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SUMMARY

Glucose metabolism is known to orchestrate oncogenesis. Whether glucose serves as a signaling
molecule directly regulating oncoprotein activity for tumorigenesis remains elusive. Here, we
report that glucose is a cofactor binding to methyltransferase NSUN2 at amino acid 1-28 to
promote NSUNZ2 oligomerization and activation. NSUN2 activation maintains global m°C RNA
methylation including 7REXZ and stabilizes TREXZ1to restrict cytosolic dsSDNA accumulation
and cGAS/STING activation for promoting tumorigenesis and anti-PD-L1 immunotherapy
resistance. A NSUN2 mutant defective in glucose binding or disrupting glucose/NSUN2
interaction abolishes NSUN2 activity and TREX2 induction leading to cGAS/STING activation
for oncogenic suppression. Strikingly, genetic deletion of the glucose/NSUN2/TREX2 axis
suppresses tumorigenesis and overcomes anti-PD-L1 immunotherapy resistance in those cold
tumors through cGAS/STING activation to facilitate apoptosis and CD8* T cell infiltration.

Our study identifies NSUNZ2 as a direct glucose sensor whose activation by glucose drives
tumorigenesis and immunotherapy resistance by maintaining TREX2 expression for cGAS/STING
inactivation.
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eTOC blurb

Whether glucose is a signaling molecule directly regulating oncoproteins for tumorigenesis
remains elusive. Chen et al. identify NSUNZ2 as a direct glucose sensor driving tumorigenesis
and immunotherapy resistance by maintaining TREX2 expression for cGAS/STING inactivation,
thus opening a new avenue for studying novel glucose’s actions in regulating diverse biological
processes.
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INTRODUCTION

Cancers display highly distinct metabolic states compared with normal cells. Enhanced
aerobic glycolysis known as Warburg effect is observed in most cancer types and is
associated with cancer stem cell maintenance, cancer progression and metastasis, and

drug resistance 14, Glucose is a key nutrient for glycolysis, whose uptake to cancer

cells is elevated compared to normal cells partly through increased expression of glucose
transporters in cancer cells °. Hexokinase (HK) is a rate limiting enzyme mediating the first
step of glycolysis for tumorigenesis . Glycolysis not only provides key energy sources but
also building blocks and redox homeostasis for cancer cell proliferation and survival leading
to cancer progression 67,
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In addition to fueling cancer growth and survival through glycolysis and TCA cycle 8,
glucose also drives global histone H3 acetylation for its oncogenic activity through acetyl-
CoA production %12 and histone H3 ubiquitination 13. These studies establish the well-
recognized dogma that glucose maintains its oncogenic activity primarily through glucose
metabolism. However, it remains unclear whether glucose can act as a signaling molecule
directly binding to its protein targets for maintaining oncogenic processes independently of
glucose metabolism. Notably, an earlier study revealed that glucose could trigger mitogen-
activated protein kinase activation in adipocytes likely independent of glucose metabolism
14 raising the possibility that glucose may act through its direct sensor to orchestrate its
oncogenic processes. In this study, we aimed to identify a direct target of glucose that
mediates its oncogenic activity for tumorigenesis and immunotherapy resistance.

RESULTS

NSUN?2 Is a Novel Interacting Protein of Glucose, and Its N-terminal Region Mediates
Glucose Binding

To identify direct glucose sensors, we synthesized biotin-labeled glucose, incubated it with
cell lysate from HEK293 cells and pulled down potential glucose interacting proteins with
streptavidin beads, followed by systematic mass spectrometry analysis (Figure 1A). Several
proteins that potentially interact with biotin-glucose, but not biotin, were identified from
mass spectrometry analysis (Table S1). We selected NSUN2 for further characterization and
study, as NSUN2, an RNA 5-methylcytosine (m°C) methyltransferase triggering m>C RNA
methylation including mMRNA and tRNA to orchestrate RNA stability, was recently identified
as an oncoprotein promoting m®C RNA methylation of diverse targets such as HGDF15-18
and is overexpressed in numerous human cancers 15, We verified the interaction of NSUN2
with glucose through biotin and biotin-glucose incubated with cell lysates from diverse

cell lines, and such interaction was disrupted by adding unlabeled glucose (Figure 1B and
1C; Figure S1A). As a positive control for our assay, we demonstrated that biotin-glucose
could bind to DDX21 19, and this interaction could be abrogated by unlabeled glucose,
indicating that our approach can be used to identify potential glucose binding proteins
(Figure S1B and S1C). We then performed an /n vitro binding assay using recombinant
NSUN?2 proteins to assess the direct interaction between glucose and NSUN2. Figure

1D and 1E revealed that biotin-glucose directly interacts with NSUN2, which consists

of three isoforms including NSUN2-F1 (amino acid (aa) 1-767), NSUN2-F2 (aa 85-120:
SHAKEILHCLKNKYFKELEDLEVDGQKVEVPQPLSW — R) and NSUN2-F3 (A aa 1-
236) (Figure S1D-S1F) 20, Notably, glucose directly interacts with NSUN2-F1 and NSUN2-
F2, but not NSUN2-F3 (Figure 1D and 1E), indicating that NSUNZ2 aa 1-236, but not aa
85-120 and aa 237-767, is required for glucose binding.

To gain further insight into the detailed region of NSUN2 binding to glucose, we further
generated various NSUN2 truncated mutants from the N-terminal region of NSUN2 (aa
1-236) and subjected them to /n vitro glucose binding assays (Figure S1G). The NSUN2
mutant with aa 1-84 deletion, but not other mutants, failed to interact with glucose,
indicating the requirement of aa 1-84 of NSUN2 for glucose binding (Figure 1F and 1G).
We further generated three mutants of NSUN2 from aa 1-84 (Figure S1H and S11) and
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found that the NSUN2 mutant with deletion of aa 1-28, but not the other mutants, no longer
interacted with glucose (Figure 1H and 11), suggesting that aa 1-28 of NSUNZ2 is likely a
region for glucose binding. To validate this notion further, we generated a cell-penetrating
TAT-N28 peptide and a control TAT peptide by fusing aa 1-28 from NSUN2 or a control
peptide randomly swapped from NSUNZ2 aa 1-28 with a trans-activator of transcription
(TAT) tag placed in its N-terminal region (Figure 1J), allowing for the peptide to get into
the cells 2122, As expected, the TAT-N28 peptide, but not the control TAT peptide, could
directly interact with glucose (Figure 1K). Remarkably, the TAT-N28 peptide disrupted /in
vitro glucose/NSUN2 binding in a dose-dependent manner (Figure 1L). Collectively, these
data suggest that glucose directly binds to NSUN2 at aa 1-28 and the TAT-N28 peptide
could abolish glucose/NSUN2 binding.

Interestingly, by blasting NSUN2 N28 peptide against 40 other potential glucose interacting
proteins identified from mass spectrometry analysis (Table S1), we found that the motif
(RRSR) observed in the NSUN2 N28 peptide also appears in some of these proteins
including SRSF8, U2AF2, SRSF10, and LUCT7L (Table S2). It will be interesting to know
whether glucose can also bind to these proteins via the motif (RRSR) in a future follow-up
study.

Glucose Serves As a Cofactor to Directly Promote Oligomerization and Activation of

NSUN2

Global m®C RNA methylation is mediated by DNA methyltransferase 2 (DNMT2) and
NOP2/SUN RNA methyltransferase family members (NSUN) 2326, We demonstrated that
NSUN?2 is a primary enzyme mediating global m®C RNA methylation in various cancer
cell lines, since NSUNZ knockdown impaired global m>C RNA methylation in a Dot

blot assay (Figure S2A-S2D). Since glucose directly interacts with NSUN2, we assessed
whether glucose could impact NSUN2 m®C RNA methyltransferase activity. Notably,
glucose deprivation in these cancer cell lines markedly impaired m®C RNA methylation
levels indicative of defective NSUN2 activity, and adding back glucose at physiological
levels (5.5 mM) rescued the defect in m®C RNA methylation levels (Figure 2A-2C;

Figure S2E). Importantly, the restored effect on m®C RNA methylation levels by glucose
depends on the presence of NSUN2 (Fig 2D; Figure S2F and S2G). Surprisingly, adding
2-Deoxy-D-glucose (2DG), a glucose derivative that cannot be metabolized by HK and
serves as a HK/glycolysis inhibitor 27, at 5.5 mM also rescued the defect in mC RNA
methylation levels (Figure 2E; Figure S2H). Similar to biotin-glucose, biotin-2DG could
also bind to NSUNZ2, and such interaction was disrupted by the unlabeled 2DG (Figure
2F-2H). Thus, glucose metabolism is likely dispensable for glucose’s effect on regulating
NSUN?2 activity. In support of this notion, blocking glucose metabolism toward glycolysis
by HK2 knockdown, a key isoform of HK frequently overexpressed in cancer cells 6,

failed to block glucose’s effect of rescuing m°C RNA methylation levels. We noticed that
HK2 loss even enhanced the effect of glucose on rescuing m°C RNA levels (Figure 21;
Figure S21-S2K), presumably due to glucose accumulation caused by the failure in glucose
metabolism upon HK2 loss. Moreover, NSUN2 overexpression cooperated with glucose to
promote m>C RNA methylation levels (Figure 2J; Figure S2L-S2N). Remarkably, disrupting
glucose/NSUN2 binding by the TAT-N28 peptide impaired m>C RNA methylation levels in
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a dose-dependent manner (Figure 1L; Figure 2K; Figure S20). Collectively, these results
suggest that glucose maintains global m®C RNA methylation and NSUNZ2 activity /7 vivo
through glucose/NSUNZ2 binding independently of its metabolism.

Importantly, glucose exhibited a dose-dependent effect to directly promote /in vitro NSUN2
methyltransferase activity in an /in vitrom®C RNA methylation assay using recombinant
NSUN?2 proteins along with glucose (Figure 2L). It is also important to note that glucose at
physiological levels enhanced NSUN2 activity more than 3-fold compared to vehicle control
(Figure 2L and 2M). Consistently, 2DG also promoted NSUN2 activity /n vitro, like glucose
did (Figure 2M). However, the downstream metabolite products of glucose including
glucose-6- phopshate (G6P), fructose 1, 6-biphosphate (FBP), fructose 6-phopshate (F6P),
myo-inositol (Ins), and pyruvate (Pyr) 628 displayed either no effect or only a modest

effect on promoting NSUN2 activity (Figure 2M). Thus, glucose directly promotes NSUN2
methyltransferase activity /n vitro independently of its metabolism.

We present two lines of evidence to further support the role of glucose/NSUNZ2 binding

in promoting NSUN2 activity /n vitro. First, glucose failed to enhance the activity of the
NSUN2 mutant (A aa 1-28), defective in glucose binding, while it promoted the activity

of another NSUN2 deletion mutant that could still bind to glucose (Figure 11; Figure 2N).
Second, disrupting glucose/NSUN2 binding by the TAT-N28 peptide impaired the effect of
glucose on promoting NSUNZ2 activity both /n vivoand /n vitro (Figure 1L; Figure 2K and
20; Figure S20). Collectively, glucose serves as a cofactor that directly binds to NSUN2 at
aa 1-28 to promote NSUN2 methyltransferase activity.

