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Abstract

N6-methyladenosine (m6A), the most common form of RNA modification, controls CD4+ T 

cell homeostasis by targeting the IL-7/STAT5/SOCS signaling pathways. The role of m6A 

modification in unconventional T cell development remains unknown. Using mice with T cell-

specific deletion of RNA methyltransferase METTL14 (T-Mettl14−/−), we demonstrate that m6A 

modification is indispensable for iNKT cell homeostasis. Loss of METTL14-dependent m6A 

modification leads to the upregulation of apoptosis in double-positive thymocytes, which in turn 

decreases Vα14-Jα18 gene rearrangements, resulting in drastic reduction of iNKT numbers in the 

thymus and periphery. Residual T-Mettl14−/− iNKT cells exhibit increased apoptosis, impaired 

maturation, and decreased responsiveness to IL-2/IL-15 and TCR stimulation. Furthermore, 

METTL14 knockdown in mature iNKT cells diminishes their cytokine production, correlating 

with increased Cish expression and decreased TCR signaling. Collectively, our study highlights a 

critical role for METTL14-dependent-m6A modification in iNKT cell development and function.
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In brief

Cao et al. show that T cell-specific deletion of METTL14, a component of RNA m6A 

writer complex, leads to severe defects in iNKT cell development, survival, and function. 

Mechanistically, METTL14-dependent m6A modification controls iNKT cell development in a 

cell-intrinsic manner by regulating the apoptosis pathway and TCR signaling pathway.

INTRODUCTION

N6-methyladenosine (m6A) is the most abundant modification in eukaryotic mRNA 

(Bolger et al., 2014; Roundtree et al., 2017). m6A modification influences mRNA 

splicing, stability, and translation efficiency (Meyer and Jaffrey, 2014; Roignant and Soller, 

2017). It is also involved in long non-coding RNA (lncRNA)-mediated transcriptional 

repression (Shafik et al., 2016) and micro RNA genesis (Erson-Bensan and Begik, 

2017). The machinery responsible for the dynamic deposition and recognition of m6A 

on mRNA consists of ‘‘writers’’ that install m6A modification on target RNAs, ‘‘reader’’ 

proteins that preferentially recognize m6A and enact downstream functions, and ‘‘eraser’’ 

RNA demethylases that remove the m6A modification (Fujii and Shimizu, 2019). The 

m6A modification is mainly catalyzed by the m6A writer complex composed of a 

methyltransferase-like (METTL) 3/METTL14 heterodimer and additional adaptor proteins 

(Ping et al., 2014). METTL3 contains the catalytic component and METTL14 binds and 

positions RNA for methylation and facilitates complex integrity (Liu et al., 2014).
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The m6A modification is involved in diverse cellular processes including cancer progression 

and metastasis (Lan et al., 2019), viral replication (Manners et al., 2019), stem cell 

differentiation (Batista et al., 2014), and embryonic development (Alarcon et al., 2015; 

Batista et al., 2014; Geula et al., 2015). Within the immune system, m6A modification plays 

important roles in various immune cell types through the regulation of multiple signaling 

pathways. Previous studies with Mettl3−/− mice demonstrate that m6A mRNA methylation 

controls CD4+ T cell homeostasis by targeting the interleukin (IL)-7/STAT5/SOCS pathways 

(Li et al., 2017). METTL3-dependent m6A modification is critical for T regulatory cell 

(Treg)-suppressive functions via IL-2/STAT5 signaling (Tong et al., 2018). Similarly, 

METTL14-deficient Treg cells fail to inhibit T cell-mediated colitis in mice (Lu et al., 

2020). m6A modification also controls early B cell development by regulating IL-7 signaling 

(Zheng et al., 2020). Mechanistically, the loss of m6A modification results in slower mRNA 

decay and increased expression of the STAT signaling inhibitory proteins SOCS1, SOCS2, 

and CISH, which in turn inhibit cytokine-mediated STAT5 activation and therefore T cell 

proliferation and T cell differentiation. A recent study showed that METTL3-dependent 

m6A modification also controls T follicular helper cell (TFH) differentiation by regulating 

the expression of TCF-1, which in turn controls the expression of TFH cell regulators, 

including BCL6, CXCR5, and ICOS (Yao et al., 2021). In addition, METTL3-mediated 

m6A RNA modification promotes anti-tumor immunity of natural killer cells by maintaining 

SHP-2/IL-15/AKT pathway (Song et al., 2021). Despite all these advances, the role of m6A 

modification in the development and function of unconventional T cells, including invariant 

NKT (iNKT) cells, remains unknown.

iNKT cells recognize self or foreign lipid antigens presented by CD1d, a non-classical major 

histocompatibility complex (MHC) class-I-like molecule (Kronenberg, 2005; Rossjohn et 

al., 2012). iNKT cells express semi-invariant T cell receptors (TCRs) formed by Vα14-Jα18 

(Vα24-Jα18 in humans) TCRα-chain paired with Vβ8, Vβ7, and Vβ2 (Vβ11 in humans) 

(Bendelac et al., 2007). iNKT cells exhibit an effector-memory phenotype. Upon activation 

through TCR or cytokine signaling, iNKT cells rapidly produce a variety of cytokines, 

including interferon (IFN)-γ, IL-4, tumor necrosis factor, IL-17, and IL-10 (Crosby and 

Kronenberg, 2018). As innate-like lymphocytes, iNKT cells are mobilized as the first line of 

defense against cancers and infections (Juno et al., 2012; Slauenwhite and Johnston, 2015; 

Terabe and Berzofsky, 2018).

