investigation to identify the type of repair and interacting patterns
of PGM2. The cytoplasmic and nuclear PGM2 presents slightly different molecular weight in the WB and this shift is not subjected to
the phosphorylation. This indicates that PGM2 may have other modification during the DNA damage process and requires further
investigation. Our study mainly focuses on in vitro and in vivo mouse models. More research is warranted to elucidate the broader
implications of PGM2 in DDR across different contexts.

Materials and methods

Cell culture

The U251, HeLa, and U2OS cells were purchased from the Cell Resource Center of Shanghai Institute for Biological Sciences
(Chinese Academy of Sciences, Shanghai, China). GL261 cells were kindly provided by Prof. Liufu Deng (Shanghai Jiao Tong Uni-
versity School of Medicine). GL261-luc cells were kindly provided by Prof. Linjie Zhao (Sichuan University) and CT2A cells were kindly
provided by Prof. Chunsheng Kang (Tianjin Medical College). All the cells were cultured in DMEMmedium (Meilunbio, Cat#MA0212)
containing 10 % fetal bovine serum (Gibco, Cat#10270106) and 100 μg/ml of penicillin/streptomycin (Meilunbio, Cat#MA0110).

Western blotting

The same amounts of cells per group were collected and boiled with SDS-Page loading buffer. Electrophoresis was performed using
12 %, 10 %, or 8 % protein gels, followed by transfer onto PVDF membranes (Millipore). TBST supplemented with 3 % BSA was used
for blocking for 1h at room temperature. Blotting with primary antibody (1:1000) was performed at 4 ◦C overnight. A secondary
antibody (1:5000) was used to combine the primary antibody for 2 h. Finally, membranes were developed using an enhanced
chemiluminescence detection system (Typhoon FLA 9500, GE Healthcare, Chicago, USA). Antibodies used in this study: PGM2
Polyclonal antibody, Proteintech, Cat#11022-1-AP; Phospho-Histone H2A.X (Ser 139) (20E3) Rabbit mAb, CST, Cat#9718; ROCK2
Monoclonal antibody, Proteintech, Cat#66633-1-Ig; HRP-conjugated HA Tag Recombinant antibody, Proteintech, Cat#HRP-81290;
Monoclonal ANTI-FLAG® M2-Peroxidase (HRP) antibody produced in mouse, Sigma Aldrich, Cat#A8592; GFP-Tag (7G9) Mouse
mAb, Abmart, Cat#M20004; Alpha Tubulin Monoclonal antibody, Proteintech, Cat#66031-1-Ig; Beta Actin Recombinant antibody,
Proteintech, Cat#81115-1-RR; HRP-conjugated GAPDH Monoclonal antibody, Proteintech, Cat#HRP-60004; 53BP1 Antibody, CST,
Cat#4937; HA-Tag (C29F4) Rabbit mAb, CST, Cat#3724; DYKDDDDK Tag (9A3) Mouse mAb, CST, Cat#8146; Lamin B1 Monoclonal
antibody, Proteintech, Cat# 66095-1-Ig; HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+ L), Proteintech, Cat#SA00001-1; HRP-
conjugated Affinipure Goat Anti-Rabbit IgG (H + L), Proteintech, Cat#SA00001-2.

TMZ treatment. Scale bar: 20 μm. J. Fluorescence imaging of CD8+IFNγ+ cells within frozen sections from mice bearing GL261 gliomas expressing
either shScramble or shPGM2-2 with/without TMZ treatment. Scale bar: 20 μm. K, L, M. Quantification of CD3+ cells, CD8+GranzB+ cells, and
CD8+IFNγ+ cells within fields of view of frozen sections from mice bearing GL261 gliomas expressing either shScramble or shPGM2-2 with/without
TMZ treatment in Figure H, I, J. Three mice were counted in each group. Statistical significance was indicated as * for p < 0.05, ** for p < 0.01, ***
for p < 0.001, and **** for p < 0.0001.
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Immunofluorescence staining and imaging

