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m6A RNA methyltransferases METTL3/14 regulate
immune responses to anti-PD-1 therapy
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Abstract

An impressive clinical success has been observed in treating a vari-
ety of cancers using immunotherapy with programmed cell
death-1 (PD-1) checkpoint blockade. However, limited response in
most patients treated with anti-PD-1 antibodies remains a chal-
lenge, requiring better understanding of molecular mechanisms
limiting immunotherapy. In colorectal cancer (CRC) resistant to
immunotherapy, mismatch-repair-proficient or microsatellite
instability-low (pMMR-MSI-L) tumors have low mutation burden
and constitute ~85% of patients. Here, we show that inhibition of
N6-methyladenosine (m6A) mRNA modification by depletion of
methyltransferases, Mettl3 and Mettl14, enhanced response to
anti-PD-1 treatment in pMMR-MSI-L CRC and melanoma. Mettl3-
or Mettl14-deficient tumors increased cytotoxic tumor-infiltrating
CD8+ T cells and elevated secretion of IFN-c, Cxcl9, and Cxcl10 in
tumor microenvironment in vivo. Mechanistically, Mettl3 or
Mettl14 loss promoted IFN-c-Stat1-Irf1 signaling through stabiliz-
ing the Stat1 and Irf1 mRNA via Ythdf2. Finally, we found a nega-
tive correlation between METTL3 or METTL14 and STAT1 in 59
patients with pMMR-MSI-L CRC tumors. Altogether, our findings
uncover a new awareness of the function of RNA methylation in
adaptive immunity and provide METTL3 and METTL14 as potential
therapeutic targets in anticancer immunotherapy.
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Introduction

Immunotherapy has become one of the unprecedented treatment

modalities for multiple cancers by targeting the interactions between

tumor and immune system (Ribas & Wolchok, 2018). The immune

system discriminates exogeneous cells from self through the

recognition of the major histocompatibility complex (MHC) complex-

peptides presented on target cells, e.g., tumor cell, and T cell receptors

(TCR) on immune cells (Schreiber et al, 2011; Khalil et al, 2016),

whereas this recognition alone is not sufficient for initiation of the

immune response. Other regulatory circuits also play important roles

to co-inhibit or co-activate immune cells, the former role is typically

exploited by cancer cells to evade immunosurveillance (Townsend &

Allison, 1993; Sharma & Allison, 2015; Wei et al, 2018b). Among these

negative regulatory pathways, PD-1 (programmed cell death–1) and

CTLA-4 (cytotoxic T-lymphocyte protein 4) have been targeted by

immune checkpoint inhibitors (ICIs) to enhance tumor cell killing by T

cells in immunotherapy (Jenkins et al, 2018). Tumors with mutated

genome are likely to generate peptide neoantigen to recruit and acti-

vate immune cells via MHC complex-TCR recognition in immunother-

apy to induce durable response (Samstein et al, 2019). Although

impressive success has been observed in the clinical practice of ICIs for

tumors with high mutation burden, such as non-small cell lung cancer

(NSCLC) and melanoma, while the failure of response or elapse in

low-mutation-burden cancer patients treated with ICIs remains

common (Alexandrov et al, 2013; Sharma et al, 2017; Ganesh et al,

2019). In addition to mutational load, a number of other useful

biomarkers for ICI responses have been identified including interferon

signatures (Ayers et al, 2017), checkpoint ligand expression, and

inflammation in tumor microenvironments (Kowanetz et al, 2018).

Mismatch-repair deficiency or high level of microsatellite insta-

bility (dMMR-MSI-H) in tumors has emerged as an effective

biomarker to predict solid tumor responses to ICIs (Le et al, 2017;

Mandal et al, 2019). dMMR-MSI-H tumors possess microsatellite

instability (MSI) leading to genetic hypermutability and accumula-

tion of thousands of mutations. These studies are exciting and

provide a proof of concept that reliable biomarkers could provide

important criteria for patient stratification for ICI therapies.

However, mismatch-repair-proficient or microsatellite instability-

low (pMMR-MSI-L) tumors have low mutation burden and consti-

tute ~85% of CRC patients (Ganesh et al, 2019). Apart from the

status of mutation burden, lack of response or being resistant to ICIs

also involves the alternations of molecular mechanisms in both

cancer and immune system as well as their interface (Sharma et al,

2017). Within these alternations, the abnormality of T cells, the
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absence of antigen presentation, and the aberrant oncogenic signal-

ing were revealed by recent studies (Sharma et al, 2017). Therefore,

new mechanisms governing the response and resistance to ICIs ther-

apy need to be discovered. In addition, mechanism-driven biomark-

ers should be identified for guiding cancer immunotherapy for

pMMR-MSI-L tumors in CRC.

N6-methyladenosine (m6A) is the most abundant chemical modifi-

cation in mRNA and lncRNA in eukaryotes (Dominissini et al, 2012;

Meyer et al, 2012; Yue et al, 2015; Meyer & Jaffrey, 2017). In mamma-

lian cells, this epitranscriptomic mark is installed by methyltransferase

machinery comprising a METTL3-METTL14 core and other subunits

(Liu et al, 2014; Ping et al, 2014). The reversal of this modification is

mediated by the alpha-ketoglutarate-dependent dioxygenases FTO and

ALKBH5 (Jia et al, 2011; Zheng et al, 2013). Dynamics of RNA methy-

lation influences a broad range of physiological processes including

RNA metabolism and protein translation mainly through the readout

of YTH family m6A binding proteins (Wang et al, 2014, 2015; Xiao

et al, 2016; Hsu et al, 2017; Li et al, 2017; Nachtergaele & He, 2018).

Aberrant m6A RNA methylation is associated with various diseases

including cancer (Deng et al, 2018; Wu et al, 2019). Recently, studies

have started to provide emerging roles of RNA methylation and its

machinery in tumor initiation, differentiation, and progression (Jaffrey

& Kharas, 2017; Liu et al, 2019). Moreover, elevation of RNA methyla-

tion affects both immune response and melanoma cell sensitivity

within anticancer immunotherapy (Han et al, 2019; Yang et al, 2019).

Despite this discovery, suppression of m6A had also been observed in

the tumorigenesis (Deng et al, 2018). Recently, depletion of ALKBH5

in sensitizing tumors to cancer immunotherapy has been described

where ALKBH5 modulates target gene expression and splicing, leading

to changes in lactate content of the tumor microenvironment, which

regulates the composition of tumor-infiltrating Treg and myeloid-

derived suppressor cells (Li et al, 2020). Remarkably, a small-molecule

inhibitor of ALKBH5 enhanced the efficacy of cancer immunotherapy

(Li et al, 2020). The complex and varied roles of m6A in tumors

suggest that much needs to be done to further understand the impor-

tance and dynamic of this modification in cancer biology and its clini-

cal application. Besides, apart from total mutation burden, whether

RNA methylation pathway involves the insensitivity of refractory

cancer in immunotherapy remains unknown.