Protein dimerization and oligomerization processes have been shown to play a crucial step
for activation of diverse enzymes such as HK 29:30 and PKM2 3132, We then determined
whether glucose may impact NSUN2 dimerization/oligomerization levels, thus explaining
why glucose promotes NSUN2 activity. Notably, NSUN2 oligomerization examined by the
native gel approach was markedly enhanced by glucose in a dose-dependent manner using
recombinant NSUNZ2 proteins (Figure 2P and 2Q). It is important to note that we failed

to detect the monomer of NSUN2 under this native gel approach, but glucose did not
increase total NSUN2 protein levels under the SDS denatured condition, which detects all
forms of NSUNZ2 (Figure 2P). To validate this notion further, we conducted a chemical
cross-linking assay and found that glucose induced NSUN2 oligomerization but reduced
NSUN2 monomer and dimer in a dose-dependent manner (Figure 2R-2U). Remarkably,
glucose failed to promote the oligomerization of the NSUN2 mutant (A aa 1-28) (Figure
2V and 2W), correlating with the defect in promoting NSUNZ2 activity by glucose

(Figure 2N). Furthermore, disrupting glucose/NSUNZ2 binding by the TAT-N28 peptide
abrogated glucose-mediated NSUN2 oligomerization (Figure 2X and 2Y), correlating with
the impairment of glucose effect on promoting NSUN2 activity (Figure 2K and 20;

Figure S20). Thus, glucose/NSUN2 binding directly promotes NSUN2 oligomerization and
activity.
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Glucose/NSUN2 Binding Leading to NSUN2 Activation Maintains Oncogenic Activity of
Cancer Cells

Glucose maintains cancer cell proliferation, survival, and cancer stemness critical for cancer
development 13, Consistently, glucose deprivation leading to defective NSUN2 activity
impaired cancer stemness of various cancer cells as determined by cancer sphere assay,

and adding back glucose rescued this defect (Figure 3A; Figure S3A). To assess whether
glucose metabolism is sufficient for mediating the oncogenic processes of glucose, we
performed viability and sphere assays in cancer cells under glucose deprivation and added
back G6P (by transfection) 33 with or without the non-metabolizable glucose analog, 2DG
or 3-O-methyl-D-glucose (30MG) 19, Surprisingly, adding back G6P, 2DG or 30MG alone,
is not sufficient for rescuing the defect in cancer sphere and colony formation (Figure 3B
and 3C; Figure S3B and S3C). Strikingly, the combination of G6P with either 2DG or
30MG fully rescued these defects (Figure 3C; Figure S3C). Thus, glucose metabolism is not
sufficient for glucose-mediated oncogenic processes, and direct glucose action is necessary
for maintaining these biological processes.

Similar to glucose deprivation, NSUN2 knockdown also impaired cancer cell survival,
proliferation and cancer stemness, correlating with reduced expression of cancer stem
cell factors, OCT4 and SOX2 (Figure 3D-3G; Figure S3D-S3H). Notably, loss of
NSUN2 compromised the tumorigenicity of Hep3B and PC3 cells in an /n vivo xenograft
tumorigenesis assay (Figure 3H; Figure S31), indicating the oncogenic role of NSUN2 in
these cancer cell lines.

We then assess whether glucose/NSUN2 binding for NSUNZ2 activation serves as a key
mechanism to maintain oncogenic processes. Remarkably, the TAT-N28 peptide disrupting
glucose/NSUNZ2 binding lead to impaired NSUNZ2 activity significantly reducing oncogenic
properties including cancer cell proliferation, survival and cancer stemness (Figure 31—

3K; Figure S3J-S3L). However, these effects do not appear to result from affecting ATP
levels, since the TAT-N28 peptide failed to block glucose-mediated ATP production (Figure
S3M). Restoration of NSUN2, but not the NSUN2 mutant (A aa 1-28), rescued the

defect in these oncogenic properties in NSUN2 knockdown cancer cells, correlating with
the expression of OCT4 and SOX2 (Figure 3L-3R; Figure S3N). Furthermore, glucose
restoration rescued cancer cell survival upon glucose deprivation, but loss of NSUN2 or
impaired glucose/NSUN2 binding abrogated glucose’s rescued effect (Figure 3Q). In a
xenograft tumorigenesis assay, NSUNZ2, but not the NSUN2 mutant (A aa 1-28), rescued
the defect in tumorigenicity upon NSUN2 knockdown (Figure 3R). Collectively, our data
suggest that glucose/NSUN2 binding drives NSUN2 activation and critically maintains
oncogenic activity of cancer cells.

The Glucose/NSUN2 Axis Maintains TREX2 Expression to Execute Its Oncogenic Activity

NSUN2 methyltransferase triggers m°C RNA methylation and stability of its RNA targets.
In a bladder cancer cell model, NSUN2 triggered m®C RNA methylation and stability of
HDGFmMRNA, leading to the promotion of bladder cancer development 6. Therefore, we
conducted systematic RNA sequencing (RNA-seq) along with RNA immunoprecipitation
(RNA-IP) to dissect the m>C RNA methylation targets of glucose/NSUN2 responsible for
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its oncogenic activity. RNA-seq revealed that 122 genes were induced by glucose in a
NSUN2-dependent manner (Figure 4A; Table S3). We confirmed the RNA-seq results for
some of these targets, such as 7TREXZ, HNF4A, SREBF1, HESZ, and NEURODZ, by real
time gPCR (Figure 4B; Figure S4A). Immunoblotting assays further demonstrated that the
protein expression of these targets was induced by the glucose/NSUN2 axis (Figure 4C-
4G; Figure S4B-S4J). Glucose induced 7REX2 mRNA expression in control and NSUN2
knockdown cells restored with NSUN2, but not in NSUN2 knockdown cells restored with
the NSUN2 mutant (A aa 1-28) (Figure 4H). Thus, glucose induces NSUN2 activation to
maintain RNA and protein expression of a subset of its targets.

Using RNA-IP to assess mC RNA methylation in these affected genes by the glucose/
NSUN2 axis, we found that only TREXZ, but not other targets, consistently underwent m®C
RNA methylation in a manner dependent on both glucose and NSUN2 (Figure 41; Figure
S4K). Glucose induced m>C RNA levels of 7TREXZin control and NSUN2 knockdown cells
restored with NSUN2, but not in NSUN2 knockdown cells restored with the NSUN2 mutant
(A aa 1-28) (Figure 41, 4J). Notably, blocking glucose/NSUN2 binding by the TAT-N28
peptide impaired glucose-induced m°C RNA levels of TREXZ2 (Figure 4J). Thus, glucose/
NSUN2 binding appears to be critical for inducing m>C RNA methylation of 7TREXZ.

TREX2 exhibits an exonuclease activity that degrades single strand DNA (ssDNA) and
double strand DNA (dsDNA\) similar to its closely related protein, TREX1 3435 TREX1 is
a key repressor for the cGAS/STING pathway involved in cancer and immune regulation
36-39 We selected the TREXZ2 gene among these targets to further characterize its
involvement in glucose/NSUN2-mediated oncogenic processes. The mRNA and protein
expression of TREX2was induced by glucose in various cancer cells in a NSUN2-
dependent manner, and NSUN2 overexpression promoted mRNA and protein expression

of TREX2 (Figure 4A-4H; Figure SAE-S4J; Figure S4L). Induction of mMRNA and m°>C
RNA methylation levels of TREXZby glucose strictly depends on NSUN2 and glucose/
NSUN2 binding (Figure 4G-4l; Figure S4AM-S4P). Notably, restoration of NSUN2, but not
of the NSUN2 mutant (A aa 1-28), rescued the defect in mRNA and protein expression

and m°C RNA methylation levels of 7REXZ2in NSUN2 knockdown cells (Figure 4G—4I).
Moreover, disrupting glucose-NSUN?2 interaction by the TAT-N28 peptide impaired TREXZ2
m°C RNA methylation and protein induction by glucose (Figure 4J and 4K). In line with
the results for m>C RNA methylation of 7REXZ, both glucose deprivation and NSUN2
loss markedly reduced TREX2mRNA stability, but not mRNA stability of ACT/Nand
NSUNZ (Figure 4L; Figure S5A), which was rescued by glucose or NSUN2 restoration,
but not by the NSUN2 mutant (A aa 1-28). Conversely, NSUN2 overexpression promoted
TREXZ, but not ACTIN and NSUNZ, mRNA stability (Figure 4M; Figure S5B). RNA-IP
assays revealed that the region (aa 85-120) within N-terminal domain (NTD) of NSUN2

is required for NSUN2 binding to 7TREXZ mRNA (Figure 4N and 40; Figure S5C),
consistent with the earlier study showing that NSUN2 binds to its target mRNA through

its NTD 40, The glucose/NSUN2 axis promoted 7REX2mRNA and protein expression, but
not 7REXZ mRNA and protein expression (Figure SSD-S5K). Collectively, glucose acts
through NSUNZ2 binding to maintain m>C RNA methylation and mRNA stability of TREX2.
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We then determined whether TREX2 displays oncogenic activity and is responsible for
the oncogenic activity of the glucose/NSUN2 axis. TREX2 knockdown impaired cancer
cell proliferation, survival, and cancer stemness (Figure S5L—S5P), whereas TREX2
overexpression promoted these oncogenic properties (Figure 4P-4T; Figure S5Q). While
glucose restoration protected cancer cells from cell death upon glucose deprivation, loss of
NSUN2 or TREX2 abrogated protection effect of glucose (Figure 4S; Figure S5P). Notably,
restoration of TREX2 rescued, not only cell death from glucose deprivation or NSUN2
loss (Figure 4S), but also the defects in cancer cell proliferation, survival, and cancer
stemness upon NSUN2 knockdown (Figure 4Q-4S; Figure S5Q). In a xenograft assay,
overexpression of TREX2 promoted tumorigenesis, and restoration of TREX2 rescued

the defect in tumorigenicity potential upon NSUNZ2 loss (Figure 4T). Collectively, these
data underscore the importance of TREX2 in mediating oncogenic activity of the glucose/
NSUN2 axis.

The Glucose/NSUN2/TREX2 Axis Restricts Cytosolic dsDNA Accumulation for cGAS/
STING Activation to Maintain Oncogenic Activity of Cancer Cells

Although TREX?2 is closely related to TREX1, which is involved in cGAS/STING
repression by removing cytosolic ssSDNA and dsDNA, its functional role in cGAS/STING
signaling and cancer regulation remain puzzling. Accumulating evidence revealed that
cGAS/STING pathway not only activates innate immunity for T cell activation, but also
serves as a tumor suppressive signal by inducing apoptosis and cellular senescence in a

cell autonomous manner 41, Since TREX2 serves a key player responsible for oncogenic
activity of the glucose/NSUNZ2 axis, we determined whether TREX2 impacts cGAS/STING
activation to maintain oncogenic activity of the glucose/NSUN2/TREX2 axis. Similar to
TREX1 deficiency 36-39 (Figure S6A), loss of TREX2 also triggered spontaneous activation
of the cGAS/STING pathway, as determined by elevated 2’3"-cGAMP (cGAMP) for
CGAS activation, phospho-STING (p-STING), phosphor-TBK1 (p-TBK1), phospho-IRF3
(p-1RF3), type I interferon-B (IFN-B) production and IFN response gene (LGALS9)
expression 42 without changes in cGAS protein level, accompanied by elevated caspase-3
activation indicative of apoptosis (Figure S6B-S6G). Like TREX2 loss, glucose deprivation
and NSUNZ2 loss also elevated cGAMP, p-STING, p-TBK1, p-IRF3, IFN-B production,

IFN response gene (LGALS9) expression and caspase-3 activation without changing cGAS
protein level (Figure 5A and 5B; Figure S6H-S6Y), which could be reversed by glucose
and NSUNZ2, respectively, but not the NSUN2 mutant (A aa 1-28) (Figure 5B and 5C).
Remarkably, loss of NSUN2 impaired the suppressive effect of glucose on p-STING,
p-TBK1, p-IRF3, IFN-B production and caspase-3 activation (Figure 5A and 5B; Figure
S6W and S6X).

