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METTL3 abrogation promotes glioma
progression through regulating the ISG15-
FASN axis-mediated lipid metabolism in
macrophages
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Tumor-associated macrophages (TAMs) constitute a pivotal cellular compo-
nent within the intricate tumor microenvironment (TME). However, the rela-
tionship between the N6-methyladenosine (m6A) and metabolic pattern of
TAMs remains poorly understood. Here we show that the m6A methyl-
transferase METTL3 is conspicuously downregulated in monocyte-derived
macrophages from glioblastoma (GBM) patients. Conditional knockout of
Mettl3 in myeloid cells augments lipid metabolism and accelerates glioma
progression. Furthermore, we found that METTL3 deficiency facilitates fatty
acid synthase (FASN) expression, while compromising CD8" T cell response.
Mechanistically, ISGI15 is highly expressed in METTL3-deficient macrophages.
ISGI15 interacts with FASN and regulates FASN ISGylation and its stability
through impeding FASN ubiquitination. Notably, the suppression of ISG15 in
METTL3-deficient macrophages reverses the enhanced FASN expression and
restores CD8" T cell functionality. Furthermore, we demonstrate that FASN
knockout or FASN inhibitor treatment in myeloid cells abrogates the exag-
gerated tumor progression triggered by METTL3 knockout. Collectively, this
study highlights the pivotal role of m6A in regulating macrophage metabolism
and identifies potential targets in controlling GBM progression.

Glioblastoma (GBM) is the most common and aggressive type of pri-
mary adult malignant tumor in the central nervous system'. Owing to
tumor microenvironment (TME) heterogeneity, GBM is a challenging
cancer to treat’. Among the TME components, tumor-associated
macrophages are the most abundant population of immune cells,
comprising a staggering 50% of all viable cells in the whole GBM tumor
mass’. Emerging evidence demonstrates that TAMs are critical for

promoting tumor progression and orchestrating an immunosuppres-
sive landscape in GBM*. However, therapeutic strategies for depleting
TAMs have not been well translated into the clinic’, suggesting that our
understanding of this cell population is still limited.

The TAM compartment is highly dynamic and heterogeneous,
both within individual tumors and across distinct tumor types®’. In
recent years, cellular metabolism has emerged as a key regulator for
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macrophage activation. Notably, an elevated degree of TAM metabo-
lism heterogeneity has indeed been revealed not merely among
diverse cancer patients but also within the various malignant lesions of
a single patient, as well as within a specific neoplastic lesion®’. The
TAM compartment evolves over time as well as in space through an
extensive remodeling of core energy metabolism'. Once macro-
phages are recruited into the TME, they have to be reprogrammed in
the metabolic pathways in order to adapt to the special environment™.
Among the metabolic alterations in TAMs, lipid metabolism has been
associated with the tumoricidal capability””. Noteworthily, an
increased lipid accumulation in TAMs is positively and significantly
associated with the identification of hypoxic macrophages in GBM
with therapeutic potential for vasculature normalization®”. The
reprogrammed lipid metabolism not only determines their secretory
profile, but also further influences the immune status of TME and
ultimately the progression of tumors. Thus, elucidating lipid metabolic
reprogramming-associated signaling pathways in TAMs holds sig-
nificant promise for the development of other therapeutic targets in
cancer treatment.

In recent years, N6-methyladenosine (m6A), the most diverse and
reversible post-transcriptional modification of eukaryotic messenger
RNAs (mRNAs), has been recognized as a strong regulator of mRNA
splicing, stability, localization and translation'*", This intricate process
is orchestrated by the MTases complex (writer), demethylases (era-
sers), and mRNA-binding proteins (readers). The writer proteins act as
methyltransferases for m6A formation in cells and mainly include
METTL3', METTL14"7, METTL16", WTAP*, VIRMA*, RBM15/15B%,
ZC3H13**%, and HAKAI®. Conversely, the erasers (demethylases: FTO
and ALKBHS5) remove m6A modification from RNA molecules™?.
Meanwhile, the readers (including YTHDF1/2/3, YTHDC1/2, IGF2BPs,
FMRI, and HNRNPA2B1) specifically recognize m6A-modified RNA%,
influencing its fate through mechanisms such as degradation, stabili-
zation, or modulation of translation?. méA has been regarded as a
major regulator on various tumor-related processes, including pro-
liferation, apoptosis, migration, invasion, energy processing, and
response to radiotherapy. However, research on mé6A modification in
tumors is still in its infancy, the unknown participants still need to be
further explored and identified.

In the study, we demonstrated that Mett{3 knockout in myeloid
cells significantly accelerates glioma progression. Further analysis
implied that METTL3 deficiency facilitates ISG15-mediated upregula-
tion of FASN expression and subsequent alterations in lipid metabo-
lism. Mechanistically, we identified an interaction between ISG15 and
FASN, which modulates the ISGylation status and stability of FASN.
Furthermore, we showed that either the knockout of FASN or the
treatment of myeloid cells with a FASN inhibitor effectively abolishes
the enhanced tumor progression phenotype observed in mice with
METTL3 depletion, underscoring the vital role of this pathway in
glioma progression.

Results

Lower expression of METTL3 in TAMs derived from GBM

The GBM microenvironment is highly heterogeneity and employ huge
of TAMs. To investigate the m6A modification in TAMs involved during
GBM progression, we explored the TCGA datasets and discovered that
the expression of METTL3 was diminished in mesenchymal subtype
with a poorer prognosis and strong radiation resistance than other
glioma subtypes (Supplementary Fig. 1a). Analysis of public single-cell
RNA-seq (scRNA-seq) data indicated that the expression of METTL3 in
TAMs was lower in high-grade gliomas than that in low-grade gliomas
(Fig. 1a). Using expression data (ESTIMATE) algorithm?, which calcu-
lates the abundance of stromal and immune cells in malignant tumor
tissues based on expression data, we found a negative correlation
between the expression of METTL3 mRNA and immune scores in GBM
(Supplementary Fig. 1b). By leveraging the TIMER 2.0 website, we

found that the expression of METTL3 was negatively correlated with
the infiltration of TAMs (Supplementary Fig. 1c). We then investigated
the relationship of METTL3 in TAMs with tumor progression in mice.
The results also showed that METTL3 expression was suppressed in
TAMs from GL261 tumor-beared mice compared with PMs from heal-
thy mice by immunofluorescence staining (Fig. 1b). Moreover, western
blot analysis also confirmed the downregulation of METTL3 protein
expression in TAMs compared with PMs from healthy mice (Fig. 1c).
Meanwhile, we also analyzed and demonstrated that the expression of
METTL3 in TAMs was markedly decreased in GBM patients compared
with microglia from healthy control (Fig. 1d). Meanwhile, we observed
a generalized reduction in METTL3 expression among myeloid popu-
lations within tumors relative to their circulating counterparts, and a
similar down-regulation in tumor-infiltrating microglia compared with
microglia in healthy brain tissue (Supplementary Fig. 1d). In summary,
our comprehensive data underscore a consistent pattern of inhibited
METTL3 expression in TAMs within the context of GBM, highlighting
its potential importance in tumor progression.