For adherent cells immunofluorescence microscopy, cells were seeded into cover glasses in 12-well plates the night before treat-
ment, and cells were treated accordingly the next day. At harvest time point, after washing with PBS two times, cells were fixed twice
using 4 % paraformaldehyde (Biosharp, Cat#BL539A) for 30 min at room temperature and washed with PBS. Cells were then per-
meabilized with 0.01 % Triton X-100 for 10 min followed by PBS washing (3× 5min), and blocked in 3 % bovine serum albumin (BSA)
at room temperature for 30 min. Cells were incubated with primary antibodies (1:200) at 4 ◦C overnight. After washing with PBS three
times, cells were then stained with the secondary antibody (1:500) conjugated with 488/594/647 fluorophore (Invitrogen) at 37 ◦C for
1 h. After washing PBS, nuclei were stained with DAPI. After adding the Fluoromount-G (SourthenBiotech, Cat#0100-01), the cells
were viewed using confocal by Zeiss LSM900 microscope or Olympus FV3000 microscope. All imaging results were processed using
ImageJ software from 560 NIH (Schneider et al., 2012).

For frozen tissue slice immunofluorescent staining, fix tissue by perfusing the animal with freshly prepared 4 % paraformaldehyde
or by immersing it in 4 % paraformaldehyde for 4–24 h at room temperature. Cryoprotect the tissue by directly perfusing a sucrose
solution or by first dissecting the tissue and allowing it to sink overnight in a 30 % sucrose/70 % fixative solution. Then embed tissue in
OCT (Leica, Cat#020108926) cryostat sectioning medium and stored at − 80 ◦C until ready for sectioning. Tissues were cut into 5–20
μm slices onto glass sides. The slides were washed in PBS twice followed by non-specific binding with 5 % normal donkey serum
(Jackson ImmunoResearch, Cat#017-000-121) in PBST for 30 min at room temperature. The primary antibodies were added to the
slides in 1 % serum PBST and incubated overnight at 4 ◦C in a humidified chamber. After washing with PBS twice, the secondary
antibodies were added, and the slides were incubated at room temperature for 1–2 h. After washing PBS, nuclei were stained with
DAPI. After adding the Fluoromount-G (SourthenBiotech), the slides were viewed using confocal by Zeiss LSM900 microscope or
Olympus FV3000 microscope. All imaging results were processed using ImageJ software from 560 NIH (Schneider et al., 2012).

Antibodies used in this study: FITC anti-mouse CD3 Antibody, BioLegend, Cat#100204; FITC anti-mouse CD4 Antibody, Bio-
Legend, Cat#100406; BD Horizon™ BB515 Rat Anti-Mouse CD8a, BD Horizon™, Cat#564422; PE/Dazzle™ 594 anti-human/mouse
Granzyme B Recombinant Antibody, BioLegend, Cat#372216; BD Pharmingen™ PE Rat Anti-Mouse IFN-γ, BD Pharmingen™,
Cat#554412; PerCP/Cyanine 5.5 anti-human/mouse Granzyme B Recombinant Antibody, BioLegend, Cat#372212.

Cell cycle blocking experiment

HeLa cells stably expressing green fluorescent protein (GFP) and GFP-PGM2 were seeded the day before the experiment in 12-well
plates with coverslips for subsequent immunofluorescence and in 6 cm culture dishes for flow cytometry analysis of the cell cycle. The
following day, drug treatments and releases were conducted at the specified time points as shown in the table below:

Day 1: At 9:00, cells were in asynchronous (Asyn) conditions. At 12:00, thymidine (Thy, Sigma, T0376) was added to the G1/S, S,
and M phase samples. At 13:00, these cells were released (cells washed with PBS and culture medium replaced).

Day 2: At 9:00, thymidine was again added to the G1/S and S phase samples, and cells were released in the G2/M and M phases. At
12:00, cells in the G1/S, S, and M phases were released. At 13:00, cells in the G2/M phase were treated with Ro3306 (Selleck, S7747).
At 17:00, cells in the G2/M and M phases were released. At 20:00, cells in the G2/M phase were treated with Ro3306 again. At 21:00,
cells in the G2/M phase were released.