Notably, adding 2DG and 30MG, but not G6P, rescued TREX2 expression and repressed
CGAS/STING and caspase-3 activation in cell-based assays under glucose starvation (Figure
S6L-S6N). Furthermore, blocking the glucose/NSUNZ2 interaction by the TAT-N28 peptide
also enhanced the levels of p-STING, p-TBK1, p-IRF3, IFN-B production and caspase-3
activation and compromised glucose’s suppressive effects (Figure 5D and 5E), accompanied
by reduced TREX2 protein level (Figure 4K). Remarkably, elevated cGAMP, p-STING,
p-TBK1, p-IRF3, IFN-B production and caspase-3 activation upon NSUN2 loss was rescued

Cell Metab. Author manuscript; available in PMC 2024 October 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 9

by TREX2 restoration (Figure 5F and 5G; Figure S6Z). While glucose, NSUN2 or TREX2
overexpression suppressed the levels of p-STING, p-TBK1 and p-IRF3, IFN-B production
and caspase-3 activation (Figure S7TA-S7D), the suppressive effects of glucose could be
reversed by TREX2 knockdown or by adding cGAMP (Figure 5H and 51; Figure S7E).
Notably, elevated p-STING, p-TBK1 and p-IRF3, IFN-B production and caspase-3 activation
upon glucose deprivation or NSUNZ2 loss could be reversed upon loss of STING or cGAS
(Figure 5J and 5K; Figure S7TF-S7J). A previous study showed that AMPK can regulate
innate immunity through directly phosphorylating TBK1 43. We ruled out the involvement
of AMPK in cGAS/STING activation upon glucose deprivation, since AMPK inactivation
by its inhibitor compound C or AMPK deficiency failed to compromise cGAS/STING
activation induced by glucose deprivation (Figure S7K and S7L). Collectively, the glucose/
NSUNZ2/TREX2 axis serves as a key repressor to restrict cGAS/STING activation.

Cytosolic dsDNA accumulation is known to drive activation of cGAS/STING pathway
44_strikingly, glucose deprivation triggered spontaneous cytosolic dSDNA accumulation,
which was reversed by adding back glucose (Figure 5L and 5M; Figure S8A-S8D).
Interestingly, the accumulation of cytosolic DNA consisted of both cytosolic sSDNA and
dsDNA upon glucose deprivation (Fig. S8A-S8D). Similar to glucose deprivation, loss of
NSUN2 or TREX2 also induced cytosolic dsDNA accumulation (Figure 5L and 5M; Figure
SBE-S8J). We found that TREX2 is localized both in the nucleus and cytosol (Figure

S9A and S9B). Notably, restoration of NSUN2, but not the NSUN2 mutant (A aa 1-28),
rescued cytosolic dsDNA accumulation in NSUN2 knockdown cancer cells (Figure S8E
and S8F). While adding back glucose rescued spontaneous cytosolic dsDNA accumulation
upon glucose deprivation, this effect was abolished by the TAT-N28 peptide, NSUN2
knockdown or TREX2 knockdown (Figure 5L-50; Figure S81 and S8J; Figure S9C-S9F).
Moreover, adding back TREX2 abrogated spontaneous cytosolic dSDNA accumulation
upon glucose deprivation or NSUN2 knockdown (Figure S9G-S9J). We conclude that

the glucose/NSUN2/TREX2 axis serves as a key mechanism to restrict cytosolic dsSDNA
accumulation.

TREX1 displays 3’ to 5” exonuclease activity to remove cytosolic dsDNA 4°. To understand
whether there is a redundant role of TREX1 and TREX2 in regulating cytosolic dSDNA
levels, we generated TREX1 knockdown, TREX2 knockdown and TREX1/TREX2 double
knockdown cells (Figure S5L; Figure S6A and S6C). Consistently, TREX1 knockdown
caused the accumulation of cytosolic dsDNA, similar to TREX2 knockdown. However, both
TREX1 and TREX2 knockdown did not further enhance cytosolic dsDNA levels compared
with TREX1 knockdown or TREX2 knockdown (Figure S8G and S8H), suggesting that
TREX1 and TREX2 play non-redundant roles in regulating cytosolic dsDNA levels. In light
of these data, we speculated that TREX1 and TREX2 may work together to reduce cytosolic
dsDNA levels, as a recent review indicated that TREX1 and TREX2 are functional dimers
34, Future studies will be warranted to further understand why both TREX1 and TREX2
regulate cytosolic dsDNA levels.

TREX2 was shown to be associated with DNA repair processes in mouse ES cells 46. To
understand if spontaneous DNA damage occurs upon TREX2 knockdown, we examined the
vYH2AX levels using immunoblotting assay. yH2AX was only slightly induced upon TREX2
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knockdown compared with control knockdown cancer cells, indicating that DNA damage
response may not be induced by TREX2. While the low basal of yH2AX detected under
glucose deprivation is inhibited by glucose, loss of TREX2 abrogated this suppressive effect
by glucose (Figure S9K).

Since cGAS/STING serves as a tumor suppressing signal by inducing apoptosis, we next
determined whether the oncogenic activity induced by the glucose/NSUN2/TREX2 axis may
act through cGAS/STING repression. As expected, cGAS or STING knockdown reduced
basal levels of p-STING, p-TBK1 and p-IRF3 and caspase-3 activation and promoted cancer
cell proliferation, survival and cancer stemness (Figure S7F and S7G; Figure S9L-S9Q).
Remarkably, cGAS or STING knockdown rescued the defects in cancer cell proliferation,
survival and cancer stemness upon NSUN2 knockdown (Figure 5P-5S). Moreover, cGAS
or STING knockdown also rescued the defect in cell survival upon glucose deprivation
(Figure 5S). In a xenograft assay, cGAS knockdown or STING knockdown also rescued

the defect in tumorigenesis upon NSUN2 loss (Figure 5T). Collectively, glucose/NSUN2/
TREX2 maintains oncogenic properties by restricting cGAS/STING activation.

The Glucose/NSUN2/TREX2 Axis Drives Anti-PD-L1 Immunotherapy Resistance through
Restricting cGAS/STING Signaling

CGAS/STING signaling activation plays a critical role in maintaining the efficacy of
anti-PD-1/anti-PD-L1 immunotherapy in cancer suppression 47-50. As the glucose/NSUN2/
TREX2 axis restricts cCGAS/STING activation, we asked whether aberrant activation of
glucose/NSUN2/TREX2 drives the resistance of cancer cells to anti-PD-L1 immunotherapy.
To address this question, we overexpressed vectors of NSUN2 or the NSUN2 mutant (A

aa 1-28) in B16 melanoma cells and CT26 colon cancer cells, both of which are sensitive

to anti-PD-L1 immunotherapy 51-53, As expected, NSUN2, but not the NSUN2 mutant

(A aa 1-28), induced TREX2 expression and led to cGAS/STING signaling suppression
(Figure S10A and S10B). In B16 syngeneic tumor model with intact immunity, NSUN2,

but not the NSUN2 mutant (A aa 1-28), promoted tumorigenesis and caused the resistance
of B16 tumor to anti-PD-L1 immunotherapy (Figure 6A and 6B). Similar results were also
obtained in CT26 tumor model (Figure 6C and 6D). Of note, loss of TREX2 abolished

the tumor promotive effect and resistance to anti-PD-L1 immunotherapy induced by
NSUN2 overexpression (Figure 6E and 6F; Figure SLOC-S10F). In the tumor sections,
overexpression of NSUN2, but not the NSUN2 mutant (A aa 1-28), reduced cGAS/STING
signaling, as determined by reduced p-STING, p-TBK1 and p-IRF3 levels, caspase-3
activation indicative of apoptosis, CD3* and CD8* T cell infiltration upon anti-PD-L1
immunotherapy treatment (Figure 6G—-6L, Figure S10G). Thus, the glucose/NSUN2/TREX2
axis drives cGAS/STING signaling repression and anti-PD-L1 immunotherapy resistance by
restricting apoptosis and CD8" T cell infiltration.

To understand whether genetically targeting the glucose/NSUN2/TREX2 axis is a promising
strategy to overcome anti-PD-L1 immunotherapy resistance in those cold tumors, we
knocked down NSUN2 or TREX2 in 4T1 breast cancer cells and TRAMP-C2 prostate
cancer cells, which are unresponsive to anti-PD-L1 immunotherapy °4°°. Expectedly,
NSUN?2 loss and TREX2 loss in these two cancer cell lines also induced cGAS/
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STING signaling activation (Figure S11A-S11D). Remarkably, NSUN2 or TREX2 loss
could reduce tumorigenesis and overcome anti-PD-L1 immunotherapy resistance in these
syngeneic tumor models (Figure 7A-7D). However, STING loss restored the tumorigenesis
and abolished the reversal effect of anti-PD-L1 immunotherapy resistance upon NSUN2 or
TREX2 deficiency (Figure 7A-7D; Figure S11E-S11J). In the tumor sections, NSUN2

or TREX2 loss induced cGAS/STING signaling, caspase-3 activation, and CD3* and
CD8* T cell infiltration in response to anti-PD-L1 immunotherapy, which were impaired
upon STING loss (Figure 7TE-7G; Figure S11K-S11N). Collectively, our data provide
proof-of-principle evidence that targeting the glucose/NSUN2/TREX2 axis can suppress
tumorigenesis and overcome anti-PD-L1 immunotherapy resistance in those cold tumors
through cGAS/STING activation for apoptosis and CD8" T cell infiltration.