Mettl3 deficiency in myeloid cells enhances glioma progression
To elucidate the functional role of METTL3 in TAMs involved in glioma
progression, we employed Mettl3"/1yz2® conditional knockout mice
and their littermates Mett!3"" in the C57BL/6 genetic background for
tumor growth experiments. We firstly confirmed the depletion of
METTL3 in BMDMs by western blotting and m6A dot blot (Supple-
mentary Fig. 2a, b). In the syngeneic murine GL261 tumor model, we
observed a significant increase in tumor volume in Mett[3"1 yz2° mice
compared to that in Mett/3"" mice (Fig. 1e and Supplementary Fig. 2c).
HE and ki67 staining also demonstrated that GL261 tumor cell pro-
liferated more rapidly in Mett[3"1 yz2 mice than that in Mett[3"" mice
(Fig. 1f, g and Supplementary Fig. 2d). The survival of these conditional
Mettl3 knockout mice with GL261 tumor was shortened (Fig. 1h). Fur-
ther analysis showed that co-injection of GL261 cells with STM2457-
treated BMDMs resulted in significantly accelerated tumor growth
(Fig. 1i). To further validate the pathological role of METTL3 in GBM,
we reconstituted irradiated Wild Type (WT) mice with total bone
marrow-derived cells from Mett[3"1yz2 or Mettl3" mice, and ana-
lyzed the contributions of bone marrow-derived macrophages in the
chimaeras after reconstitution. The results showed that chimeric mice
lacking Mett(3 exhibited an elevated tumor burden (Fig. 1j-I). More-
over, we employed a patient-derived xenograft model of GBM and
discovered that Mett{3"1 yz2°* myeloid cells could enhance US7 tumor
growth (Fig. Im, n). To further confirm whether macrophages with
METTL3 depletion are required for the increased tumor burden in
Mettl3""Lyz2°* mice, the mice were administered an intravenous
injection of clodronate liposome 24 h prior to tumor induction to
destroy microglia and macrophages (Supplementary Fig. 2e, f). The
results showed that clodronate-treated mice were unresponsive to
Mettl3 depletion, relative to control mice, as characterized by an
indistinguishable influence on tumor growth (Fig. 1o, p). In addition,
we found that treatment with the CCR2 antagonist RS504393 abro-
gated the difference in tumor growth between Mettl3"" or Mettl3"
A1 yz2¢ mice (Supplementary Fig. 3), indicating that the phenotype
depends on monocyte-derived macrophages. Collectively, these
results imply that Mett(3 ablation in TAMs promotes glioma progres-
sion, thereby emphasizing the importance of METTL3 in modulating
macrophage-mediated tumor suppression.

Knockout of Mettl3 in myeloid cells inhibited CDS8*IFN-y™ cell
formation

To determine whether the myeloid deficiency of METTL3 reshapes
tumor immune microenvironment, we conducted a thorough ana-
lysis of the frequency of tumor-infiltrating immune cells. The results
showed no apparent differences in the total number of macrophage
between Mettl3"Lyz2¢¢ and Mett[3"" mice (Fig. 2a and
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Supplementary Fig. 4a, b). However, we observed that the frequency
of M1 macrophages (F4/80'N0OS2*) and M2 macrophage (F4/
80'CD206" or F4/80*ARG1"), was increased in METTL3 deficient mice
(Fig. 2a and Supplementary Fig. 4a, b). Moreover, immuno-
fluorescence staining also demonstrated that CD206 and ARGl
exhibited increased expression in METTL3 knockout macrophages

compared with that in wild-type cells (Supplementary Fig. 4c). We
further investigated the effects of METTL3 deficient macrophage on
other tumor infiltrating immune cells. Most of the immune-
suppressive cell populations, including myeloid-derived suppressor
cells (MDSCs) and neutrophils (PMN-MDSCs) exhibited increased cell
numbers in tumors from METTL3-deficient mice relative to wild-type
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Fig. 1| Lower expression of METTL3 in tumor-associated macrophages in GBM.
a The METTL3 expression in TAMs from single cell RNA-seq datasets of GBM. The
left panel shows per-cell METTL3 expression and the right panel shows per-sample
averages. b F4/80 and METTL3 staining and corresponding quantification in PMs
from healthy mice or tumor tissues from GL261-tumor bearing mice on day 21 post-
xenograft. Scale bars: 30 pm. (n = 6 independent experiments). ¢ Inmunoblotting
of METTL3 in PMs from healthy mice or TAMs isolated from tumor tissues of GL261-
tumor bearing mice on day 21 post-xenograft. (n =3 independent experiments).

d Representative fluorescence micrographs of brains from the normal and glioma
patient, immunolabeled with CD68 and METTL3 antibody. The intensity of the
fluorescence signal is quantified. Scale bars: 10 um. (n = 6 independent experi-
ments). e-g Representative bioluminescence images from Mettl3"" or Mett/3"

A1yz2 mice implanted with GL261 cells on day 21. The intensity of the biolumi-
nescent signal is quantified (e). Representative HE staining images of brain sections
(f) are shown. Quantification of the tumor area was performed (g). (n=6 mice per
group). h The survival of mice injected with GL261 tumor cells was documented
(n =8 mice per group). i WT mice were injected with 4 x 10* GL261 cells mixed with
1x10* DMSO- or STM2457-pretreated BMDMs. Bioluminescence was measured at
the indicated time points and quantified. (n =10 mice per group). j A schematic

presentation of the experiment design for bone marrow transplantation. k, | WT
mice were irradiated and reconstituted for 4 weeks with 1x 107 Mett!3"" or Mett(3"

A1 yz2 bone marrow cells and then implanted with 3 x 10° GL261 cells. Mice were

sacrificed on day 21 post-tumor implantation. Images of HE-stained brain sections
are shown (k). The tumor area was quantified (I). (n = 7 mice per group). m, n 3 x 10°
U87 GBM cells were implanted into the right striatum of nude mice for 3 weeks.
Mett13"" or Mett!3""1yz2° myeloid cells mixed with lymphocytes were injected into
the mice via tail vein every week. The mice were sacrificed for HE staining to
monitor the tumor growth after 3 weeks (m). Quantification of the tumor area was
performed (n). (n=7 mice per group). o, p Mettl3"" or Mett{3""Lyz2° mice
implanted with GL261 cells were injected with control or clodronate liposomes.
Bioluminescence was measured at the indicated time points and quantified (o).
Mice were sacrificed on day 21 post-tumor implantation. Representative HE staining
images of brain sections are shown and the tumor area was quantified (p). (n=7
mice per group). Data are expressed as the mean + SD. P values were determined by
a two-tailed t-test (b, d, e, g, i, I, n), one-way ANOVA with Tukey’s multiple com-
parisons (o, p) and the Gehan-Breslow-Wilcoxon test (h). The source data are
provided as a Source data file.

mice (Fig. 2b and Supplementary Fig. 4d). In contrast, the presence of
anti-tumor CD8' T cells was diminished in these tumors (Fig. 2c and
Supplementary Fig. 4e). In addition, we examined the CD8" cell
functionality and observed the decreased numbers of CD8*IFN-y* and
CD8'Granzyme B* cells and the increased number of CD8'PD-1*,
CDS8LAG-3", CD8'TIM-3" and CD8'CD39" cells (Fig. 2d, e). In vitro
coculture experiments also exhibited that METTL3-deficient BMDMs
could inhibit the function of CD8" tumor killer cells as demonstrated
by reduced expression of IFN-y (Fig. 2f, g). These results indicate that
METTL3 knockout substantially remodels the TME from anti-tumor
to pro-tumor by altering the composition and function of key
immune cell populations.