The developmental program of iNKT cells in the thymus diverges from conventional T 

cells at the double-positive (DP) stage. Unlike conventional T cells that are selected by 

MHC/peptide complexes on thymic epithelial cells, the positive selection of iNKT cells is 

mediated by CD1d-expressing DP thymocytes through homotypic interactions (Godfrey et 

al., 2010). iNKT cell development requires strong TCR signaling (Moran et al., 2011) to 

upregulate the expression of the transcription factor Egr2 (Lazarevic et al., 2009; Seiler et 

al., 2012) and PLZF (Kovalovsky et al., 2008; Savage et al., 2008), as well as signaling 

from the SLAM family receptors (Griewank et al., 2007; Sintes et al., 2013). Traditionally, 

iNKT cell development is divided into four stages: stage 0 (CD24hiCD44−NK1.1−), 

stage 1 (CD24loCD44− NK1.1−), stage 2 (CD24loCD44+NK1.1−), and stage 3 (CD24lo 

CD44+NK1.1+) (Benlagha et al., 2005; Pellicci et al., 2002). iNKT cells can also be 

functionally classified into NKT1, NKT2, and NKT17 subsets based on the expression of 
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transcriptional factors, T-bet, PLZF, GATA3, and RORγt (Constantinides and Bendelac, 

2013; Lee et al., 2013). Recently, single-cell RNA sequencing (scRNA-seq) revealed 

comprehensive transcriptional profiles linked to the development, proliferation, maturation, 

and function of various iNKT cell subsets (Baranek et al., 2020; Engel et al., 2016). In 

addition, iNKT cells share overlapping developmental pathways, particularly with respect 

to cytokines, cell surface markers, and transcription factors needed for differentiation, with 

other innate T cell populations, including MAIT cells and γδ T cells (Harsha Krovi et al., 

2020; Lee et al., 2020). This suggests that iNKT cells can serve as a useful model for 

understanding the development of unconventional T cells.

In this study, we used mice with a T cell-specific deletion of Mettl14 (Mettl14fl/fl; CD4-
Cre+, hereafter referred to as T-Mettl14−/−) to investigate the role of m6A modification on 

iNKT cell development and function. We found that loss of METTL14-dependent m6A 

modification results in a dramatic decrease in the number of iNKT cells with a blockade 

of maturation occurring in a cell-autonomous manner. RNA-seq analysis of Mettl14−/− DP 

thymocytes revealed the abnormal expression of m6A modified genes, such as Hmga1b and 

Xaf1, which could promote p53-mediated apoptosis. In addition, Mettl14−/− iNKT cells and 

Mettl14-knockdown (Mettl14KD) mature iNKT cells had increased Cish expression, which 

attenuated TCR and cytokine signaling, leading to impaired cell proliferation and function. 

Of note, knocking down Cish expression in Mettl14KD iNKT cell hybridomas restored 

their cytokine response. Collectively, our data demonstrate a critical role for METTL14-

dependent m6A modification in iNKT cell development, survival, and function.

RESULTS

m6A is important for homeostasis of iNKT cells

As iNKT cells are innate-like T cells and have a different developmental program, they 

may harbor a different abundance in m6A modification compared with conventional T cells. 

Interestingly, we found no significant differences in m6A modification level among CD4+, 

CD8+ T cells, and iNKT cells. However, m6A abundance was increased in iNKT cells 

after TCR stimulation (Figure 1A), indicating that m6A modification may play a role in 

thymic selection and peripheral activation of iNKT cells. To understand the potential role of 

m6A modification in iNKT development and function, we decided to use a loss-of-function 

mouse model. Previous work has shown that deletion of METTL14, a key component of the 

m6A methyltransferase complex, abolished m6A modification (Liu et al., 2014). Therefore, 

mice with a T cell-specific deletion of Mettl14 (T-Mettl14−/−) were used for this study to 

determine the role of METTL14 in iNKT development and function.

We first confirmed that the protein level of METTL14 was significantly reduced in both 

thymocytes and TCRβ+ splenocytes from T-Mettl14−/− mice (Figure 1B). As METTL14 and 

METTL3 subunits are mutually required for protein stability (Kobayashi et al., 2018), the 

level of METTL3 protein was also decreased in both thymocytes and TCRβ+ splenocytes 

from T-Mettl14−/− mice (Figure 1B). T cell-specific ablation of METTL14 resulted in a 2- to 

3-fold reduction of total thymocytes; consequently, the absolute cell number of DP, CD4SP, 

CD8SP, and DN thymocytes in T-Mettl14−/− mice were substantially reduced compared with 

wild-type (WT) littermates (T-Mettl14+/−) (Figure S1A). However, METTL14-deficiency 
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had the most profound impact on iNKT cells; T-Mettl14−/− mice had an ~90% reduction 

in the percentage and cell number of iNKT cells in the thymus (Figures 1C–1E). Analysis 

of iNKT cells in the peripheral revealed that the percentage and absolute number of iNKT 

cells were also dramatically reduced (~5- to 10-fold) in the spleen and liver of T-Mettl14−/− 

mice as compared with WT littermates (Figures 1C–1E). In comparison, the total numbers 

of conventional CD4+ and CD8+ T cells were reduced by 2- to 3-fold in the spleen (Figure 

S1B). We also assessed the effect of METTL14-deletion on the development of other innate-

like T cells, including CD1d-restricted type II NKT cells (defined as CD8−NK1.1+CD1d/

PBS57 tetramer− T cells) (Zhao et al., 2014) and MAIT cells, and found that the frequency 

and absolute number of both T cell types were significantly reduced in the thymus and liver 

of T-Mettl14−/− mice (Figures S1C–S1H). Thus, m6A modification plays an important role 

in the development and homeostasis of innate-like T cells.

Impairment of iNKT cell homeostasis in T-Mettl14−/− mice is cell intrinsic

As iNKT cells were substantially reduced in T-Mettl14−/− mice, this led to the question of 

whether this deficiency was mediated by a cell-intrinsic or cell-extrinsic mechanism. We 

first assessed CD1d expression in DP thymocytes, the cell type responsible for positive 

selection of iNKT cells (Bendelac, 1995). CD1d expression was unaltered in T-Mettl14−/− 

DP thymocytes (Figure 2A). Similarly, the production of IL-2 was unchanged in the 

iNKT cell hybridoma DN32.D3 cocultured with WT or T-Mettl14−/− thymocytes pulsed 

with various concentrations of iNKT cell-specific ligand α-GalCer (Figure 2B), suggesting 

METTL14 deficiency does not affect the expression and antigen-presenting capacity of 

CD1d.