Here, we present that the disruption of m6A methyltransferases

enhanced immunotherapy response in pMMR-MSI-L colorectal

cancer through modulating the intratumor microenvironment and

tumor-infiltrating cells. Mechanistically, depletion of Mettl3 or

Mettl14 enhanced IFN-c-Stat1-Irf1 signaling through stabilizing the

Stat1 and Irf1 mRNA mediated by Ythdf2. Our findings uncovered, a

previously unrecognized, mechanism of mRNA methylation in

sensitizing pMMR-MSI-L colorectal cancer to PD-1 blockade, thereby

providing potential new biomarkers and a therapeutic avenue for

this malignant disease refractory to ICIs treatment.

Results

Loss of Mettl3 or Mettl14 sensitizes colorectal carcinoma and
melanoma tumors to anti-PD-1 treatment

So far, the roles of m6A methyltransferases (METTL3 and METTL14)

in cancer immunotherapy have not been investigated. To determine

the biological function of METTL3 and METTL14 in this process, we

employed mouse models using the modestly immunogenic colorectal

cancer cell line CT26 (Kim et al, 2014) and a poorly immunogenic

murine melanoma cell line B16 (Manguso et al, 2017). Loss of Mettl3

and Mettl14 CT26 colorectal carcinoma and B16 melanoma cells

were generated using sgRNA and validated the effect of depletion by

Western blotting (Fig 1A and B). To establish these mouse models,

we first investigated the immune checkpoint-blocking antibody

response in CT26 tumors. We treated BALB/c mice bearing CT26

colorectal carcinoma with control IgG, anti-PD-1, or combined anti-

PD-1 plus anti-CTLA-4 antibodies. Anti-PD-1 antibody had limited

effect on tumor growth and mice survival compared with control IgG

antibody treatment, whereas combined anti-PD-1 and anti-CTLA-4

treatment responded better than anti-PD-1 (Fig EV1A and B), consis-

tent with the previous study (Kim et al, 2014) showing resistance to

anti-PD-1 treatment in colon cancer immunotherapy. Next, Mettl3-

or Mettl14-depleted and control cells were subcutaneously injected

into BALB/c mice, and mice were treated with anti-PD-1 antibody.

Compared to control, the mice bearing Mettl3- or Mettl14-depleted

CT26 tumors showed slower tumor growth (Figs 1C and EV1C) and

prolonged survival (Fig 1E). We also analyzed the effect of Mettl3 or

Mettl14 depletion in a well-established B16 melanoma model where

C57BL/6J mice were treated with combination of anti-PD-1 antibody

and granulocyte-macrophage colony-stimulating factor (GM-CSF)-

secreting irradiated B16 cell vaccine (GVAX), which simulates an

adaptive immune response (Manguso et al, 2017). Consistent with

the results of CT26, Mettl3- or Mettl14-deficient-B16-tumor-bearing

mice exhibited tumor growth inhibition (Figs 1D and EV1D) and

longer survival than controls (Fig 1F). Additionally, we confirmed

that Mettl3 and Mettl14 were efficiently repressed in these mouse

tumors by Western blot (Fig EV1E and F) and found the expression

of Ki-67 was decreased in Mettl3- or Mettl14-depleted tumors using

immunohistochemistry (IHC) staining, which indicated that Mettl3

or Mettl14 null tumors were smaller than control tumors caused

reduced proliferation (Fig EV1G). Then, we assessed whether Mettl3

or Mettl14 depletion alone was able to affect cell or tumor growth

since Mettl3 and Mettl14 are lethal in particular cancer types such as

leukemia (Barbieri et al, 2017; Vu et al, 2017; Weng et al, 2018),

glioblastoma (Cui et al, 2017), and hepatocellular carcinoma (Ma

et al, 2017; Chen et al, 2018). Our observation revealed that all the

cells and tumors with control and Mettl3 or Mettl14 knockout have

quite similar cellular proliferation in vitro (Fig EV2A) and tumor

volume in vivo (Fig EV2B–E). Collectively, these results suggested a

generalizable role of m6A methyltransferases in colorectal carcinoma

and melanoma, where the loss of Mettl3 or Mettl14 sensitizes tumor

to the effect of immunotherapy, but not intrinsically impairs their

growth alone.

Depletion of Mettl3 or Mettl14 increased cytotoxic
tumor-infiltrating CD8+ T cells and altered
tumor microenvironment

To identify the mechanisms by which depletion of Mettl3 or

Mettl14 increased the response to immunotherapy, we analyzed

the immune cell components within the CT26 tumor tissues by

flow cytometry. The immune infiltrates contained significantly

increased CD8+ T cells in both Mettl3 and Mettl14 null tumors

compared to control tumors (Figs 2A and EV3A), whereas no
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differences in the CD4+ T cells, CD45+ cells, and Treg cells were

observed (Fig 2A). Additionally, the level of natural killer (NK)

cells is higher from Mettl14-deficient tumors than that of control

tumors (Fig 2A). In line with the observations of flow cytometry

analysis, we also found that Mettl3- and Mettl14-depleted tumors

had higher expression of CD8 than that of control (Fig 2B). Further

analysis revealed that Mettl3- and Mettl14-depleted tumors

contained a dramatically enhanced granzyme B expression in

CD8+ T cells (Fig 2C). Consistently, compared with control

tumors, we observed increased CD8+ T cells and granzyme B

expression in CD8+ T cells from Mettl3 and Mettl14 null B16

tumors as well (Fig EV3B and C). Taken together, loss of Mettl3 or

Mettl14 improved cytotoxic tumor-infiltrating CD8+ T cells. To

further investigate the contributions of CD8+ T cells to the antitu-

mor response of immunotherapy, we depleted CD8+ T cells using

an anti-CD8 antibody and monitored the tumor growth from mice

bearing control, Mettl3, or Mettl14 null tumors during

immunotherapy. Our results showed that enhanced response to

immunotherapy caused by depletion of Mettl3 or Mettl14 was

completely abolished in both CT26 and B16 tumors (Fig 2D and
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Figure 1. Depletion of Mettl3 or Mettl14 sensitizes CT26 and B16 tumors to immunotherapy.

A, B Immunoblotting were performed to validate Mettl3 or Mettl14 expression levels in CT26 and B16 cells as indicated. Gapdh served as a loading control.
C, D Tumor volume was monitored for control and Mettl3- or Mettl14-depleted tumors with treatment as indicated in CT26 colon cancer and B16 melanoma,

respectively. Data are mean � SEM of the indicated number of mice in each group. n, the numbers of mice. *P < 0.05; ***P < 0.001 by Student’s t-tests.
E, F Survival analysis of control tumors and those with depleted genes were recorded as indicated in CT26 colon cancer and B16 melanoma, respectively. Data are

mean � SEM of the indicated number of mice in each group. n, the numbers of mice. *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t-tests.

Source data are available online for this figure.
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E), indicating that CD8+ T cells are essential for controlling tumor

growth (Ribas & Wolchok, 2018).