Knockout of Mettl3 in myeloid cells enhances lipid metabolism
and fatty acid synthase (FASN) expression

TAMs and their impact on the overall metabolic profile of the TME
have a major influence on tumor progression®. To explore whether
METTL3 ablation influences the metabolic profile of macrophage, we
conducted an unbiased metabolomic analysis comparing Mettl3"
AL yz2 with their MettI3"® BMDMs counterparts. Metabolite analysis
revealed 254 metabolites that were differentially regulated (125 upre-
gulated, 129 downregulated) between Mettl3"1yz2¢ and Mettl3""
BMDMs (Fig. 3a). Enrichment analysis revealed that the changed
metabolites were predominantly lipid and lipid like moleculars (Fig. 3b
and Supplementary Fig. 5), suggesting that METTL3 participated in
lipid metabolism pathway. So we tested the protein expression of key
proteins related to lipid metabolism in BMDMs, and confirmed that
FASN expression was significantly increased in Mett{3"1 yz2°* BMDMs
(Fig. 3c), accompanied with elevated lipid accumulation and expres-
sion of lipid laden macrophage-related gene Gpnmb (Fig. 3d, e). The
gene expression analysis clearly revealed that FASN downstream genes
involved in fatty acid elongation were significantly increased in Mett[3"
T yz2°* BMDMs (Fig. 3f). However, qRT-PCR analysis showed that the
expression of Fasn mRNA was unchanged (Fig. 3g). The mRNA decay
assays also demonstrated that METTL3 had no effect on the stability of
Fasn mRNA (Fig. 3h). Integrative genomics viewer (IGV) analysis
showed that m6A peaks on the transcript of Fasn mRNAs remained
unchanged in Mett(3""1yz2‘* BMDMs (Supplementary Fig. 6a). These
results implied that FASN was not directly regulated by METTL3-
mediated modification. Previous studies have shown that METTL3 can
bind to the gene promoters and influence their expression®. Our
results indicated an absence of direct METTL3 binding to the Fasn
gene promoter region (Supplementary Fig. 6b), further supporting the
notion that METTL3 does not directly regulate FASN expression. Next,
we reanalyzed the genes expression profiles in the single cell

sequencing data GSE159156* and discovered that 3 genes (ISGIS5, LyzI,
Plac8) were obviously upregulated in Mett!3""Lyz2® TAMs compared
with Mett!3"" TAMs (Fig. 3i). qRT-PCR results demonstrated that the
expression of Isgl5 was noticeably increased in the MettI3"1yz2¢®
BMDMs, while the expression of LyzI and Plac8 remained unaffected
(Fig. 3j). Western blot analysis also verified the increased expression of
ISG15 in Metti3"1yz2 BMDMs (Fig. 3k). We next investigated the
potential direct regulation of ISG15 by METTL3. However, IGV analysis
showed that m6A peaks on the transcript of /sgl5 remained unaltered
in Metti3"1yz2* BMDMs (Supplementary Fig. 6c). In addition,
METTL3 could not directly bind to the promoter region of Isgl5
(Supplementary Fig. 6d). Given that ISG15 is an IFN-inducible protein®,
we explored this avenue and found that IFN- was upregulated in
Mettl3""Lyz2°* BMDMs and TAMs (Fig. 31), aligning with previous
reports of enhanced type I IFN expression following METTL3 ablation
in monocytes®. In addition, we found that Mettll4 knockdown in
BMDMs also robustly increased Ifnbl expression (Fig. 3m). meRIP-
gPCR assays further confirmed that /fnbI mRNA is indeed mCA-
modified (Fig. 3n, 0). Absence of Mett(3 enhanced the stability of /fnb1
mRNAs (Fig. 3p). Furthermore, we demonstrated that IFN-$ directly
stimulated the expression of both ISG15 and FASN (Fig. 3q), while
blocking IFN-B could abrogate the effects of METTL3 on FASN
expression (Fig. 3r). In addition, treatment with IFN-f3 robustly elevated
FASN levels in Mettl3"" and Mettl3"'1yz2° BMDMs (Fig. 3s). These
results suggested that METTL3 may regulate FASN expression and lipid
metabolism through IFN-B/ISGI1S5 axis.

ISG15 interacts with FASN and regulates FASN ISGylation and
stability through inhibiting FASN ubiquitination

To explore intricate regulatory mechanisms by which ISG15 modulates
FASN expression. we searched the BioGRID (https://thebiogrid.org/)
websites and found that ISG15 is a potential interacted protein of
FASN®2*3, To test the interactions between FASN and ISG15, reciprocal
coimmunoprecipitation assays were performed. The results showed
that endogenous FASN co-immunoprecipitated with ISG15, which was
verified by coimmunoprecipitation of Myc-tagged ISG15 with endo-
genous FASN from transiently transfected HEK293T cells (Fig. 4a).
Moreover, ISG15 and FASN that were epitope tagged and expressed in
HEK293T cells were also able to interact with each other in co-
immunoprecipitation experiments (Fig. 4b). Co-immunoprecipitation
assays further confirmed endogenous ISG15 and FASN interaction in
BMDMs (Fig. 4c). In vitro His pull-down assay also further definitively
confirmed the direct interaction between FASN and ISG15 (Fig. 4d). To
further corroborate this result, we performed immunofluorescence
staining and observed strong colocalization of endogenous ISG15 and
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FASN in BMDMs (Fig. 4e). Ectopic expression of FLAG-FASN was also
associated with Myc-ISG15 in 293T cells, providing compelling evi-
dence that ISG15 is indeed in a protein complex with FASN (Fig. 4e).
These data demonstrated that ISG15 indeed interacted with FASN. We
then investigated the mechanism governing how ISG15 regulates
FASN. We tested the dependence of FASN expression on ISG15. The
results showed that ISG15 knockdown reduced FASN expression

(Fig. 4f). Reversely, ISG15 overexpression enhanced FASN expression
(Fig. 4g). Re-expression of ISG15 in ISG15 knockdown BMDMs reversed
the reduced expression of FASN (Fig. 4f). Furthermore, we assessed the
stability of FASN and observed the accelerated decay of FASN in
BMDMs lacking ISG15 after cycloheximide (CHX) treatment (Fig. 4h).
Re-expression of ISGI15 restored the FASN protein stability in ISG15
knockdown BMDMs (Fig. 4h). Given that ISG15 is known to modify
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Fig. 2 | METTL3 knockout remodels the tumor immune-suppressive micro-
environment. a Quantification of total, M1 or M2 TAMs in tumor from Mettl3"" or
Mettl3""yz2°* mice implanted with GL261 cells on day 21. (n =5 mice per group).
b Quantification of M-MDSCs and PMN-MDSCs in tumor from Mett/3%* or Mett!3"
A1yz2 mice implanted with GL261 cells on day 21. (n=5 mice per group).