To determine whether METTL14 regulates iNKT cell development in a cell-intrinsic 

manner, we injected a 1:1 mixture of bone marrow cells (BM) from WT (CD45.1) and 

T-Mettl14−/− (CD45.2) mice into irradiated Jα18−/− mice lacking iNKT cells. We found 

that iNKT cells derived from T-Mettl14−/− BM only accounted for 2% to 5% of total 

reconstituted iNKT cells in the thymus, spleen, and liver of recipient mice (Figures 2C 

and 2D). Taken together, METTL14 deficiency affects iNKT cell development through a 

cell-intrinsic mechanism.

METTL14 deficiency impairs the maturation of iNKT cells

To further investigate the impact of m6A modification on iNKT cell development, the 

maturation status of iNKT cells was analyzed in the thymus of T-Mettl14−/− mice. The 

percentages of iNKT cells from T-Mettl14−/− mice in stage 0–2 were increased compared 

with WT littermate controls, while the percentage of stage 3 iNKT cells was significantly 

decreased (Figures 3A and 3B). In terms of absolute cell numbers, all stages of iNKT cells 

in T-Mettl14−/− thymus decreased substantially except for those in stage 1 (Figure 3C). 

Interestingly, this developmental defect was not due to the lack of Egr2 (Figures S2A and 

S2B), a transcriptional factor that determines both early and late stages of iNKT lineage 

differentiation (Lazarevic et al., 2009; Seiler et al., 2012).

To further differentiate functional iNKT cell subsets, changes in the expression of three 

key transcription factors, PLZF, RORγt, and T-bet, were analyzed in thymic iNKT cells of 
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T-Mettl14−/− mice (Lee et al., 2013). The proportion of the RORγt+ NKT17 subset was 

not altered, but PLZFhiRORγt− iNKT cells, enriched for NKT2 and NKT cell precursors 

(NKTpre) (Wang and Hogquist, 2018), were significantly increased and the T-bet+ NKT1 

subset was significantly decreased in T-Mettl14−/− mice (Figures 3D and 3E). The absolute 

cell numbers of all three subsets were significantly decreased due to drastically lower iNKT 

cell numbers in T-Mettl14−/− mice (Figure 3F). These data showed that ablation of Mettl14 
results in impaired iNKT cell maturation and differentiation.

m6A maintains DP thymocyte survival in part through regulation of the p53-mediated 
apoptosis pathway

In order to identify mechanisms by which METTL14 deficiency impaired iNKT cell 

development, DP thymocytes containing the precursor of iNKT cells from T-Mettl14−/− 

and littermate control mice were sorted for RNA-seq analysis. A total number of 117 

differentially expressed genes (DEGs) were identified, of which 71 were protein-coding 

genes and 23 were long non-coding RNAs (lncRNAs) (Figures 4A and 4B). Interestingly, all 

differentially expressed lncRNAs were downregulated in the T-Mettl14−/− group, consistent 

with previous findings that m6A modification stabilizes lncRNAs (He et al., 2020). Using 

gene set enrichment analysis (GSEA) (Subramanian et al., 2005), both p53 hallmark and 

apoptosis hallmark gene sets were positively enriched within the T-Mettl14−/− group with 

a normalized enrichment score of 0.99 and 0.93, respectively (Figures 4C, 4D, S3A, and 

S3B). Several potential key regulators of these pathways were identified within the DEG list. 

Hmga1b, one of the most significantly downregulated genes in Mettl14−/− DP thymocytes, 

encodes a chromatin-associated protein that is known to interact with p53 and inhibit 

its apoptotic function (Frasca et al., 2006). Xaf1, encoding a pro-apoptotic protein that 

can induce p53-mediated apoptosis (Lee et al., 2014), was upregulated in Mettl14−/− DP 

thymocytes. Another upregulated gene, Trim25, encodes an E3 ubiquitin ligase that controls 

the Keap1/Nrf2 pathway, known to promote survival of tumor cells (Liu et al., 2020) and 

increase the apoptosis of iNKT cells (Pyaram et al., 2019).

Using qPCR, we confirmed downregulation of Mettl14 and Hmga1b and upregulation of 

Trim25 and Xaf1 in METTL14-deficient DP thymocytes (Figure 4E). To determine whether 

these genes may be direct targets of m6A modification, m6A-RNA-IP was performed using 

total RNA from B6 thymocytes in combination with cDNA generation/qPCR. Hmga1b, 

Trim25, and Xaf1 were enriched within the m6A-RNA-IP group, suggesting they are in fact 

direct targets of m6A modification (Figure 4F).

Decreased Hmga1b and increased Xaf1 expression suggest that activation of the p53-

mediated apoptotic pathway may be enhanced in T-Mettl14−/− DP thymocytes. Indeed, 

higher percentages of Annexin V+ apoptotic cells were detected in ex vivo-isolated, in 
vitro-medium cultured, and anti-CD3/anti-CD4 stimulated T-Mettl14−/− DP thymocytes as 

compared with WT DP thymocytes (Figures 5A and 5B). As reactive oxygen species (ROS) 

are downstream mediators of p53-dependent apoptosis (Johnson et al., 1996), intracellular 

ROS between T-Mettl14−/− and WT DP thymocytes was compared using the cell-permeant 

florescent probe CM-H2DCFDA. ROS levels were elevated in T-Mettl14−/− DP thymocytes 

(Figure 5C), which correlated with increased apoptosis (Figure 5D). Interestingly, treatment 

Cao et al. Page 6

Cell Rep. Author manuscript; available in PMC 2022 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with antioxidant N-acetyl-L-cysteine (NAC), a precursor of glutathione that is known to 

rescue thymocyte apoptosis by scavenging ROS (Pathak and Khandelwal, 2006) (Figure 

5D), led to a decreased percentage of Annexin V+ cells in T-Mettl14−/− DP thymocytes to a 

level comparable with WT DP thymocytes.