Day 3: At 9:00, all samples were in asynchronous conditions. At 12:00, the harvest was conducted for the G2/M phase cells.
Thy represents thymidine, with a working concentration of 5 μM. Ro3306 has a working concentration of 10 μM. Release refers to

washing the cells twice with room temperature PBS, followed by replacing the medium with normal culture medium to continue cell
culture. Samples were collected at 13:00 on Day 3 for immunofluorescence and flow cytometry analysis of the cell cycle.

Fig. 7. ROCK2 inhibition sensitizes glioma to TMZ and PD-L1 in vivo by activating the immune environment. A. Representative brain slice image of
GL261 glioma-bearing mice treated with TMZ, Belumosudil, or the combination of TMZ and Belumosudil stained with DAPI for nuclear. B. Kaplan-
Meier survival analysis of C57/B6J mice intracranially implanted with GL261 cells treated with TMZ, Belumosudil, or the combination of TMZ and
Belumosudil. C. Fluorescence imaging of the distribution of CD3+ from mice bearing GL261 gliomas treated with TMZ, Belumosudil, or the
combination of TMZ and Belumosudil. Scale bar: 20 μm. D. Fluorescence imaging of CD8+GranzB+ cells within frozen sections from mice bearing
GL261 gliomas treated with TMZ, Belumosudil, or the combination of TMZ and Belumosudil. Scale bar: 20 μm. E. Fluorescence imaging of
CD8+IFNγ+ cells within frozen sections from mice bearing GL261 gliomas treated with TMZ, Belumosudil, or the combination of TMZ and Belu-
mosudil. Scale bar: 20 μm. F, G, H. Quantification of CD3+ cells, CD8+GranzB+ cells, and CD8+IFNγ+ cells within fields of view of frozen sections
from mice bearing GL261 glioma treated with TMZ, Belumosudil, or the combination of TMZ and Belumosudil in Figure C, D, E. Three mice were
counted in each group. I. Representative brain slices image of GL261 glioma-bearing mice treated with PD-L1, Belumosudil, or the combination of
PD-L1 and Belumosudil stained with DAPI for nuclear. J. Kaplan-Meier survival analysis of C57/B6J mice intracranially implanted with GL261 cells
treated with PD-L1, Belumosudil, or the combination of PD-L1 and Belumosudil. K. Fluorescence imaging of the distribution of CD3+ from mice
bearing GL261 gliomas treated with PD-L1, Belumosudil, or the combination of PD-L1 and Belumosudil. Scale bar: 20 μm. L. Fluorescence imaging
of CD8+GranzB+ cells within frozen sections from mice bearing GL261 glioma treated with PD-L1, Belumosudil, or the combination of PD-L1 and
Belumosudil. Scale bar: 20 μm. M. Fluorescence imaging of CD8+IFNγ+ cells within frozen sections from mice bearing GL261 glioma treated with
PD-L1, Belumosudil, or the combination of PD-L1 and Belumosudil. Scale bar: 20 μm. N, O, P. Quantification of CD3+ cells, CD8+GranzB+ cells, and
CD8+IFNγ+ cells within fields of view of frozen sections from mice bearing GL261 glioma treated with PD-L1, Belumosudil, or the combination of
PD-L1 and Belumosudil. Three mice were counted in each group. Q. Diagrammatic representation of the non-canonical roles of PGM2 and the
impact of PGM2 on glioma progression. Statistical significance was indicated as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p
< 0.0001.
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Flow cytometry Cell cycle analysis

Cells were trypsinized to form a single-cell suspension, with digestion terminated by the addition of culture medium. The cells were
resuspended in 200 μl PBS, and 500 μl ethanol was added to fix the cells on ice for 15 min. After fixation, cells were resuspended and
washed twice with 1 ml PBS, centrifuging at 2000 rpm for 5 min each time. Subsequently, cells were stained on ice with 7-aminoacti-
nomycin D 10 μM solution (beyotime, ST515) at a final concentration of 25 μg/ml for 10 min before performing flow cytometry
analysis.