¢ Quantification of T cells and NKT cells in tumor from Mett[3"" or Mett!3""L yz2¢"
mice implanted with GL261 cells on day 21. (n=5 mice per group).

d, e Quantification of CD8'IFN-y*, CD8"Granzyme B*, CD8'PD1’, CD8'LAG3’,

CDS8'TIM-3" and CD8"CD39" T cells in tumor from Mettl3"" or Mett!3""Lyz2" mice
implanted with GL261 cells on day 21. (n=5 mice per group). f A schematic pre-
sentation of the experiment design for co-cultivation system. g T cell suppression
by Metti3"" or Mettl3""Lyz2°* BMDMs co-cultured with lymphocytes at a ratio of 1:1
or 1:3. (n=3 independent experiments). Data are expressed as the mean + SD. P
values were determined by a two-tailed t-test (a, b, ¢, d, e) and one-way ANOVA with
Tukey’s multiple comparisons (g). The source data are provided as a Source

data file.
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Fig. 3 | METTL3 deficiency enhances lipid metabolism. a Scatter plots analysis of
differential metabolites in Mett[3"" or Mett[3""Lyz2“* BMDMs. b Heatmap analysis
of differential metabolite in MertI3"" or MettI3""[yz2 BMDMs. ¢ Western blot
analysis of the indicated proteins in Mett/3"" or Mett[3""Lyz2°* BMDMs. (n=3
replicates, each replicate includes 3 mice). d Nile Red staining and quantification
were performed in Mett[3"" or Mett3""Lyz2°* BMDMs. Scale bars: 30 um. (n=4
independent experiments). e qRT-PCR analysis of Gpnmb expression in Mett[3"" or
Mett13""Lyz2 TAMs isolated from tumor-bearing mice. (n =3 biological repli-
cates). f qRT-PCR analysis of lipogenic gene expression in Mett!3"" or Mett13"/ yz2<¢
BMDMs. (n =3 biological replicates). g qRT-PCR analysis of Fasn expression in
Mett13"" or MettI3""1yz2 BMDMs. (n =3 biological replicates). h Fasn mRNA sta-
bility in Mettl3"" or Mett[3""Lyz2“* BMDMs treated with actinomycin D at the
indicated times was determined by qRT-PCR. (n =3 biological replicates). i Scatter
plots showing genes expression changes in cellular transcript levels in Mett[3"
A1yz2¢ TAMs versus Mett!3"" TAMs. j qRT-PCR analysis of genes expression in
MettI3"" or MettI3"'Lyz2* BMDMs. (n = 3 biological replicates). k Western blot
analysis of the indicated proteins in Mett/3"" or Mett/3""1yz2°* BMDMs. (n=3

independent experiments). | qRT-PCR analysis of genes expression in Mett{3"" or
Mett[3""yz2°* BMDMs and TAMs. (n =3 biological replicates). m qRT-PCR analysis
of genes expression in Mettl14 knockdown BMDMs. (n =3 biological replicates).

n m6A enrichment of /[fnbI mRNA in BMDMs by m6A-RIP-qPCR. (n = 3 biological
replicates). 0 m6A enrichment of IfnbI mRNA in Mett[3" or Mettl3"1yz2" BMDMs
by m6A-RIP-qPCR. (n = 3 biological replicates). p /fnbI mRNA stability in Mett!3"" or
Mettl3""Lyz2° BMDMs treated with actinomycin D at the indicated times deter-
mined by qRT-PCR. (n =3 biological replicates). @ Western blot analysis of the
indicated proteins in BMDMs and HEK293T cells. (n = 3 independent experiments).
r Immunoblotting analysis of the indicated proteins in Mettl3"* or Mett[3"'Lyz2"®
BMDMs transfected with NC siRNA or Ifnb siRNA. (n = 3 independent experiments).
s Immunoblotting analysis of the indicated proteins in Mett[3"" or MettI3""Lyz2"
BMDMs treated with IFN-B protein. (n =3 independent experiments). Data are
expressed as the mean + SD. P values were determined by a two-tailed t-test

(a,d, e f, g h,j1 n,o,p)and one-way ANOVA with Tukey’s multiple comparisons
(m). The source data are provided as a Source data file.

cellular proteins through a process called ISGylation®®, we next sear-
ched the potential ISGylation sites of FASN protein by analyzing the
ISGylome data previously published®. The results showed that there
are 4 potential ISGylation sites in FASN protein (Fig. 4i). We then
mutated these Lys (K) residues to Arg (R) residues and examined the
mutant FASN expression. The results demonstrated that mutations at
Lys 1582, Lys 1591 and Lys 1866 inhibited FASN protein expression
(Fig. 4j), whereas the mRNA levels of FASN mutants were unchanged
significantly (Fig. 4k). Co-immunoprecipitation assays further
demonstrated that mutations at Lys 1582, Lys 1591 and Lys 1866
inhibited FASN and ISG15 interaction (Fig. 41). The results indicated
that Lys 1582, Lys 1591 and Lys 1866 truly served for FASN protein
expression. We then investigated whether ISGylation affected the
ubiquitination status of FASN. As shown in Fig. 5a, mutation at Lys 1582,
Lys 1591 and Lys 1866 inhibited FASN ISGylation, but enhanced its
ubiquitination. Furthermore, we demonstrated that inhibition of ISG15
led to a marked increase in FASN ubiquitination (Fig. 5b), while ISG15
overexpression impeded FASN ubiquitination (Fig. 5c). Notably, the
ISG15 mutant lacking the C-terminal glycine residues (ISG15 AGG)
could not inhibit FASN ubiquitination effectively (Fig. 5c). In addition,
we demonstrated that the K48-linked ubiquitination of FASN was
obviously downregulated upon ISG15 overexpression (Fig. 5d). These
findings collectively suggest that ISG15 and ISGylation play a crucial
role in regulating the ubiquitination-mediated degradation of FASN,
thereby modulating its expression and stability.

The aforementioned data convincingly indicated that FASN was
precisely modulated by ISG15, and METTL3 could inhibit ISG15
expression. To investigate whether ISG15 was a critical regulator for
increased expression of FASN induced by METTL3 deficiency, we
performed a rescue experiment to test the effect of ISG15 inhibition on
FASN expression in METTL3-deficient BMDMs. The results showed that
ISG15 knockdown inhibited the increased expression of FASN protein
and FASN ISGylation while concurrently intensifying its ubiquitination
upon METTL3 ablation (Fig. 6a). CHX assay also demonstrated that
ISGI5 inhibition abrogated the effect of METTL3 deficiency on FASN
protein stability (Fig. 6b). ISG15 knockdown inhibited the MI-
associated genes and the M2-associated genes expression in Mett[3"
AL yz2°* BMDMs (Fig. 6¢). Notably, lipid accumulation was also sig-
nificantly inhibited by ISG15 knockdown in Mett[3"Lyz2"* BMDMs
(Fig. 6d). Our previous results demonstrated that METTL3 deficiency in
macrophages inhibited CD8IFN-y" cell differentiation (Fig. 2d, g). We
also tested the role of ISG15 in CD8'IFN-y* cell differentiation regulated
by METTL3 ablation. The results displayed that ISG15 knockdown
abrogated the inhibitory effect of METTL3 ablation on CD8'IFN-y* cell
differentiation (Fig. 6e). Moreover, tumors from mice receiving CpG-
siRNA"" exhibited a markedly increased fraction of IFN-y-producing
CD8" T cells compared with those from control-treated animals

(Fig. 6f). Silencing ISG15 by targeted delivery of CpG-siRNA*" to TAMs
also reduced the expression of GPNMB (Fig. 6g). In summary, these
data suggested that METTL3 regulated FASN expression and lipid
metabolism through ISG15 during macrophage activation.