The enhanced level of apoptosis likely shortens the lifespan of T-Mettl14−/− DP thymocytes, 

which in turns reduces the efficiency of distal TCR recombination that iNKT cells harbor 

and therefore leads to an overall decreased number of thymic iNKT cells (Baldwin et al., 

2004). Indeed, the mRNA level of Vα14-Jα18 recombination, critical for the development 

of iNKT cells, was significantly decreased in CD69− preselection DP thymocytes isolated 

from T-Mettl14−/− mice (Figure 5E). We also evaluated whether the residual Mettl14−/− 

iNKT cells are more susceptible to apoptosis. iNKT cells in the thymus, spleen, and liver 

of T-Mettl14−/− mice had a higher percentage of Annexin V+ cells. In addition, all stages 

of thymic iNKT cells in T-Mettl14−/− mice exhibited enhanced apoptosis (Figures 5F and 

5G). These data suggest that disruption of METTL14-dependent m6A modification results 

in altered expression of the key molecules involved in the p53-mediated apoptotic pathway, 

which may contribute to enhanced apoptosis of DP thymocytes and iNKT cells.

Upregulation of the m6A target gene Cish in METTL14-deficient thymocytes correlates with 
decreased TCR signaling and impaired cytokine response

Absence of m6A modification in T-Mettl3−/− mice resulted in elevated expression of 

several SOCS family genes, including Socs1, Socs3, and Cish, in CD4+ T cells (Li et 

al., 2017). We explored whether SOCS family genes were also upregulated in T-Mettl14−/− 

DP thymocytes, which contain iNKT cell precursors. The expression of Cish, but not 

other SOCS family genes, was drastically increased in both naive and TCR-stimulated 

T-Mettl14−/− DP thymocytes, compared with their WT counterparts (Figures 6A and S4A). 

In addition, Cish was a direct target of m6A modification in DP thymocytes (Figure 6B), 

similar to the finding in CD4+ T cells (Li et al., 2017).

Cish is induced by TCR stimulation in T cells (Li et al., 2000) and plays an important 

role in regulating TCR and cytokine signaling (Matsumoto et al., 1997; Yoshimura et al., 

1995) by targeting PLC-γ1 for proteasomal degradation (Palmer et al., 2015) and disrupting 

IL-stimulated STAT5 phosphorylation (Aman et al., 1999). To explore the functional 

consequence of Cish upregulation, we first evaluated the TCR-mediated calcium flux in 

DP thymocytes. T-Mettl14−/− DP thymocytes exhibited attenuated calcium influx compared 

with WT DP thymocytes both at TCR crosslinking and at Ca2+ addition stages (Figures 

6C–6E). Next, we assessed the proliferative response of thymic iNKT cells to IL-2 or 

IL-15 stimulation (Gordy et al., 2011; Matsuda et al., 2002). While there was a 5-fold 

reduction in the percentage of iNKT cells in T-Mettl14−/− mice before stimulation, the 

differences widened after stimulation with IL-2 or IL-15, resulting in a 25-fold decrease 

in the percentage and 30-fold decrease in cell number of iNKT cells in T-Mettl14−/− 

mice (Figures 6F–6H). The diminished cytokine response in Mettl14−/− iNKT cells was 

further demonstrated by using cells labeled with CellTrace fluorescent dye (CFSE) to show 

that T-Mettl14−/− iNKT cells were less able to proliferate in response to IL-2 and IL-15 

stimulation, compared with WT iNKT cells (Figure 6I). Moreover, phosphorylation of 
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STAT5, a downstream target in cytokine stimulation, was also decreased in IL-15-stimulated 

Mettl14−/− thymic iNKT cells (Figure 6J). These data suggest that elevated Cish expression 

due to the loss of m6A modification may play a role in suppressing TCR and cytokine-

mediated signaling in iNKT cells prior to egress into the periphery.

METTL14 deficiency impairs the function of mature iNKT cells

Having found METTL14-dependent m6A modification is indispensable for thymic 

homeostasis and development of iNKT cells, next we addressed whether the function of 

peripheral iNKT cells in T-Mettl14−/− mice was affected. α-GalCer was injected into WT 

and T-Mettl14−/− mice to activate iNKT cells in vivo and IFN-g and IL-4 production by 

iNKT cells was evaluated using intracellular cytokine staining. We found that hepatic iNKT 

cells from α-GalCer-injected T-Mettl14−/− mice had a significantly lower percentage of 

IFN-γ and IL-4 single and double producing cells as compared with iNKT cells from α-

GalCer-injected WT mice (Figures 7A and 7B). To determine whether METTL14-deficiency 

affects the expansion of iNKT cells in vivo, we evaluated iNKT cell proliferation and 

apoptosis on day 3 after α-GalCer injection. While the percentage of splenic iNKT cells 

increased approximately 20-fold in α-GalCer-injected WT mice, the percentage of iNKT 

cells in T-Mettl14−/− was only increased by 4-fold, compared with naive counterparts 

(Figures 1D, 1E, and S5A–S5C). In addition, splenic iNKT cells in α-GalCer-injected 

T-Mettl14−/− mice had a lower percentage of Ki67+ and higher percentage of Annexin V+ 

cells compared with WT control (Figures S5D and S5E). These results indicate that the 

function of residual iNKT cells is impaired in T-Mettl14−/− mice.

