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Tumors exploit FTO-mediated regulation of
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In brief

Tumor cells utilize glycolysis to fuel rapid
growth and evade immune surveillance.
Liu et al. show that the m®A demethylase
FTO promotes tumor glycolysis and
restricts T cell responses. Treatment with
the FTO inhibitor Dac51 increases CD8"
T cell infiltration in tumors and synergizes
with anti-PD-L1 blockade.
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SUMMARY

The ever-increasing understanding of the complexity of factors and regulatory layers that contribute to immune
evasion facilitates the development of immunotherapies. However, the diversity of malignant tumors limits
many known mechanisms in specific genetic and epigenetic contexts, manifesting the need to discover general
driver genes. Here, we have identified the m°A demethylase FTO as an essential epitranscriptomic regulator uti-
lized by tumors to escape immune surveillance through regulation of glycolytic metabolism. We show that FTO-
mediated m®A demethylation in tumor cells elevates the transcription factors c-Jun, JunB, and C/EBPf, which
allows the rewiring of glycolytic metabolism. Fto knockdown impairs the glycolytic activity of tumor cells, which
restores the function of CD8" T cells, thereby inhibiting tumor growth. Furthermore, we developed a small-mole-
cule compound, Dac51, that caninhibit the activity of FTO, block FTO-mediated immune evasion, and synergize
with checkpoint blockade for better tumor control, suggesting reprogramming RNA epitranscriptome as a po-
tential strategy for immunotherapy.

INTRODUCTION

Emerging clinical evidence has showcased the potency of im-
munotherapies for controlling the progression of diverse cancers
(Cohenetal., 2019; Finn et al., 2020; Schmid et al., 2020; Sharma
and Allison, 2015; Wolchok et al., 2013). However, patient resis-
tance to immunotherapy is observed frequently; such resistance
can be caused by diverse factors, including oncogenic aber-
rance in tumor-intrinsic signaling pathways (Casey et al., 2016;
Ribas and Wolchok, 2018; Sharma et al., 2017; Spranger et al.,
2015; Wellenstein and de Visser, 2018). Tumor cells utilize
intrinsic regulators to construct a suppressive microenvironment
to evade T cell-mediated immune surveillance (Hugo et al., 2016;
Riaz et al., 2017; Zelenay et al., 2015). Given the potent efficacy
of immunotherapies for some patients, characterizing the genes

involved in immune evasion has become a focus of inten-
sive study.

Recent studies have suggested that immune evasion by tumor
cells results from epigenomic reprogramming that reduces the
extent of T cell infiltration (Loo Yau et al., 2019; Roulois et al.,
2015; Sheng et al., 2018; Topper et al., 2017). CRISPR screening
and transcriptome-profiling studies have identified that the PRC2
complex is responsible for silencing MHC Class | mediated-anti-
gen presentation by depositing H3K27me3 marks in tumor cells
(Burr et al., 2019). Another histone modulator, EZH2, is demon-
strated to cooperate with DNMT1-mediated DNA methylation
to regulate the expression of the chemokines CXCL9 and
CXCL10, which consequently impedes CD8" T cell infiltration
into tumors (Peng et al., 2015; Zingg et al., 2017). The epigenetic
regulator PBAF complex is known to regulate the chromatin
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accessibility of IFN-y inducible genes, and the loss of this com-
plex increases the sensitivity of tumor cells to T cell-mediated
cytotoxicity (Pan et al., 2018). These studies collectively support
a scenario wherein tumor cells achieve immune evasion at the
transcriptional level via synergistic contributions from histone
modifications, DNA methylation, and alteration of chromatin
structure. Recently, we and others have revealed connectivity
between reversible RNA m®A methylation with tumorigenesis
and metastasis via the dynamic alteration of m®A-marked
mRNA transcripts (Han et al., 2019; Jiang et al., 2017; Li et al.,
2017b; Liu et al., 2018, 2019). Given the reversible nature of
m®A methylation, we speculate that some m®A methylation pro-
grams may be initiated within tumor cells to manipulate the im-
mune context of the tumor microenvironment. However, whether
the RNA epitranscriptome is involved in immune evasion is still
largely unknown.

Here, we show that FTO dominates glycolysis gene expres-
sion by preserving the basic leucine zipper (bZIP) family of
transcription factors, c-Jun, JunB, and C/EBPS, in an m®A-
dependent manner. Attenuating the expression or activity of
FTO restrains the accumulation of these bZIP transcription fac-
tors and transcription of glycolytic-associated genes in tumor
cells, which subsequently removes the metabolic barrier for
T cell activation. We find that Fto depletion promotes the anti-
tumor function of tumor-infiltrating T cells and inhibits tumor
growth in vivo. Our findings uncover a metabolic role of FTO
in immune evasion, and targeting its demethylase activity
with the small-molecule compound Dac51 enhances the im-
mune treatment effect of PD-L1 blockade therapy.

RESULTS

The absence of FTO inhibits tumor growth by enhancing
tumor-infiltrating T cells
We initially used bulk RNA sequencing (RNA-seq) data for mela-
nomas from The Cancer Genome Atlas (TCGA) SKCM dataset
and leveraged a set of five reported genes (CD8A, CDS8B,
GZMA, GZMB, and PRF1) to define a cytotoxic T lymphocyte
(CTL) score to reflect the function of tumor-infiltrating CD8"*
T cells (Cancer Genome Atlas Research et al.,, 2013; Jiang
et al.,, 2018). This analysis indicated that patients with higher
CTL scores exhibited better survival rates (Figure S1A). The
CTL scores were negatively correlated with the expression of
several epigenetic regulators, including the histone acetyltrans-
ferase HAT1 and the methyltransferase SUV39H2, which
are reported to regulate immune evasion of tumor cells (Fan
et al., 2019; Paschall et al., 2015) (Figure 1A). We noticed that
FTO, an RNA demethylase (Jia et al., 2011), exhibited the most
significant association with CTL scores among known epitran-
scriptomic regulators. In addition, the expression of FTO was
negatively associated with the expression of CD3D, GZMA,
GZMB, and TNFRSF18 (Figure 1B). We then extended our anal-
ysis to include other types of cancers and found a similar nega-
tive relationship across a variety of tumors, suggesting that FTO
may act in diverse tumors as an immune-inhibitory molecule for
T cell functions (Figure 1C; Table S1).

To test whether the attenuation of FTO expression affects T-
cell-mediated antitumor function, we used shRNA to knock
down Fto (Fto-Kd) in ovalbumin (OVA)-expressing B16 mela-
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noma (B16-OVA) cells and the lung cancer cell line LLC (Figures
S1B and S1C). Quantification of the mPA level in tumor cells
showed that m®A methylation on mRNA was elevated in the
Fto-Kd B16-OVA and LLC cells (Figure 1D), supporting
the successful knockdown of this well-characterized RNA deme-
thylase (Wei et al., 2018). We initially compared cell growth
in vitro and observed minimal difference in proliferation or
viability between Fto-Kd and vector control cells (Figure S1D).
We then subcutaneously (s.c.) inoculated B16-OVA and LLC
cells into mice and found that the tumors developed from control
cells were substantially larger than the small tumors developed
from the Fto-Kd cells (Figures 1E and 1F). Given this apparent
impact of FTO in promoting tumorigenesis, we assessed the po-
tential role of adaptive immune responses in the observed reduc-
tion in tumor growth by s.c. injecting Fto-Kd tumor cells into
immunodeficient Rag2 ™/~ mice. We observed no difference in
tumor volume between control and Fto-Kd tumors in these
immunodeficient mice, which implicates the involvement of an
adaptive immune response in the observed Fto-Kd-mediated
disruption of tumorigenesis (Figure 1G).

To characterize the contributions of Fto to the tumor microen-
vironment, we profiled the tumor-infiltrating myeloid-derived
cells (monocytes, macrophages, and dendritic cells) and
T cells by flow cytometry. While the percentage of innate cells
was comparable between control and Fto-Kd tumors, we
observed significantly enhanced infiltration of CD4* and CD8*
T cells in tumor tissues in the Fto-Kd B16-OVA and LLC tumors
(Figures 1H and ST1E-S1H). Further examination of antigen-spe-
cific T cell populations revealed a 2-fold increase in the fre-
quency of tetramer* CD8" T cells in Fto-Kd tumors compared
to control tumors (Figure 11). We next evaluated the function of
tumor-infiltrating CD8" T cells by assessing their production of
IFN-y and granzyme B. While control tumors barely generated
either of these cytokines, Fto-Kd tumor cells had strong signals
for both IFN-y and granzyme B (Figure 1J). Moreover, the periph-
eral antitumor response in tumor-draining lymph nodes (tdLN)
was elevated in mice bearing Fto-Kd cells (Figure S1l). Thus,
the loss of FTO in tumors results in elevated CD8* T cell infiltra-
tion and increased CD8* T cell-mediated cytotoxicity.

Tumor-intrinsic FTO restricts the activation and effector
states of CD8" T cells
Given that the initiation of cytotoxic T cell response relies on den-
dritic cell (DC)-mediated cross-priming (Hildner et al., 2008;
Weulek et al., 2020), we assessed the cross-priming capacity
of DCs isolated from the tdLNs of tumor-bearing mice. However,
we found that DCs from Fto-Kd-cell-bearing mice exhibited a
similar priming capacity compared to controls, apparently ruling
out the possibility of variance in DC-mediated T cell priming (Fig-
ure S2A). We then asked whether FTO in tumor cells may directly
disrupt the effector functions of T cells during TCR-mediated tu-
mor recognition. To examine the impact of tumor-intrinsic FTO
on T cells, we co-cultured B16-OVA cells and OTI CD8* T cells
(whose TCR is known to react with the OVA peptide 257-264;
Wick and Pfeifer, 1996). After 8 h of co-culture, we sorted OTI
CD8"* T cells via flow cytometry and performed RNA-seq (Fig-
ure S2B; GEO: GSE154952).

Transcriptome analysis showed that the knockdown of Fto in
tumor cells resulted in a dramatic alteration in co-cultured
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Figure 1. The absence of FTO inhibits tumor growth by enhancing tumor-infiltrating T cells

(A) Spearman correlation of the expression of known epigenetic regulators with cytotoxic T lymphocyte (CTL) scores (average expression of CD8A, CD8B, GZMA,
GZMB, and PRF1) in 117 TCGA melanoma samples with sufficient CD8" T cell infiltration (defined as an estimated CD8" T cell infiltration level higher than upper
quartile by TIMER) (STAR methods). Spearman’s rho statistic is used to estimate a rank-based measure of association.

(B) Scatterplot showing the correlation of the FTO expression level with the expression of several activated T cell-related genes in 117 TCGA melanoma samples
as in (A). The expression levels were logo(TPM +1). Spearman correlation coefficient (r) and p value are marked.

(C) Pan-cancer analysis of the relationship between the FTO expression and CTL scores in solid tumor samples with sufficient CD8* T cell infiltration. Spearman’s
rho statistic is used to estimate a rank-based measure of association.

(D) Dot-blot quantification of m®A abundance in mRNA transcripts in B16-OVA or LLC cell lines expressing shRNA against Fto (shFto) or vector control (shNC);
m°®A dot blot assay was performed with methylene blue (MB) as a loading control.

(E and F) Effect of Fto on tumorigenesis of B16-OVA and LLC cells in C57BL/6 mice (n = 7). 5 x 10° B16-OVA (E) or LLC cells (F) were s.c. inoculated into C57BL/6
mice, and tumor volume was recorded every 2 days.

(G) Effect of Fto on tumorigenesis of B16-OVA cells in RagZ’/’ mice (n = 6) injected s.c. with 2 x 10° B16-OVA cells. Tumor volume was monitored every 2 days.
(H) FACS analysis of tumor-infiltrating CD4* and CD8™" T cells (among the total CD45* population) on day 15 post tumor cell inoculation (n = 3). shNC or shFto B16-
OVA cells were administrated s.c. into C57BL/6 mice.