FASN knockout or FASN inhibitor treatment abrogates the

enhanced tumor progression induced by METTL3 knockout

To investigate whether FASN was a key regulator for enhanced tumor
progression induced by METTL3 deficiency, we generated double
knockout mice for METTL3 and FASN specifically in myeloid cells.
Utilizing immunoblotting, we confirmed the successful depletion of
METTL3 and FASN in BMDMs in Mett/3" Fasn™Lyz2 mice (Fig. 7a).
Then the GL261 cells were injected into the brain of WT, Mett(3"
Aryz2 and Metti3" Fasn™Lyz2¢ mice. The results displayed that
METTL3 and FASN double knockout inhibited the increased tumor
growth observed in METTL3-deficient mice (Fig. 7b, c¢). Immuno-
fluorescence staining also showed that METTL3 and FASN double
knockout hindered M2 macrophage polarization caused by METTL3
deficiency, as demonstrated by reduced expression of CD206 (Sup-
plementary Fig. 7a). Moreover, Nile red staining revealed that the
macrophage lipid content was also limited to a lower level by FASN
knockout in Mettl3"/1yz2* BMDMs (Supplementary Fig. 7b). In vitro
experiments exhibited that Mettl3""Fasn™L yz2‘* BMDMs enhanced
the CDS8'IFN-y* cell differentiation compared with Mett!3"yz2c
BMDMs (Fig. 7d). In addition, we observed that Mettl3"1yz2*
BMDMs with FASN knockdown increased IFN-y production in CD8*
T cells, contrasting sharply with those co-cultured with METTL3
deficient BMDMs (Supplementary Fig. 7c, d). FASN knockdown
inhibited the Mil-associated genes and the M2-associated genes
expression in Mett{3"1yz2“* BMDMs (Supplementary Fig. 7e). The
lipid content analysis further confirmed the suppressive effect of
FASN knockdown on lipid accumulation in Mett/3"yz2‘* BMDMs
(Supplementary Fig. 7f). To confirm the role of FASN in tumor pro-
gression in Mettl3"1yz2° mice, we also examined the tumor pro-
gression in Mettl3"" and Mettl3"Lyz2° mice treated with a well-
proved FASN inhibitor C75. The results showed that pharmacological
inhibition of FASN with C75 largely abolished the aggravative effect
of METTL3 depletion on tumor progression (Fig. 7e-g). Consistently,
C75 treatment impeded F4/80'CD206" M2 macrophage polarization
and lipid accumulation associated with METTL3 depletion (Supple-
mentary Fig. 8a, b). The reduced IFN-y production in CD8" T cells co-
cultured with METTL3 deficient BMDMs was also significantly
reversed upon FASN inhibition (Fig. 7h and Supplementary Fig. 8c).
These data suggested that the effects of METTL3 on tumor growth
are largely dependent on FASN expression. Clinical specimens ana-
lysis also showed that the glioma patients who had lower METTL3
expression in TAMs tended to have higher levels of ISG15 and FASN in

Nature Communications | (2026)17:1326


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68079-4

a b . f
Input IP:FLAG Input  IP:Myc - o< o
Input IP:Myc é z) © © < <z( <z( <z( %
"o o T 2 3 555 %
0 o8 iy S=25= Z 22823
>‘§‘§ §‘ Myc-ISG15 + + + + D FLAG-FASN + + + + Da Myc-ISG15 - - - + + 0
a a
10 -— | - =
Cc _P d 404— FASN ISG15 ' — 72
= g - FASN Merge >30 ISG15 5 conjugates 3
o L
2292 kpa _§ g 20
FASN [=__=}-180 2 o3 E10 SG15 — 26
£ Tao
ISG15 [= = 0
0 isisets - -+ 0 500 1000 — 10
I—PZ FLAG-FASN + + + kDa FLAG Distance
- -FASN Merge 100q— FLAG-FASN - -
é‘ % 2 FLAG - Myc-1SG15
3% ioa me[ =] 1
15615 =110 EL ¢ EES -
i / 1 e s
FASN[= =] 1g0 N
Dt 1000
Isg15 SIRNA stance
g h NC siRNA  Isg715siRNA +Myc-ISG15 k
zZ Z
55 CHX(h) 0 3 6 9 0 3 6 903 6 9 o i s
U FASN | 9 == == P— S, o
Y 180 2
IS —180 g
[T <>1§
Myc-ISG15 - + KDa 1SG15 . —72 :Ié)
FLAG El—180 conjugates | §
wyo| a1
) —43 o717 T T T T T 7117
il o RERPrR PR
NSO A
293T —26 EEEED DD NN O
RGOS
. S
Myc| - - l_10
B_actin|------------l_43
i [isGylation I
site Peptides(FASN) g % g % g §
1582  YYASLNFRDIMLATGKLSPDAIPGKWTSQDS _ rrx o x o o222
[<] N = © ~ N o N © = ©
1591  IMLATGKLSPDAIPGKWTSQDSLLGMEFSGR EL.B8883888338
1866 KVVVQVLAEEPEAVLKGAKPKLMSAISKTFC O3 ¥ ¥ & ¥k ¥k ¥ & kX
1927 LVLTSRSGIRTGYQAKQVRRWRRQGVQVQVS MycISG15 + + + + + + + + + + *+ * kDa
o —
i ¥ ¥ ¥ ¥ ¢ | Myc | - l—10
j - o N~ © N~ ~ -
B8 S 85 S b F,_AG| |_
- - - Y = = -— - o= -
7 SEFEEESSSET e 180
= o D [<e} N [ce] 0 W O D ©
S E R L X2 L O L L0 0
O 2 ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ Myc | - - l_m
>
FLAG) M- — = —~ | 180 2
=l Fac| = — | 180
B -actin |—-.—--—--.- —l_ 43
tumor section, consistent with the results obtained in the study Discussion

(Fig. 7i). To interrogate the prognostic impact of METTL3 expression
within the tumor-associated macrophage compartment, we per-
formed immunofluorescence co-staining for CD68 and METTL3 on
tissue microarrays. Quantitative image analysis revealed that low
METTL3 levels in CD68* macrophages are strongly and indepen-
dently associated with diminished overall survival (Fig. 7j). In sum-
mary, we found that inhibition of METTL3 regulates ISG15-FASN axis
and lipid metabolism to promote glioma progression (Fig. 7k).

TAMs are a major cellular component in the TME. Once macrophages
are recruited into the TME, they have to be reprogrammed in the
metabolic pathways in order to adapt to the the unique tumor niche'..
It has been well-established that m®A was found to be closely related to
macrophage phenotype and dysfunction in tumors. Our previous
study revealed that Mettl3 deficiency reprograms macrophage and
accelerates tumor progression®. This finding was supported by the
work from Tong et al. who found that Mett{3-deficient macrophages
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Fig. 4 | ISG15 interacts with FASN and enhances FASN stability. a Co-
immunoprecipitation to detect the interaction of Myc-ISG15 with endogenous
FASN in HEK293T cells. (n =3 independent experiments). b Co-
immunoprecipitation to detect the interaction of Myc-ISG15 with FLAG-FASN in
HEK293T cells. (n =3 independent experiments). ¢ Co-immunoprecipitation to
detect the interaction of endogenous ISG15 and FASN in BMDMs. (n =3 indepen-
dent experiments). d In vitro His-tag pull-down was used to test the interaction of
FASN and ISG15. (n =3 independent experiments). e Representative images of
endogenous FASN and ISGI15 or FLAG-FASN and Myc-ISG15 distribution in
HEK293T cells. Colocalization was quantitatively assessed. Scale bars: 10 um. (n=3
independent experiments). f BMDMs transfected with NC siRNA, /sg15 siRNAs or
Isg15 siRNAs and Myc-ISG15 for 48 h were lysed, followed by immunoblotting with
the indicated antibodies. (n =3 independent experiments). g FLAG-FASN was co-

expressed with or without Myc-ISG1S in HEK293T cells. Cell lysates were subjected
to immunoblotting with the indicated antibodies. (n = 3 independent experiments).
h Western blot to analyze FASN expression after ISGIS silence with or without Myc-
ISG15 overexpression combined with 100 ug/ml cycloheximide (CHX) at the 0, 3, 6,
and 9 hin BMDMs. (n =3 independent experiments). i Schematic diagram showing
the identified ISGylated lysine residues of FASN. j Western blot analysis of protein
levels of FLAG-FASN mutants in 293 T cells. (n =3 independent experiments).