CD8+ T cells are multiple cytokine producers (Paliard et al,

1988), which predominately secrete cytokines including IFN-c and

TNFa (Lichterfeld et al, 2004; Pandiyan et al, 2007). IFN-c plays an

important role in tumor immune surveillance (Castro et al, 2018)

via inducing the production of CXCL9 and CXCL10, where these

chemokines facilitate recruitment of CD8+ and CD4+ effector T cells

to suppress tumor growth (Gorbachev et al, 2007; Tokunaga et al,

2018). To address this question, we then analyzed the secretion of

IFN-c, Cxcl9, and Cxcl10 in both mouse serum and intratumor using

ELISA. Our results showed that the production of IFN-c and Cxcl10

was not significantly changed in mouse serum (Figs 2F and EV3F)

except for Cxcl9 (Fig EV3D). Interestingly, we observed a remark-

ably increased concentration of IFN-c (Fig 2G), Cxcl9 (Fig EV3E),

and Cxcl10 (Fig EV3G) in both Mettl3- and Mettl14-deficient intratu-

mor relative to control intratumor. Together, these results indicate a

mechanism where Mettl3 or Mettl14 loss enhanced efficacy of

immunotherapy through modulating production of cytokines and

chemokines in the tumor microenvironment.

Identification of potential targets of Mettl3 and Mettl14

To understand the molecular mechanism of Mettl3 and Mettl14 in

cancer immunotherapy, we employed RNA sequencing (RNA-seq)

to identify the affected genes upon Mettl3 and Mettl14 depletion.

Through analysis of our RNA-seq data, we identified the mRNA

transcript level of 402 genes was upregulated and 282 genes was

downregulated in Mettl3 null tumors compared to control tumors,

while 283 genes were increased and 73 genes were decreased in

Mettl14-deficient tumors compared with control (Fig 3A). Further-

more, 230 Mettl3- and Mettl14-dependent genes were altered among

both tumors with knockout of Mettl3 and Mettl14 compared to

control: including 202 co-upregulated and 28 co-downregulated

genes (Fig 3B, Dataset EV1). Gene ontology (GO) analysis was

performed on 202 co-upregulated genes since the limited numbers

of co-downregulated genes, and these enriched pathways were

mainly associated with responses to interferons, defense, inflamma-

tion, leukocyte cell–cell adhesion, cytokine production, adaptive

immunity, and antigen processing and presentation (Fig 3C).

Notably, Mettl3- and Mettl14-dependent upregulated genes involved

in interferon-gamma and interferon-beta pathways including Stat1,

Stat4, Irf1, Irf4, Irf7, and Pdl1, and cytokine/chemokine-mediated

signaling pathway such as Ccl5, Cxcl9, and Cxcl10, which was

consistent with our previous observation of productions of chemoki-

nes (Fig EV3E and G). To validate our RNA-seq results, we

performed qRT–PCR and our results showed that all of these genes

involved in interferons and cytokine/chemokine pathways were

significantly upregulated in Mettl3 and Mettl14 null tumors

(Fig EV4A). Together, these findings suggested that the upregulated

genes upon Mettl3 and Mettl14 depletion were principally connected

with immune response-associated processes.

We then asked whether the altered gene expression caused by

Mettl3 and Mettl14 depletion was a consequence of suppressed m6A

methylation. We first analyzed the total m6A modification levels by

dot-blot experiments, which were significantly decreased in the

Mettl3 and Mettl14 null tumors compared with control tumors

(Fig EV4B). Next, m6A methylome between control and

methyltransferase-depleted tumors were compared by antibody-

based m6A immunoprecipitation together with high-throughput

sequencing (MeRIP-seq) as described previously (Lichinchi et al,

2016a,b; Lichinchi & Rana, 2019). In line with total methylation

level changes on mRNA, after combining the peaks in replicates,

our analysis identified 16,883 high-confidence m6A peaks in control

tumor, whereas 7,701 and 8,794 m6A peaks were identified in

Mettl3- and Mettl14-deficient tumors, respectively (Fig EV4C).

These results indicate a global loss of m6A methylation in methyl-

transferase-depleted tumors. To investigate the role of m6A on the

regulation of mRNA level, we identified the upregulated, downregu-

lated, and unchanged m6A-containing genes from MeRIP-seq and

RNA-seq data. Although the majority of m6A-containing genes

(6,728) were unchanged, 64 m6A-containing genes were co-upregu-

lated in both Mettl3- and Mettl14-deficient tumors, whereas only 12

m6A-containing genes were downregulated, which reflected the

specific regulatory role of m6A in response to immunotherapy and

indicated the destabilization effect of m6A modification on RNA

(Fig EV4D). Then, GO analysis was performed on 64 co-upregulated

m6A-containing genes, and these enriched pathways were also

related to immune response, predominately associated with

response to interferons, regulation of cytokine production, adaptive

immune response, and defense response, etc. (Fig EV4E, Dataset

EV2). Furthermore, depletion of Mettl3 and Mettl14 decreased m6A

enrichment in 30UTR where the majority of m6A control the stability

of mRNA, mirrored the upregulated overall genes and m6A-

containing genes (Fig EV4F and G). Moreover, previously identified

GGACU m6A consensus motif was highly enriched within m6A

peaks in the control tumors (Fig 3D).

To identify the potential targets of Mettl3 and Mettl14, we devel-

oped a workflow scheme outlined in Fig 3E. We filtered 202 co-

upregulated genes enriched in pathways that were found in the

RNA-seq with 11,167 m6A peaks which were lost in both Mettl3 and

Mettl14 null tumors. This analysis resulted in 55 candidate genes

identification including Stat1 and Irf1 (Fig 3E, Dataset EV3). Given

that STAT1 and IRF1 not only act as fundamental role in Janus

kinase (JAK)–STAT signaling, which is involved in antiviral and

antibacterial response (Ramana et al, 2000; Honda et al, 2006;

Pautz et al, 2010), but also play a critical role in IFN-c signaling

(Sharma et al, 2017) and anti-PD-1 response (Garcia-Diaz et al,

2017; Zenke et al, 2018), which results in antitumor effects. Then,

we further analyzed our MeRIP-seq data, which showed that Mettl3

and Mettl14 deposit m6A on 30UTR (near stop codon) of both Stat1

and Irf1, and these two m6A sites have drastically decreased methy-

lation level in Mettl3 and Mettl14 null tumors (Fig 3F). We further

validated these findings by MeRIP-qPCR showing significant

decrease in Stat1 and Irf1 mRNA levels in Mettl3 and Mettl14 null

tumors demonstrating that our MeRIP-seq data were robust and

accurate (Fig 3G). In agreement with the transcript level of Stat1

and Irf1 validated by qRT–PCR (Fig EV4A), we also observed an

increased Stat1, phosphorylated (p-) Stat1 and Irf1 protein levels in

the Mettl3 and Mettl14 null tumors (Fig 3H). To further investigate

whether the mechanism of enhanced immunotherapy response of

Mettl3 or Mettl14 null tumors relies on the increased Stat1 and Irf1,

we generated knockout of Stat1 or Irf1 CT26 cells based on the

Mettl3- or Mettl14-depleted cells we already had, and then double

knockout of Mettl3/Stat1, Mettl3/Irf1, Mettl14/Stat1, or Mettl14/Irf1

CT26 cells were obtained and validated the effect via Western blot
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(Fig EV5A and B). We next compared the tumor growth of these

double knockout cells with tumors lacking Mettl3 or Mettl14 only

under immunotherapy. Double loss of Mettl3/Stat1, Mettl3/Irf1,

Mettl14/Stat1, and Mettl14/Irf1 reversed the observed effects on

Mettl3- or Mettl14-deficient tumor growth (Figs 3I and EV5C–E).