(I) FACS analysis of tumor-infiltrating OVA-specific CD8" T cells (among the CD8"* T cells) on day 15 after tumor cell inoculation (shNC, n = 8; shFto, n = 9).

(J) Quantification of IFN-y* and granzyme B* CD8* TILs. Tumor-infiltrating T cells were re-stimulated with PMA and ionomycin for 3 h on day 9 (n = 3). IFN-y- or
granzyme-B-producing cells was determined through flow cytometry.

See also Figure S1 and Table S1.

CD8"* T cells: there were 1,420 differentially upregulated genes  expression of CD69 (a known marker of T cell priming) as well

and 1,101 downregulated genes in CD8* T cells co-cultured
with Fto-Kd tumor cells (Figure 2A). Among the differentially ex-
pressed genes in CD8* T cells, we observed enhanced expres-
sion of cytokines and cytotoxic molecules (e.g., IL-2, IFN-y,
and granzyme B). Consistently, gene set enrichment analysis
(GSEA) of CD8* T cell effector signature genes (ranking genes
based on the extent of expression alteration) revealed that the
T cells co-cultured with Fto-Kd tumor cells exhibited a more
cytotoxic state than T cells co-cultured with control cells (Fig-
ure 2B). We validated the activation of T cells based on their

as the production of cytokines. Whereas co-culture with control
tumor cells resulted in minimal or delayed T cell activation, rapid
T cell activation was evident for cells co-cultured with Fto-Kd
cells (Figure S2C). Specifically, the Fto-Kd co-cultured T cells ex-
hibited strong production of IFN-y and granzyme B (Figures 2C,
2D, and S2D). We also noticed that Fto-Kd cells were more
vulnerable to T cell-mediated killing than control B16-OVA and
LLC cells (Figures 2E and 2F). It should be noted that neither
the expression of MHC class | molecules nor the sensitivity to
IFN-+y stimuli leads to this enhanced recognition of Fto-Kd tumor
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cells (Figures S2E-S2G). Taken together, these results suggest
that tumor-intrinsic FTO functions as a suppressive molecule
that restricts T cell activation and effector states.

Knockdown of Fto dampens glycolysis by repressing the
expression of glycolytic transcripts

It is well established that tumors utilize glycolysis to fuel rapid
growth, and the attendant consumption of glucose by tumors
is known to restrict T cells metabolically, directly dampening
their effector functions and thereby promoting tumor progres-
sion (Brand et al., 2016; Cascone et al., 2018; Chang et al.,
2015; Renner et al., 2019). To test whether FTO somehow alters
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and lactate was also significantly reduced
in Fto-Kd cells.

To test whether reduced glycolysis in
Fto-Kd cells is necessary for T cell activa-
tion, we treated tumor cells with oligomycin to boost their glycol-
ysis capacity, followed by co-culturing with CD8" T cells.
Compared with the untreated Fto-Kd, the oligomycin-treated
Fto-Kd cells could restrict CD8* T cell activation (Figure S3B).
To investigate how Fto-Kd dampened glycolytic metabolism in
B16-OVA cells, we performed RNA-seq on Fto-Kd and control
tumor cells. The functional enrichment analysis on differentially
expressed genes revealed enrichment for glycolysis pathways
among the downregulated genes in Fto-Kd cells (Figure 3B).
We also used gPCR to confirm that genes encoding glycolysis
enzymes, including Pfkp, Pgam1, and Hk1, were significantly
downregulated upon Fto knockdown (Figures 3C and S3C).
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Figure 3. Knockdown of Fto dampens glycolysis via repressing the expression of glycolytic transcripts
(A) Glycolytic stress tests using the Seahorse XF bioanalyzer to measure the glycolytic capacity of Fto-Kd or control B16-OVA cells. Cells were seeded at 5,000/

well in XF96 plate (n = 5).

(B) Enriched hallmark gene sets for differentially expressed genes between Fto-Kd and control B16-OVA cells. Differentially expressed genes were defined as
genes with adj.p < 0.01 and log,(fold change) (less) than 0.5 (—0.5) (shFto versus shNC). The p value of enrichment analysis was calculated by hypergeometric

distribution.

(C) gPCR analysis of mRNA levels of glycolysis-related genes after intrasample normalization to the levels of reference gene Actb in Fto-Kd or control B16-OVA

cells (n = 3).

(D) gPCR analysis of Jun, Cebpb, and Junb mRNA levels after intrasample normalization to the levels of reference gene Actb in Fto-Kd or control B16-OVA cells

(n=3).

(E) Immunoblotting of FTO, c-Jun, JunB, C/EBPS, and B-actin in Fto-Kd or control B16-OVA cells.

See also Figure S3.

Transcription factors, including those of the MYC family (c-
Myc) and bZIP family, are known to transcriptionally activate
genes for glycolysis enzymes (Tateishi et al., 2016). We reasoned
that the downregulation of glycolysis enzymes upon Fto-Kd
might result from the repressed expression of these transcription
factors. However, c-Myc was upregulated upon Fto-Kd in B16-
OVA cells (Figure S3D). Indeed, we found that several bZIP family
transcription factors, including Jun (encodes c-Jun), Cebpb (en-
codes C/EBPB), and Junb (encodes JunB), were all downregu-
lated upon Fto-Kd, at both the RNA and protein levels (Figures
3D, 3E, and S3E). We next performed overexpression of Junb
in tumor cells and observed that overexpression of Junb in
Fto-Kd cells is sufficient to inhibit T cell activation, whereas
such impaired T cell activation was markedly rescued when tu-
mor glycolysis was blocked by 2-DG (Figure S3F). Taken
together, these results suggest that enhanced T cell activation
mediated by Fto-Kd in tumor cells might depend on the suppres-
sion of bZIP family transcription factors.

Additionally, an assay for transposase-accessible chromatin
(ATAC-seq) revealed that the loci for predicted enhancers of
glycolysis genes, e.g., Ldha and Pfkp, both of which have pre-

dicted binding sites of c-Jun, JunB, and C/EBP@, were less
accessible in Fto-Kd cells (Figure S3G). Furthermore, we noticed
significantly reduced genome-wide accessibility in Ffo-Kd cells
compared with controls (Figures S3H and S3I), which were en-
riched with known binding motifs of the c-Jun, JunB, and C/
EBPS proteins (Figure S3J). Collectively, these results suggest
that Fto-Kd results in glycolysis inhibition in tumor cells, likely
through the transcriptional repression of glycolysis enzymes.

FTO increases multiple bZIP transcription factors,
including JunB and C/EBP, in an m®A-dependent
manner

We next performed m®A-seq to map the m®A methylomes of
B16-OVA tumor cells. In agreement with a previous report (Wei
et al., 2018), Fto-Kd cells exhibited a moderate increase in the
overall m®A methylation peak number (10,811 peaks, compared
with 8,479 peaks in the control cells), with especially pronounced
enrichment around stop codons (Figures 4A and S4A) (Huang
et al., 2019a, 2019b; Shen et al., 2020). The m®A peaks of both
sample groups exhibited enrichment at the canonical m®A motif
GGACU, as well as relatively even distributions across the
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Figure 4. FTO regulates multiple bZIP transcription factors including JunB and C/EBP in an m®A-dependent manner

(A) Metagene distribution of m®A immunoprecipitation (IP) reads along the whole transcriptome (left) and enriched motifs within m®A peaks called by exomePeak
(right). One million reads of IP samples from each group were extracted for comparison; p values were calculated with hypergeometric test.

(B) Scatterplot showing m®A methylation ratio of identified m®A peaks in Fto-Kd or control B16-OVA cells. The m®A ratio was defined as the normalized IP value
divided by the expression of a given gene.

(C) Histogram of RNA-seq data for expression changes in genes exhibiting altered m°A levels. The expression logx(fold change) of genes with m®A-gain peaks
and genes with mSA-loss peaks were compared with other m®A-marked genes via Mann-Whitney U test, and significant differences (p < 2.2e—16) were observed
in both comparisons.

(D) GO term enrichment analysis for 83 identified FTO-m°®A direct-regulated genes. Only genes with at least 20 TPM expression, one m®A-gain peak, and log(fold
change) < —0.3 were included. The p value was calculated by hypergeometric distribution.

(E-G) B16-OVA tumor cells were co-transfected with dCas13b-FTO and the tandem guide RNA plasmid targeting Cebpb and Junb for 48 h. gPCR analysis of
Cebpb, and Junb mRNA levels after intra-sample normalization to the levels of reference gene Hprt (E). Inmunoblot analysis of C/EBP, JunB, a-tubulin, FTO, and
B-actin in B16-OVA cells (F). qPCR analysis of Ldha, Pfkp, Pgam1, Pgk1, and Hk1 mRNA levels after intrasample normalization to the levels of reference gene Hprt
(G) (n = 3 for E and G).

(H) Quantification of FACS analysis for IFN-y and granzyme B production in naive OTI T cells after co-culture with B16-OVA cells for 12 h. OTI CD8* T cells were
co-cultured with B16-OVA cells transfected with dCas13b-FTO and guide RNA for 48 h at a ratio of 2.5:1 (T cell: B16-OVA cell) (n = 4).

See also Figure S4.

genome. We then calculated the mPA ratio for each peak and Since the m®A level is closely associated with the decay and
identified 667 “m®A-gain peaks,” comprising 86.8% of the differ-  abundance of the m®A-marked transcripts, we next focused on
entially methylated mPA peaks and found only 101 “m®A-loss  the expression level of the transcripts with altered m®A methyl-
peaks” (13.2%) (Figures 4B and S4B), which revealed a global ation in the Fto-Kd samples. Indeed, inhibition of FTO was asso-
gain of m®A methylation for mRNA transcripts upon Fto ciated with a significant reduction in the expression level of genes
knockdown. with m®A-gain peaks (Figure 4C). We then selected 83 genes with
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downregulated expression and m®A-gain peaks, which we clas-
sified as FTO-m®A direct-regulated genes. By performing gene
ontology analysis, we noted that this class of genes was highly
enriched for predicted functions relating to DNA binding and tran-
scriptional activation, including the bZIP family transcription fac-
tors Jun and Cebpb (Figure 4D). We evaluated the m®A profiles for
mRNA transcripts of all bZIP family transcriptional factors ex-
pressed in B16-OVA cells. Strikingly, 31/44 of these were marked
by one or even more m®A peaks (odds ratio = 2.72, p = 0.002), with
10 of them showing a significant elevation of their m°A levels in
Fto-Kd cells (odds ratio = 5.70, p = 4.57e—05). For example,
Jun and Cebpb both displayed increased m®A abundance at their
3’ UTRs and had decreased RNA levels (Figure S4C); recall that
the aforementioned mMRNA and protein data showing that Fto-
Kd results in significantly reduced expression of Jun, Cebpb,
and Junb (Figures 3D, 3E, and S3E). We therefore assessed
whether the downregulation of Jun, Junb, and Cebpb in Fto-Kd
cells is attributed to accelerated degradation rates. Indeed,
Jun/Junb/Cebpb transcripts were degraded faster upon Fto-Kd
(Figure S4D). Given reports of YTHDF2’s function for the decay
of m®A-marked genes, we delivered Ythdf2 siRNA into control
cells and Fto-Kd cells: silencing Ythdf2 significantly increased
the expression levels of c-Jun, JunB, and C/EBPS (Figure S4E),
suggesting YTHDF?2 is required for the downregulation of Jun/
Junb/Cebpb in Fto-Kd cells.