k qRT-PCR analysis of protein level of FASN mutants in 293T cells. (n =3 indepen-
dent experiments). I Co-immunoprecipitation to detect the interaction of Myc-
ISG15 with FLAG-FASN mutants in human macrophage cells THP1. (n =3 indepen-
dent experiments). Data are expressed as the mean + SD. The source data are
provided as a Source data file.

exhibited reduced TNF-a production upon LPS stimulation and
enhanced tumor growth®. Dong et al. also found that Macrophage-
specific knockout of an m(6)A methyltransferase METTL14 skews
CD8(+) T cell differentiation towards a dysfunctional state, impairing
CD8(+) T cells to eliminate tumors®. By contrast, a separate study
reported that TAM-specific Mett[3 deletion restrained MC38 tumor
growth”. This apparent contradiction underscores the existence of a
multifaceted, context-dependent m°A-regulatory network that gov-
erns myeloid cell behavior within the TME and warrants further dis-
section. In the study, we found that the expression of METTL3 in TAMs
was markedly decreased in GBM patients compared to healthy control.
Similarly, a reduction in METTL3 expression was observed in TAMs
from mice harboring GL261 tumors. Mechanismly, we discovered that
METTL3 deficiency in macrophages facilitates FASN expression,
thereby enhancing lipid metabolism, subsequently accelerating
glioma progression. Notably, genetic ablation of FASN or treatment
with the specific inhibitor C75 effectively nullified the pro-tumorigenic
and immunosuppressive effects triggered by METTL3 depletion.

A latest research revealed that METTL3 inhibits hepatic insulin
sensitivity via N6-methyladenosine modification of Fasn mRNA and
promoting fatty acid metabolism®®. Intriguingly, the Fasn mRNA mod-
ification was unaltered in METTL3-deficient macrophages, suggesting
an alternative mode of METTL3-mediated FASN regulation. Therefore,
the molecular bases of FASN regulation in different cells would require
future investigations. The expression of FASN is intricately orchestrated
at both transcriptional and post-transcriptional levels. Key transcription
factors, such as SREBP-1¥, USF*° and LXR*, have been found to control
FASN expression. Nevertheless, transcription factors are difficult to
target directly, rendering post-translational regulators as more attrac-
tive and feasible drug targets. Thus, the detailed regulatory mechanism
of FASN needs to be revealed in order to further explore other pro-
mising therapeutic strategies aiming at specifically modulating FASN
activity under pathological conditions.

Previous studies have illuminated that FASN degradation is also
regulated by the ubiquitin-proteasome pathway. The E3 ligase COP1
can bind FASN to form a complex that promotes FASN degradation®’,
while the deubiquitinating enzymes USP2a* and USP14** directly
interact with FASN and increase its stability to promote triglyceride
accumulation. SNX8 binds to FASN and promotes its protein degra-
dation by recruiting an E3 ligase TRIM28*. In our study, we found that
ISGIS acts as an interactor that regulates FASN ISGylation and stability
through inhibiting its ubiquitination. Previous study have demon-
strated that ISG15 is an IFN-inducible protein®’. Our results also
demonstrated that METTL3 knockout enhanced IFN-B expression,
mirroring the heightened type I IFN expression observed upon genetic
ablation of METTL3 in monocytes®. The METTL3 deficiency resulted in
increased expression of ISG15, which contributed to enhanced stability
of FASN. Knockdown of ISG15 in METTL3 deficient BMDMs attenuated
the stability of FASN and inhibited FASN expression, which resulted in
the recovery of CD8" T cell activation. Similarly, knockdown of FASN in
METTL3 deficient BMDMs also lead to the recovery of CD8* T cell

activation. Therefore, our results underscore that the ISG15-regulated
FASN expression plays a vital role in accelerating tumor progression
caused by METTL3-dificient macrophage.

In vivo experiments also indicated that METTL3 and FASN double
knockout facilitated CD8'IFN-y" T cell differentiation and inhibited the
increased tumor growth triggered by METTL3 depletion. Consistently,
pharmacological inhibition of FASN with C75 largely abolished the
aggravative effect of METTL3 depletion on tumor progression.

In conclusion, our findings reveal a regulatory mechanism by
which METTL3 modulated FASN stability at posttranslational level via
ISGI5 and lipid metabolism. Specifically, ISG15 inhibited proteasomal
degradation of FASN through enhancing FASN ISGylation and blocking
FASN polyubiquitination. These findings propose a regulatory network
for FASN expression and lipid metabolism in macrophage, supporting
the METTL3-ISG15-FASN axis as a promising therapeutic target for
managing GBM progression. In murine and human gliomas, the pool of
TAMs is composed of brain-resident microglia, which develop from
fetal yolk sac progenitors, and peripherally recruited monocyte
derived macrophages*®. In our study, conditional deletion of Mett(3 in
the myeloid lineage reprogrammed recruited monocyte-derived
macrophages from a pro-inflammatory M1 to an anti-inflammatory
M2 phenotype, thereby fostering an immunosuppressive TME and
potentially modulating the activation state of brain-resident microglia
during glioma progression.

Method

Clinical specimens

Frozen and paraffin-embedded primary brain tumor tissues were
obtained from Chinese patients at Xijing Hospital (Xi'an, China), a
subsidiary hospital of the Fourth Military Medical University. The use
of clinical specimens in this study was approved by the Animal
Experiment Administration Commission in Fourth Military Medical
University (KY20253615-1). All adult participants provided written
informed consent. No participant compensation was provided. Sex
and gender were not considered in the study, as the primary focus of
this study was unrelated to sex or gender.

Mice

Lyz2“* mice (catalog 004781, The Jackson Laboratory) were crossed
with floxed Mettl3 mice (Beijing Biocytogen Co., Ltd) to generate
Mettl3™Lyz2" and Mettl3"Lyz2" mice. Metti3""yz27"*" mice were
crossed with Fasn™ mice (Gempharmatech Co., Ltd) to generate
Mett(3V " Fasn™Lyz2*"*" mice. All experimental mice were bred and
maintained under specific pathogen-free conditions, fed standard
laboratory chow, and kept on 12 h light to 12 h dark cycles. The tem-
perature and humidity were set at 22 +1°C and 55% + 5%, respectively.
Six- to twelve-week-old mice of both sexes were used for the experi-
ments. Cohoused Cre-negative littermate mice were used as controls.
All experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of Xinxiang Medical University (XYLL-
20230041).
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¢ FLAG-FASN mutants, HA-ubiquitin and Myc-ISG15 or Myc-ISG15AGG were co-
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Fig. 6 | METTL3 deficiency drives protumoral macrophage polarization
depending on ISG15 induced FASN expression. a Mett[3"" or Mett[3"Lyz2*
BMDM s treated with NC siRNA or /sg15 siRNAs for 48 h were lysed. Cell lysates and
immunoprecipitates were examined with indicated antibodies. (n =3 independent
experiments). b Western blot to analyze FASN expression in Mett!3"" or Mett{3"
A1 yz2* BMDMs after ISG15 silence combined with 100 ug/ml cycloheximide (CHX)
atthe 0, 3, 6 and 9 h. (n =3 independent experiments). ¢ qRT-PCR analysis of genes
expression in MettI3"" or Mett[3""Lyz2* BMDMs transfected with IsgI5 siRNAs.
(n=3 biological replicates). d Nile Red staining and quantification were performed
in Mettl3"" or Mett3""Lyz2°* BMDMs transfected with siNC or silsgIS. Scale bars:

30 um. (n = 6 independent experiments). e T cell suppression by Mett(3"/ or Mett(3"
S yz2‘ BMDMs with ISG15 knockdown co-cultured with Lymphocytes at a ratio of
1:1. (n=3 independent experiments). f, g Mice were engrafted with GL261 tumor
cells and then injected with 5 mg/kg CpG-siRNA"” every other day beginning on
day 7 post-inoculation. Percentages of tumor-infiltrating IFN-y-producing CD8"

T cells on day 21 were calculated (f). The expression of Gpnmb expression in TAMs
were examined by qRT-PCR (g). (n =5 biological replicates). Data are expressed as
the mean = SD. P values were determined by one-way ANOVA with Tukey’s multiple
comparisons (c, d, e, f, g). The source data are provided as a Source data file.