Since differentiation and maturation of iNKT cells is impaired in T-Mettl14−/− mice, the 

effect of METTL14-dependent m6A modification on the function of mature iNKT cells 

was further assessed using the iNKT cell hybridoma DN32.D3 that stably expressed a 

short hairpin RNA (shRNA) targeting Mettl14. Two Mettl14-shRNAs were tested, but 

only sh2 was able to substantially knock down the expression of METTL14 in DN32.D3 

cells (Figure 7C). In addition, m6A modification level was significantly decreased in 

Mettl14 knockdown (Mettl14KD) DN32.D3 cells (Figure 7D). Knocking down Mettl14 in 

DN32.D3 cells significantly increased the expression of Cish in both medium and α-GalCer 

stimulated conditions (Figure 7E), while other Socs family genes were slightly upregulated 

in the stimulated group (Figure S4B). In addition, production of IL-2 was significantly 

decreased in Mettl14KD DN32.D3 cells after stimulation with α-GalCer (Figure 7F), which 

was consistent with their reduced calcium influx (Figures 7G–7H). To determine whether 

Cish upregulation contributed to the decreased TCR signaling and cytokine response in 

Mettl14KD DN32.D3 cells, we knocked down Cish in Mettl14KD DN32.D3 cells using 

retrovirus expressing shRNA targeting Cish. We found knocking down Cish in Mettl14KD 

DN32.D3 cells (shMettl14-2/shCish) could restore IL-2 production to the level comparable 

to the control group (shNC/shNC) (Figures 7I and 7J).

The CRISPR-Cas9-mediated gene targeting method (Seki and Rutz, 2018) was also used to 

delete Mettl14 in splenic iNKT cells from Vα14Tg mice. An ~70% reduction in Mettl14 
transcript level was observed in iNKT cells transfected with rCas9/gRNA-Mettl14 complex 

as compared with iNKT cells transfected with negative control (NC) (Figure 7K). Consistent 
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with the Mettl14KD results in the iNKT hybridoma cell line (DN32.D3), the expression of 

Cish was also significantly increased in rCas9/gRNA-Mettl14-treated primary splenic iNKT 

cells (Figure 7K). In addition, the total number of iNKT cells was significantly decreased 

in the rCas9/gRNA-Mettl4 treated group (Figure 7L). The percentage of IFN-γ-producing 

iNKT cells was also reduced in the rCas9/gRNA-Mettl14-treated group upon anti-CD3 

stimulation (Figure 7M). These data suggested that METTL14-dependent m6A modification 

affects the function of mature iNKT cells by regulating Cish expression.

DISCUSSION

In this study, we described the critical requirement for METTL14-dependent m6A 

modifications in iNKT cell development and function. Our data suggest that the drastic 

reduction of iNKT cell population in T-Mettl14−/− mice is likely due to the enhanced 

apoptosis of DP thymocytes mediated by p53 apoptotic pathway activation and impaired 

responses to IL-2/IL-15 and TCR stimulation as a consequence of elevated Cish gene 

expression. Knocking down Mettl14 in mature iNKT cells also leads to decreased TCR 

signaling and cytokine production, which is correlated with increased expression of Cish, as 

knocking down Cish expression restored the function of iNKT cells.

Previous study with T-Mettl3−/− mice showed that thymocyte populations did not change 

significantly in number or percentage (Li et al., 2017) but in T-Mettl14−/− mice, all 

thymocyte subsets were decreased in cell number, with particularly striking effects on iNKT 

cells (Figures 1C–1E, and S1A). CD4+ T cells in T-Mettl3−/− mice did not show increased 

apoptosis after ex vivo culture. In contrast, T-Mettl14−/− mice had elevated apoptosis in 

both DP thymocytes (Figures 5A and 5B) and iNKT cells (Figures 5F and 5G) due to the 

upregulation of pro-apoptotic genes and downregulation of anti-apoptotic genes (Figure 4E). 

Furthermore, CD4+ T cells in T-Mettl3−/− mice failed to expand upon stimulation with IL-7 

because of elevated expression of several SOCS genes, including Socs1, Socs3, and Cish. 

Cish was the only upregulated gene in the SOCS family in T-Mettl14−/− DP thymocytes 

after stimulation (Figures 6A and S4A), leading to an attenuated response to cytokine and 

TCR stimulation (Figures 6C–6J). The differences observed in T-Mettl3−/− and T-Mettl14−/− 

mice could in part be due to incomplete deletion of loxP flanked genes during T cell 

development in these mouse models. In addition, recent studies have indicated that METTL3 

can directly control the translation process of certain mRNA by recruiting eIF3 without the 

coordination with METTL14 in some human cancer cells (Choe et al., 2018; Lin et al., 

2016). Further study is required to determine specific genes targeted by these two METTLs 

in the development and function of various T cell subsets.

GSEA analysis of RNA-seq results showed that the p53 pathway and apoptosis pathways 

were enhanced in T-Mettl14−/− DP thymocytes. Therefore, the apoptotic-related genes, 

such as Hmga1b, Xaf1 and Trim25, were analyzed to confirm their mRNAs were m6A 

targets (Figures 4E and 4F). Increased apoptosis was consistently observed in T-Mettl14−/− 

DP thymocytes in both naive and activated states (Figures 5A and 5B). While our data 

indicated that METTL14 regulates iNKT cell development mostly in a cell-intrinsic fashion 

(Figure 2), the relative overall reduction in DP thymocytes, which are critical for iNKT 

cell positive selection, may also contribute to the drastic reduction of iNKT cells in T-
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Mettl14−/− mice. It has been shown that mature iNKT cells have a greatly increased ROS 

level compared with CD4+ and CD8+ T cells (Kim et al., 2017). In addition, iNKT cells 

are more susceptible to oxidative stress compared with conventional T cells (Kim et al., 

2017). The elevated apoptosis in T-Mettl14−/− DP thymocytes was completely rescued by 

NAC treatment, indicating m6A may control homeostasis of DP thymocytes by restraining 

p53-mediated apoptosis. Interestingly, deficiency of Mettl3 also leads to enhanced apoptosis 

by modulating p53 signaling pathway in HepG2 cells (Dominissini et al., 2012) and the 

arsenite-transformed human keratinocytes (Zhao et al., 2020).