To dissect whether the elevated m°A abundance of these
mRNA species can be attributed to the direct recognition by
FTO, we overexpressed a fused CRISPR-dCas13b fusion pro-
tein with either wild-type (WT) or inactive mutant FTO in tumor
cells (Figure S4F). Two gRNAs covering different sites near the
mOA sites were utilized, and control gRNAs (NC) targeting re-
gions distant from any m°®A sites were used as a negative control
(Figure S4G). We observed that targeting m®A-marked loci
increased the accumulation of JunB and C/EBP; no such upre-
gulation was observed in assays using the inactive FTO mutant
variant (Figures S4H-S4K). To further enhance the targeted de-
methylation, the tandem guide RNA plasmid was utilized to
target m®A-marked loci of Junb and Cebpb (Figure S4L). We
observed that JunB and C/EBP, as well as downstream glycol-
ysis genes, were significantly upregulated upon gRNA-Cebpb-
Junb and dCas13b-FTO co-transfection, further verifying that
FTO demethylated both Junb and Cebpb to regulate down-
stream glycolysis genes (Figures 4E-4G).

We next tested whether FTO somehow alters glycolytic meta-
bolism to an extent that limits T cell activation by co-culturing
naive OTI T cells with tumor cells harboring the dCas13b fusion
WT FTO protein and evaluated the production of IFN-y and gran-
zyme B by T cells. We found that erasing the m®A modification of
the Cebpb and Junb transcripts through gRNA-Cebpb-Junb and
dCas13b-FTO co-transfection effectively attenuated T cell acti-
vation (Figure 4H). Collectively, these results confirm that FTO
is responsible for m®A-dependent epitranscriptomic enhance-
ment of Junb and Cebpb expression in tumor cells, and such
enhancement promotes glycolysis in tumors and dampens
T cell effector functions.

Development of Dac51 as a more potent FTO inhibitor
FTO inhibitors have been demonstrated to exhibit significant
antitumor effects (Huang et al., 2019b, 2015; Huff et al., 2021;

¢ CellP’ress

Laietal., 2020; Su et al., 2020; Zhou and Yang, 2020). However,
we are unaware of any studies exploring the use of FTO inhibitors
in the immune tumor microenvironment for T cell activation.
Herein, we optimized our previously reported FTO inhibitors
FB23 and FB23-2, (Huang et al., 2019b), which ultimately led
to the development and testing of Dac51 as a more potent
FTO inhibitor (Figures 5A and S5A). In vitro assays showed that
Dac51 exerted promising inhibitory activity on FTO demethyla-
tion activity with an IC5o around 0.4 uM (Figure 5B). We also
determined the crystal structure of FTO in complex with Dac51
(refined to 2.35 A resolution, PDB: 7CKK) to elucidate the molec-
ular mechanism of FTO-Dac51 binding (Figure S5B; Table S2).
Electron-density maps clearly revealed the presence of the in-
hibitor Dac51 (Figure S5C). In general, the FTO-Dac51 binding
mode was similar to the previously characterized FTO-FB23
binding mode (Figure 5C) (Huang et al., 2019b). Additionally, ex-
tra hydrogen bonds unambiguously occur between
Dac51’s hydroxamic acid and Ser229; this may contribute to
the substantially enhanced binding of Dac51 to FTO protein.
Thus, the newly developed Dac51 is a more potent inhibitor
that binds to and stabilizes FTO. We next investigated the target
engagement of Dac51 in cells. In cellular thermal shift assays
(CETSAs) (Martinez Molina et al., 2013), we observed that
Dac51 stabilized the thermal denaturation of the FTO protein in
both B16-OVA and LLC cells (Figure 5D), which indicates that
FTO is a direct target of the inhibitor Dac51 in cells.

The elevated m®A abundance was confirmed by dot-blot
assay of the mRNA samples of Dac51-treated B16-OVA and
LLC cell lines (Figure 5E). Analysis of m®A-seq data of Dac51-
treated/control B16-OVA cells revealed an increase of mPA
modification on most m®A-marked genes, including Jun and
Cebpb upon Dac51 treatment (Figures 5F and 5G). Consistently,
we observed that Dac51 treatment caused a density-dependent
reduction in Jun, Cebpb, and Junb at both mRNA and protein
levels (Figures 5H and 5I). Similarly, Dac51 treatment and knock-
down of Fto exhibited comparable levels of inhibition in glycolytic
metabolism (Figures 5J and 5K). In summary, we have demon-
strated that Dac51 could serve as a potent FTO inhibitor to
dampen the glycolytic capacity of tumor cells by inhibiting
FTO-mediated demethylation on transcripts including Jun
and Cebpb.

Treatment with Dac51 increases T cell infiltration and
synergizes with anti-PD-L1 blockade

To determine whether Dac51 exerts similar antitumor effects as
Fto knockdown, we initially employed in vitro co-culture assays.
Enhanced release of cytokines and elevated cytotoxic capacity
were found in T cells co-cultured with Dac51-pretreated B16-
OVA tumor cells (Figures 6A, 6B, and S6A). Note that we ruled
out the potential impact of Dac51 on apoptosis of B16-OVA cells
from these antitumor effects (Figure S6B). Also, Dac51 exhibited
limited toxicity on the cells tested, including epithelial cells, fibro-
blasts, and T cells (Figures S6C-S6E).

We then examined the effect(s) of Dac51 on patient-derived
organoids (PDOs). In line with the prior observation in the mouse
model, Dac51-treated PDOs showed decreased expression
levels of c-Jun, C/EBP, and JunB (Figure S6F). Also, genes en-
coded glycolysis enzymes, such as LDHA and PFKP, were also
significantly downregulated upon Dac51 treatment, while T cell
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Figure 5. Characterization of the FTO inhibitor Dac51

(A) Chemical structure of Dac51.

(B) In vitro quantification of ICs that examines the inhibitory impact of Dac51 on FTO-mediated demethylation of m®A (n = 3).

(C) Determined crystal structural complex of FTO bound with Dac51 (2.35 A). FTO is colored in magenta; Dca51 is in cyan. Hydrogen bonds are indicated with
black dashed lines.

(D) Effect of Dac51 on the thermal denaturation of cellular FTO protein. CETSA was performed on cell lysates from B16-OVA and LLC cell lines.

(E) Effect of Dac51 on m®A abundance in mRNA transcriptomes of B16-OVA and LLC cell lines; m°A dot blot assays were performed with MB as the loading
control.

(F) Scatterplot showing changes in the extent of m®A methylation for shared m®A peaks of the Fto-Kd and Dac51-treated groups, compared with the shNC group.
(G) IGV plot showing meA methylation profiles for Jun and Cebpb mRNA. The meA profiles of shFto and shNC groups are also shown in Figure S4C.

(H) gPCR analysis of Jun, Cebpb, and Junb mRNA levels after intrasample normalization to the levels of reference gene Actb in B16-OVA cells with or without
Dac51 treatment (n = 3).

(I) Immunoblotting of FTO, JunB, c-Jun, C/EBP, and B-actin in B16-OVA cells and LLC cell lines with or without Dac51 treatment (1 or 5 uM).

(J) Glycolytic stress tests using a Seahorse XF bioanalyzer to measure the glycolytic capacity of B16-OVA cells with or without Dac51 treatment. Cells were
seeded at 10,000/well in XF96 plate (n = 5).

(K) Heatmap shows the relative levels of downregulated glycolysis metabolites, as compared with vehicle cells. Data are represented as centered log,-scaled
value (n = 3) (left). Extracellular levels of "*C-labeled pyruvate and "*C-labeled lactate in the growth medium of B16-OVA cells with or without Dac51 treatment by
LC-MS/MS quantitation (n = 3) (right). B16-OVA cells with or without Dac51 treatment were cultured in [U-'3Cg] glucose-supplied medium for 1 h. The relative
levels of glucose-derived metabolites were determined by LC-MS/MS.

See also Figure S5 and Table S2.
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Figure 6. Treatment with Dac51 increases T cell infiltration and synergizes with anti-PD-L1 blockade

(A) Quantification of cytokine production in OTI T cells co-cultured with B16-OVA cells that were pretreated with 5 uM Dac51 for 48 h (n = 3).

(B) Effect of Dac51 on the sensitivity of B16-OVA cells to the cytotoxicity of T cells in vitro. shNC B16-OVA cells were pretreated with Dac51 (1 or 5 uM) for 48 h
(n=3).

(C) Effect of Dac51 on tumorigenesis of B16-OVA cells in C57BL/6 mice (n = 5). B16-OVA cells were s.c. inoculated. Tumor-bearing mice were i.p. treated with
2 mg/kg Dac51 on days 7-9.

(D) Quantification of IFN-y production in T cells from tdLN and spleen after stimulation with synthetic OTI peptide for 16 h (n = 3).

(E) Tumorigenesis of C57BL/6 and Rag2 '~ mice s.c. inoculated with B16-OVA cells (n = 6). Tumor-bearing mice were i.p. injected with 2 mg/kg Dac51 on days
7-9.

(F) Therapeutic effect of Dac51 on tumorigenesis of MC38 cells in C57BL/6 mice (n = 5). Mice were s.c. inoculated with 5 x 10° MC38 cells, and i.p. injected with
100 pg anti-PD-L1 on day 10 and 14, and/or 2 mg/kg Dac51 on days 8 and 9.

(G) Kaplan-Meier (K-M) overall survival curves for the MC38 model mice given the different therapies (n = 5).

(H) Growth curves of tumor of mice rechallenged s.c. as in (F) (survivor) (n = 3) with 5 x 108 MC38 cells and age-matched tumor-naive mice (control) (n = 5).
(I) Schematic model of the regulatory pathway and mechanism of FTO in tumor glycolysis and immune evasion.

See also Figure S6.

activation was consistently enhanced when co-culturing with  Kd, we observed that Dac51 treatment effectively inhibited tumor
Dac51-treated organoids (Figures S6G and S6H). growth in vivo (Figure 6C). The Dac51 treatment also significantly

To assess the antitumor effect of Dac51 on tumor models increased the proportion of infiltrated CD8* T cells in the tumor
in vivo, we inoculated Fto-Kd or control B16-OVA tumor cells  microenvironment (Figures S61 and S6J). By monitoring T cell re-
into C57BL/6 mice, and treated mice daily with 2 mg/kg Dac51  sponses in the spleen and tdLN, we found that Dac51 treatment
starting from day 7 to day 9. Consistent with the effect of Ffo- enhanced IFN-vy release in T cells (Figure 6D). We next examined
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the extent to which the antitumor effect of Dac51 depends on
host T cells by s.c. inoculating B16-OVA cells into Rag2~/~
mice. There was no difference in the extent of tumor growth be-
tween the control and Dac51-treatment groups in the Rag2 ™/~
model mice (Figure 6E), indicating that Dac51-mediated FTO
blockade inhibits tumor growth in a T cell-dependent manner.

We also investigated whether a combinational treatment with
Dac51 and an immune checkpoint blockade agent could addi-
tively improve therapeutic impacts. Compared with monother-
apy groups, mice receiving the combinational therapy exhibited
slower growth of B16-OVA and MC38 tumors, and their overall
survival was significantly prolonged (Figures 6F, 6G, and S6K).
Further examination revealed no differences in body weight
among different groups, suggesting Dac51 may have limited
general toxicity in mouse models (Figures S6L and S6M). To
test whether combinational therapy can elicit a long-lived mem-
ory T cell response that protects mice from tumor relapse (Liu
et al., 2015; Luo et al., 2017; Qiao et al., 2019), we therefore re-
challenged survivor mice using 10 times more MC38 tumor cells
than the initial inoculation dose, and we found complete tumor
regression in rechallenged survivor mice (Figures 6H and S6N).
Collectively, these in vivo results from multiple cancer models
establish that the potent FTO inhibitor Dac51 delivers strong
T cell-mediated antitumor effects and prevents tumor recurrence
via memory T cell responses.