DISCUSSION

Our study reveals an unprecedented finding that glucose serves as a signaling molecule

that directly binds to NSUN2 at aa 1-28, leading to NSUN2 oligomerization and activation
to maintain global m>C RNA methylation independently of glucose metabolism. Notably,
the glucose/NSUN2 axis elicits m>C RNA methylation of 7REXZ2and stabilizes TREX2
MRNA for enhanced protein expression to maintain oncogenic properties and tumorigenesis.
Strikingly, disrupting glucose/NSUNZ2 binding by the TAT-N28 peptide impairs NSUN2
activity, TREX2 expression and subsequent oncogenic processes, offering a potential
strategy to target cancer without impacting normal glucose metabolism. Our study therefore
identifies NSUN2 as a glucose sensor whose activation by glucose drives TREX2 expression
to maintain tumorigenesis, defining the first mechanistic insight into how NSUN2 is
activated by a nutrient. Thus, glucose serves as a cofactor for NSUN2 methyltransferase
activation, extending the earlier findings that a-ketoglutarate serves as a cofactor for histone
demethylase activation 2657,

The cGAS/STING pathway has emerged to play a key role in both cancer immunity

and intrinsic tumor suppression. Our study identifies the glucose/NSUN2/TREX2 axis as

a key pathway to repress dsDNA accumulation and subsequent cGAS/STING activation
leading to promoting oncogenic processes. Notably, glucose deprivation or NSUN2 loss
leads to spontaneous dsDNA accumulation and cGAS/STING activation, which can be
reversed by TREX2 restoration. Our study therefore places TREX2 exonuclease as a

key downstream effector of glucose/NSUNZ2 in preventing dsDNA accumulation and
CGAS/STING activation. Of note is that the glucose/NSUN2/TREX2 axis serves a key
mechanism to drive anti-PD-L1 immunotherapy resistance through cGAS/STING repression
for apoptosis and subsequent impairment of CD8" T cell infiltration, whereas genetic
deletion of this axis overcomes anti-PD-L1 immunotherapy resistance through cGAS/
STING signaling activation in syngeneic tumor models. Hence, targeting the glucose/
NSUNZ2/TREX2 axis provides a promising strategy to elicit cGAS/STING activation leading
to apoptosis and CD8* T cell infiltration and overcoming immunotherapy resistance in those
cold tumors such as prostate cancer that are refractory to immunotherapy 8.

In summary, our study provides the compelling evidence that glucose can serve as a
signaling molecule that directly binds to and activates NSUN2 to maintain m°C RNA
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methylation and mRNA stability of 7REX2Z, resulting in cGAS/STING repression to shut off
interferon response and promote oncogenic processes and immunotherapy resistance (Figure
7H), thus opening a new avenue for studying glucose’s novel actions as a signaling molecule
in regulating diverse biological processes. Our study not only provides new insights into
how glucose elicits its oncogenic activity, but also offers novel paradigms and strategies for
targeting cancers with aberrant glucose signaling. We also note that during the course of

our paper revision, a recent study revealed that glucose could also bind directly to DDX21
and caused the dissociation of DDX21 leading to the regulation of mMRNA splicing and
tissue differentiation 1°. It will be important to further explore additional glucose sensors
mediating glucose’s actions on regulating diverse biological processes for cancer and disease
progression.

Limitations of Study

While our study has demonstrated the key role of the glucose/NSUN2/TREX2 axis

in driving anti-PD-L1 immunotherapy resistance at least in part through cGAS/STING
repression using various syngenieic mouse tumor models, it will be necessary to validate this
notion further using patient-derived xenografts (PDXs) grown in humanized mice with intact
immunity. It will also be important to explore whether targeting the glucose/NSUN2 axis

by the TAT-N28 peptide is sufficient to overcome anti-PD-L1 immunotherapy resistance in
these PDX models.

STAR x METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents may
be directed to and will be fulfilled by the Lead Contact, Hui-Kuan Lin (hui-
kuan.lin@duke.edu).

Materials availability—All the materials generated and used in this study will be
available upon request.

Data and code availability

. Uncropped scans of all blots and all values used to generate graphs are included
in Data S1 - Source Data, which has been deposited at Mendeley and are
publicly available as of the date of publication. The DOI is listed in the Key
Resources Table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies—Animals were housed in a specific-pathogen-free facility under standard
conditions. The animal protocol was approved by Institutional Animal Care and Use
Committee at Wake Forest University School of Medicine. All mice (6-week-old) were
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purchased from Charles River Laboratories (n = 5 for each group). For /in vivo xenograft
tumorigenesis assays, Hep3B or PC3 cells (1x106) were injected subcutaneously (s.c.) into
athymic nude mice (Crl:NU(NCr)-Foxn1™, Code 490, male). In syngeneic mouse model
(allograft) study, B16 or TRAMP-C2 cells (5x10°) were injected s.c. into C57BL/6 (Code
027, male) mice; CT26 (5%10°) or 4T1 cells (1x10%) were injected s.c. into BALB/c

(NCI BALB-cANNCr, Code 555, female) mice. The dose and dosing schedule used with
anti-mouse PD-L1 (Clone 10F.9G2) or rat 1gG2b isotype control antibodies was 100 or
200 ug per intra-peritoneally administered at 3-to-5-day intervals. Tumor was measured by
Caliper for length and width, and tumor volume was determined based on the formula: V =
(Length x Width x Width)/2.

Cell culture—Hep3B, HEK293, HEK293T, PC3, B16, CT26, 4T1, TRAMP-C2, AMPK ™/~
MEF were cultured in required medium supplied with 10% Fetal Bovine Serum (FBS) and
1% Penicillin/Streptomycin at 37 °C under 5 % CO,.

METHOD DETAILS

The synthesis of biotin-glucose—

0 o
NH H
NH H Y
- 0. _.OH
%r \/\)\ i 0., o EDC. DMAP, _ HN?@‘ \/\‘)\0
TDem. H ] HO o4

Biotin Glucose Biotin-glucose

A suspension of 180 mg of glucose (1 mM), 384 mg of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) (2 mM) and 11 mg of 4-dimethylaminopyridine (DMAP)
(0.01 mM) in dichloromethane (DCM) (5 mL) was stirred at room temperature (RT). 244
mg of biotin (1 mM) in 5 mL of DCM was added and the reaction mixture was stirred
continually overnight. The solvent was removed, and the final compound were purified by
silica gel column chromatography using a gradient of methanol/dichloromethane (0-10%).
230 mg of wax solid is obtained, and the yield was 57%. LCMS (ESI) m/z calcd for
C16H27N208S+ (M+H)+ 407, found 407.

Synthesis of biotin-labeled 2-deoxy-D-glucose—

0
o) NH H 0
—NH H o OH N : 0._OH
DMF, it H O\ s
H 5 HOAO OH HO'

OH

Biotin 2-deoxy-D-glucose (2-DG) Biotin-2-DG

A solution of 328 mg of 2-deoxy-D-glucose (2DG, 2 mM), 768 mg of EDC (4 mM) and

22 mg of DMAP (0.02 mM) in dry N, N-dimethylformamide (DMF) (5 mL) was stirred

at RT. 488 mg of biotin (2 mM) in dry DMF (5 mL) was added and the reaction mixture
was stirred at RT overnight. Then the reaction mixture was concentrated under vacuum to
remove DMF to afford a light-yellow wax. The wax was washed with 10.0 mL DCM and
the solid was collected and dried under vacuum to afford 494 mg of light-yellow foam as the
crude product of biotin-2DG with yield 50.5%. LCMS (ESI) m/z calcd for CL6H26N207S+
(M+H)+ 390, found 391.
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Glucose starvation and restoration—*For glucose deprivation, cells were washed with
PBS for twice and cultured in glucose-free DMEM supplied with dialyzed FBS for indicated
time. The cells were stimulated by the addition of DMEM with glucose, 2DG, 30MG, G6P,
peptide, or cGAMP for 2h.

Plasmid constructions—Full-length CDSs of human NSUNZ genes (GenelD:
54888; F1: NM_017755.6, transcript variant 1; F2: NM_001193455.2, transcript
variant 2; F3: NR_037947.2, transcript variant 3) were amplified by PCR

using human HEK293 cDNA and subcloned into pGEX-6P-1. The human

NSUNZ mutants were generated based on the full-length NSUN2-F1 expression
vector with Q5 Site-Directed Mutagenesis Kit (New England Biolabs) according

to the manufacturer’s instructions. The corresponding primers used are as

followed: NSUN2-F1 (forward, 5'-CGGAATTCATGGGGCGGCGTTCGCGGG-3’;
reverse, 5'-CCGCTCGAGTTACCGGGGTGGATGGACC-3"), NSUNZ2-F2
(forward, 5’'-CGGAATTCATGGGGCGGCGTTCGCGGG-3’; reverse, 5'-
CCGCTCGAGTTACCGGGGTGGATGGACC-3"), NSUN2-F3 (forward,
5’-CGGAATTCATGGTGGTCAATCACGATGCC-3’; reverse, 5’-
CCGCTCGAGTTACCGGGGTGGATGGACC-3’), NSUN2-A1-84 (forward,
5’-GGATCCCCGGAATTCAGCCACGCAAAAGAG -3’; reverse,

5- CTCTTTTGCGTGGCTGAATTCCGGGGATCC-3"), NSUN2-A184-190
(forward, 5'-AAGATCTTAGATATGACCACACAGTTAATT -3’; reverse,

5- AATTAACTGTGTGGTCATATCTAAGATCTT-3’), NSUN2-A121-236
(forward, 5'-CAGCCACTGAGTTGGATGGTGGTCAACCAT-3’; reverse,

5’- ATGGTTGACCACCATCCAACTCAGTGGCTG-3"), NSUN2-A1-28

(forward, 5'-GGATCCCCGGAATTCCGCGGCGAGGCGGG —-3’; reverse,

5’- GCCCGCCTCGCCGCGGAATTCCGGGGATCC-3"), NSUN2-A29-56
(forward, 5’-GAGGGTGGTGGAAAGATCGTGCCCGAGGGC -3’; reverse,

5’- GCCCTCGGGCACGATCTTTCCACCACCCTC-3"), NSUNZ2-N57-84
(forward, 5'-TACCAGGAGCTCAAGAGCCACGCAAAAGAG-3’; reverse, 5'-
CTCTTTTGCGTGGCTCTTGAGCTCCTGGTA-3’). All plasmids were validated by DNA
sequencing and prepared with the Fastfilter Plasmid Midi Kit (Omega Bio-tek).

To clone NSUNZ or its mutant or 7TREXZinto mammalian expressing vector, full-
length CDSs of human NSUN2-+F1 (NM_017755.6) or TREX2 (NM_080701.4) were
amplified by PCR using human HEK293 cDNA and subcloned into pFLAG-CMV2
vector (Sigma-Aldrich) or pCDH-blasticidin vector. The corresponding primers used
are as follow: NSUNZ2-F1 forward, 5'-CGGAATTCAATGGGGCGGCGGTCGCGGGG-3/;
reverse, 5'-TCCGGTACCTTACCGGGGTGGATGGACCC-3’. TREXZ2 forward,
5’- GGGAATTCATGTCCGAAGCACCCCGGGC-3’; reverse, 5’-
CCGCTCGAGTCAGGCCTCCAAGCTGGGG-3'.

Expression and purification of recombinant protein—For purifying recombinant
NSUN?2 expression, GST-tagged pGEX-6P-1 expression vectors encoding NSUN2-F1,
NSUN2-F2, NSUN2-F3, NSUN2-A1-84, NSUN2-A184-190, NSUN2-A121-236, NSUN2-
A1-28, NSUN2-A29-56, or NSUN2-A57-84 mutants were transformed into £scherichia coli
BL21 (DE3). The cells were grown in LB (Lysogeny broth) medium at 37 °C. When the
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culture reached an OD600 of 0.6, 1 mM IPTG was added. The culture was transferred

to a shaking incubator at 20 °C for overnight. Recombinant proteins were then purified
using Glutathione Sepharose® 4B and cleaved with PreScission protease according to the
manufacturer’s instructions. Recombinant proteins were subjected to SDS-PAGE, followed
by Coomassie brilliant blue staining (CBB) and immunoblotting to examine the purity of the
recombinant proteins. The purified proteins were split and stored at —80 °C.