Moreover, the mice bearing these double knockout of Mettl3/Stat1,

Mettl3/Irf1, Mettl14/Stat1, and Mettl14/Irf1 tumors have quite simi-

lar survival rate compared to control, whereas shortened survival

than depleted Mettl3 or Mettl14 only (Fig EV5F). Thus, these data

demonstrate that Stat1 and Irf1 are the main targets regulated by

both Mettl3 and Mettl14.

Role of Mettl3 and Mettl14 in tumor cells response to IFN-c

IFN-c signaling is a key contributor in adaptive and acquired resis-

tance to the checkpoint blockade therapeutic strategy and has

impressive effects on antitumor immune responses (Sharma et al,

2017). We next investigated whether depletion of Mettl3 or Mettl14

could improve the response of tumor cells to IFN-c. To this

purpose, we first assessed whether IFN-c has the effect on the

growths of cells with knockout of Mettl3 or Mettl14. The results of

cellular proliferation assay showed that Mettl3 or Mettl14 defi-

ciency indeed sensitized CT26 cells to IFN-c, and combined IFN-c
and TNFa-induced growth inhibition, but not TNFa alone, indicat-

ing that IFN-c alone is sufficient to inhibit Mettl3 or Mettl14 defi-

cient cell growth (Fig 4A). In line with this result, we also found

that blocking of INFc using anti-IFN-c antibody in BALB/c mice

partially reversed the inhibition of tumor growth by Mettl3 or

Mettl14 depletion under immunotherapy, suggesting IFN-c is

responsible for the observed Mettl3 or Mettl14 loss-mediated

suppression during immunotherapy (Fig 4B). Furthermore, tran-

scriptional analysis of the Mettl3- or Mettl14-deficient and control

CT26 cells with or without the stimulation of IFN-c by qRT–PCR

suggested that an increased expression of IFN-c pathway genes

including Stat1 and Irf1, but no alteration of gene expression in

unstimulated conditions (Fig 4C). Thus, the loss of Mettl3 or

Mettl14 increased sensitivity to IFN-c treatment. To determine

whether the increased mRNA levels of Stat1 and Irf1, in Mettl3

and Mettl14 null tumors, are a consequence of enhanced mRNA

stability, we determined the half-life of these mRNAs. Control and

Mettl3- or Mettl14-deficient cells with stimulation of IFN-c were

treated with actinomycin D for 0, 6, 12, and 24 h, and then, mRNA

stability was monitored using qRT–PCR. This analysis revealed

that Mettl3- and Mettl14-depleted cells contained more stabilized

Stat1 and Irf1 mRNAs than control cells (Fig 4D and E), and this

alternation is consistent with the observation of decreased m6A

enrichment in 30UTR of Stat1 and Irf1 in Mettl3- or Mettl14-

depleted tumors (Fig 3F).

To further explore how Mettl3 and Mettl14 regulate gene expres-

sion through its readers, since the downstream functions of m6A

rely on its readers-YTH family proteins, we generated knockout of

Ythdf1-3 CT26 cells (Fig 4F) and then analyzed the expression of

Stat1 and Irf1 in these Yths-depleted cells with or without treatment

of IFN-c by qRT–PCR. This analysis indicated that loss of Ythdf2

significantly increased the mRNA levels of Stat1 and Irf1 with stimu-

lation of IFN-c (Fig 4G). Accordingly, depletion of Ythdf2 partially

reversed decreased mRNA stability of Stat1 and Irf1 caused by over-

expression of Mettl3 or Mettl14 in cells with stimulation of IFN-c
and then treatment with actinomycin D for 0, 30, 60, and 90 min

(Fig 4H–J). Altogether, these results support that Ythdf2-mediated

mRNA stability controls Stat1 and Irf1 expression of Mettl3 and

Mettl14 regulated genes.

METTL3 and METTL14 were negatively correlated with STAT1 in
human pMMR-MSI-L CRC colon tissue

In agreement with our results of mouse model, we found a negative

correlation between METTL3 or METTL14 and STAT1 in 59 patients

with pMMR-MSI-L CRC tumors using immunohistochemistry

(Fig 5A and B). Together, these results identify METTL3/14-STAT1

axis as a regulator of IFN-c in pMMR-MSI-L CRC tumors and suggest

that METTL3 and METTL14 inhibition could be a viable new strat-

egy to sensitize these CRC tumors which are refractory to currently

available immunotherapy treatments.

Discussion

Overall, our work demonstrates that RNA-modifying enzymes play

a vital role in tumor survival during immunotherapy. Depletion of

Mettl3 or Mettl14, core subunits of RNA methyltransferase, signifi-

cantly slowed tumor growth and prolonged the survival in mouse

bearing CT26 colorectal carcinoma and B16 melanoma with anti-

PD1 or anti-PD1/GVAX treatments, respectively. Outside tumor

cells, the elevation of CD8+ T cells in both Mettl3 and Mettl14 null

tumors and NK cells in Mettl14 null tumors, accompanied by the

increased production of cytokines and chemokines including IFN-c,
Cxcl9, and Cxcl10 were detected, demonstrating the immune system

and tumor microenvironment were altered under the abolishment of

tumor m6A mRNA transferases. Inside tumor cells, the changes of

the transcriptome profile in methyltransferase-depleted tumor

showed the activation of IFN-c signaling was pivotal to re-sensitize

◀ Figure 2. Mettl3 or Mettl14 deficiency enhances tumor-infiltrating CD8+ T cells and cytokine production.

A Percentage of tumor-infiltrating T cells, Treg, and NK cells were identified by flow cytometry from CT26 tumors as indicated. Each spot represents one mouse.
*P < 0.05; **P < 0.01 by Student’s t-tests.

B Representative images of CD8 by IHC staining. Tissue sections from BALB/c mice bearing the indicated knockout of genes with treatment of PD1 antibody. Scale
bars, 50 lm.

C Percentage of granzyme B-expressing CD8+ T cells from control and Mettl3- or Mettl14-deficient CT26 tumors. Each spot represents one mouse. *P < 0.05;
**P < 0.01 by Student’s t-tests.

D, E Mice bearing control and Mettl3 or Mettl14 null tumors were treated with CD8-depleting antibody and PD-1 antibody or PD-1/GVAX as indicated. Tumor volume
was measured over time points. n, the numbers of mice. *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t-tests.