DISCUSSION

Starting from the observation that FTO expression is negatively
correlated with cytotoxic T lymphocyte scores across multiple
types of cancers, we here demonstrated that the attenuation of
Fto expression can restrict tumor progression in an immune syn-
genetic mouse. We found that this antitumor response is primar-
ily attributed to the host adaptive immune response, particularly
the enhanced tumor-infiltrating CD8" T cells. We further showed
that tumor-intrinsic FTO can sustain the expression of several
bZIP family transcription factors such as JunB and C/EBPB via
persistently inhibiting their m°®A levels, which is beneficial for
RNA accumulation. Thus, elevated transcription factors coordi-
nately improve the chromatin accessibility of glycolytic-associ-
ated genes in tumor cells, which successfully established a
metabolic advantage over cytotoxic CD8" T cells (Figure 6l).
By developing a potent FTO inhibitor Dac51, we are able to elim-
inate the constraints imposed by FTO and rejuvenate T cell
response, which eventually results in tumor control or complete
regression upon anti-PD-L1 blockade.

Arecent study demonstrated that FTO plays an oncogenic role
in AML cancers: both chemical inhibition and genetic deficiency
for FTO disrupted tumor progression by inhibiting LILRB4 accu-
mulation on tumor cells (Su et al., 2020). Our study differs from
previous observations from leukemia by demonstrating that
attenuation of Fto expression reduces glycolytic activity in tumor
cells, which activates antitumor T cell response. A possible
explanation for this apparent discrepancy is that FTO is known
to have a very large number of regulatory targets in diverse cells.
That is, FTO facilitates c-Myc signaling activity in leukemia
through inhibiting m®A-mediated mRNA decay (Su et al., 2018),
whereas our data indicate that the attenuation of Fto expression
instead elevates c-Myc protein expression in melanoma.
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Another example is LILRB4 targeted by FTO in AML is proved
to promote immune evasion (Su et al., 2020). However, LILRB4
was rarely expressed in malignant cells in the solid tumor, sug-
gesting that AML might preferentially hijack the FTO-LILRB4
immunosuppressive axis. This result indicates an apparent di-
versity of FTO functions in distinct cancer types. Thus, it will likely
be quite mechanistically informative to catalog the specific de-
methylation substrate RNA molecules of FTO across different tu-
mor types in the future.

Since FTO is highly expressed on some subtypes of AML cells,
the development of inhibitors targeting FTO is viewed as a prom-
ising strategy for antitumor treatment (Li et al., 2017b). Our pre-
viously developed FTO inhibitor FB23-2 was a potent inhibitor of
FTO’s demethylation activity, and the therapeutic utility of FB23-
2 has already been demonstrated for the treatment of AML in
xenotransplanted mice (Huang et al., 2019b). In the present
study, we further optimized the structure of FB23-2, ultimately
developing the Dac51 inhibitor, which directly binds FTO and in-
hibits its demethylase activity; this binding mode is clearly eluci-
dated in the crystal structure of FTO in complex with Dac51.

Collectively, we demonstrate that Dac51 can serve as an FTO
inhibitor to suppress the expression of Jun, Junb, and Cebpb,
thereby preventing the metabolic restriction known to disrupt
T cell effector functions inside tumors. It is conceivable that the
combination of Dac51 with T cell function enhancers, such as
checkpoint blockade agents and other immunogenic conven-
tional therapies, could be a potent strategy to synergistically
improve the adaptive immune response. Together, our study un-
covers that RNA epitranscriptome can be operating as an addi-
tional layer of genetic regulation for immune evasion, which
would facilitate the discovery of a new class of potentially vulner-
able epitranscriptomic immunotherapy targets.

Limitations of study

Given the complexity of components in the tumor microenviron-
ment, it is still unclear whether FTO and Dac51 also affect the
glycolysis capacity and function of other tumor-infiltrating im-
mune cells, which needs further investigation by more preclinical
studies. Considering the activation of T cells also relies on glycol-
ysis, the study on the direct effect of FTO on T cell glycolysis
metabolism is limited. Even so, we have demonstrated that
Dac51 does not dampen the tumor-specific T cell response,
while the exact mechanism is required to be elucidated in Fto
conditional knockout mice.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-o-Tubulin Proteintech Cat#66031-1-Ig; RRID: AB_11042766
Anti-B-Actin-HRP Santa Cruz Biotechnology Cat#sc-47778; RRID: AB_2714189
Anti-B-Actin Proteintech Cat#66009-1-Ig; RRID: AB_2687938
Anti-B-Tubulin CMCTAG Cat#AT0003

Anti-CD4 BioLegend Cat#100414; RRID: AB_312699
Anti-CD8 Biolegend Cat#100712; RRID: AB_312751
Anti-CD8a Abcam Cat#ab22504; RRID: AB_447109
Anti-CD11b BioLegend Cat#101228; RRID: AB_893232
Anti-CD11¢c BioLegend Cat#117318; RRID: AB_493568
Anti-CD24 BioLegend Cat#101831; RRID: AB_2563894
Anti-CD45 BioLegend Cat#103138; RRID: AB_2563061
Anti-CD69 BioLegend Cat#104522; RRID: AB_2260065
Anti-C/EBPB Abcam Cat#ab15050; RRID: AB_301598
Anti-C/EBPB Abcam Cat#ab32358; RRID: AB_726796
Anti-c-Jun Cell signaling technology Cat#9165S; RRID: AB_2130165
Anti-c-Myc Cell signaling technology Cat#5605; RRID: AB_1903938
Anti-F4/80 BioLegend Cat#123116; RRID: AB_893481
Anti-FLAG TransGen biotech Cat#HT201-01

Anti-FTO Abcam Cat#ab92821; RRID: AB_10565042
Anti-GAPDH Proteintech Cat#60004-1-Ig; RRID: AB_2107436
Anti-Granzyme B BioLegend Cat#372206; RRID: AB_2687030
Anti-H-2KP BioLegend Cat#116513; RRID: AB_1967103
Anti-I-A/I-E BioLegend Cat#107622; RRID: AB_493727
Anti-IFN-y BioLegend Cat#505808; RRID: AB_315402
Anti-JunB Cell signaling technology Cat#3753S; RRID: AB_2130002
Anti-PD-L1 BioXCell Cat#BE0101; RRID: AB_10949073

HRP-conjugated goat anti-rabbit IgG
HRP-conjugated goat anti-mouse IgG
Ly6C

m°A antibody

Phosphorylation-specific antibodies
to STATH

Cwbio

Cwbio

BioLegend

abcam

Cell signaling technology

Cat#CWO0103; RRID: AB_2814709
Cat#CWO0102; RRID: AB_2814710
Cat#128006; RRID: AB_1186135
Cat#ab151230; RRID: AB_2753144
Cat#9177; RRID: AB_2197983

Rat Immunoglobulin BioXCell Cat#BE0094; RRID: AB_1107795
Biological samples

Nonsmall-cell lung carcinoma (NSCLC) This paper LL2020K060
organoids

Chemical, peptides, and recombinant proteins

5 x sample loading buffer (Thermo Fisher) CWBIO Cat#CWO0052S
Alkaline phosphatase Sigma Cat#P5931
Annexin V Biolegend Cat#640941
Brefeldin A Thermo Fisher Cat#00-4506-51
CD3 Biolegend Cat#100359
CD28 Biolegend Cat#102116
Collagenase D Roche Cat#17104-019
Dac51 This paper N/A
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DAPI Life technology Cat#D1306

DNase | Roche Cat#10104159001
Dulbecco’s modified Eagle’s medium Gibco Cat#C11965500BT
Fetal bovine serum Gemini Cat#900-108

Fluoromount-G

SouthernBiotech

Cat#0100-01

HEPES Thermo Fisher Cat#15630080
IL-2 PEPROTECH Cat#589104
Intracellular Staining Permeabilization Biolegend Cat#420801
Wash Buffer (10x)

L-glutamine Thermo Fisher Cat#25030081
Matrigel BD Cat#356231
Non-essential amino acids Thermo Fisher Cat#11140050
NP-40 Solarbio Cat#9016-45-9
Nuclease P1 Sigma Cat#N8630
PBS Solarbio Cat#P1031
Polybrene Sigma Cat#TR-1003
Propidium lodide Biolegend Cat#421301
protease inhibitor cocktail Thermo Fisher Cat#87786
puromycin Solarbio Cat#p8230
Streptavidin Magnetic Beads Biolabs Cat#S1420S
TRIzol reagent Invitrogen Cat#15596018
Trypan Blue Gibco Cat#15250061
TrypLE Gibco Cat#12604013
Critical commercial assays

BCA protein assay kit Thermo Fisher Cat#23227
DNA Clean and Concentrator-5 Kit Zymo Cat#D4014
Dynabeads mRNA direct purification kit Thermo Fisher Scientific Cat#61002
EasyScript One-Step gDNA Removal and TransGen Cat#AE-311
cDNA Synthesis SuperMix

EasySep Mouse CD8+ T Cell Isolation Kit STEMCELL Technologies Cat#19853A
EpiMark N6-methyladenosine NEB Cat#E1610S
enrichment kit

Glucose stress fuel flex test kits Agilent Cat#103020
Gibson assembly master mix-assembly NEB Cat#E2611L
IFN-y Flex Set CBA assay BD Cat#558296
iTAg Tetramer/H-2Kb-OVA (SIINFEKL) MBL Cat#T03000
PrimeSTAR HS DNA Polymerase Takara Cat#R010A
RNA Clean&Concentration-5 Zymo Research Cat#R1016
RNA Fragmentation Reagents Invitrogen Cat#AM8740
RNeasy Plus Micro Kit QIAGEN Cat#74034
SMARTER Stranded Total RNA-seq Kit V2- Clontech Cat#634418
Pico input

SuperSignal West Femto Maximum Thermo Fisher Scientific Cat#34096
Sensitivity Substrate

West Dura Extended Duration Substrate kit Thermo Fisher Cat#34075

Deposit data

m®A-seq (Raw and analyzed data)
RNA-seq (Raw and analyzed data)
ATAC-seq (Raw and analyzed data)
Structural complex of FTO/Dac51

This paper
This paper
This paper
This paper

GEO: GSE154952
GEO: GSE154952
GEO: GSE154952
PDB: 7CKK
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: cell lines

B16-OVA Laboratory of R.R.W. N/A

LLC ATCC CRL-1642
MC38 (Deng et al., 2014) N/A
Experimental models: organisms/strains

C57BL/6 mouse Charles River Laboratories N/A
Rag2-/- mouse Jackson Laboratory N/A
Oligonucleotides

5-AUUGUCA(mM®A)CAGCAGC-3' Genescript, China N/A
5-ATTGCCATTCTCGATAGG(dm6A) Generay, China N/A
TCCGGTCAAACCTAGACGAA-3

5'-GUAAACUUGCAGUUUAUGUAU-3’ Biosyntech, China N/A
5-UUCUCCGAACGUGUCACGUUU -3 Biosyntech, China N/A
Recombinant DNA

pLKO.1-shFto-1 Sigma N/A
pLKO.1-shFto-2 Sigma N/A
pLKO.1-shNC Sigma N/A
Software and algorithms

Bowtie v1.2.2 (Langmead et al., 2009) http://bowtie-bio.sourceforge.net/

Bowtie2 v 2.3.5

FastQC v0.11.8

HOMER
IGV

MACS2 v2.1.3

Picard toolkit
Trim Galore! v 0.6.0

Wave software

(Langmead and Salzberg, 2012)
https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/

(Heinz et al., 2010)
(Robinson et al., 2011)

(Zhang et al., 2008)

http://broadinstitute.github.io/picard/
(Martin, 2011)

Seahorse/Agilent

index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml
https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/
http://homer.ucsd.edu/homer/
http://software.broadinstitute.org/
software/igv/
https://github.com/macs3-project/ MACS/
wiki/Install-macs2
http://broadinstitute.github.io/picard/
https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/

https://www.agilent.com/zh-cn/product/
cell-analysis/real-time-cell-metabolic-
analysis/xf-software

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Meng
Michelle Xu (michellexu@mail.tsinghua.edu.cn).