PGM2 gene expression plot

For the differential expression level of PGM2 in normal brain and GBM tissue, we downloaded the uniformly standardized pan-
cancer dataset TCGA TARGET GTEx (PANCAN, N= 19131, G= 60499) from the UCSC database (https://xenabrowser.net/). From this
dataset, we extracted the expression data for the gene ENSG00000169299 (PGM2) in Glioblastoma Multiforme (GBM). Additionally,
we obtained human brain gene expression data from the GTEx database, focusing on the expression of PGM2 in normal brain tissue.
Each expression value was subsequently transformed using log 2 (x+1). We then plotted the gene expression differences. The statistical
significance of these differences was assessed using the Wilcoxon Rank Sum and Signed Rank Tests.

Co-immunoprecipitation (Co-IP)

For immunoprecipitation, the cells were washed with cold PBS and lysed in NP-40 buffer containing 50 mM Tris–HCl, 300 mM
NaCl, 0.3 % NP-40, pH 7.4, PMSF and PI with rotation at 4 ◦C for 40 min. After centrifugation at 13,000g for 15 min at 4 ◦C, the
supernatant was incubated with the indicated antibodies for 2 h, followed by incubation with Protein-A/G for another 1h at 4 ◦C. The
precipitants were washed with wash buffer (20 mM Tris-HCl pH 8.0, 0.2 mM EDTA, 100 mM KCl, 2 mMMgCl2, 0.1 % Tween 20, 10 %
glycerol) for 4 times, boiled with SDS sample buffer (50 mM Tris-HCl pH= 6.8, 2 % SDS, 10 % glycerol, 1 % β-mercaptoethanol, 0.1 %
bromophenol blue) at 95 ◦C for 10 min and subjected to immunoblot analysis.

Nuclear/cytoplasmic fractionation separation

Cells were treated according to experimental design. Then cells were washed in ice-cold PBS, scraped from culture dishes on ice
using a plastic cell scraper, and collected in 1.5 ml micro-centrifuge tubes in 1 mL of NP-40 buffer containing 50 mM Tris–HCl, 300mM
NaCl, 0.1 % NP-40, PMSF and PI. 300 μl of the cell-containing buffer was collected as the “whole-cell fraction (W)”. Then the cells were
centrifuged for 10 s in 1.5 ml micro-centrifuge tubes and 300 μl of the supernatant was removed as the “cytosolic fraction (C)”. 100 μL
of 4 × SDS Loading sample buffer was added to this fraction and boiled for 8 min. After the remaining supernatant was removed, the
pellet was resuspended with 180 μL of 1 × SDS Loading buffer and designated as “nuclear fraction (N)”. Nuclear fractions were
sonicated using microprobes followed by boiling for 8 min.

Neutral comet assay

The neutral comet assay was performed following protocol from Jove [32]. Briefly, U251 cells expressing scramble, sgPGM2-1, and
sgPGM2-2 were digested the cells and suspended cells at 2× 105 cells/mL in 1× PBS. Then, the cell suspension was combined with 1%
molten low melting point agarose (ThermoFisher, Cat#16520050) (at 37 ◦C) at a ratio of 1:10 (v/v) and immediately pipetted 30 μL
onto a slide. Place the slide flat at 4 ◦C in the dark for 10 min. The slides were immersed in 4 ◦C lysis buffer in the dark for 1 h to
overnight. Then the slides were immersed in a neutral electrophoresis buffer for 30 min at 4 ◦C followed by electrophoresis for 45 min
at 4 ◦C. The slides were then merged in the DNA precipitation solution, followed by green fluorescent nucleic acid staining and image
acquisition. Images were processed by the OpenComet plugin from Image J.