F, G IFN-c production in serum (F) and intratumor (G) from BALB/c mice by ELISA. The results are representatives of at least three independent experiments. n, the
numbers of mice. Data are mean � SEM. *P < 0.05 by Student’s t-tests.
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tumor cells to immunotherapy. Epitranscriptome analysis indicated

the loss of m6A modification on the transcripts in IFN-c-Stat1-Irf1
axis contributed to their stabilization mediated by m6A reader

Ythdf2 thereby account for the upregulation of IFN-c signaling and

the change of tumor microenvironment. Furthermore, the depletion

of Mettl3 or Mettl14 increased sensitivity to IFN-c in tumor cells
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(Fig 5C). Lastly, based on the in vivo and in vitro observations, a

negative correlation between METTL3/14 and STAT1 expression

was also revealed in pMMR-MSS colorectal carcinoma patients to

further substantiate the clinical value of our discovery.

It is worth noting that depletion of Mettl3 or Mettl14 alone did

not affect tumor growth in mice, highlighting the unique role of

m6A in the tuning of certain pathways regulating immunotherapy.

Previous studies reported that Mettl3 or Mettl14 depletion alone was

able to affect cell proliferation or tumor growth in leukemia (Bar-

bieri et al, 2017; Vu et al, 2017; Weng et al, 2018), glioblastoma

(Cui et al, 2017), and hepatocellular carcinoma (Ma et al, 2017;

Chen et al, 2018). In this study, however, the effect of RNA m6A

modification machinery loss on tumors only emerged under

immunotherapy. These findings highlight that the function of m6A

mRNA modification varies under different physiological context and

the role it plays to help tumors undergo specific external stresses

like that from the immune system.

IFN-c-Stat1-Irf1 axis plays an essential role in the interaction

between tumor and immune system. The protective role of IFN-c
against implanted, chemically induced, and spontaneous tumors

have been recorded in numerous studies since the mid-1990s (Dunn

et al, 2002). At the molecular level, our MeRIP-seq and RNA-seq

revealed the suppression of m6A on the 30UTR of Stat1 and Irf1

mRNA coupled with the elevation of their abundance. Accordingly,

we also observed increased mRNA expression of Cxcl9, Cxcl10 and

production of Cxcl9, and Cxcl10 in tumors. Given that the extracel-

lular secretion of Cxcl9-mediated lymphocytic infiltration to the

tumor and suppressed tumor growth (Gorbachev et al, 2007), and

Cxcl10 level was positively correlated with the number of circulat-

ing lymphocytes (Sridharan et al, 2016). Thus, it is likely that the

activation of these chemokine genes and the elevation of their level

within the intratumor environment, discovered in this study,

accounts for the increased CD8+ TILs and intratumor IFN-c level,

explaining the tumor inhibition by PD-1 antibody treatment.

Interestingly, a recent study reported that the knockdown of FTO

sensitized melanoma cells to IFN-c through the increase of m6A

enrichment and consequently destabilization of transcripts encoded

by melanoma promoting genes, including PD-1, CXCR4, and SOX10

(Yang et al, 2019). At a first glance, this may seem that there is a

discrepancy about the role that m6A modification machinery plays

in tumor immunosurveillance that could be explained by the use of

different experimental mouse model (Yang et al, 2019), but more

importantly, our work on Mettl3/14 and the reported FTO findings

(Yang et al, 2019) underscore the significance of epitranscriptomic

regulation of molecular networks in response to certain stress condi-

tions during tumorigenesis and tumor microenvironment altered by

immunotherapy. Three recent reports further support the notion

that the role of RNA modification machinery to regulate mechanism

of gene expression is more complex that previously envisioned. (a)

Changes in m6A mRNA levels by knockdown of either METTL14 or

ALKBH5 inhibited cancer growth and invasion (Panneerdoss et al,

2018). ALKBH5/METTL14 formed a positive feedback loop with

RNA stability factor HuR to regulate the stability of target tran-

scripts. Further, hypoxia altered the level/activity of RNA modifi-

cation machinery and expression of specific transcripts in cancer

cells (Panneerdoss et al, 2018). (b) By developing and employing a

new method, m6A-Crosslinking-Exonuclease-sequencing (m6ACE-

seq), to map transcriptome-wide m6A and m6Am at quantitative

single-base-resolution, Goh and colleagues discovered that both

ALKBH5 and FTO maintained their regulated sites in an unmethy-

lated steady-state (Koh et al, 2019). (c). The role of ALKBH5 in

enhancing anti-PD-1 immunotherapy involves regulation of lactate

content in the tumor microenvironment and the composition of

tumor-infiltrating Treg and myeloid-derived suppressor cells (Li

et al, 2020). Remarkably, ALKBH5 inhibition by a small molecule

resulted in a similar phenotype and sensitized tumors to

immunotherapy, indicating future translational potential of targeting

m6A regulating machinery in cancers (Li et al, 2020). However,

these studies do not exclude the possibility that specific RNA modifi-

cations are written and erased under various stress conditions by

translocation of enzymes. Therefore, dynamic imbalance of m6A

modification machinery location and function may affect the tumor

progression and immunotherapy responses.

Despite the success of immunotherapy in the past decade,

pMMR-MSI-L subtype colorectal cancer, the vast majority of CRC

patients carried, failed to benefit from any immunotherapy alone

(Ganesh et al, 2019). The lack of recruitment of immune cell to the

tumor seems the primary reason since microsatellite instability-high

(pMMR-MSI-H) colorectal cancer (Llosa et al, 2015), another

subtype of CRC that responds well to immunotherapy, is featured

by an interferon-rich microenvironment and heavily infiltrated

immune cells like CD8+ TILs, CD4+(Th1) TILs, and macrophages

◀ Figure 3. Identification of target genes of Mettl3 and Mettl14 by RNA-seq and m6A-seq.

A Volcano plot of differentially expressed genes obtained by DESeq2 analysis in Mettl3 or Mettl14 null tumors compared to control tumors. Significantly upregulated or
downregulated genes are plotted in red and blue points, respectively. n.s, non-significant.

B Venn diagrams showing 202 significantly co-upregulated genes and 28 significantly co-downregulated genes in the indicated tumors.
C Meta-enrichment analysis summary for 202 significantly co-upregulated genes as indicated in (C).
D Consensus m6A motifs and P value identified by HOMER from two biological replicates, Student’s t-tests.
E Schematic workflow for analysis of Mettl3 and Mettl14 downstream genes and identified genes or peaks number.
F Representative genes with m6A sites generated by integrative genomics viewer. Data are representative of duplicates with similar results. Red represents reads

coverage of IP sample and blue represents reads coverage of input sample. Rectangular cyan shade represents the m6A peaks located on transcripts.
G m6A enrichment of Stat1 and Irf1 was examined by m6A RIP-qPCR in control, Mettl3-, or Mettl14-depleted CT26 tumors as indicated. Ctla4 functioned as a m6A

negative control (Wang et al, 2019). Data are mean � SD. **P < 0.01 by Student’s t-tests.
H Immunoblots of p-Stat1 (phosphorylated), Stat1, and Irf1 were carried out in the indicated tumors in triplicate with Gapdh as a loading control.
I Tumor growth from CT26 cells with Mettl3-, Mettl14-, Mettl3/Stat1-, Mettl3/Irf1-, Mettl14/Stat1-, or Mettl14/Irf1-depleted genes and control under treatment of PD-1

antibody as indicated. n, the numbers of mice. Data are mean � SEM of the indicated number of mice in each group. *P < 0.05; **P < 0.01 by Student’s t-tests.