Immunoblotting—For immunoblotting, whole cell lysates were prepared from the cells
lysed with E1A buffer (50 mM HEPES, pH 7.6, 250 mM NaCl, 0.1% Nonidet P-40, 5

mM EDTA) supplemented with complete protease inhibitor cocktail (Roche, 04693132001).
Cell lysates were subjected to SDS-PAGE and proteins were visualized by enhanced
chemiluminescence according to the manufacturer’s instructions (Millipore).

Biotin pull-down assay—Biotin-glucose pull-down assays were performed according to
our previous studies 2228, In brief, magic Dynabeads MyOne Streptavidin T1 (Thermal
Fisher) was pre-incubated with free biotin or biotin-labeled glucose for 30 min at RT, and
then incubated with cell lysates, recombinant proteins or peptides rotated overnight at 4 °C.
The beads were washed with PBS for 4 times and analyzed by immunoblotting.

Lentiviral infection for gene knockdown and restoration—Lentiviral infection
was performed based on our earlier studies %960, To generate lentivirus-producing cell

lines, calcium phosphate was used to transfect with luciferase (shluc), target gene shRNA,
virusGag-Pol packing vector (pPAX) and virus envelope glycoprotein expression vector
(pMD.2G) in HEK?293T cells. Supernatants containing virus particles were collected 48

h after transfection, filtered (0.45 pm), purified by centrifugation, and stored at —80

°C. Infections were carried out overnight by incubating cells with supernatants in the
presence of 8 pg/mL Polybrene (Sigma-Aldrich). After viral infection, cells were selected
by puromycin (3 pg/ml) for 7 days. The individual mission sShRNAs kept in frozen bacterial
glycerol were purchased from Sigma-Aldrich. For restoration of NSUNZ2-WT, NSUNZ-
A28, and TREXZ2in NSUN2 knockdown cells, HEK293T were co-transfected with pCDH-
NSUNZ-WT, NSUN2-A28, and TREXZ-blasticidin and package plasmids (pPAX/pMD.2G).
After 48 h, virus containing supernatants were harvested to infect NSUN2 knockdown cells.
All stably transfected cells were selected by blasticidin (5 pg/ml) for 7 days.

Immunofluorescence and confocal microscopy—Cells grown on autoclaved
coverslips were fixed with 4% paraformaldehyde (PFA) for 20 min and permeabilized

with 0.4% Triton X-100 for 7 to 10 min and blocked with 5% BSA for 1 h. The primary
antibody against dsSDNA was applied onto the cells and incubated overnight at 4 °C. Cells
then were washed with 1xPBS, incubated with a secondary antibody (Alexa 488 fluorescein-
conjugated anti-mouse 1gG) for 1 h at RT, and washed twice by 1xPBS. Coverslips were
then mounted on a slide using one drop of mounting medium containing DAPI. The images
were acquired using Olympus FV1200 Spectral Laser Scanning Confocal Microscope 1.

RNA isolation and m°C Dot blot assay—Total RNA was extracted by using Quick-
RNA™ Miniprep Kit (ZYMO Research) according to manufacturer’s manual. RNA samples
were quantified by 2200 Tape Station (Agilent). For Dot blot assay, equal amounts of RNA
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were loaded onto the positive charged nylon transfer membrane (GE Healthcare). After UV
crosslinking (Stratalinker® UV Crosslinker 1800) for 3 min at 254 nm, the membrane was
blocked with 5% non-fat dried milk in PBS with 0.1% Tween-20 (PBST), followed by
incubation with the primary rabbit anti-m°C antibody (CST, 28692S) and then peroxidase
affinipure goat anti-Rabbit IgG (H+L) (Jacksonimmuno, 111-035-003) secondary antibody.
m®C RNA levels were visualized by enhanced chemiluminescence (Millipore). Equal RNA
loading was verified by methylene blue (MB, Sigma-Aldrich) staining. The intensity of Dot
blot signal was quantified by ImageJ.

Quantitative real time polymerase chain reaction (RT-gPCR)—Total RNAs (0.5

to 1 ug) were subjected to reverse transcription with PrimeScript RT Master Mix (Takara,
DRRO036A). To determine relative mRNA level, RT-gPCR was performed using 2x SYBR
Green gPCR Master Mix (BIMAKE, B21203) and gene expression was normalized with
GAPDH. AACt method 62 was used to indicate the relative expression level of corresponding
genes. Primers used for RT-gPCR were listed in Table S4.

In vitro methylation assays—To measure NSUN2 activity, the /in vitro methylation
assay by NSUN2 was performed as described previously 3. Briefly, 50 pl of reaction
mixture containing 0.2 nM purified NSUN2 proteins, 0.01 nM RNA, and 1 uCi of 3H-
labeled S-adenosyl-L-methionine ([3H]SAM, ART 0288-250 uCi, American radiolabelled)
in reaction buffer (5 mM Tris HCL [pH 7.5], 5 mM EDTA, 10% glycerol, 1.5 mM
dithiothreitol, 5 mM MgCl,) supplemented with inhibitors (leupeptin [1 pg/ml], aprotinin
[1 pg/ml], 0.5 mM phenylmethylsulfonyl fluoride, and RNasin [5 U/ml, Promega]) was
incubated for 45 min at 37 °C. Unincorporated [3H]SAM in the reactions was removed by
using Zymo-Spin IHICG Columns (ZYMO Research) and the incorporated radioactivity was
measured by liquid scintillation counting.

Native-PAGE assay and chemical crosslinking—Protein samples were prepared with
Native Sample Buffer and subjected to Native-PAGE, followed by immunoblotting. For
chemical crosslinking, protein samples were proceeded with Bismaleimide Crosslinkers
(BMH, Thermo) according to the manufacturer’s instructions, followed by SDS-PAGE and
immunoblotting.

Colony formation assay and apoptosis assay—~For colony formation assay, cells
(2x103) were plated into 12 well plates for 12 days. Cells were rinsed with PBS to

remove the dead cells and stained with crystal violet, followed by incubating with 2% SDS.
Absorption at 600 nm was measured to calculate the relative survival rate for each group.
For apoptosis assay, cells were deprived with glucose for 22 h and then stimulated with
DMEM medium with 5.5 mM glucose for 2 h. Then the cells were proceeded with the FITC
Annexin V Staining Protocol (FITC Annexin VV Apoptosis Detection Kit I, BD) to measure
apoptosis.

Tumor sphere formation assay—For in vitro tumor sphere forming assay, 4x103 cells
were seeded in the ultra-low attachment 6-well plate (Corning Life Science) and cultured in
tumor sphere-forming medium (DME/F12 supplemented with 5 pg/ml insulin, 0.4% BSA,
20 ng/ml human epidermal growth factor, 10 ng/ml basic fibroblast growth factor, and 1 X
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B-27™ Supplement [50X, Gibco]). Cells were incubated at 37 °C for 12 days and spheres
larger than 50 pm were counted.

RNA-seq—Total RNA was isolated from shluc and shAVSUNZ Hep3B cells, which were
either glucose-starved for 6 h or glucose-starved for 4 h and then add-back glucose for 2
h, by using Quick-RNA™ Miniprep Kit (ZYMO Research) according to manufacturer’s
procedures. RNA samples were quantified by 2200 Tape Station (Agilent) and sent to
GENEWIZ for RNA-seq using Illumina HiSeq 2x150 bp sequencing. Three independent
biological replicates were performed for RNA-seq.

RNA-IP and gene-specific m°C gPCR—RT-qPCR was performed to assess the relative
abundance of the selected mRNA in m®C antibody immunoprecipitation (IP) samples and
input samples. Briefly, total RNA was isolated with Quick-RNA™ Miniprep Kit. 500 ng
RNA was used as an input sample and the remaining RNA was used for m°C IP. 100 ug

of RNA was diluted into 500 pl IP buffer (150 mM NaCl, 0.1% NP-40, 10 mM Tris, pH

7.4, 100 U RNase inhibitor) and incubated with m>C antibody at 4 °C for 2 h. Dynabeads®
Protein A coated with BSA was added into the reaction solution and rotated for 2 h at 4

°C. After washing by IP buffer with RNase inhibitors four times, the m®C IP portion was
eluted with elution buffer (5 mM Tris-HCL [pH 7.5], 1 mM EDTA, 0.05% SDS, and 4 pl
Proteinase K [20 mg/ml]). The final eluted MRNA was concentrated with a RNA Clean

& Concentrator-5 kit. The same amounts of the concentrated IP RNA or input RNA from
each sample were used for the cDNA library. The mRNA expression was determined by the
number of amplification cycles (Cq). The relative m®C levels in gene were calculated by the
m°C levels (m°C IP) normalized with the expression of each gene from the input sample.

For mapping assay of the NSUN2 fragments binding to 7REX2mRNA, similar to the
procedure above RNA-IP were performed using anti-NSUNZ2 antibody along with various
NSUN2 truncated proteins, followed by RT-qPCR analysis of 7TREX2 mRNA.

RNA decay assay—Cells were seeded in 6-well plates and incubated overnight at 37 °C,
treated with Actinomycin D (2 pg/ml, A1410, Sigma-Aldrich) for different time points, and
harvested for the collection of RNA samples. 7TREXZ mRNA levels against GAPDH RNA
levels were analyzed by RT-gPCR. The half-life of TREXZ, ACTIN and NSUN2 mRNA
normalized with GAPDH was then measured with their levels at t = 0 as 100% according to
the previous study %4,

Enzyme-Linked Immunosorbent assay (ELISA)—To detect cGAMP levels in cells,
treated cells were lysed in M-PER™ Mammalian Protein Extraction Reagent (Thermo
Fisher) and the levels of cGAMP in cell lysates were measured by 2” 3"-cGAMP
competitive ELISA assay Kit (501700, Cayman) according to manufacturer’s protocol and
previous study 6. To detect IFN-B levels in treated cells, cell culture media were centrifuged
at 2,000 x g for 10 mins to remove debris and collected supernatants for assessing IFN-

B levels by human IFN-B ELISA Kit (ab278127, Abcam) according to manufacturer’s
protocol.
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Immunohistochemistry—Formalin-fixed, paraffin-embedded tumor tissue samples were
sectioned at 4 um. After deparaffinization and hydration, the sections were heated at 95 °C
in citrate buffer (pH 6.0) for epitope retrieval, quenched with hydrogen peroxide blocking
reagent to abolish endogenous peroxidase. To block nonspecific antibody binding, sections
were incubated in blocking solution (10% normal goat serum in PBST) at RT for 1 h.
Primary antibodies were incubated overnight at 4 °C. Secondary antibodies were incubated
for 2 h at RT. The DAB Substrate Kit was used for visualization according to manufacturer’s
protocol. Finally, sections were counterstained with acid hematoxylin solution (12 min)

and Scott’s bluing reagent (5 min), dehydrated in an ascending alcohol series up to 100%,
cleared with xylene (5 min), and coverslipped by Tissue-Tek Glas™ mounting medium.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantification were performed using ImageJ software. The schematic representations
(Fig. 1A, 1D, 1F, 1H, 1J, and 40) were created using PowerPoint. The heatmap (Fig.