Materials availability

All cell lines, plasmids, and other stable reagents generated in this study are available from the Lead Contact with a completed Ma-

terials Transfer Agreement.

Data and code availability

Coordinates of the FTO-Dac51 structure have been deposited in the RCSB Protein Data Bank under accession number 7CKK.
The sequencing data have been deposited in Gene expression Ominibus (GEO) repository with the accession number

GSE154952.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Care and maintenance of mice

All mice were housed under the specific pathogen-free condition. All mice were used in accordance with Tsinghua University Animal
Ethics Committee guidelines. Female specific-pathogen-free C57BL/6 mice were purchased from Charles River Laboratories and
female specific-pathogen-free Rag2”~ mice were purchased from Jackson Laboratory. Mice of ranging in age from 8-12 weeks
were used for experimentation.

Non Small-cell Lung Carcinoma (NSCLC) organoids
NSCLC organoids were established from tumor cells isolated from ascites or surgery samples. Tissue samples were obtained from
patients with advanced NSCLC after ethical approval (LL2020K060).

Cell culture

B16-OVA is an OVA transfected clone from mouse melanoma cell line B16-F10 (ATCC, CRL-6475) as previously described (Han
et al., 2019). LLC cell line was established in the lungs of tumor-bearing C57BL/6 mice. LLC-zsGreen-OTlp (LLC-OZ) was sorted
as zsGreen positive after being transfected by lentivirus expressing zsGreen-OTlp (SIINFEKL). MC38 cell line was derived from
chemically induced grade Ill adenocarcinoma in C57BL/6 mice (Deng et al., 2014). All cell lines were verified to be mycoplasma nega-
tive. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Gemini), 2 mM L-glutamine (Thermo Fisher), 10 mM HEPES (Thermo Fisher), and 1% non-essential amino acids
(NEAA, Thermo Fisher) at 37°C in 5% CO,. Cell growth was monitored, and cell numbers were counted every 24 hr with Trypan Blue
(Gibco) staining.

METHOD DETAILS

Lentiviral transduction of tumor cells

Lentivirus-induced Fto-Kd was conducted in B16-OVA and LLC cells. 3 ng PLKO.1 plasmid of shNC or shFto (Sigma), 1 ng
pCMVdelta8.2 packaging vector and 1.5 ug PVSV-G enveloped vector were co-transfected into HEK-293T cells in 60 mm cell-culture
dishes (NEST). After 48 and 72 hr, virus-containing supernatant was collected and filtered through a 0.45 um PES Syringe Filter
(Thermo Fisher), and then were used to infect tumor cells in the presence of 8 ng/ml Polybrene (Sigma). Finally, 5 ng/ml puromycin
(Solarbio) for B16-OVA cells or 4 ng/ml puromycin for LLC cells was added to select the positive infected cells for 5 days and stable
cell lines were further maintained under puromycin.

m°®A dot blot assay on total RNA or mRNA

The shNC/shFto-1 B16-OVA or LLC cells were cultured with indicated concentrations of Dac51 for 48 hr. Then the cells were
washed with ice-cold PBS buffer and total RNA was extracted according to the instruction of TRIzol (Thermo Fisher Scientific).
The concentration of total RNA sample was determined by Nanodrop 2000. Dynabeads mRNA direct purification kit (Thermo
Fisher Scientific) was used for mRNA isolation from the total RNA samples. 75 ng total RNA was diluted with binding buffer
(20 mM Tris-HCI (pH 7.5), 1.0 M LiCl, and 2 mM EDTA) to 100 pl and heated to 65 °C for 2 min and then immediately placed
on ice for 5 min to denature. Every 75 ng total RNA was added to 1 mg beads, mixed thoroughly, and rotated for 5 min at
room temperature. After that, the samples were washed by washing buffer (10 mM Tris-HCI (pH 7.5), 150 mM LiCl, and 1 mM
EDTA) for three times. mMRNA was eluted with 10 mM Tris-HCI (pH 7.5) by heating to 80°C for 2 min. The concentration of
mRNA samples was determined by Nanodrop 2000. Indicated amounts of total RNA or mRNA samples were loaded to hy-
bond-N+ membrane (GE Healthcare) followed by UV crosslinking for 3 min. The membrane was then blocked in 5% milk in
PBST buffer for 1 hr and incubated with the m®A antibody (Abcam) at 4 °C overnight. After washed with PBST buffer, the mem-
brane was incubated with the HRP-conjugated goat anti-rabbit IgG (Cwbio) at room temperature for 1 hr, followed by PBST buffer
washing. After developed with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific), the loading
control was established through staining of the membrane by 0.1% Methylene Blue (MB) and washed with ddH,O until satisfying
dots were obtained.

Tumor growth and treatment

When cell confluence reached 80% of the 100 mm plate, we removed the culture medium, washed the cells once with PBS, digested
with 1 ml Trypsin at 37 °C for 1 min, and neutralized with 2 ml medium containing 10% FBS. After a washing step, 5 x 10° shNC
/shFto-1 B16-OVA or LLC tumor cells were resuspended in PBS and subcutaneously injected into the flank of C57BL/6 mice. Tumor
volume was measured by length (a) and width (b) and calculated as Tumor Volume = a - b%/2. For Rag2™" mice, 2 x 10° B16-OVA
tumor cells were inoculated into the flank of mice. For Dac51 treatment, DMSO-resolved Dac51 was diluted in PBS and injected into
tumor-bearing mice intraperitoneally with a dosage of 2 mg/kg for 3 consecutive days from day 7 to day 9. For anti-PD-L1 treatment,
5 x 10° B16-OVA or MC38 tumor cells were administrated into the flank of mice. On day 10 and day 14, a total 200 pg anti-PD-L1
(BioXCell; clone:10F.9G2) or Rat Immunoglobulin (Rat Ig) (BioXCell) were diluted in PBS before use and injected into tumor-bearing
mice intraperitoneally. The bodyweight of mice was recorded on day 32. Mice with MC38 tumors smaller than 1000 mm?® were
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considered to be surviving. For tumor re-challenge, tumor-free mice were re-challenged with 5 x 108 MC38 tumor cells on the oppo-
site side three months after the regression of the primary tumors. Naive mice were used as controls.

Detection of antigen-specific T cell response

spleens and tdLNs were obtained from shNC or shFto-1 B16-OVA tumor-bearing mice 15 days post tumor cell inoculation. Spleens
and lymph nodes were dissected into single-cell suspensions. 5 x 10° cells were seeded and stimulated with 1 pg/ ml OTI peptide
(SIINFEKL) for 72 hr in a 96-well plate. The production of IFN-y in the supernatant was detected by Cytometric Bead Array assay
(Thermo Fisher). The concentration of IFN-y was assessed by a standard curve from flow cytometry.

Flow cytometry

Flow cytometry was performed according to the previously published paper with some modifications (Broz et al., 2014). shNC or
shFto-1 B16-OVA tumor tissues were digested at 37 °C for 30 min with 1 mg/ml Collagenase D and 0.1 mg/ml DNase | (Roche). Diges-
tion was stopped by EDTA and cells were filtrated through 70 um cell strainers and washed twice with PBS containing 1 mM EDTA
and 2% FBS (staining buffer). Cells were re-suspended in the staining buffer and stained with following antibodies on ice for 30 min:
anti-CD45, anti-CD11b, anti-CD11c, anti-F4/80, Ly6C, anti-I-A/I-E, anti-CD24, anti-CD4, anti-CD8, anti-CD69, anti-H-2KP®, anti-IFN-
v and anti-Granzyme B were purchased from BioLegend. Tumor-associated macrophage 1 (TAM1, CD45*Ly6C'°MHCII*CD24'°F4/
80*CD11b*), TAM2 (CD45*Ly6C'°MHCII*CD24'°F4/80"CD11c*), dendritic cells (CD45*Ly6C'°MHCII*CD24™), monocytes (CD45"
CD11b*Ly6C") and neutrophils (CD45*CD11b*Ly6C™) were determined in tumor microenvironment by flow cytometry. To detect
antigen-specific T cells in tumors, samples were stained with iTAg Tetramer/H-2KP-OVA (SIINFEKL) (MBL) for 1 hr on ice. For intra-
cellular staining, cells were fixed with fixation buffer (Biolegend) on ice for 15 min, and then washed twice with 1 X Intracellular Stain-
ing Permeabilization Wash Buffer (10x) (Biolegend). Antibodies against IFN-y (Clone XMG1.2) and Granzyme B (Clone: QA16A02)
were added and incubated for 1 hr on ice. The cytokine producing cells were determined by flow cytometry. For assessment of
apoptosis, Dac51 treated B16-OVA cells were performed Annexin V (Biolegend) and Propidium lodide (Biolegend) staining according
to the manufacturer’s instructions. The apoptotic cells were then analyzed through flow cytometry. The flow cytometry data were
collected on Fortessa (BD) and analyzed by FlowJo (Tree Star). For cell sorting, OTI CD8* T cells that were co-cultured with tumor
cells for 6 hr were collected and washed with culture medium. Re-suspended cells were stained with anti-CD8a. antibodies (Clone:
53-6.7) for 30 min on ice. After a washing step, cells were sorted on a BD FACS Arialll (BD) and lysed in the buffer RLT plus (QIAGEN).
Total RNA was extracted by RNeasy Plus Micro Kit (QIAGEN) for subsequent RNA-seq.

Tumor-infiltrating T cells in vitro re-stimulation

LLC shNC/shFto-1 tumor-bearing mice were sacrificed on day 9. Collected tumor tissues were digested with 1 mg/ml Collagenase D
and 0.1 mg/ml DNase | (Roche) for 30 min at 37 °C. The digestion was stopped by EDTA and cells were filtered through 70 um cell
strainers. 5 x 10° cells were stimulated with Phorbol 12-Myristate 13-Acetate (PMA) (2.5 pg/ml) and ionomycin (10 pg/ml), and
blocked with Brefeldin A (BFA, Thermo Fisher) for 3 hr at 37 °C. After a washing step, cells were stained with CD45 (Clone: 30-
F11) and CD8 (Clone: 53-6.7) for 30 min on ice and intracellular staining was performed as described in flow cytometry.

Immunofluorescence

Tumor tissues were collected from B16-OVA or LLC shNC/shFto-1 tumor-bearing mice on day 15. Tumor tissues were embedded in
OCT (Sakura 4583) and froze in—80 °C. Tissues were cut into 8 um pieces transversally and adhered to microscope slides (ZSGB-BIO
ZLI1-9506). Sections were then blocked with 5% goat serum (ZSGB-BIO) for 1 hr and incubated with antibodies directly against CD8a.
(KT15) at 4°C overnight in the dark. The slides were washed 3 times with PBS. 1 ug/ml DAPI (Life technology) were added and incu-
bated for 5 min. After a final wash step, sections were mounted using the Fluoromount-G (SouthernBiotech 0100-01). Immunofluo-
rescence was visualized utilizing a confocal microscope (ZEISS LSM880).