Source data are available online for this figure.
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(Deschoolmeester et al, 2011). Our results revealed that suppression

of m6A modification sensitized tumors to immunotherapy by alter-

ing the tumor microenvironment and recruitment of CD8+ TILs.

Notably, the growth inhibitory effects in Mettl3/14-depleted tumors

we observed in the study were comparable to that of multiple

combinatorial immunotherapy regimens (anti-PD-1+anti-CTLA-4).

Thus, it is exciting to imagine the possibility that our study opens

doors to combine immunotherapy with newly developed methyl-

transferase inhibitors for CRC therapy.

Taken together, we found the suppression of m6A modification

enhanced response to immunotherapy in colorectal carcinoma and

melanoma. This sensitization effect in CRC tumors is mediated by

the elevated Stat1 and Irf1 expression whose mRNA transcripts were

stabilized by the decreased m6A enrichment. This study demon-

strates the essential role of m6A writer in the maintenance of tumor

surveillance to immunotherapy. The inhibition of m6A writers also

provides the opportunity to overcome the barrier in the pMMR-MSI-

L colorectal cancer immunotherapy.

◀ Figure 4. Tumor cells with knockout of Mettl3 or Mettl14 exhibit enhanced response to IFNc.

A Cellular proliferation analysis of Mettl3- or Mettl14-depleted and control CT26 cells treated with indicated combinations of cytokines for 48 h. The mean � SD of
three replicates is shown. *P < 0.05; **P < 0.01 by Student’s t-tests.

B BALB/c mice bearing Mettl3- or Mettl14-deficient and control tumors were treated with IFNc-blocking antibody and PD-1 antibody as indicated. Tumor size was
measured over time. n, the numbers of mice. Data are mean � SEM of the indicated number of mice. *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t-tests.

C Quantitative RT–PCR was performed to identify transcriptional changes of the IFN-c response gene expression (n = 3). Data are shown as the relative fold change
(RFC, color coded bar).

D, E mRNA stability of Stat1 and Irf1 were measured by qRT–PCR in tumor cells treated with IFN-c and actinomycin D. Mean � SD of n = 3. **P < 0.01; ***P < 0.001
by Student’s t-tests.

F Validation the effect of knockout of Ythdf1-3 using Western blotting, Gapdh served as a loading control.
G qPCR analysis of Stat1 and Irf1’s expression in the indicated depletion of CT26 cells with/without stimulation of IFN-c. Mean � SD of n = 3. *P < 0.05 by Student’s

t-tests.
H Western blot analysis of Mettl3 and Mettl14 in overexpressed CT26 cells. Gapdh served as a loading control for each.
I, J qPCR analysis of the mRNA stability of Stat1 and Irf1 in the indicated CT26 cells treated with IFN-c and actinomycin D. Mean � SD of n = 3. *P < 0.05; **P < 0.01;

***P < 0.001 by Student’s t-tests.

Source data are available online for this figure.
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Figure 5. The negative correlation of METTL3, METTL14, and STAT1 in human pMMR-MSI-L CRC colon tissue.

A, B The protein level of STAT1 was negatively correlated with METTL3 and METTL14 in human pMMR-MSI-L CRC colon tissues (r2 = �3.2477 for METTL3, r2 = �2.7491
for METTL14). Each dot represents one tumor tissue.

C Schematic showing the functional and molecular mechanisms of Mettl3 and Mettl14 in antitumor immunotherapy.
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Materials and Methods

All studies were conducted in accordance with approved IRB proto-

cols by the University of California, San Diego. All animal work was

approved by the Institutional Review Board at the University of Cali-

fornia, San Diego, and was performed in accordance with Institu-

tional Animal Care and Use Committee guidelines.

Cell culture and viral infection

CT26 (CRL-2638; murine colon carcinoma) and B16F10 (CRL-6475;

murine melanoma) were all purchased from ATCC. B16-GM-CSF

cell line was a kind gift from Drs. Glenn Dranoff and Michael

Dougan (Dana-Farber/Harvard Cancer Center). These cell lines were

cultured in DMEM, RPMI (Gibco) supplemented with 10% fetal

bovine serum (Gibco) at 37°C in 5% CO2 incubators. HEK293FT

cells were resuspended in DMEM and co-transfected with CRISPR

V2 backbones with the indicated sgRNA, and packaging plasmids

psPAX2, and pMD2.G in 10 cm dish using Lipofectamine (Life Tech-

nologies, 11668027) in Opti-MEM medium (Gibco). The medium

was replaced with fresh completed DMEM after 4–6 h. The super-

natant was harvested after 48 h and then infect cells by spin trans-

duction. Finally, cells were selected by puromycin (Alfa Aesar,

Thermo Fisher Scientific) or blasticidin (Alfa Aesar, Thermo Fisher

Scientific). SgRNA used in this work was as follows: Mettl3-sgRNA1:

TAGGCACGGGACTATC ACTACACCG; Mettl3-sgRNA2: TCAGGTGA

TTACCGTAGAGA; Mettl3-sgRNA3: AGGTAGCAGGGACCATCGCA;

Mettl3-sgRNA4: CTGAAGTGCAGCTTGCGACA; Mettl14-sgRNA1: GT

CCAGTGTCTACAAAATGT; Mettl14-sgRNA2: CACTGAACTACTTA-

CATGGG; Mettl14-sgRNA3: ATCAACTTACTACTCTCCCA; Mettl14-

sgRNA4: GCTGGACCTGGGATGATGTA. Ythdf1-sgRNA1: AGCAGC-

CACTTCAACCCCGC; Ythdf1-sgRNA2: TGAACACGGCAACAAGCG

CC; Ythdf1-sgRNA3: GACTTTGAGCCCTACCTTTC; Ythdf1-sgRNA4:

ACAAAAGGACAAGATAATAA. Ythdf2-sgRNA1: CGAACCTTACTT-

GAGCCCAC; Ythdf2-sgRNA2: GCCGCCTATCGTTCCATGAA; Ythdf2-

sgRNA3: TCGCAGAGACCAAAAGGTCA; Ythdf2-sgRNA4: AGATTC-

CAGTCGAAATCTTT. Ythdf3-sgRNA1: TGAGCATGGTAATAAGCGT

T; Ythdf3-sgRNA2: AAGCCGGTTCCCCTATTCCG; Ythdf3-sgRNA3:

AAGAATGTCAGCCACTAGCG; Ythdf3-sgRNA4: CTTAAGTAGCCA-

GACAAATC.