DNA laser micro-irradiation assay

HeLa cells or U2OS cells stably expressing GFP or GFP-PGM2 fusion protein were plated on 35 mm diameter glass-bottom plates at
1 × 105 cells/ml according to the experiment. The next day after transfection, cells were incubated with 10 μM 5-BrdU (beyotime,
Cat#ST1056) overnight. Then, the cells were exposed to 10 μg/ml Hoechst 33342 (beyotime, Cat#C1022) for 10 min just before
irradiation. Laser micro irradiation was performed with Olympus FV3000 confocal microscope and a 405 nm laser with 60 % energy.
Relative intensity at laser-damaged sites was calculated as the mean value of the ratio of the intensity of each micro-irradiation-
damaged site to the whole nucleus background. More than 10 individual cells were randomly chosen, tested, and analyzed for each
data point.

Live cell imaging

HeLa cells or U2OS cells stably expressing GFP or GFP-PGM2 fusion protein were plated on 35 mm diameter glass-bottom plates at
1× 105 cells/ml according to the experiment. On the next day, cells were treated with 20 μM etoposide (Selleck, Cat#S1225) for U2OS
cells or 5 μM etoposide for HeLa cells and then placed on Olympus confocal. Images were requisite in 20-min intervals. Images were
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analyzed by Olympus Oly software.

Live cell counting of cell death

U251 cells were seeded in a 48-well microplate the day before imaging. 24 h h later, DMSO and different doses of TMZ were added
to U251 cells in the normal culture medium, including 2ug/L PI (Propidium Iodide). Then 48-well microplate was put in the Biotek
Cytation™ 5 Cell Imaging Multi-Mode Reader. Imaging was started immediately following drug addition with a 4 × magnification
objective using the 531/647 nm channel for the detection of PI-positive cells every 3 h. After 30 h of imaging acquisition, the image
was processed, and PI-positive cells were counted at each time point by Gen 5 software.

Sample preparation for PGM2 phospho-proteomics and interacting protein MS

HeLa cells were seeded into three groups as the negative control, control, and etoposide-treated groups with three 10 cm dishes per
group. After the indicated treatments, cells were washed by cold PBS twice and then lysed in NP-40 buffer containing 50 mM Tris–HCl,
300mMNaCl, 0.3 %NP-40, pH 7.4, and protease inhibitor cocktail with rotation at 4 ◦C for 60min. Then protein levels were measured
by Nanodrop A280 then leveling of total protein between samples. 100ul flag beads per group were added into protein samples with
rotation at 4 ◦C for 4 h. Centrifuge and remove the supernatant and wash the beads four times with lysis buffer. 3 × Flag peptide
(beyotime, Cat#P9801) per-group was added to beads at with rotation at 4 ◦C overnight. Proteins were then reduced by 10 mM DTT at
37 ◦C for 1 h and alkylated by 20 mM IAA in the dark at 25 ◦C for 30 min. The lysates were then digested with trypsin at an enzyme/
substrate ratio of 1:50 overnight at 37 ◦C. The enzyme digestion was terminated by adding the final concentration of formic acid to 5
percent, and the final samples were prepared for mass spectrometry analysis by desalting with a Waters’ sepak desalting column.
100ug of protein was taken for high pH two-dimensional separation and the column was watered (BEH C18,300A, 1.7 μm,
2.1mmX150mm) to collect 20 fractions, which were finally combined into 4 fractions. We used Bruker nanoElute (Bruker Daltonics)
liquid chromatography for the second dimension of the separation, using a 250 mm × 75 μm column (in opticks). Then all fractions
were analyzed using a TIMS-TOF Pro mass spectrometer (Bruker Daltonics). The raw MS data were searched against the Swiss-Prot
database (downloaded on August 20, 2020, containing 20375 protein sequence entries) using PEAKS Online Xpro Software (v1.4)
for peptide and protein identifications and PTM identification was performed in PEAKS PTM searching module. Protein intensity is
used for data analysis.