T cell co-culture assay

For Fto-Kd cells, 1 x 10° B16-OVA or LLC-OZ cells per well were seeded into the 96-well plates (NEST) with RPMI 1640 complete
medium and pre-incubated for 2 hr. OTI CD8" T cells were isolated from the lymph nodes and spleens of OTI mice using EasySep
Mouse CD8* T Cell Isolation Kit (STEMCELL). Purified OTI CD8" T cells were co-cultured with tumor cells at a ratio of 2.5:1 for 0-16 hr
in RPMI-1640 containing 50 U/ml IL-2 (PEPROTECH), 10% FBS, 10 mM HEPES, 100 uM NEAA and 50 uM B-Mercaptoethanol. Two
hr before cell collection, Brefeldin A (BFA, BioLegend, 1:1000) was added to block cytokine secretion. T cells were washed and re-
suspended in staining buffer and stained with anti-CD8q. (Clone: 53-6.7) and anti-CD69 (Clone: H1.2F3) antibodies for 30 min on ice.
After a washing step, cells were performed intracellular staining as previously described in Flow Cytometry. For inhibitor treatment,
B16-OVA cells were pre-treated with 1 uM or 5 uM Dac51 for 48 hr, and control cells were treated with DMSO. Before the co-culture
was performed, pretreated tumor cells were washed twice with DMEM and re-suspended in RPMI 1640. The processes of cell co-
culture and staining were following the same steps above.

T cell killing assay
2 ug/ml anti-CD3 (Biolegend) was coated to the culture dish and incubated at 4 °C overnight. Lymphocytes were obtained from lymph
nodes of OTI mice. After the lymphocytes were resuspended, 0.5 ug/ml of anti-CD28 (Biolegend) was added to the anti-CD3-coated
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culture plate for 48 hr. 1 x 10° B16-OVA cells were seeded into wells of a 96-well plate (NEST) with complete medium and the acti-
vated T cells were added. Dead tumor cells were counted by Trypan Blue staining after co-culture 6 hr.

T cell stimulation

Each well of 96-well plate was coated upon incubation for 12 hr in a 4°C freezer with 2 ng/ml anti-CD3 (BioLegend) in PBS. Then
removing the solution and carefully washing each well with 100ul PBS, 5 x 10° Lymph node cells were cultured per well 100 pL
1640 completed medium containing 0.5 ug/ml anti-CD28 (BioLegend) 48 hr for stimulation.

Ex-vivo dendritic cells priming assay

CD103* dendritic cells (B220'MHC 1I"CD11¢c* CD11b°CD103"*) were sorted from draining lymph nodes of B16-OVA shNC/shFto-1
bearing mice on day 6 post tumor cell inoculation, and co-cultured with OTI T cells at a ratio of 1:10 for 3 days. IFN-y production in the
supernatant of medium was detected by IFN-y Flex Set CBA assay (BD).

Seahorse XF96 respirometry

2 x 10* per well B16-OVA shNC/shFto-1 cells were seeded in the XF96 plate and stabilized overnight. The extracellular acidification
rate (ECAR) was measured by the XF96 extracellular flux analyzer with glucose stress fuel flex test kits (Agilent). Measurements of
ECAR were performed according to the manufacturer’s instructions. The results were analyzed using Wave software (Seahorse/Agi-
lent). For Seahorse analysis with Dac51 treatment, B16-OVA shNC/shFto-1/shFto-2 cells pre-treated with 5 uM Dac51 for 16 hr and
then conducted ECAR as described above.

LC-MS analysis of metabolites

shNC or shFto-2 B16-OVA cells were seeded in 100 mm dishes and cultured. When cells were approximately 60%-70% density, the
cells were washed twice by PBS and cultured in medium with '3C-labeling glucose and 10% dialyzed FBS (Sigma) for 1 hr. Cells were
collected and washed with PBS and metabolites extracted using cold 80% methanol. Then, extracts were further spun at 13,300 rpm
for 10 min and collected supernatants at 4 °C. The metabolites were subjected to vacuum freeze-drying.

The Dionex Ultimate 3000 UPLC system was coupled to a TSQ Quantiva Ultra triple-quadrupole mass spectrometer (Thermo
Fisher, CA), equipped with heated electrospray ionization (HESI) probe. Extracts were separated by a synergi Hydro-RP column
(2.0 x 100 mm, 2.5 um, phenomenex). A binary solvent system was used, in which mobile phase A consisted of 10 mM tributylamine
adjusted with 15 mM acetic acid in water, and mobile phase B of methanol. This analysis used a 25 min gradient from 5% to 90%
mobile B. Data acquired in selected reaction monitoring (SRM) for metabolites in positive-negative ion switching mode. The resolu-
tion for Q1 and Q3 are both 0.7 FWHM. The source voltage was 3500 v for positive and 2500 v for negative ion mode. The source
parameters are as follows: capillary temperature: 350 °C; heater temperature: 300 °C; sheath gas flow rate: 35; auxiliary gas flow
rate: 10. Tracefinder 3.2 (Thermo, USA) was applied for metabolite identification and peak integration.

RNA-seq and m®A-seq

Total RNA was extracted from 1 x 10° B16-OVA cells by using TRIzol reagent (Invitrogen). For RNA-seq, 10 ng total RNA was used to
construct RNA library using SMARTER Stranded Total RNA-seq Kit V2-Pico input (Clontech). For m®A-seq, mRNA was purified with
Dynabeads mRNA Purification Kit (Invitrogen). 100 ng mRNA was fragmented into ~150 nt with RNA Fragmentation Reagents (In-
vitrogen) at 94 °C for 45 sec. 0.5 pl of each sample was saved as input. Fragmented RNA was used for m®A immunoprecipitation
(m®A-IP) with the EpiMark N6-methyladenosine Enrichment Kit (NEB) according to the manufacture’s protocol. RNA was enriched
through RNA Clean & Concentration-5 (Zymo Research) and used for library construction with SMARTer Stranded Total RNA-seq
Kit V2-Pico input (Clontech).

Cytosol and nucleus separation and western blotting

For cytosol and nucleus separation, 1.5 x 10° shNC or shFto-1 B16-OVA cells were washed twice with ice-cold PBS (Solarbio), then
re-suspended with 400 pl Cyto-Lysis Buffer (10 mM HEPES, 10 mM KCI, 0.1 mM EDTA, and 0.1 mM EGTA) containing protease in-
hibitor cocktail (Thermo Fisher) and incubated for 15 min on ice. We added 12.5 ul 10% NP-40 (Solarbio) into the suspension and
vortexed for 15 sec, immediately followed by centrifuging at 14,000 rpm for 1 min. The supernatants were saved as cytosolic frac-
tions. The pellets were further lysed with RIPA lysis buffer for 30 min on ice and the supernatants after centrifugation were saved as
nuclear fractions. The cytosolic fractions and nuclear fractions were used for Western Blotting. For whole-cell lysate preparation,
cells were lysed in RIPA lysis buffer (Invitrogen) containing protease inhibitor cocktail (Thermo Fisher) for 30 min on ice and centri-
fuged at 13,000 rpm for 5 min. Protein concertation of cell lysates was measured by a BCA protein assay kit (Thermo Fisher). Samples
were boiled at 95 °C for 10 min with 5 x sample loading buffer (Thermo Fisher). A total of 20 ug proteins per sample were loaded into
SDS-PAGE gel and transferred to PVDF membrane (Life Technologies). Membranes were blocked with TBST containing 5% non-fat
dry milk for 30 min at room temperature, followed by incubation with the primary antibody overnight at 4 °C. Antibodies used in this
paper were listed below: anti-FTO (Abcam), anti-c-Jun (Cell signaling technology), anti-C/EBPB (Abcam), anti-JunB (Cell signaling
technology), anti-FLAG (TransGen biotech), B-Actin antibody (Proteintech), B-Tubulin antibody (CMC-tag), anti-c-Myc (CST), anti-
B-Actin-HRP (Santa Cruz Biotechnology), anti-GAPDH (Engibody), HRP-conjugated goat anti-rabbit IgG (Cwbio) and HRP-conju-
gated goat anti-mouse IgG (Cwbio). Phosphorylation-specific antibody to STAT1 was from Cell Signaling Technology. Then, the
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membranes were washed with TBST and incubated with diluted HRP-conjugated secondary antibodies for 1 hr at room temperature.
HRP signals were detected using West Dura Extended Duration Substrate kit (Thermo Fisher) and visualized with a Minichemi 610
chemiluminescent imager (Sagecreation).

RT-gPCR

Total RNA from tumor cells was extracted using TRIzol reagent and cDNA was synthesized using EasyScript One-Step gDNA
Removal and cDNA Synthesis SuperMix (TransGen). RT gPCR was performed using TransStart Top Green gPCR SuperMix (Trans-
Gen) on the StepOnePlus system (ABI). The gPCR conditions were 94 °C for 30 sec; followed by 40 cycles of 94 °C for 5 sec and 60 °C
for 31 sec. Amplification of specific transcripts was confirmed by melting curve profiles generated at the end of the PCR program.
Expression levels of target genes were normalized to the expression of the Actb or Hprt gene and were calculated based on the
comparative cycle threshold method (272 4,

ATAC-seq

Omni-ATAC was performed according to a previous protocol with some modifications (Corces et al., 2017). 5 x 10* viable shNC
or shFto-1 B16-OVA cells were collected and pelleted for each sample. The permeabilization was performed by adding 50 pl cold
ATAC-Resuspension Buffer (RSB, 10 mM Tris-HCI (pH 7.5), 10 mM NaCl, 3 mM MgCl,) containing 0.1% NP40, 0.1% Tween-20,
0.01% digitonin and incubated on ice for 3 min. After stopping the reaction by adding 1 ml cold ATAC-RSB containing 0.1%
Tween-20, each cell pellet was resuspended in 50 pl transposition mixture [25 ul 2 x TD buffer (20 mM Tris-HCI (pH 7.5),
10 mM MgCl,, 20% Dimethyl Formamide), 2.5 pl transposase (100 nM final), 16.5 pl PBS, 0.5 ul 1% digitonin, 0.5 ul 10%
Tween-20, 5 pl H,O] and incubated at 37 °C for 30 min in a thermomixer with 1000 rpm mixing. The samples were cleanup
with DNA Clean and Concentrator-5 Kit (Zymo). DNAs were eluted in 22 pl nuclease free water. The 5-cycle pre-amplification
were performed in the following 50 pl system: 25 uM Primer N502 2.5 ul, 25 pM Primer N70X 2.5 pl (see lllumina Nextera Trans-
posase Adapters), Q5 High-Fidelity 2 x Master Mix (NEB, M0492S) 25 ul, and transposed sample 20 ul. Then gPCR was per-
formed to determine additional cycles. The qPCR system (10 pl) was: nuclease free water 1.2 pl, 25 uM Primer N502 0.25 pl,
25 uM Primer N70X 0.25 pl, 2 x TransStart Top Green gPCR SuperMix (TransGen) 5 pl and pre-amplified sample 3.3 pl. Then
the remainder of the pre-amplified DNA was used to run the required number of additional cycles (5-6 cycles). Finally, the samples
were purified twice with 1.2 x Agencourt AMPure XP (Beckman Coulter). The libraries were sequenced on lllumina HiSegX10 plat-
form with paired-end 150 bp mode.

dCas13b-FTO system

The original dCas13b-FTO plasmid was a gift from Chuan He, and the generation of dCas13b-FTO-gRNA plasmids was according to
previously published procedures (Rauch et al., 2018). FTO binding sites of transcription factors and m®A modification sites were ob-
tained through our previous bioinformatic data analysis. The fragments of the dCas13b-gRNA plasmids were generated with the
primers listed in Table S3 and PrimeSTAR HS DNA Polymerase (Takara) and then assembled by Gibson assembly master mix-as-
sembly (NEB). The sequences of the dCas13b-gRNA plasmids were verified by the double digests and further sequenced by
ShangHai MAP Biotech B16-OVA cells were plated in 6-well plates (NEST) and transfected with 3.9 ng dCas13b-FTO wt/mutant
and 3 ng gRNA plasmids for 48 hr. Subsequently, the cells were washed with 1 x PBS and subjected for RT-qPCR analysis with
the primers listed in Table S3 and western blot assay with the FTO antibody (Abcam), c-Jun antibody (Cell signaling technology,
9165S), C/EBPS antibody (Abcam), JUNB antibody (Cell signaling technology), FLAG antibody (TransGen biotech), B-Tubulin anti-
body (CMC-tag), B-Actin antibody (Proteintech), HRP-conjugated goat anti-rabbit IgG (Cwbio) and HRP-conjugated goat anti-mouse
IgG (Cwbio). For co-culture assay, B16-OVA cells transfected with dCas13b-FTO and guide RNA were co-cultured with purified OTI
CD8™" T cells for 8 hr following the previously described procedures.