4A) was created using Excel. The Graphical Abstracts and illustration of the mechanism
(Fig. 7H) were created using BioRender. All the other graphs and Statistical Analysis
were performed using GraphPad.Prism 7. Data were presented as mean + SD. Statistical
significance for pairwise comparison of variables were calculated using two-tailed unpaired
Student’s #test. P values were calculated using a two-way ANOVA for cell growth

curve, tumor volume changes and RNA decay assay. For all analyses, p < 0.05 were
regarded as statistically significant. *, p < 0.05. **, p < 0.01. *** p < 0.001. NS, non-
significant. The 95% confidence intervals were used for all general statistical analyses. For
mass spectrometry analysis and RNA-seq, samples were processed in random order and
experimenters were blinded to experimental conditions. Data shown are representative of
three independent experiments (biological replicates).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Glucose Promote Oligomerization and Activation of NSUN2 By Its Direct Binding to
NSUNZ2

The Glucose/NSUN2 Axis Maintains TREX2 Expression to Execute Its Oncogenic
Activity

The Axis represses cGAS/STING Activation to Maintain Oncogenic Activity of Cancer
Cells

The Axis Drives Anti-PD-L1 Immunotherapy Resistance By Restricting cGAS/STING
Signaling
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Figure 1. NSUN2 Is a Novel Interacting Protein of Glucose, and Its N-terminal Region Mediates
Glucose Binding

(A) ldentification of the potential glucose interacting proteins. Biotin or biotin-glucose was
incubated with HEK293 cell lysate, followed by the incubation of streptavidin beads and
subjected to mass spectrometry analysis (n = 3 biological replicates).

(B and C) Immunoblotting of binding complexes isolated from cell extracts of Hep3B (B)
or PC3 (C) incubated with biotin or biotin-glucose (n = 3 biological replicates for each cell
line).

(D) Schematic representations of three NSUN2 isoforms.

(E) Immunoblotting from /n vitro mapping assays among biotin-glucose and NSUN2-F1,
NSUN2-F2 or NSUN2-F3 proteins (n = 3 biological replicates).

(F) Schematic representations of various NSUN2 deletion mutants (NSUN2-A1-84,
NSUN2-A184-190, NSUN2-A121-236).

(G) Immunoblotting from /n vitro mapping assays among biotin-glucose and NSUN2-A1-
84, NSUN2-A184-190, NSUN2-A121-236 proteins (n = 3 biological replicates).

(H) Schematic representations of various NSUN2 deletion mutants (NSUN2-A1-28,
NSUN2-A29-56, NSUN2-A57-84).
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(1) Immunoblotting from in vitro mapping assays among biotin-glucose and NSUN2-A1-28,
NSUN2-A29-56, NSUN2-A57-84 proteins (n = 3 biological replicates).

(J) Schematic representations of the sequence for control or N28 peptide with a TAT tag in
N-terminal region.

(K) Immunoblotting from /n vitro pull-down assays by incubating biotin or biotin-glucose
directly bind with control or N28 peptide (n = 3 biological replicates).

(L) Immunoblotting from in vitro pull-down assays by incubating biotin or biotin-glucose
with NSUN2-F1 protein along with control or N28 peptide. S.E., short exposure; L.E., long
exposure (n = 3 biological replicates).

See also Figure S1, Table S1 and Table S2.
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Figure 2. Glucose Serves As a Cofactor to Directly Promote Oligomerization and Activation of

NSUN?2

(A) Hep3B cells without or with glucose starvation for 4 h and restored with glucose (5.5
mM) 2 h before Dot blot assay of m°C levels (total RNA) (n = 3 biological replicates).

(B) Hep3B cells were glucose-starved and restored with glucose, fi
of m°C levels (n = 3 biological replicates).

ollowed by Dot blot assay

(C) The m3C level intensity of (B) was determined using ImageJ (n = 3 biological

replicates).
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(D) NSUN2 knockdown Hep3B cells were glucose-starved for 4 h and restored with glucose
(5.5 mM) 2 h for Dot blot assay (n = 3 biological replicates).

(E) Hep3B were glucose-starved for 4 h and restored with glucose or 2DG (5.5 mM) 2 h for
Dot blot assay (n = 3 biological replicates).

(F) Immunaoblotting from J/n vitro biotin pull-down assays among biotin-2DG and NSUN2-
F1 protein (n = 3 biological replicates).

(G and H) Immunoblotting from cell extracts of Hep3B (G) or PC3 (H) incubated with
biotin or biotin-2DG (n = 3 biological replicates for each cell line).

(I and J) HK2 knockdown (1) and NSUNZ2 overexpression (J) Hep3B cells were glucose-
starved for 4 h and restored with glucose (5.5 mM) 2 h for Dot blot assay (n = 3 biological
replicates).

(K) Hep3B cells were glucose-starved for 4 h and restored with glucose (5.5 mM) 2 h along
with control (6 pM) or N28 (2 uM, 6 uM) peptide treatment for Dot blot assay (n = 3
biological replicates).

(L) /n vitrom®C RNA methylation assays for NSUN2 activity with various concentrations
of glucose (2.75 mM, 5.5 mM, 11 mM, 25 mM) (n = 4 biological replicates).

(M) /n vitrom>C RNA methylation assays for NSUN2 activity with 2DG, glucose or its
downstream metabolites (n = 4 biological replicates).

(N) /n vitrom®C RNA methylation assays using NSUN2-A1-28, NSUN2-A29-56 proteins
along with or without glucose (n = 4 biological replicates).

(0) /n vitrom®C RNA methylation assays using NSUN2 protein along with control or N28
peptide (n = 4 biological replicates).

(P) Native-PAGE assay of NSUN2 protein with various concentrations of glucose (2.75 mM,
5.5 mM, 11 mM, 25 mM) (n = 3 biological replicates).

(Q) Quantification of relative oligomer level of NSUN2 in (P) by normalization with the
total level of NSUN2 in SDS-PAGE (n = 3 biological replicates).

(R) Chemical crosslinking of NSUNZ2 protein with various concentrations of glucose (2.75
mM, 5.5 mM, 11 mM) (n = 3 biological replicates).

(S, T and U) Quantification of relative monomer (S), dimer (T), and oligomer (U) level

of NSUNZ2 in (R) by normalization with the control group of no glucose (Lane 1) (n =3
biological replicates).

(V and W) Native-PAGE assay (V) and quantification (W) of NSUN2, NSUN2-A1-28
proteins with or without glucose (5.5 mM).

(X and Y) Native-PAGE assay (X) and quantification (Y) NSUN2 protein along with
control or N28 peptide, the relative level of NSUN2 oligomerization in Native-PAGE by
normalization with the total level of NSUN2 in SDS-PAGE (n = 3 biological replicates).
Data are mean + SD. *, p < 0.05, **, p < 0.01. ***, p < 0.001, NS, non-significant by
Student’s #test (C, L-O, Q, S, T, U, W, Y). See also Figure S2.
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Figure 3. Glucose/NSUN2 Binding Leading to NSUN2 Activation Maintains Oncogenic Activity
of Cancer Cells

(A) Sphere forming assays of Hep3B cells starved with glucose and restored with various
concentrations of glucose (5.5 mM, 11 mM, 25 mM) (n = 3 biological replicates).

(B) Sphere forming assays of Hep3B cells treated with 0 mM glucose, 5.5 mM glucose, 5.5
mM 2DG or 5.5 mM 30MG (n = 3 biological replicates).

(C) Sphere forming assays in glucose-starved Hep3B cells added back G6P (by transfection)
with or without non-metabolizable glucose analog, 2DG or 30MG (n = 3 biological
replicates).
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(D, E, F, and G) Control and NSUN2 knockdown Hep3B cells were subject to
immunoblotting (D), sphere forming assays (E), growth curve (F) and colony forming assays
(G) (n = 3 biological replicates).

(H) /n vivo xenograft tumorigenesis assay of NSUN2 knockdown Hep3B cells
subcutaneously injected to nude mice (n = 5 animals/group).

(1, J, and K) Hep3B cells incubated with control or N28 peptide (2 uM, 6 uM) were
subjected to sphere forming assays (1), growth curve (J) and colony forming assays (K) (n =
3 biological replicates).

(L, M, N, O, P, and Q) Control and NSUN2 knockdown Hep3B cells restored with NSUN.2-
WT or NSUNZ2-1\28 were subjected to immunoblotting (L), m®C Dot blot assay (M), sphere
forming assays (N), growth curve (O), colony forming assays (P) and survival rate (Q) (n =3
biological replicates).

(R) /n vivo xenograft tumorigenesis assay of control and NSUN2 knockdown Hep3B cells
restored with NSUNZ2-WT or NSUNZ2-A28 subcutaneously injected to nude mice (n =5
animals/group).

Data are mean £ SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS, non-significant by
Student’s #test (A, B, C, E, G, I, K, N, P, Q) or by 2-way ANOVA (F, H, J, O, R). See also
Figure S3.
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Figure 4. The Glucose/NSUN2 Axis Maintains TREX2 Expression to Execute Its Oncogenic

Activity
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(A) The heatmap for relative mRNA level of selected target genes from RNA-seq in NSUN2

knockdown Hep3B cells glucose-starved for 4 h and restored with glucose (5.5 mM) 2 h (n

= 3 biological replicates).

(B and C) RT-gPCR analysis (B) and immunoblotting (C) in NSUN2 knockdown Hep3B

cells glucose-starved for 4 h and restored with glucose
replicates).

(5.5 mM) 2 h (n = 3 biological

(D) Immunoblotting in NSUN2 knockdown Hep3B cells (n = 3 biological replicates).
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(E) Immunoblotting in Hep3B cells glucose-starved for 4 h and restored with glucose (5.5
mM) 2 h (n = 3 biological replicates).

(F) Immunoblotting in NSUNZ2 overexpression Hep3B cells (n = 3 biological replicates).
(G) Immunoblotting in NSUN2 knockdown Hep3B cells restored with NSUNZ-WT or
NSUNZ2-A28 (n = 3 biological replicates).

(H) RT-gPCR analysis in the restoration of NSUN2-WT or NSUNZ-A28 upon NSUN2
knockdown Hep3B cells with or without glucose (5.5 mM) (n = 3 biological replicates).

(1) RNA-IP using anti-m°C antibody, followed by RT-qPCR analysis in the restoration of
NSUNZ-WT or NSUNZ2-A28 upon NSUN2 knockdown Hep3B cells with or without glucose
(5.5 mM) (n = 3 biological replicates).

(J) RNA-IP using anti-m°C antibody, followed by RT-qPCR analysis in Hep3B with glucose
starvation for 4 h and restored with glucose (5.5 mM) 2 h along with control or N28 peptide
treatment (n = 3 biological replicates).

(K) Immunoblotting in Hep3B cells, glucose-starved for 4 h and restored with glucose (5.5
mM) 2 h along with control or N28 peptide treatment (n = 3 biological replicates).

(L) RNA decay assay in the restoration of NSUNZ2-WT or NSUNZ2-A28 in NSUN2
knockdown Hep3B cells, glucose-starved and restored with glucose (n = 3 biological
replicates).

(M) RNA decay assay in NSUN2 overexpression Hep3B cells treated with actinomycin

D (Act. D, 2 yg/ml). RT-gPCR against GAPDH was performed to assess the half-life of
TREX2and ACTINmRNA (n = 3 biological replicates).