Quantitative RT-PCR

RNA purification kit (EZB, B0004DP) was used to isolate total cellular RNA from cell pellets. The 4× EZscript Reverse Transcription
Mix II with gDNA remover (EZB, RT2GQ) was used for reverse transcription into cDNA. Quantitative real-time PCR was performed
using QuantStudio 6 Flex with 2 × S6 universal SYBR qPCR mix (NovaBio). Pairs of primers for qRT-PCR analyses used in this study
were listed in Supplementary Table 1.

In vivo tumorigenesis

GL261 cells, GL261-luc cells, and CT2A cells were transduced with lentiviral vectors expressing shPGM2-2, or expressing a non-
targeting control shRNA (shScramble) for the knockdown experiment. 48 h after infection, cells were examined by qRT-PCR for
successful knockdown and then counted and engrafted intracranially into 6–8 weeks C57/B6J female mice. A burr hole was drilled into
the skull of anesthetized C57BL/6 mice. Stereotactic coordinates were measured (2.0 mm lateral, and 2.0 mm anterior to the bregma).
A burr hole was drilled at this point and relative cells suspended in 2.5 μl of PBS were injected through a syringe at a depth of 3.0 mm
relative to the dura mater. Injections were performed at 1 μl/min. Then the needle was withdrawn, the bur hole was sealed with bone
wax, and the incision sutured [33]. For GL261 cells, 5 × 104 cells were injected per mouse, and for GL261-luc and CT2A cells, 2 × 104

cells were injected per mouse. TMZ (Selleck, S1237), 20 mg/kg, was given intraperitoneally for five consecutive days from day 5 after
glioma injection. Belumosudil (Selleck, S7936), 200 mg/kg, was given intraperitoneally for five consecutive days from day 5 after
glioma injection. PD-L1 (InVivoMab, #BE0101), 200ug/mouse, was given intraperitoneally three times in two weeks from day 5 after
glioma injection. On day 21 (for GL261 glioma models) or day 14 (for CT2A glioma models), three random mice in each group were
sacrificed for brain harvest, followed by frozen slice staining for indicated antibodies.

Animals were maintained until neurological signs were apparent, at which point they were sacrificed. Brains were collected and
fixed in 4 % paraformaldehyde, paraffin-embedded, and then sectioned. Sections were stained with hematoxylin and eosin for his-
tological analysis. In parallel survival experiments, animals were monitored until they developed neurological signs.

In vivo bioluminescence analysis

To monitor tumor growth in living mice, GL261-luc cells expressing shScramble, shPGM2-1, and shPGM2-2 were transduced with
firefly luciferase through lentiviral infection. 48 h after shRNA infection, 2× 104 GL261-luc cells were intracranially transplanted into
C57/B6J mice. Then, mice were intraperitoneal injected with 120 mg/kg D-luciferin (Gold Bio-tech, Cat#40901 ES) and anesthetized
with isoflurane on the indicated days. The size of the tumor was monitored by the bioluminescence channel of the IVIS Spectrum
imaging system.
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Statistics and reproducibility

Analytical computations were carried out utilizing GraphPad Prism (version 9.0) and Microsoft Excel (OFFICE 2021). Compre-
hensive interpretations of data underpinning the statistical examinations along with precise P values can be found in the Source Data.
Specific details of each experiment’s statistical assessments are included in the figure captions. A two-tailed Student’s t-test was
routinely employed for paired comparisons, and either one-way or two-way ANOVA was used for multi-variate comparisons. Unless
otherwise noted, the presented data embodies outcomes of three independent experiments, reported as the mean± standard deviation
or standard error of the mean. A P value less than 0.05 was set as the threshold for statistical significance. The sample size was not pre-
determined by a statistical method, and no data was eliminated from the computations. qRT–qPCR was conducted with three bio-
logical replicates, except where indicated otherwise in the figure descriptions. Western blot analysis was repeated twice with anal-
ogous outcomes; a representative blot from these two independent tests is displayed.

Ethical approval

All mice experiments were performed under an animal protocol approved by the Institutional Animal Care and Use Committee of
the Shanghai Medical College, Fudan University (Number: 202311005Z).
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