Cell lines

Mouse glioma cell line GL261 and human embryonic kidney cell line
HEK293T were cultured in Dulbecco’s Modified Eagle’s Medium sup-
plemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-gluta-
mine, and maintained at 37 °C and 5% CO,.

Plasmid construction

The FASN and ISG15 promoter was amplified and cloned into the PGL-
3.0 vector. FLAG-FASN was constructed by cloning human full-length
FASN cDNA into the p3xFLAG-CMV-10 vector. FLAG-FASN mutants
were generated by homologous recombination method based on
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FLAG-FASN plasmid. Myc-ISG15 was generated by cloning full-length
ISG15 cDNA into the pCMV-Myc vector. Myc-ISG15 AGG was generated
by depleting the two C-terminal glycine residues.

Metabolite extraction and mass-spectrometry-based metabo-
lomic analysis

The cell culture media samples were thawed on ice, and metabo-
lites were extracted from 20 uL of each sample using 120 uL of

precooled 50% methanol buffer. Then the mixture of metabolites
was vortexed for 1 min and incubated for 10 min at room tem-
perature, and stored at -20 °C overnight. The mixture was cen-
trifugated at 4000 x g for 20 min, subsequently the supernatant
was transferred to 96-well plates. The samples were stored
at —80°C prior to the LC-MS analysis. Pooled quality control
sample were also prepared by combining 10 pl of each extraction
mixture.
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Fig. 7 | Pharmacological inhibition or genetic deletion of FASN abrogates the
effect of METTL3 ablation on tumor progression. a The knockout efficiency of
FASN and METTL3 in WT, Mett/3""Lyz2°"* and Mettl3""Fasn™Lyz2" BMDMs was
analyzed by western blot. (n =3 independent experiments). b, ¢ Representative
images of tumors in WT, Mett!3"*Lyz2* and Mett!3" Fasn™Lyz2 mice implanted
with GL261 cells (b) on day 21 and representative HE staining images of brain
sections (c) are shown. The tumor area was quantified (c). (n =6 mice per group).
d Representative plots and percentages of IFN-y-producing CD8" T cells cocultured
with WT, Mettl3"Lyz2" and Mettl3"*Fasn™’Lyz2 BMDMs. (n =5 independent
experiments). e, f Representative bioluminescent images of Mett[3"" or Mettl3"
f1yz2 mice bearing orthotopic murine glioma GL261 cell xenografts treated i.p.
with vehicle or C75 (e) and bioluminescent signal was quantified (f). (n = 6 mice per
group). g Representative HE staining images of brain sections from orthotopic
GL261 murine glioma-bearing mice on day 21 post-xenograft, following

intraperitoneal treatment with vehicle or C75. The tumor area was quantified. (n=6
mice per group). h Lymphocytes were cocultured with WT and Mettl3"Lyz2"
BMDMs treated with vehicle or C75 and percentages of IFN-y-producing CD8*

T cells were quantified. Scale bars: 50 um. (n =4 independent experiments).

i Immunofluorescence staining for METTL3, ISG15 and FASN in sections from
patients with glioma tumors. Quantitative image analysis was performed. Scale
bars: 30 um. (n = 3 independent experiments). j Quantitative image analysis
revealed that lower METTL3 levels in CD68* macrophages are strongly and inde-
pendently associated with diminished overall survival. k Schematic illustrating the
mechanism by which METTL3-deficient macrophages promote glioma progression
through ISG15-FASN axis-mediated reprogramming of lipid metabolism. Data are
expressed as the mean + SD. P values were determined by one-way ANOVA with
Tukey’s multiple comparisons (c, d, f, g, h) and the Gehan-Breslow-Wilcoxon test
(§). The source data are provided as a Source data file.

All samples were analyzed using a Triple TOF 5600 Plus high
resolution tandem mass spectrometer (SCIEX, Warrington, UK) with
both positive and negative ion modes. Chromatographic separation
was performed using an ultra performance liquid chromatography
(UPLC) system (SCIEX, UK). An ACQUITY UPLC T3 column
(100 mm*2.1 mm, 1.8 um, Waters, UK) was used for the reversed-phase
separation. The TripleTOF 5600 Plus system was used to detect
metabolites eluted from the column.

Tumor cell implantation

GL261-Luc cells were grown in Dulbecco’s modified eagle medium
(DMEM) containing glucose, L-glutamine, and 10% FBS, at 37 °C with 5%
CO2 and maintained under normal adherent culture conditions. Prior
to tumor cell injection, use a sterile 25 gauge sharp needle to puncture
the skull at 2 mm to the right of the bregma and 1 mm anterior to the
coronal suture, thereby creating an opening for the injection of tumor
cells. A Hamilton syringe (22 gauge needle) containing 300,000 GL261-
Luc cells in 3pl DMEM was inserted into the hole to a depth of
3 mm, and the cells were injected over 5 min. The needle was left in
place for 2 min to reduce backflow before the wound was closed with
staples.

GBM xenografts

3 x105 U87 GBM cells were prepared in PBS for stereotactic injection
into 6-8 weeks old Nu/Nu mice. Then 5 x 10° Mett{3" or Mettl3" yz2*
myeloid cells mixed with 5 x 10° lymphocytes were injected into Nu/Nu
mice via tail vein every week. The mice were sacrificed for HE staining
to monitor the tumor growth after 3 weeks. Mice were sacrificed at the
indicated time points after tumor implantation and xenografts were
harvested for further analyses.

In vivo bioluminescence imaging

For in vivo bioluminescence imaging, mice were weighted, injected
intraperitoneally with D-luciferin at 150 mg/kg, and anesthetized with
isoflurane. The mice were imaged using an IVIS® Spectrum In Vivo
Imaging System (Perkin Elmer, Waltham, MA). The Living Image soft-
ware was used to draw an ROI around the tumor signal and measure
the size of each tumor.

Generation of bone marrow derived macrophages (BMDMs)
Bone marrow was isolated from femurs and tibia of mice, and red
blood cells were lysed. The bone marrow cells were cultured in DMEM
supplemented with 10% fetal bovine serum, penicillin (100 U/ml),
streptomycin (100 pg/ml), and M-CSF (40 ng/ml). Cells were cultured
for 7 days to generate BMDMs. Cultured BMDMs were used for qRT-
PCR analysis, western blotting, and other experiments.