(N) RNA-IP using anti-NSUNZ2 antibody along with various NSUN2 truncated proteins,
followed by RT-gPCR analysis of TREX2mRNA (n = 3 biological replicates).

(O) Schematic representations of mapping assay for the NSUN2 fragment binding to
TREXZ mRNA.

(P, Q, R, and S) Restoration of 7REXZ2in NSUN2 knockdown Hep3B cells were subjected
to immunoblotting (P), sphere forming assays (Q), colony forming assay (R), and survival
rate (S) (n = 3 biological replicates).

(T) /n vivo xenograft tumorigenesis assay of the restoration of 7TREXZ2in NSUN2
knockdown Hep3B subcutaneously inoculated in hude mice (n = 5 animals/group).

Data are mean £ SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS, non-significant by
Student’s f+test (A, B, H-J, N, Q-S) or by 2-way ANOVA (L, M, T). See also Figure S4 and
S5, and Table S3.
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Figure 5. The Glucose/NSUN2/TREX2 Axis Restricts Cytosolic dsSDNA Accumulation for cGAS/
STING Activation to Maintain Oncogenic Activity of Cancer Cells

(A) Immunoblotting in NSUN2 knockdown Hep3B cells glucose-starved for 4 h and
restored with glucose (5.5 mM) 2 h (n = 3 biological replicates).
(B) RT-gPCR analysis in NSUN2 knockdown Hep3B cells restored with NSUNZ-WT or
NSUNZ-028, glucose-starved for 4 h and restored with glucose (5.5 mM)2h (n=3

biological replicates).
(C) Immunoblotting in NSUN2 knockdown Hep3B cells restored with NSUNZ2-WT or

NSUNZ-028 (n = 3 biological replicates).
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(D and E) Immunoblotting (D) and RT-gPCR analysis (E) in Hep3B cells glucose-starved
for 4 h and restored with glucose (5.5 mM) 2 h along with control or N28 peptide (2 uM)
treatment (n = 3 biological replicates).

(F and G) ELISA (F) and immunoblotting (G) in NSUN2 knockdown Hep3B cells restored
with or without TREXZ (n = 3 biological replicates).

(H) Immunoblotting in TREX2 knockdown Hep3B cells glucose-starved for 4 h and restored
with glucose (5.5 mM) 2 h (n = 3 biological replicates).

(1) Immunoblotting in Hep3B starved with glucose and restored for 4 h with glucose (5.5
mM) 2 h along with or without cGAMP (1 pM) (n = 3 biological replicates).

(J) Immunoblotting in shluc, shNSUNZ2and shASUN2+shcGAS Hep3B cells (n =3
biological replicates).

(K) RT-gPCR analysis in shluc, shANSUNZ, shNSUN2+sh STING and shANSUN2+shcGAS
Hep3B cells (n = 3 biological replicates).

(L and M) Confocal images (L) and quantification (M) of cytosolic dSDNA in NSUN2
knockdown Hep3B cells glucose-starved for 4 h and restored with glucose (5.5 mM) 2 h (n
= 3 biological replicates).

(N and O) Confocal images (N) and quantification (O) of cytosolic dsDNA in Hep3B cells
glucose-starved for 4 h and restored with glucose (5.5 mM) 2 h along with control or N28
peptide (2 uM) treatment. Scale bar, 25 pm (n = 3 biological replicates).

(P, Q, R, and S) Colony forming assays (P), sphere forming assays (Q), growth curve

(R) and survival rate (S) in shluc, ShNSUNZ, shNSUN2+shSTING, or shNSUN2+shcGAS
Hep3B cells (n = 3 biological replicates).

(T) /n vivo xenograft tumorigenesis assays of shluc, shASUNZ, shNSUN2+sh STING and
ShNSUNZ2+shcGAS Hep3B cells subcutaneously inoculated in nude mice (n = 5 animals/
group).

Data are mean = SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS, non-significant by
Student’s fest (B, E, F, K, M, O, P, Q, S) or by 2-way ANOVA (R, T). See also Figure
S6-S9.
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p-TBK1
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B16 Vector NSUN2-WT  NSUN2-A28

B16 Vector NSUN2-WT  NSUN2-A28

Figure 6. The Glucose/NSUN2/TREX2 Axis Drives cGAS/STING Signaling Repression to
Promote Anti-PD-L1 Immunotherapy Resistance by Restricting Apoptosis and CD8* T Cell

Infiltration

(A, B, and G-L) Tumor volume (A), tumor weight (B), immunohistochemistry for p-STING
(G), p-TBK1 (H), p-IRF3 (1), cleaved caspase-3 (J), CD3 (K), and CD8 (L) /in vivo allograft
tumorigenesis assays of B16 cells overexpression with Vector control, NSUN2-WT or
NSUN2-A28 inoculated in C57BL/6 mice (n = 5 animals/group), treated with anti-mouse

PD-L1 or rat 1gG2b isotype control antibodies. Scale bar, 200 pm.
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(C and D) Tumor volume (C) and tumor weight (D) /n vivo allograft tumorigenesis assays
of CT26 cells overexpression with Vector control, NSUN2-WT or NSUNZ2-A28 inoculated
in BALB/c mice (n = 5 animals/group), treated with anti-mouse PD-L1 or rat 1IgG2b isotype
control antibodies.

(E and F) Tumor volume (E) and tumor weight (F) /in vivo allograft tumorigenesis assays

of Vector+shluc, NSUN2-WT+shluc and NSUNZ2-WT+sh Trex2B16 cells inoculated in
C57BL/6 mice (n = 5 animals/group), treated with anti-mouse PD-L1 or rat IgG2b isotype
control antibodies.

Data are mean + SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS, non-significant by
Student’s #+test (B, D, F) or by 2-way ANOVA (A, C, E). See also Figure S10.
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Figure 7. Targeting The Glucose/NSUN2/TREX2 Axis Overcomes Anti-PD-L1 Immunotherapy
Resistance through cGAS/STING Activation for Apoptosis and CD8" T Cell Infiltration

(A, B, E, F, and G) Tumor volume (A), tumor weight (B), immunohistochemistry for
p-STING (E), cleaved caspase-3 (F), and CD8 (G) /n vivo allograft tumorigenesis assays

of shluc, shisun2, shNsun2+sh Sting, sh Trex2, and sh Trex2+sh Sting 4T1 cells injected in
BALB/c mice (n = 5 animals/group), treated with anti-mouse PD-L1 or rat 1gG2b isotype
control antibodies. Scale bar, 50 pum.

(C and D) Tumor volume (C) and tumor weight (D) /in vivo allograft tumorigenesis assays of
shluc, shsunz, shNsun2+shSting, sh Trex2, and sh Trex2+sh Sting TRAMP-C2 cells injected

Cell Metab. Author manuscript; available in PMC 2024 October 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Page 37

in C57BL/6 mice (n = 5 animals/group), treated with anti-mouse PD-L1 or rat IgG2b isotype
control antibodies.

(H) Mlustration of the glucose sensing mechanism by NSUN2, which serves as a glucose
sensor whose activation by glucose drives m>C RNA methylation and mRNA stability

of TREXZleading to cGAS/STING repression and subsequent tumor promotion and
immunotherapy resistance.

Data are mean £ SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS, non-significant by
Student’s f+test (B, D) or by 2-way ANOVA (A, C). See also Figure S11.

Cell Metab. Author manuscript; available in PMC 2024 October 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Chenetal.

Key Resources Table

Page 38

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

NSUN2 Monoclonal antibody

Proteintech

Cat# 66580-1-1g; RRID: AB_2881940

NSUN?2 Polyclonal antibody

Proteintech

Cat# 20854-1-AP; RRID: AB_10693629

DDX21 Polyclonal antibody

Proteintech

Cat# 10528-1-AP, RRID:AB_2092705

Mouse monoclonal anti-HIV-TAT(N3) abcam Cat# ab63957; RRID: AB_1139536
Recombinant Anti-CD3 antibody [SP162] abcam Cat# ab135372; RRID:AB_2884903
Recombinant Anti-CD8 alpha antibody [CAL38] abcam Cat# ab237723; RRID:AB_2864723

5-Methylcytosine (5-mC) (D3S2Z) Rabbit mAb

Cell Signaling Technology

Cat# 28692; RRID:AB_2798962

Oct-4 antibody

Cell Signaling Technology

Cat# 2750S; RRID: AB_823583

Sox2 (D6DY) XP® Rabbit mAb

Cell Signaling Technology

Cat# 3579S; RRID:AB_2195767

Phospho-STING (Ser366) (D7C3S) Rabbit mAb

Cell Signaling Technology

Cat# 19781; RRID:AB_2737062

STING (D2P2F) Rabbit mAb

Cell Signaling Technology

Cat# 13647s; RRID:AB_2732796

Rabbit monoclonal anti-TBK1(phosS172) (D52C2)

Cell Signaling Technology

Cat# 5483; RRID: AB_10693472

Rabbit monoclonal anti-IRF3(phosS396) (4D4G)

Cell Signaling Technology

Cat# 4947, RRID: AB_823547

Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb

Cell Signaling Technology

Cat# 9664; RRID:AB_2070042

Phospho-STING (Ser365) (D1C4T) Rabbit mAb

Cell Signaling Technology

Cat# 62912; RRID:AB_2799635

Phospho-IRF-3 (Ser396) (D601M) Rabbit mAb

Cell Signaling Technology

Cat# 29047; RRID:AB_2773013

Phospho-AMPKa (Thr172) (D4D6D) Rabbit mAb

Cell Signaling Technology

Cat#50081; RRID: AB_2799368

AMPKa Antibody

Cell Signaling Technology

Cat# 2532, RRID:AB_330331

Phospho-Histone H2A.X (Ser139) Antibody #2577

Cell Signaling Technology

Cat# 2577, RRID:AB_2118010

Anti-DNA, single stranded, clone TNT-3

Millipore

Cat# MAB3868, RRID:AB_570342

Mouse monoclonal anti-HK2 (B-8)

Santa Cruz Biotechnology

Cat# sc-374091; RRID: AB_10917915

Anti-TREX-2 Antibody (E-4)

Santa Cruz Biotechnology

Cat# sc-390890

Anti-TREX-1 Antibody (E-6)

Santa Cruz Biotechnology

Cat# sc-271870; RRID:AB_10708266

NeuroD2 (G-10) Antibody

Santa Cruz Biotechnology

Cat# sc-365896; RRID:AB_10843361

GST (clone B-14)

Santa Cruz Biotechnology

Cat#sc-138; RRID: AB_627677

Anti-Neuregulin-2 Antibody (A-12) (NRG2)

Santa Cruz Biotechnology

Cat# sc-398594

Anti-PKC y Antibody (C-4)

Santa Cruz Biotechnology

Cat# sc-166385; RRID:AB_2018059

Anti-HES2 Antibody (H-8)

Santa Cruz Biotechnology

Cat# sc-514711

Anti-SREBP-1 Antibody (2A4)

Santa Cruz Biotechnology

Cat# sc-13551; RRID:AB_628282

Anti-HNF-4a. Antibody (H-1)

Santa Cruz Biotechnology

Cat# sc-374229; RRID:AB_10989766

Anti-cGAS Antibody (D-9)