4sU labelling and mRNA stability

The 100 mm plate of shNC or shFto-1 B16-OVA cells were treated with 500 uM 4sU at 70% confluency. Cells were harvested at
different time intervals (15 and 30 min after treatment). To biotinylate the 4sU labeled RNA, 25 ng total RNA was incubated with
50 pg HPDP-Biotin in biotinylation buffer for 3 hr. The biotinylated RNA was purified from the excess of HPDP-Biotin using
phenol-chloroform-isoamyl alcohol. RNA was precipitated with 1/10 volume of 5 M NaCl and an equal volume of isopropanol
then centrifuged at 20,000 x g for 20 min. The pellet was washed with 500 ul 80% ethanol and dissolved in 20 pl RNase-free water.
RNA samples were next denatured at 65 °C for 10 min followed by rapid cooling on ice for 5 min. Biotinylated RNA was separated
from non-labelled RNA using Streptavidin Magnetic Beads (NEB). Beads (125 pl) were added to each sample and incubated for
15 min at room temperature, then washed with wash/binding buffer (0.5 M NaCl, 20 mM Tris-HCI and 1 mM EDTA) and low salt
wash buffer (0.15 M NaCl, 20 mM Tris-HCl and 1 mM EDTA). 4sU-RNA was eluted from beads with 100 pl freshly prepared DTT buffer
and incubate for 5 min. The pre-existing RNA and newly transcribed RNA were recovered by ethanol precipitation at -80 °C for 1hr.
RNA was collected with centrifugation at 20,000 x g for 20 min at 4 °C and dissolved in RNase free water. Before the cDNA synthesis,
unmodified control RNA (NEB) was added to each sample (0.013 pmol per sample) and reverse transcription was conducted. Then
qPCR was performed to determine additional cycles.

The ratio between pre-existing and newly transcribed RNA k was estimated by
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A:, pre — existing x Ao, newly — transcribed

~ A;, newly — transcribed x A,, pre — existing

where t is 4sU incubation time (min), A; and A, represent mRNA quantity at time t and time 0.

Expression and purification of FTO protein

The FTO 4n37 gene was cloned into the pET28a vector and then transformed into E. coli BL21 (DE3) cells for expressing of His-tag
fusion human FTO with N-terminal 31 residues truncated. The cells were cultured at 37 °C until Aggg reached 0.6-0.8 and then the
expression of FTO was induced by 0.5 mM Isopropyl B-D-Thiogalactopyranoside overnight at 16 °C. FTO was purified in turn by Hi-
sTrap HP column, MonoQ column and Superdex 200 (GE Healthcare). The purities of target proteins were checked by the 12% SDS-
PAGE and protein concentration was determined by the absorbance at 280 nm.

Inhibition of Dac51 on FTO demethylation of m®A-contianing RNA

The inhibitory activity of Dac51 on FTO was determined by a high-performance liquid chromatography (HPLC)-based assay ac-
cording to the previously described methods (Huang et al., 2015, 2019b). 5.0 uM 15-mer ssRNA (5'-AUUGUCA(m®A)CAGCAGC-
3', Genescript) was incubated with 0.3 uM FTO at room temperature for 3 hr in the buffer containing 280 uM (NH,),Fe(S04),, 2 mM
L-ascorbic acid, 300 uM 20G, and 50 mM Tris-HCI (pH 8.0), with various concentrations of Dac51. Then the reaction was
quenched at 65 °C for 10 min. Then 300 pl anhydrous ethanol, 10 pl 3 M sodium acetate (pH 5.2), and 10 pl glycogen was added
to 100 pl samples to precipitate the ssRNA at -80 °C overnight. The precipitation was collected by centrifugation and then sub-
jected to digestion by nuclease P1 (Sigma) at 42 °C with 100 mM CH3zCOONH, for 8 hr. Then the pH of the enzyme digestion
system was adjusted to 9.0 with 2 M NH,HCO; followed by digestion of alkaline phosphatase (Sigma). The amount of m®A in
the final products was quantified by HPLC (Agilent 1100) and the IC5, was calculated with GraphPad Prism 5.0 according to
the inhibitory percentage on the demethylation of FTO under various concentrations of Dac51. All reactions were performed in
triplicate.

Crystallization and structure determination of FTO-Dac51 complex

Crystals of FTO-Dac51 complex were obtained under the condition of 0.1 M sodium citrate (pH 5.8), 12% (w/v) polyethylene glycol
(PEG) 3350, and 8% isopropanol in a hanging-drop vapor-diffusion method at 20 °C. Before subjected to diffraction, the crystals were
cryo-protected using 20% (v/v) glycerol and flash-frozen in liquid nitrogen. Diffraction data were collected on the BL19U1 beamline at
the Shanghai Synchrotron Research Facility (SSRF). After data processing within HKL2000, the structure of FTO-Dac51 was deter-
mined by molecular replacement using the FTO/MA complex structure (PDB: 4QKN) as search model. The structural model of FTO-
Dac51 complex was built using COOT and computational refinement was performed in REFMACS5.

Cellular Thermal Shift Assay (CESTA)

This assay was performed according to the previously described protocol (Martinez Molina et al., 2013). 1.5 x 10" B16-OVA or LLC
cells were collected, washed with ice-cold 1 x PBS and subjected to freeze-thaw cycles with liquid nitrogen in the lysis buffer (50 mM
Tris-HCI (pH 7.5), 150 mM NaCl, and 2 mM DTT) plus protease inhibitor cocktail. After centrifugation, the supernatant was incubated
with various concentrations of Dac51 for 25 min and then transferred into the PCR tubes followed by denaturing at indicated tem-
peratures for 3 min. Then the samples were centrifuged, and the supernatant was analyzed by western blotting assay with the
FTO antibody (Abcam), B-Actin antibody (Proteintech), HRP-conjugated goat anti-rabbit IgG (Cwbio) and HRP-conjugated goat
anti-mouse IgG (Cwbio).

Cell treatment

For Dac51 treatment, 5 x 10° B16-OVA cells were treated with Dac51 at a final concentration of 1 uM or 5 uM for 48 hr. For IFN-y
treatment, 1 x 10° B16-OVA cells were treated with 5 or 10 ng/ml IFN-v for 16 hr. For oligomycin treatment, 1 x 10° B16-OVA cellsin
the 96-well cell culture plate were treated with 2 uM oligomycin for 6 hr.

Sample process and organoid culture

Dissociated tumor cells were collected in Advanced DMEM/F12 (Thermo Fisher), suspended in growth factor reduced (GFR) matrigel
(Corning). The matrigel was then solidified and overlaid with 500 ul of complete human organoid medium, which was subsequently
refreshed every two days until passage. Patient-derived organoids (PDOs) were cultured in Advanced DMEM/F12, supplemented
with 1 x B27 additive and 1 x N2 additive (Thermo Fisher), 0.01% bovine serum albumin, 2 mM L-glutamine, 100 units/ml peni-
cillin-streptomycin, and containing the following additives: EGF, Noggin, R-spondin 1, [Leu15]-Gastrin |, FGF-10, FGF-basic, Wnt-
3A, Y-27632, Nicotinamide, A83-01, SB202190, HGF (PEPROTECH). The colorectal cancer organoids were done following the
method as previously described (Yin et al., 2020).

Drug treatment and Peripheral Blood Mononuclear Cells (PBMC) co-culture

Organoids were harvested and washed with PBS. TrypLE (Invitrogen) was added to resuspend the organoids and these were di-
gested for 10 min at 37 °C. Subsequently, organoids were mechanically dissociated by pipetting, resuspended in 5% Matrigel
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complete growth medium before plating in 50 pl volumes detached 96-well plate. After 30 min at 37 °C, additional 100 pl organoids
complete growth medium was added. Dac51 were added 2 days after plating, 15 ul of each 10 x Dac51 stock solution was
added. After 10 uM Dac51 treatment for 48hr, the pairs of matched PBMC from NSCLC patients were co-culture with NSCLC
organoids at a ratio of 10:1 for 24 hr. IFN-y production in the supernatant of the culture medium was detected by IFN-y Flex
set CBA assay (BD).

General methods for synthesis of compounds

All solvents and reagents were purchased from commercial sources and used as received. 'H NMR, '°F NMR, and '*C NMR
spectra were recorded with a Varian-MERCURY Plus-400, BRUKER 500, or BRUKER 600 NMR spectrometer at room tempera-
ture. NMR spectra were calibrated to the solvent signals of deuterated DMSO-dg or CDCl3. Chemical shifts are reported in ppm (6
scale) as referenced to TMS and coupling constant (J) values are reported in hertz (Hz). Data are presented as follows: chemical
shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublet, t = triplet, g = quartet, m = multiplet, br = broad), coupling
constant, and integration. Low-resolution electrospray ionization mass spectrometry (LRESI) was recorded on a Finnigan LCQ/
DECA spectrometer, and high-resolution electrospray ionization mass spectrometry (HRESI) was recorded on a Micromass Ultra
Q-TOF spectrometer. Flash column chromatography was performed using silica gel (230-400 mesh). Reverse phase flash column
chromatography was run on LISURE Science EZ PLUS 100D instrument. Analytical TLC was performed on silica gel plates and
visualized under ultraviolet light at a wavelength of 254 nm.

Synthesis of the FTO inhibitor Dac51
The synthetic route was shown in Figure S5A. Compounds 3 and 4 were synthesized according to the previously reported synthetic
route (Huang et al., 2019b).

Compound 3. "HNMR (400 MHz, DMSO-dg) 5 13.20 (s, 1H), 9.47 (s, 1H), 7.92 - 8.00 (2H), 7.90 (m, 1H), 7.33 (t, J = 7.8 Hz, 1H), 6.81
(t,J = 7.2 Hz, 1H), 6.25 (dd, J = 7.2, 2.8 Hz, 1H). "*C NMR (126 MHz, DMSO-dj) 5 170.43, 147.09, 137.49, 135.36, 135.09, 134.91,
134.67, 132.01, 119.49, 118.21, 113.60, 112.53.

Compound 4. "H NMR (400 MHz, CDCl3) 5 9.40 (s, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.60 - 7.77 (2H), 7.36 - 7.25 (m, 1H), 6.82 (t, J =
7.6 Hz, 1H), 6.36 (m, 1H), 4.42 (q, J = 7.2 Hz, 2H), 1.45 (t, J = 7.8 Hz, 3H). "®*C NMR (126 MHz, CDCl;) 5 168.53, 146.73, 137.21, 134.92,
134.74,134.57, 133.88, 131.48, 118.74, 117.90, 113.76, 112.31, 60.84, 14.34.

Compound 6. The mixture of compound 4 (3.43 g, 8.8 mmol), 3,5-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
pyrazole 5 (2.94 g, 13.2 mmol), anhydrous K>CO3 (2.43 g, 17.6 mmol), Pd(dppf)Cl, (646 mg, 0.88 mmol) in co-solvents of 1,4-dioxane
and water (88 ml, 10:1 (v:v)) was stirred at 100 °C for 24 hr under N, atmosphere. The reaction mixture was evaporated and subjected
flash column chromatography with silica gel, which provided compound 6 as a white solid (2.16 g, 40% vyield). "H NMR (500 MHz,
DMSO-dg) 3 9.29 (s, 1H), 7.94 (dd, J = 8.0, 1.6 Hz, 1H), 7.60 (s, 2H), 7.45-7.37 (m, 1H), 6.88-6.81 (m, 1H), 6.40-6.31 (m, 1H), 4.37
(@, J = 7.1 Hz, 2H), 2.34 (s, 6H), 1.37 (t, J = 7.1 Hz, 3H). '3C NMR (126 MHz, DMSO-dj) & 167.75, 146.87, 141.70, 134.50, 133.49,
132.90, 132.60, 131.08, 129.11, 117.75, 115.29, 113.51, 111.33, 60.75, 14.16, 10.80. LRESI m/z (% relative abundance) 404.2
(IM+H]*, 100); HRESI m/z calcd for CogH20CIaN3O, [M+H]* 404.0933, found 404.0927.