Transfection
For siRNA transfection, cells were seeded 1 day before transfection.
Transfection was performed using Lipofectamine RNAIMAX (Thermo

Fisher Scientific) according to the manufacturer’s instructions. The
siRNA duplex oligonucleotides used are listed in S1 Table. The plas-
mids were transfected by Lipofectamine 2000 (Thermo Fisher Scien-
tific) following the manufacturer’s instructions.

qRT-PCR

Total RNA was isolated from cells using TRIzol (Thermo Fisher Scien-
tific). For qRT-PCR analysis of mRNAs, cDNA was generated using a
PrimeScript RT reagent kit (TaKaRa). mRNA expression levels were
analyzed using SYBR Green PCR master mix (TaKaRa). The primers
used for qRT-PCR are listed in S2 Table.

Co-Immunoprecipitation

HEK293T cells were lysed in NP-40 buffer containing 50 mM Tris-HCI
(pH 7.5), 150 mM NacCl, 0.3% NP-40, and protease inhibitor cocktail.
Cell lysates were incubated with specific antibodies or control IgG for
3h at 4°C. The dynabeads protein G (10004D, Invitrogen) were
washed three times with NP-40 buffer and mixed with the cell lysates,
followed by incubation at 4°C overnight. Beads were then washed four
times using NP-40 buffer. The precipitate samples were subjected to
immunoblotting analysis.

Immunoblotting

For immunoblotting, cells were lysed in RIPA buffer and protein con-
centrations were determined with a BCA assay. Proteins were sepa-
rated by SDS-PAGE, electrotransferred to PVDF membranes
(Millipore), and probed with the indicated antibodies. The primary
antibody information is as follows: rabbit anti-FASN (1:1000, 3180S,
Cell Signaling Technology), rabbit anti-ACLY (1:1000, 4332S, Cell Sig-
naling Technology), rabbit anti-Phospho-ACLY (1:1000, 4331T, Cell
Signaling Technology), rabbit anti-Lipin 1 (1:1000, 14906S, Cell Sig-
naling Technology), rabbit anti-ACSL1 (1:1000, 9189S, Cell Signaling
Technology), rabbit anti-C/EBPa (1:1000, 8178S, Cell Signaling Tech-
nology), rabbit anti-Perilipin-1 (1:1000, 9349S, Cell Signaling Technol-
ogy), rabbit anti-PPARy (1:1000, 2435S, Cell Signaling Technology),
rabbit anti-AceCSl (1:1000, 3658S, Cell Signaling Technology), Mouse
anti-ISG15 (1:1000, sc-166755, Santa Cruz Biotechnology), mouse anti-
FLAG (1:2000, Sigma), rabbit anti-FLAG (1:1000, 20543-1-AP, Pro-
teintech), mouse anti-Myc (1:2000, M192-3, MBL), rabbit anti-METTL3
(1:1000, ab18810, Abcam), and mouse anti-B-actin (1:5000, Sigma).

mRNA stability analysis

BMDMs were treated with actinomycin D (Sigma) at a final con-
centration of 5pg/ml and collected at the indicated time. The total
RNA was extracted, then the mRNA transcript levels of interest were
determined by qRT-PCR.

Bone marrow chimeras
The bone marrow of recipient mice was ablated with 9.5 Gy irradiation.
Meanwhile, donor bone marrow cells were collected from the femurs
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and tibias of mice by flushing with cold DMEM. The bone marrow was
filtered through a 70 um filter to produce single cell suspensions. Cells
were counted and re-suspended in cold PBS. After irradiation, 1x107
cells of donor bone marrow cells in 200 ul PBS were injected into
recipient mice through the tail vein for reconstruction.

Depletion of macrophages

Macrophages were depleted using Clodronate Liposomes. Briefly,
200 pL Clodronate Liposomes were intraperitoneally injected into
mice on days -1, 1, 3, and 5 during tumor growth. Immunofluorescence
staining for F4/80" cells was used to confirm macrophages depletion.

Flow cytometry

To obtain a single cell suspension, brain tumors were finely chopped
and digested for 30 min using dispase and collagenase | in 1640
medium with intermittent shaking at 37 °C, and then passed through a
70 um filter. Cell pellets were washed twice in PBS and resuspended in
FACS buffer. For surface staining, cells were incubated with the anti-
bodies diluted in FACS buffer on ice for 30 min. To perform intracel-
lular immuno-staining, cells were fixed and permeabilized with a
Staining Buffer (ThermoFisher Scientific) according to the manu-
facturer’s protocol. Samples were run on a BD Caliper (BD) or a
CytoFLEX S (Beckman Coulter), and all subsequent compensation and
gating design was performed using FlowJo software. The following
antibodies were used for flow cytometry: CD45 (30-F11, Biolegend),
CD11b (M1/70, Biolegend), Grl (RB6-8CS5, Biolegend), CD3 (145-2Cl11,
eBioscience), CD8 (clone 53-6.7, Biolegend), IFN-y (XMG1.2, Biole-
gend), CD4 (GK1.5, Biolegend), CD49b (HMa2, Biolegend), F4/80
(BMS, Biolegend), Ly6G (1A8, Biolegend), CD11b (clone M1/70, Biole-
gend), LAG-3 (C9B7W, Biolegend), CD39 (Duha59, Biolegend), TIM-3
(B8.2C12, Biolegend), CX3CR1 (SAO11F11, Biolegend), ARG1 (AlexF5,
eBioscience), NOS2 (CXNFT, eBioscience).

Immunofluorescence staining

Immunofluorescence was performed using the standard protocol in
cells and tissues. Antibodies specific to F4/80 (1:500, ab6640, Abcam),
CD68 (1:2000, 66231-2-Ig, Proteintech), FLAG (1:1000, 20543-1-AP,
Proteintech), Myc (1:2000, M192-3, MBL), METTL3 (1:1000, ab18810,
Abcam), ISG15 (1:1000, sc-166755, Santa Cruz Biotechnology), NOS2
(1:100, PA1-036, ThermoFisher Scientific) and CD206 (1:100, 64693,
Abcam) were used. Images were acquired using a microscope
(Olympus).

In vitro T cell activation and co-culture with BMDMs

Spleens were collected under sterile conditions. The spleen was sma-
shed on a 70 pm cell strainer and single cells were collected by cen-
trifugation. Red blood cells were lysed by Red Blood Cell Lysis Buffer.
Lymphocytes were activated with anti-CD3 (eBioscience, 5 mg/ml) and
anti-CD28 (eBioscience, 2.5 mg/ml) for 5 days". The activated Lym-
phocytes were cocultured with BMDMs for the indicated time. The
cells were then subjected to surface marker and intracellular cytokine
staining and analyzed by FACS.

Oligonucleotide design treatment

The phosphothioate ODN***° and sense strands (SS) of siRNAs were
joined using six units of C3 carbon chain linker, (CH,); (GlenResearch).
The resulting constructs were annealed to complementary siRNA
antisense (AS) strands to generate CpG-siRNA conjugates (asterisks
indicate phosphothioation sites). Sequences of single-stranded con-
structs are listed below: CpG-siRNA "5  5-T*C*C*A*T*
G*A*C*G*T*T*C*C*T*G*A*T*G*C*T/linker-G*C*GGGACCUAAAGGUGAA-
GAU -3’; In vivo delivery of CpG-siRNA"" for treatment began every
other day on day 7 post-inoculation. Mice were sacrificed at the indi-
cated time points after tumor implantation and xenografts were har-
vested for further analyses.

Statistical analysis
Statistical significance was determined by two-paired ¢ test or ANOVA,
and differences were considered statistically significant when P < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data featured in this paper and is provided as part of the paper or as
part of the source data file. Source data are provided with this paper.
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