Other genes regulated by m6A modification may be involved in the control of iNKT cell 

development and function, such as c-myc, c-myb, Pten, and Bcl-2. c-Myc, c-Myb, and 

PTEN are required for iNKT cell development and homeostasis (Dose et al., 2009; Hu et al., 

2010; Kishimoto et al., 2007; Mycko et al., 2009) and BCL-2 is an anti-apoptotic molecule 

that maintains iNKT cell survival (Zhu et al., 2018). In addition, iNKT cell development 

and function require nuclear factor-κB signaling (Stanic et al., 2004), which is modulated 

by m6A modification (Wang et al., 2019). However, none of these genes were differentially 

expressed in T-Mettl14−/− DP thymocytes compared with their WT counterparts based on 

RNA-seq data. Notably, the GSEA analysis revealed that c-Myc-target genes, which have 

been reported to maintain iNKT cell differentiation and function (Dose et al., 2009; Mycko 

et al., 2009), were significantly decreased (Figure S6A). In addition, Notch signaling, which 

has been shown to inhibit iNKT cell differentiation and function (Oh et al., 2015), was 

upregulated in T-Mettl14−/− DP thymocytes (Figure S6B). Therefore, m6A modification may 

regulate iNKT cell development through multiple signaling pathways.

lncRNAs are a class of non-coding RNA transcripts that are longer than 200 base pairs 

and have metabolic and regulatory functions (Fernandes et al., 2019). m6A modification 

increases the stability of lncRNA (He et al., 2020). The lncRNAs in T-Mettl14−/− DP were 

all downregulated due to the absence of the m6A modification. One lncRNA, Gm15441, 

was shown to attenuate inflammasome activation in response to PPARα agonism and fasting 

(Brocker et al., 2020), which might explain the activation of pro-inflammatory pathways in 

our GSEA analysis (Figure S6C). However, little is known about the role of lncRNAs in 

NKT cell development and function, which warrants further investigation.

Alterations in m6A patterns are associated with human diseases such as cancer initiation and 

progression. There is growing interest in developing m6A writer-based strategies to combat 

cancer (He and He, 2021). Specifically, inhibitors targeting METTL3 catalytic function have 

been developed (Dolbois et al., 2021; Moroz-Omori et al., 2021) and have shown promise 

in the treatment of acute myeloid leukemia (Yankova et al., 2021). These inhibitors could 

potentially be useful to delineate the temporal requirement for m6A modification in T cell 

development, homeostasis, and function. In this study, we demonstrated m6A modification 

was critical for the development and function of iNKT cells through orchestrating the 

regulation of multiple genes involved in cell survival and TCR signaling. As iNKT cells 

are innate-like T cells playing important roles in autoimmune disease, infection, and tumor 

immunity (Bedard et al., 2017; Fujii and Shimizu, 2019; Galvez et al., 2021; Van Kaer 

and Wu, 2018), clinical application of targeting m6A methyltransferases should consider the 
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impact on the homeostasis and function of iNKT cells and the benefits to the treatment of 

chronic disease.

Limitations of the study

In this study, we showed that genes involved in several signaling pathways are differentially 

regulated in Mettl14-deficient DP thymocytes, including pathways associated with c-Myc, 

Notch, and inflammation. However, we have not directly investigated the impact of these 

pathways on iNKT cell development and function in T-Mettl14−/− mice. Furthermore, due 

to the very limited number of residual thymic iNKT cells in T-Mettl14−/− mice, we used 

total thymocytes instead of purified iNKT cells in most in vitro assays, and therefore 

cannot exclude the possibility that other cell types may affect iNKT cell responses in these 

experiments. Finally, since Mettl14 was deleted in all the CD4 expressing populations, 

some of the observed phenotypic changes in iNKT cells may be due to changes in their 

interactions with other T cells.

STAR☆METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Chyung-Ru Wang (chyung-ru-

wang@northwestern.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—The accession number of RNAseq data for DP is 

GSE189339 in NCBI (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE189339).

Scripts used for alignment and counting can be found here (https://github.com/ebartom/

NGSbartom). Downstream analysis was performed as described in method details.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6 (B6), Vα14-Jα18 transgenic (Vα14Tg) mice and CD45.1 congenic B6 

mice were purchased from The Jackson Laboratory. Mettl14fl/fl; CD4-Cre+ mice have been 

described previously (Lu et al., 2020) and were backcrossed for 10 generations onto B6 

background. Littermates were used as controls. Jα18−/− mice on the B6 background were 

kindly provided by Dr. Luc Van Kaer (Vanderbilt University). All mice for each experiment 

were sacrificed between 2–4 months of age. Both males and females were used. All mouse 

experiments were approved by the institutional animal care and use committee (IACUC) 

at Northwestern University. All animals were housed in a specific-pathogen-free facility 

according to institutional guidelines.

Cell culture and E. coli culture—Splenocytes from Vα14Tg mice were stimulated with 

plate-bound anti-CD3 (5 μg/mL) and soluble anti-CD28 (2 μg/mL) for 24 h and subjected 
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to nucleofection. Then the splenocytes were maintained in complete RPMI supplemented 

with 10% FBS, 2 mM Glutamine, 10 mM HEPES, 55 μM 2-ME, 100 units/mL penicillin 

and 100 μg/mL streptomycin in the presence of IL-2 (200 U/mL) in 5% CO2 incubator 

at 37°C. Thymocytes were labeled with CellTrace™ CFSE (Invitrogen) according to the 

manufacture’s protocol and cultured in the presence of IL-2 (200 U/mL) or IL-15 (100 ng/

mL). iNKT hybridoma (DN32.D3) cells, 293T cells and Phoenix-Eco cells were maintained 

in DMEM supplemented with 10% FBS, 10 mM HEPES, 100 units/mL penicillin and 

100 μg/mL streptomycin or additional 5 ug/mL puromycin for selecting stably transduced 

DN32.D3 hybridoma cell line. Stbl3™ E. coli was cultured in LB medium at 37°C with 

vigorous agitation.