Santa Cruz Biotechnology

Cat# sc-515777; RRID:AB_2734736

Anti-TBK1 Antibody (108A429)

Santa Cruz Biotechnology

Cat# sc-52957; RRID:AB_783995

Anti-IRF-3 Antibody (SL-12)

Santa Cruz Biotechnology

Cat# sc-33641; RRID:AB_627826

Anti-ds DNA Marker Antibody (HYB331-01)

Santa Cruz Biotechnology

Cat# sc-58749; RRID:AB_783088

Mouse monoclonal anti-B-Actin(C4)

Santa Cruz Biotechnology

Cat# sc-47778; RRID: AB_626632

SLC47A2 Polyclonal Antibody

Thermo Fisher

Cat# PA5-37989
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

SLC9A2 Polyclonal Antibody

Thermo Fisher

Cat# PA5-80034

PAX6 Monoclonal Antibody (AD2.38), eBioscience™

Thermo Fisher

Cat# 14-9914-82; RRID: AB_10669586

Alexa Fluor 488 anti-mouse 1gG

Thermo Fisher

Cat# A-21202; RRID: AB_141607

GAPDH (clone GAPDH-71.1)

Sigma-Aldrich

Cat# G8795; RRID: AB_1078991

Tubulin (clone AA13)

Sigma-Aldrich

Cat# T8203; RRID: AB_1841230

HRP-AffiniPure Goat Anti-Mouse 1gG (H+L)

jacksonimmuno

Cat# 115-035-003; RRID: AB_10015289

HRP-AffiniPure Goat Anti-Rabbit IgG (H+L)

jacksonimmuno

Cat# 111-035-003; RRID: AB_2313567

InVivoMADb anti-mouse PD-L1 (B7-H1, Clone 10F.9G2)

BioXcell

Cat# BE0101; RRID: AB_10949073

InVivoMADb rat 1gG2b isotype control, anti-keyhole limpet
hemocyanin (Clone LTF-2)

BioXcell

Cat# BE0090; RRID: AB_1107780

Bacterial and virus strains

DHb5a Hui-Kuan Lin lab N/A

Top10 Hui-Kuan Lin lab N/A

BL21 Hui-Kuan Lin lab N/A

Chemicals, peptides, and recombinant proteins

D-(+)-Glucose (Glc.) Sigma-Aldrich Cat# G7021
2-Deoxy-D-glucose (2-DG) Sigma-Aldrich Cat# D8375
D-Fructose 6-phosphate disodium salt hydrate (FEP) Sigma-Aldrich Cat# F3627-500MG
D-Fructose 1,6-bisphosphate trisodium salt hydrate (FBP) Sigma-Aldrich Cat# F6803-1G
D-Glucose 6-phosphate sodium salt (G6P) Sigma-Aldrich Cat# G7879-1G
Myo-inositol (Ins) Sigma-Aldrich Cat# 17508

Sodium acetate Sigma-Aldrich Cat# S2889-250G
Methylene blue Sigma-Aldrich Cat# M9140-25G
Formamide Sigma-Aldrich Cat# F9037-100ML
Polybrene Diethyl pyrocarbonate Sigma-Aldrich Cat# D5758-25ML
Aprotinin Sigma-Aldrich Cat# A1153-5MG
Actinomycin D (Act. D) Sigma-Aldrich Cat# A1410-5MG
Citrate Buffer, pH 6.0, 10x, Antigen Retriever Sigma-Aldrich Cat# C9999-1000ML
Acid hematoxylin solution Sigma-Aldrich Cat# 2852-100ML
3-O-methyl-D-glucopyranose Sigma-Aldrich Cat# M4879-10G
compound C (Dorsomorphin) Sigma-Aldrich Cat# P5499-5MG
Leupeptin (hemisulfate) Cayman Cat# 103476-89-7
2'3’-cGAMP Invivogene Cat# tlrl-nacga23-02

ADENOSYL-L-METHIONINE, S-[METHYL-3H] (3H SAM)

American radiolabelled

Cat# ART 0288-250 uCi

Glutathione Sepharose® 4B GE/vwr Cat# 17-0756-01
PreScission Protease GE/vwr Cat# 27084301
Native Sample Buffer for Protein Gels Bio-RAD Cat# 1610738
PrimeScript RT Master Mix Takara Cat# DRRO36A
2x SYBR Green gPCR Master Mix BIMAKE Cat# B21203
Control peptide This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
N28 peptide This paper N/A
Bio-glucose This paper N/A
InVivoPure pH 6.5 Dilution Buffer BioXcell Cat# IP0065
InVivoPure pH 7.0 Dilution Buffer BioXcell Cat# IP0070
Hydrogen Peroxide Blocking Reagent Abcam Cat# ab64218
Normal Goat Serum Abcam Cat# ab7481
Amersham Hybond-N+ Western Blotting Membrane GE Healthcare Cat# RPN303B

Glucose-free DMEM Gibco Cat# 11966-025
dialyzed FBS (US origin) Gibco Cat# 26400044
B-27"™ Supplement (50X), serum free Thermo Fisher Cat# 17504044
RNasin® Plus Ribonuclease Inhibitor Promega/fisher Cat#t N2615
SureBeads™ Protein A Magnetic Beads Bio-Rad Cat# 1614013
SILAC Advanced DMEM/F-12 Flex Media (no glucose, , no Thermo Fisher Cat# A2494301
phenol red)

MgCI2 (1 M, RNase-free) Thermo Fisher Cat# AM9530G

M-PER™ Mammalian Protein Extraction Reagent

Thermo Fisher

Cat# P178503

DMEM/F-12 Medium Hyclone Cat# SH30261.01
DMEM-HI FISHER Cat# SH30243FS
RPMI-1640 FISHER Cat# A10491-01
PBS FISHER Cat# BW17-516F24
Nuclease-Free Water (not DEPC-Treated) FISHER Cat# AM9930
Tissue-Tek Glas™ mounting medium FISHER Cat# NC9016679
Scott’s bluing reagent FISHER Cat# 6697-32
Xylenes (Histological), Fisher Chemical™ FISHER Cat# X3P-1GAL
Lipofectamine™ 3000 Transfection Reagen FISHER Cat# L3000015
Dynabeads MyOne Streptavidin T1 Thermo Fisher Scientific Cat# 65601
Bismaleimide Crosslinkers (BMH) Thermo Cat# 22330
Pyruvate (Pyr) Thermo Cat# 10569010
Critical commercial assays

ATP Determination Kit Thermo Fisher Cat#t A22066
2’3’-cGAMP competitive ELISA assay Kit Cayman Cat# 501700
DAB Substrate Kit Abcam Cat# ab64238
Quick-RNA™ Miniprep Kit ZYMO Research Cat# R1055
RNA Clean & Concentrator-5 ZYMO Research Cat# R1013

Zymo-Spin™ 111ICG Columns (green)

ZYMO Research

Cat# C1006-250-G

HMW Native Marker Kit GE Healthcare Cat# C17044501
FITC Annexin V Apoptosis Detection Kit | BD Cat# 556547
Human Interferon beta ELISA Kit Abcam Cat# ab278127

Deposited data
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REAGENT or RESOURCE SOURCE IDENTIFIER

Uncropped scans of all blots and all values used to generate graphs This paper https://dx.doi.org/10.17632/
wnfs2xmgp7.1

Experimental models: Cell lines

Human: Hep3B ATCC Cat# HB-8064

Human: PC3 ATCC Cat# CRL-1435

Human: HEK293T ATCC Cat# CRL-11268

Human: HEK293

Hui-Kuan Lin lab

N/A

Mouse: B16 ATCC Cat# CRL-6475
Mouse: CT26 ATCC Cat# CRL-2638
Mouse: 4T1 ATCC Cat# CRL-2539
Mouse: TRAMP-C2 ATCC Cat# CRL-2731
Mouse: AMPK ™~ mouse embryonic fibroblasts Dr. Kun-Liang Guan (The | N/A

University of California,

San Diego)
Experimental models: Organisms/strains
Nude (Crl:NU(NCr)-Foxn1nu) mice Charles Rivers Code 490
BALB/c (NCI BALB-cAnNCr) mice Charles Rivers Code 555
C57BL/6 Charles Rivers Code 027
Oligonucleotides
ShRNA:human NSUN2-1# Sigma-Aldrich Cat# TRCN0000297585
ShRNA:human NSUNZ2-2# Sigma-Aldrich Cat# TRCN0000158808
ShRNA:human HK2-1# Sigma-Aldrich Cat# TRCN0000196260
ShRNA:human HK2-2# Sigma-Aldrich Cat# TRCN0000195582
ShRNA:human TREX2-1# Sigma-Aldrich Cat# TRCN0000415200
ShRNA:human TREX2-2# Sigma-Aldrich Cat# TRCN0000426635
ShRNA:human cGAS-1# Sigma-Aldrich Cat# TRCN0000128706
ShRNA:human cGAS-2# Sigma-Aldrich Cat# TRCN0000428336
ShRNA:human STING-1# Sigma-Aldrich Cat# TRCN0000163029
ShRNA:human STING-2# Sigma-Aldrich Cat# TRCN0000161345
ShRNA:human TREXI-1# Sigma-Aldrich Cat# TRCN0000315303
ShRNA:human TREXI1-2# Sigma-Aldrich Cat# TRCN0000315304
ShRNA:mouse Nsun2-1# Sigma-Aldrich Cat# TRCN0000325347
ShRNA:mouse Nsun2-2# Sigma-Aldrich Cat# TRCN0000097384
ShRNA:mouse 7rex2-1# Sigma-Aldrich Cat# TRCN0000428474
ShRNA:mouse 7rex2-2# Sigma-Aldrich Cat# TRCN0000077193
ShRNA:mouse Sting-1# Sigma-Aldrich Cat# TRCN0000346319
ShRNA:mouse Sting-2# Sigma-Aldrich Cat# TRCN0000346321
gPCR pimers, see Table S3 This paper N/A

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER
pMD2G Hui-Kuan Lin lab N/A
pPAX Hui-Kuan Lin lab N/A
pGEX-6P-1-NSUN2-F1 This paper N/A
pGEX-6P-1-NSUN2-F2 This paper N/A
pGEX-6P-1-NSUNZ2-F3 This paper N/A
pPGEX-6P-1-NSUN2-A1-84 This paper N/A
pGEX-6P-1-NSUN2-A184-190 This paper N/A
pPGEX-6P-1-NSUN2-A121-236 This paper N/A
pGEX-6P-1-NSUN2-A1-28 This paper N/A
pGEX-6P-1-NSUN2-1\29-56 This paper N/A
pGEX-6P-1-NSUN2-A57-84 This paper N/A
pFLAG-CMV2-NSUNZ2-F1 This paper N/A
pFLAG-CMV2-TREX2 This paper N/A
pCDH-blasticidin-NSUN2-WT This paper N/A
pCDH blasticidin- NSUN2-A28 This paper N/A
pCDH blasticidin- 7REX2 This paper N/A

Software and algorithms

ImageJ

ImagelJ software

https://login.go.libproxy.wakehealth.edu/
login?qurl=https://
imagej.nih.gov%2fij%2findex.html

GraphPad.Prism 7 Graphpad software N/A
Excel Microsoft N/A
PowerPoint Microsoft N/A
BioRender BiorRender app.biorender.com
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