Immunoblotting

Proteins from cells or fresh mice tumors were extracted using RIPA

lysis buffer by homogenization followed by centrifugation to remove

insoluble material and clarified supernatant was measured using

BCA protein assay kit (Bio-Rad). Subsequently, 50–150 lg of protein

was resolved by NuPAGE Bis-Tris or 10% Tris-Glycine gels and

transferred to PVDF membranes (Bio-Rad). Membranes were

blocked in 5% milk TBST buffer and then incubated with the indi-

cated antibodies including Mettl3 (Abcam, ab195352), Mettl14

(Fisher Scientific, ABE1338MI), Gapdh (PROTEINTECH GROUP,

HRP-60004), Stat1 (PROTEINTECH GROUP, 10144-2-AP), p-Stat1

(Cell Signaling Technology), Irf1 (PROTEINTECH GROUP, 11335-1-

AP), Ythdf1 (PROTEINTECH GROUP, 17479-1-AP), Ythdf2

(PROTEINTECH GROUP, 24744-1-AP), and Ythdf3 (Sigma-Aldrich,

Inc., SAB2108258) overnight at 4°C. After being washed,

membranes were incubated with HRP-conjugated secondary

antibodies at 25°C for 1 h and visualized on autoradiography film

(Genesee Scientific Inc, 30-100) using the enhanced chemilumines-

cence (ECL) detection system (Thermo Scientific).

Animal models

BALB/c and C57BL/6J mice (6–8 week) used for study were

purchased from The Jackson Laboratory. 2 × 106 CT26 cells with

knockout of Mettl3, Mettl14, Mettl3/Stat1, Mettl3/Irf1, Mettl14/

Stat1, or Mettl14/Irf1 and control were suspended in 200 ll of PBS/
Matrigel (Corning) (1:1) and then subcutaneously inoculated into

flank of each mouse. BALB/c mice bearing CT26 tumors were

injected intraperitoneally (i.p.) with 200 lg (10 mg/kg) of anti-

CTLA-4 (Bio X Cell, mCD152) and/or anti-PD1 (Bio X Cell, clone

29F.1A12) and IgG (Bio X Cell, clone 2A3, BE0089) antibodies on

days 11, 14, 17, 20, and 23 as recommended. (Kim et al, 2014) For

the in vivo CD8 depletion study, CT26 tumor-bearing mice were

additionally treated i.p. with 200 lg (10 mg/kg) of anti-CD8 anti-

body (Bio X Cell, clone YTS169.4) twice a week starting on day 8

and also injected i.p. with 200 lg (10 mg/kg) of anti-PD1 antibody

as indicated. For the in vivo IFN-c blocking assay, BALB/c mice

bearing the indicated tumors were treated i.p. with 200 lg (10 mg/

kg) of anti-IFN-c antibody (Bio X Cell, Clone: XMG1.2) every 2 days

starting on day 7 and also injected i.p. with 200 lg (10 mg/kg) of

anti-PD1 antibody as indicated. 0.5 × 106 B16 cells with knockout of

Mettl3, Mettl14, and control were implanted into the left flank, and

1 × 106 irradiated (100 Gy) B16-GM-CSF cells (GVAX) were injected

into the right flank of each C57BL/6J mouse on days 1 and 4. B16

tumor-bearing mice were given a dose of 200 lg (10 mg/kg) of anti-

PD1 antibody i.p. on days 6 and 9. For the in vivo depletion study,

B16 tumor-bearing mice were treated i.p. with 200 lg (10 mg/kg) of

anti-CD8 antibody (Bio X Cell, clone YTS169.4) twice a week start-

ing on day 3 and also injected i.p. with 200 lg (10 mg/kg) of anti-

PD1 antibody and GVAX were injected into the right flank as indi-

cated. Tumor volumes were calculated according to the formula:

volume (mm3) = (longer diameter × shorter diameter2)/2. Mice

were monitored every 2 days as indicated. All animal studies were

approved by the Institutional Animal Care and Use Committee of

University of California, San Diego.

Flow cytometry analysis of tumor cells

Tumors with knockout of Mettl3, Mettl14, and control were

collected from mice, weighted, mechanically diced, and then

digested with 2 mg/ml collagenase P (Sigma-Aldrich) and 50 lg/ml

DNase I (Sigma-Aldrich) at 37°C for 30 min. Then, these samples

were filtered through 70-lm cell strainers and washed by cell stain-

ing buffer (BioLegend). The red blood cells were lysed with lysis

buffer (BioLegend, 420301). After counting viable cells and these

cells were blocked with TruStain FcX (anti-mouse CD16/32) anti-

body (BioLegend) and then incubated with Zombie Aqua Live/Dead

fixable dye (BioLegend, 423102). Subsequently, specific antibodies

recognized cell surface markers were stained. The intracellular

staining procedures followed by the BioLegend protocol as recom-

mended. Briefly, cells were fixed with fixation buffer (BioLegend,

420801), permeabilized, and stained with predetermined optimum

combination of antibodies. Meanwhile, BD Compensation Beads

(BD Biosciences, 552845) were used to optimize fluorescence
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compensation settings for multicolor flow cytometric analysis. Infor-

mation about all the antibodies used in the flow cytometry analysis

is provided below. CD45 (clone 30-F11), CD3e (clone 145-2C11),

CD4 (clone RM4-5), CD8 (clone 53-6.7), NK1.1(clone PK136), FoxP3

(clone MF-14), granzyme B (clone QA16A02), and all the antibodies

were purchased from BioLegend.

Production of cytokine/chemokine analysis

Intratumoral cytokine extraction from freshly harvested CT26

tumors and serum samples were prepared as described previously

(Amsen et al, 2009; Veinalde et al, 2017). The productions of IFN-c,
Cxcl9, and Cxcl10 were measured using IFN-c Mouse ELISA Kit

(Invitrogen, 88-7314-22), mouse CXCL9 ELISA Kit (Fisher Scientific,

EMCXCL9), and mouse CXCL10 ELISA Kit (Fisher Scien-

tific, EMCXCL10) according to the manufacturer’s instructions,

respectively.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from fresh tumors using Direct-zol RNA

MiniPrep Kit (Zymo Research, 11-331) and RNA extraction form

cultured cells using Quick-RNA Miniprep Kit (Zymo Research,

R1055) following the manufacturer’s instructions. Gene expression

was analyzed as previously described (Mu et al, 2018). cDNA was

generated using the iScript Reverse Transcription Synthesis Kit (Bio-

Rad, 1708841) and quantitative real-time PCR was used SsoAd-

vanced Universal SYBR Green PCR SuperMix (Bio-Rad, 1725270).

All primers used for qPCR are listed in Table EV1.

RNA-Seq

Total RNA was isolated from CT26 tumors with knockout of Mettl3,

Mettl14, and control (five mice tumors for biological replicates in

each group). RNA-seq library preparation and sequencing were

performed at the IGM Genomics Center, UCSD using Illumina HiSeq

4000. For the analysis, single-end reads were trimmed by cutadapt

(v1.18) then mapped to mouse genome (mm10) using HISAT2

(v2.1.0). Transcripts were quantified by HTSeq (0.11.2), and dif-

ferential expressed genes (DEGs) were then determined by DESeq2.