METHOD DETAILS

T cell enrichment, stimulation, RNA extraction and m6A quantification—CD4+ 

and CD8+ T cells from B6 mice were enriched with anti-CD4 (L3T4) and anti-CD8α (Ly-2) 

MicroBeads (Miltenyi Biotec), respectively. iNKT cells were enriched from Vα14Tg mice 

by negative selection with biotinylated antibody specific to B220 (RA3–6B2), CD19 (6D5), 

CD8α (53–6.7), CD8β (53–5.8), CD11b (M1/70), CD11c (N418), Ter119 (TER-119), and I-

A/I-E (M5/114.15.2) in combination with Dynabeads™ Biotin Binder (Invitrogen) followed 

by staining of iNKT cells for cell sorting (resting and in vivo activated). Total RNA was 

isolated from purified CD4+, CD8+ and iNKT cells with Qiagen RNAeasy® mini kit and 

subjected to mRNA enrichment (Mathur et al., 2021). mRNA concentration was quantified 

by Qubit™ RNA High Sensitivity (Thermo Fisher). Quantification of m6A in total mRNA 

was performed based on the protocol of manufacture by enzyme-linked immunosorbent 

assay (ELISA) (EPIGENTEK) (Song et al., 2021).

Immunoblotting—Total thymocytes, sorted TCRβ+ splenocytes and DN32.D3 cells were 

lysed in RIPA buffer and immunoblotting was performed using polyclonal antibody against 

METTL14 (Sigma) and METTL3 (Proteintech). Anti-α-tubulin (DM1A, Calbiochem) was 

used as a loading control according to the protocol described previously (Sena et al., 2013).

Antibodies and flow cytometry—Fluorescein isothiocynate (FITC)-conjugated anti-

CD1d (5C6) was generated in our lab (Mandal et al., 1998). PE and Allophycocyanin 

(APC)-conjugated PBS57/mCD1d-tetramer, mCD1d unloaded tetramer, 5-OP-RU and 6-

FP-loaded MR1 tetramers were obtained from the NIH tetramer core facility. Single 

cell suspensions from various organs were prepared and stained as described previously 

(Goossens et al., 1990; Zimmer et al., 2006). Cells were stained with the following surface 

markers: anti-TCRβ (H57–597), anti-CD8α (53–6.7), anti-CD4 (RM4–5), anti-NK1.1 

(PK136), anti-CD24 (M1/69), anti-CD44 (IM7) anti-F4/80 (BM8), anti-CD69 (H1.2F3), 

anti-B220 (RA3–6B2), anti-CD45.1 (A20), anti-CD45.2 (104), anti-EGR2 (erongr2) and 

Annexin V/7AAD. Intracellular staining of anti-PLZF (9E12), anti-T-bet (4B10) and anti-

RORγt (Q31–378) was performed following the protocol of Foxp3 Staining buffer set 

(eBiosciences). Anti-IL-4 (11B11) and anti-IFN-γ (XMG1.2) or corresponding isotype 

controls were stained after treatment with 2% PFA and 0.15% saponin in PBS-BSA.
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Staining of pSTAT5 after IL-15 stimulation was performed following the BD Phosflow 

protocol. Briefly, thymocytes were incubated in complete RPMI with 100 ng/mL of IL-15 

for 20 min (in water bath) together with staining of APC-CD1d/PBS57 tetramer and anti-

TCRβ. Cells were fixed with Phosflow™ Fix Buffer I (BD) for 10 min in a 37°C water 

bath followed by cell permeabilization with prechilled Perm/Wash buffer™ on ice for 30 

min pSTAT5 (pY694) was stained after washing with BD Pharmingen™ Stain Buffer. 

All antibodies were purchased from BD, BioLegend or eBiosciences. Flow cytometry was 

performed using a FACSCanto II and data were analyzed using FlowJo software.

Antigen presentation assay—Thymocytes isolated from WT and T-Mettl14−/− mice 

were pulsed with α-GalCer ranging from 200 ng/mL to 12.5 ng/mL overnight and irradiated 

before co-culture with iNKT cell hybridoma (DN32.D3, 5×104/well). DN32.D3 cells with 

knockdown of Mettl14 (Mettl14KD) were stimulated with α-GalCer (200 ng/mL) and 

supernatants were collected at 24 h for quantification of IL-2 by ELISA as described 

previously (Weng et al., 2021) or subjected to RNA extraction/qPCR analysis.

Generation of bone marrow chimeras—Bone marrow (BM) cells isolated from WT 

(CD45.1) and T-Mettl14−/− (CD45.2) mice were depleted of mature T cells using anti-

Thy-1.2 (AT83.A-6) plus rabbit complement (Cedarlane Laboratories). 1 × 107 BM cells 

mixed in 1:1 ratio were injected via tail vein into irradiated Jα18−/− recipient mice. Six 

weeks after the BM reconstitution, lymphocytes from recipient mice were isolated from 

various organs and stained for FACS analysis.

RNA-seq analysis—DP thymocytes from T-Mettl14−/− and littermate controls were 

sorted by BD FACS Aria with purity >98%. RNA was extracted with RNAeasy® mini 

kit (Qiagen). Libraries were generated by using the Illumina Truseq preparation kit and 

sequenced on HiSeq4000. Reads were analyzed with Ceto pipeline (https://github.com/

ebartom/NGSbartom) using STAR and HTseq for alignment on mm10 mouse genome and 

reading counting, as described previously (Weng et al., 2021). Paired differential expression 

analysis was performed using DESeq2 to account for batch differences from two different 

sorting times (Love et al., 2014). Gene enrichment analysis was performed using GSEA 

(Subramanian et al., 2005). Data can be accessed at GSE189339.