Compound 7. To an ice-cooled solution of compound 6 (1.8 g, 4.46 mmol) in THF (8 ml) and EtOH (16 ml) was added a solution of
LiOH (535 mg, 22.3 mmol) in water (4 ml) slowly. Then the reaction mixture was stirred at 45 °C overnight. After complete consumption
of compound 6 monitored by TLC, the reaction mixture was concentrated under vacuum. The residue was re-dissolved in water (4 ml)
and acidified to pH 3.0 by aqueous HCI (2.0 M). After filtration, the cake was washed with water (5 ml) and dried to give compound 7 as
awhite solid (1.1 g, 65% yield). "H NMR (600 MHz, DMSO-dg) 5 12.62 (s, 1H), 10.01 (s, 1H), 7.92 (s, 1H), 7.57 (s, 1H), 7.49 (s, 2H), 7.30
(s, 1H), 6.76 (s, 1H), 6.30 (s, 1H), 2.26 (s, 6H). '°C NMR (126 MHz, DMSO-dg) 5 170.00, 147.27, 141.12,134.22, 133.36, 132.18, 131.48,
128.69, 117.41, 114.38, 113.15, 111.80, 11.29. LRESI m/z (% relative abundance) 376.2 ((M+H]*, 100); HRESI m/z calcd for
C18H1GC|2N302 ['\/|+H]+ 376.0620, found 376.0620.

Dac51. A solution of compound 7 (1.1 g, 3.0 mmol), O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (527 mg, 4.5 mmol), EDCI
(692 mg, 3.6 mmol), HOBT-H,0 (551 mg, 3.6 mmol) in anhydrous DMF (15 ml) was stirred at room temperature for 24 hr. Fifteen
ml water was added and off-white solid appeared immediately. The solid 8 (1.1 g) was collected by filtration and dried under vacuum.
Compound 8 was used directly in the next step without purification. To a solution of compound 8 (1.19 g, 2.5 mmol) in cosolvents of
MeOH and DCM (8 ml, 1:1 (v:v)) was added TFA (5.7 g, 50 mmol) at room temperature. The obtained mixture was stirred overnight,
and off-white precipitate appeared after the reaction completed. Target compound Dac51 was obtained as TFA salt (967 mg, 64%
yield) after filtration. "TH NMR (500 MHz, DMSO-dg) 8 11.33 (s, 1H), 9.49 (s, 1H), 7.54 (d, J = 7.6 Hz, 1H), 7.50 (s, 2H), 7.27 (t, J = 7.6 Hz,
1H), 6.79 (t, J = 7.4 Hz, 1H), 6.34 (d, J = 8.2 Hz, 1H), 2.28 (s, 6H). "*C NMR (126 MHz, DMSO-dg) 5 166.94, 145.15, 141.67, 133.41,
133.38, 132.65, 132.19, 129.29, 128.26, 118.29, 115.82, 115.11, 114.07, 11.67. "°F NMR (376 MHz, DMSO-dg) & -74.77. LRESI m/z
(% relative abundance) 391.1 ((M+H]*, 100); HRESI m/z calcd for C1gH17CIoN4O5 [M+H]* 391.0729, found 391.0723.

TCGA data analysis

TCGAbiolinks v2.14.1 was used to download HTSeq counts matrix of RNA-seq and clinical information of solid tumors in TCGA
through GDC portal (Colaprico et al., 2016). ENSEMBL ID was mapped to gene symbol with AnnotationDbi R package. For multi-
ple-to-one mapping, the highest value was retained. Gene expression was further normalized to TPM value based on sequencing
depth and the longest transcript length. Only genes with a transcript length of more than 150 bp were included, and only genes
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with an average expression of at least 1 TPM were applied to downstream analysis. The estimation on immune components of TCGA
tumor samples was downloaded from TIMER. TCGA tumor samples were then split into three groups according to their predicted
CD8" T cell infiltration levels by TIMER based on the quartile threshold (Li et al., 2017a). The “CD8 high group” was considered
as inflamed tumors and was used to investigate the potential regulators on CD8 cytotoxicity. The cytotoxic T lymphocyte (CTL) score
was defined as the average expression of five reported signature genes (CD8A, CD8B, GZMA, GZMB and PRF1) to reflect the cyto-
toxicity of tumor-infiltrating T cells. For AML cancer in Table S1, we selected AML samples with relatively high signals of
T cell signatures (exceeding upper quantile) based on the estimation by CIBERSORT and then performed correlation analysis (New-
man et al., 2015). The survival R package was used for survival analysis, and survminer R package was used for visualization. Po-
tential regulators associated with CD8" cytotoxicity T lymphocyte level were identified by calculating pairwise Spearman correction.
One outlier of samples was removed for visualization but included in calculating the correlation in Figure 1B.

RNA-seq data analysis

Quality control on raw sequencing reads was performed by FastQC v0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Adaptor and low quality bases were trimmed by Trim Galore! version 0.6.0, a wrapper tool around Cutadapt and FastQC with
command “trim_galore -q 20 —-three_prime_clip_R1 3 —clip_R2 3 —-phred33 —illumina -stringency 3 —paired —length 36” (Martin, 2011).
Ribosomal RNA was removed by Bowtie2 version 2.3.5 and reads that did not align concordantly were retained and applied to quality
control again with FastQC (Langmead and Salzberg, 2012). Clean reads were then aligned to mm10 mouse genome with STAR
version 2.7.0f in default setting (Dobin et al., 2013). Only alignments with mapping quality more than 20 were used for downstream
analysis. Aligned reads were converted into bigwig format based on BPM normalization in 1 bp bin size with deepTools and visualized
with Integrative Genomics Viewer (IGV) (Ramirez et al., 2014; Robinson et al., 2011). The featureCounts function of Rsubread v2.0.1
was utilized to count gene expression on transcriptome (Liao et al., 2014). Note that DNA contaminant was found in RNA-seq reads of
co-cultured T cell samples, and this was corrected by subtracting the reads aligned to the reverse strand on exons. TPM normali-
zation was performed as described above. Differential expressed analysis was performed by DESeqg2 v1.26.0 (Love et al., 2014).
Only genes with an average expression of at least 1 read among all samples were retained. Differentially expressed genes were
defined as genes with adjust p<0.01 and |log,(fold change)| >0.5.

ATAC-seq data analysis

Quiality control on raw sequencing reads was performed by FastQC v0.11.8. Adaptor and low-quality bases were trimmed by Trim
Galore! version 0.6.0 with command “trim_galore -q 20 -phred33 —nextera —stringency 3 —paired”. Clean reads were then aligned to
mm10 genome by Bowtie2 version 2.3.5 with parameter “-X 2000 —no-mixed —no-discordant” and alignments with mapping quality
more than 20 were retained. Picard toolkit (http://broadinstitute.github.io/picard/) was used to remove duplicates and reads mapped
to blacklist regions were discarded (Amemiya et al., 2019). Fragments below 100 bp were considered as originated from nucleo-
some-free regions and retained for downstream analysis (Buenrostro et al., 2013). Reads were then converted into bigwig format
based on BPM normalization in 1 bp bin size with deepTools and visualized with IGV. MACS2 v2.1.3 was applied to call peak
with parameter “-g mm —nomodel -shift -100 —extsize 200 -f BAM —keep-dup all” (Zhang et al., 2008). Diffbind v2.14.0 was used
to merge ATAC-seq peaks to identify consensus peaks and perform differential accessibility analysis (Ross-Innes et al., 2012). Dif-
ferential ATAC-seq peaks were defined as peaks with an absolute value in “Fold” column more than 0.5 and FDR less than 0.01. Motif
enrichment analysis was performed by HOMER (Heinz et al., 2010). In brief, the binding motifs of transcription factors based on ChIP-
seq experiments were downloaded from ChIPBase database (Zhou et al., 2017), and were utilized as known motif set for HOMER. To
link the regulatory elements with target genes, Activity-by-contact model was utilized to infer to potential enhancer-promoter regu-
lation and to calculate the regulation strength of each enhancer-promoter pair based on the ATAC-seq and H3K27ac ChlP-seq signal
intensity (as well as genomic distance) (Fulco et al., 2019). The predicted regulation strength was multiplied by logs(fold change) of
accessibility to measure the potential effect on expression, termed ‘accessibility effect’. By adding up the accessibility effect on each
gene from corresponding regulatory elements, the regulated genes were divided into two groups, “ATAC up” and “ATAC down”.

Public ChiP-seq data analysis

The H3K27ac ChlIP-seq of mouse melanoma was downloaded from GSE129621 (GSM2698555, GSM2698556) for re-analysis (Lau-
rette et al., 2020). Quality control on raw sequencing reads was performed by FastQC v0.11.8. Bowtie version 1.2.2 with parameter
“-p 20 -m 1 —strata —best -y —sam -1 40” was used to align single-end reads to mm10 mouse genome (Langmead et al., 2009). Only
alignments with mapping quality more than 20 were retained. MACS2 v2.1.3 was applied to call peak with parameter “~nomodel -f
BAM -g mm” (Zhang et al., 2008). The public ChlP-seq peaks of c-Jun, JunB, and C/EBPJ was downloaded from ChlIP-Atlas data-
base and converted to mm10 genome coordinates with LiftOver (Haeussler et al., 2019; Oki et al., 2018).

m®A-seq data analysis

Basic sequencing quality control, sequence alignment, and visualization were performed as described in RNA-seq data analysis.
mPA peaks were called by exomePeak v2.16.0, and 100 bp sequences around peak center were extracted for motif enrichment
with HOMER (Heinz et al., 2010; Meng et al., 2013). Metagene distributions of both m®A reads and m®A peaks were analyzed with
custom R script. In brief, the genomic coordinates of read/peak center were compared with 5’'UTR/CDS/3’UTR annotation of
gene models to define the relative position of each read/peak. m®A methylation ratio was defined as the normalized CPM value of
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IP reads within the m®A peaks divided by the TPM value of the given gene. Differential methylated genes were considered as genes
with at least one differential m®A peak, which was defined as an m°®A peak with a difference on m®A methylation ratio larger than 0.5.

Functional enrichment analysis

For mouse co-culture RNA-seq data, clusterProfiler v3.14.3 was employed to compute enrichment scores on CD8" T effector
markers from previous literature (Pace et al., 2018). For shNC or shFto-1 B16-OVA RNA-seq, functional enrichment analysis
was performed on mouse hallmark gene sets downloaded from http://bioinf.wehi.edu.au/software/MSigDB/ (The last version of
11 October 2016) by clusterProfiler v3.14.3 (Yu et al., 2012). For FTO-mCA direct-regulated genes, the GO terms of molecular function
from MSigDB database were tested for enrichment (Subramanian et al., 2005).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was done using GraphPad Prism 7.0. For comparison of two groups, two-tailed unpaired Student’s t tests or
Mann-Whitney U tests were performed. For comparison of more than two groups, one-way ANOVA comparisons tests were per-
formed. For Kaplan-Meier survival curves, the p values were calculated using the log-rank test. Data are shown as mean + SEM.
and statistical significance was denoted with *(p < 0.05), **(p < 0.01), and ***(p < 0.001) in the figures. Experiments were repeated
two to three times.
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