MeRIP-Seq and MeRIP-qPCR

mRNA was isolated from tumors using RiboMinus Transcriptome

Isolation Kit (life technology, K1500-02) followed by the procedures

as recommended. Purified mRNA samples were fragmented to 100–

200 nucleotides with Fragmentation Reagents Kit (Invitrogen,

AM8740) according to the manufacturer’s protocol. 10% of total

fragmented RNA was reserved as an input sample and the rest of

fragmented RNA was further used for m6A immunoprecipitation

with the anti-N6-methyladenosine (m6A) antibody (abcam,

ab151230) in 500 ll IP binding buffer (150 mM NaCl, 10 mM Tris–

HCl, pH 7.5, 0.1% NP-40) with RNase inhibitor at 4°C for 2 h and

then adding the washed protein A/G magnetic beads (NEB) by IP

binding buffer to the RNA-antibody immunoprecipitation mixture to

rotate at 4°C for 2 h. The collected magnetic beads were washed

twice in IP binding buffer, twice in low salt reaction buffer (50 mM

NaCl, 10 mM Tris–HCl, pH 7.5, 0.1% NP-40) and twice in high salt

reaction buffer (500 mM NaCl, 10 mM Tris–HCl, pH 7.5, 0.1% NP-

40). The bound RNA was eluted from beads by adding 30 ll RLT
buffer (QIAGEN) and incubated for 5 min at 25°C. Lastly, the eluted

RNA was purified by ethanol precipitation and prepared for library

generation using a TruSeq mRNA library preparation kit (Illumina).

Sequencing was performed at IGM Genomics core, UCSD on an Illu-

mina HiSeq4000 machine. Detection for enriched peaks in m6A

immunoprecipitation samples was performed by model-based analy-

sis of ChIP-seq (MACS2) algorithm (v2.1.0), peaks were detected if

their FDR was < 5% and fold enrichment was higher than 1. High-

confidence peaks in both biological replicate samples were found by

BEDtools intersect function. De novo motif search was performed by

HOMER (v4.10). For m6A-MeRIP-qPCR, we adopted the same proto-

col above, m6A enrichment was determined by qPCR analysis with

indicated primers on LightCycler 480 (Roche Diagnostics). Ctla4

without m6A-modified transcript was used as negative control.

(Wang et al, 2019) All primers used for MeRIP-qPCR are listed in

Table EV1.

Dot-blot assays

mRNA from fresh tumors was isolated using Magnetic mRNA Isola-

tion Kit (New England Biolabs, S1550S) and then denatured at 95°C

for 3 min, followed by chilling on ice. Quantified mRNA was spot-

ted on an Amersham Hybond-N+ membrane (GE Healthcare,

RPN3050B) and crosslinked to the membrane with UV radiation.

The membrane was blocked in 5% of non-fat milk PBST buffer and

then incubated with anti-m6A antibody (1: 2,000; abcam) overnight

at 4°C. After incubating with HRP-conjugated secondary antibodies,

the membrane was visualized by SuperSignal West Femto Maxi-

mum Sensitivity Substrate (Thermo Fisher Scientific).

In vitro cytokines stimulation

Mettl3- or Mettl14-deficient CT26 cells and control cells were

cultured in 12-well plates in RPMI/10% FBS with the indicated

combinations of cytokines: TNFa (10 ng/ml, PeproTech) and IFN-c
(100 ng/ml, BioLegend). Cells were further analyzed after 60 h.

Cell proliferation assays

A total of 2000 cells were plated in the 96-well plate, cells with the

indicated sgRNA were determined by CellTiter AQueous One Solu-

tion Cell Proliferation Assay kit (Promega, G3580) following the

manufacturer’s instructions. Briefly, adding 20 ll of CellTiter

Reagent into each well of the 96-well plate containing the cells.

Incubating the plate at 37°C in 5% CO2 incubators for 1–2 h, and

then record the absorbance at 490 nm.

mRNA stability measurements

An mRNA stability measurement assay was performed as previously

reported.(Wei et al, 2018a; Wang et al, 2019). Briefly, CT26 cells

with knockout of Mettl3, Mettl14, and control or overexpression of

Mettl3, Mettl14, and a combination with depletion of Ythdf2 were

stimulated with IFN-c. After 48 h, 5 lg/ml of Actinomycin D (Alfa

Aesar, AAJ67160XF) was added for 0, 6, 12, and 24 h or 0, 30, 60,

90 min as indicated and then these cells were collected.
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Subsequently, mRNA levels were quantified by RT–qPCR with gene-

specific qPCR primers (Table EV1).

Immunohistochemistry

Human colon cancer tissues used in this study were obtained from

US Biomax.inc. The staining analysis followed the previous descrip-

tion. (Mu et al, 2018) Briefly, slides of paraffin-embedded from

human and mouse tissue were deparaffinized in xylene and rehy-

drated in graded ethanol (5 min in 100%, 5 min in 95%, and 5 min

in 75%) and then washed by PBS containing 0.3% Triton X-100

(Sigma-Aldrich) (PBST) for three times. Sections were pretreated

with antigen retrieval with Tris/EDTA buffer pH 9.0, rinsed three

times with PBST, incubated with 3% H2O2 in PBS at 37°C for

10 min. After blocking with 5% goat serum (Cell Signaling Technol-

ogy, 5425S) in PBST for 1 h, tissue slides were incubated at 4°C

overnight with primary antibodies as follows: Mettl3 (Abcam,

ab195352), Mettl14 (Fisher Scientific, ABE1338MI), Stat1(PROTEIN-

TECH GROUP, 10144-2-AP), MSH2 (PROTEINTECH GROUP,15520-

1-AP), Ki-67 (Cell Signaling Technology, 12202T), and CD8 (Cell

Signaling Technology, 98941T). Then, the sections were washed by

PBST for five times, incubated with biotinylated goat anti-rabbit IgG

(Vector laboratories, BA-1000) at 25°C for 1 h and treated with AEC

substrate kit (Vector laboratories, SK-4205) for 5 min and then

counterstained with hematoxylin. Finally, all the mouse and human

colon tissue slides were imaged. For the human colon cancer slides,

images were obtained and semiquantitative evaluation of staining

was scored as follows: score = percentage of malignant cells stain-

ing positive (0 < 10%; 1, 10–25%; 2, 25–50%; 3, > 50%) × mean

stain intensity (0–3) as previously defined (Lin et al, 2014).

Statistical analysis

Results were analyzed using Prism 5.0 software (GraphPad) and

presented as mean � SEM (standard error) or mean � SD (standard

deviation) as indicated. P values were calculated using Student’s

t-tests and considered to be statistically significance at P < 0.05.

Data availability

The RNA-seq data and MeRIP-Seq data in this study were deposited

at the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.

nih.gov/geo/) database with an accession number GSE142589

(related to Fig 3).

Expanded View for this article is available online.
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