Real-time PCR—Total RNA from sorted DP thymocytes (CD69-), DN32.D3 and Vα14Tg 

splenocytes was extracted using RNeasy kit (Qiagen) and subjected to cDNA generation 

using superscript III reverse transcriptase (Invitrogen). Real-time PCR was performed using 

SYBR green kit (Quantabio) with indicated primers in Key resources table and β-actin was 

used as control. Primers for Trim25 and Xaf1 were purchased from Bio-Rad.

m6A RNA-immunoprecipitation (RNA-IP) and m6A target qPCR analysis—Total 

RNA was extracted from B6 thymocytes with Trizol (Thermo Fisher), treated with DNase 

and then incubated with m6A-specific antibody (Sigma) premixed with protein G Dynabeads 

(Thermo Fisher) and RNasin® Ribonuclease Inhibitors (Promega) overnight on a 360° 

rotator in 4°C. m6A modified RNA was eluted with 6.7 mM N6-methyladenosine 5′-
monophosphate sodium salt in IP buffer and re-extracted with Trizol LS (Thermo Fisher). 
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cDNA was generated from total RNA and m6A modified RNA and subjected to qPCR 

analysis with indicated primers in Key resources table.

NAC treatment and ROS detection—Thymocytes were incubated with 3 μM CM-

H2DCFDA (Thermol Fisher) for 20 min at 37°C and stained for FACS analysis. Thymocytes 

were incubated for 6 h in complete RPMI medium with or without supplement with 20 mM 

N-acetyl cysteine (NAC, Sigma) and stained for apoptosis analysis.

Stimulation of DP thymocytes—Sorted DP thymocytes from WT and T-Mettl14−/− 

mice were stimulated with plate-bound anti-CD3 (5 μg/mL) and soluble anti-CD4 (2 μg/mL) 

for 6 h. Cells were then subjected to Annexin V staining or qPCR analysis. Thymocytes 

were labeled with CellTrace™ CFSE (Invitrogen) according to the manufacture’s protocol 

and cultured in the presence of IL-2 (200 U/mL) or IL-15 (100 ng/mL). After 3 days, cells 

were harvested and stained for FACS analysis.

Calcium flux—Thymocytes were labeled with 4 μg/mL Fluro-4 (Invitrogen) and 8 μg/mL 

Fura-red (Molecular Probes) for 45 min and incubated with biotinylated anti-CD3 (145–

2C11) and anti-CD4 (RM4–4) antibodies plus fluorescent-conjugated anti-CD4 (GK1.5) 

and anti-CD8α (53–6.7). Labeled cells were re-suspended in DPBS without Ca2+ and 

Mg2+, crosslinked by the addition of streptavidin, and then analyzed by flow cytometry. 

DN32.D3 cells were incubated with 4 μg/mL Fluro-4 and 8 μg/mL Fura-red for 45 min 

and re-suspended with Ca2+-free DPBS after wash. Ca2+/α-GalCer was introduced for 

stimulation for flow cytometry analysis.

In vivo treatment of α-GalCer—5 μg of α-GalCer in 200 μL PBS was injected into the 

tail vein of mice. Lymphocytes were isolated from the liver and spleen in one hour. Cells 

were cultured for 2 h followed by Monensin treatment for additional 4 h before subjecting 

to intracellular cytokine staining. Splenic iNKT cells were stained for surface markers, 

Annexin V and Ki67 on day 3 after in vivo α-GalCer injection.

Stable knockdown of Mettl14 and Cish in DN32.D3 NKT cell line—Lentivirus 

targeting Mettl14 or negative control (NC) were packaged with a combination of a lentiviral 

backbone plasmid (pLKO.1, Sigma-Aldrich) and two packaging plasmids, pMD2.G and 

psPAX2 in 293T cells. pSIREN-RetroQ-Zsgreen plasmid (shLuc as NC) was gifted by Dr. 

Philip Lazarus (Washington State University) and shCish was subcloned into BamH I and 

EcoR I sites. Retrovirus were packaged with cotransfection of pSIREN-RetroQ-Zsgreen 

and pCL-Eco in Phoenix-Eco cells using Lipofectamine LTX reagent according to the 

manufacture’s protocol. The sequences were listed in Key resources table. DN32.D3 

cells were transduced by lentivirus encoding Mettl14-targeting or NC shRNA (Sigma). 

Transduced DN32.D3 were selected using complete RPMI 1640 medium supplemented 

with 5 μg/mL puromycin. Stably transduced cell lines were further spin-transduced with 

retrovirus expressing shRNA targeting Cish, and Zsgreen+ cells were sorted for culture and 

downstream analysis.

Nucleofection of rCas9/Mettl14-gRNA complex in primary iNKT cells—
Splenocytes from Vα14Tg mice were isolated with Ficoll-Paque (Sigma) and stimulated as 
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described previously (Weng et al., 2021). Nucleofection with rCas9 (Thermo Fisher)/gRNA 

targeting Mettl14 or scrambled control (Integrated DNA Technologies) was performed 

using P4 primary cell 4D-NucleofectorTM X Kit S with program CM-137 (Nucleofection 

Kit; Lonza) (Seki and Rutz, 2018). Splenocytes were further cultured in complete RPMI 

supplemented with rIL-2 (200 U/mL) for 3 days.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—Statistical analyses were carried out using GraphPad Prism 6.0 (GraphPad 

Software). Student’s t test was used to determine the difference between two groups. A p 

value < 0.05 was considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001). 

Bar graphs represented mean ± standard error of the mean (SEM). All the statistical details 

can be found in figure legends.

Supplementary Material

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

• RNA m6A methylation plays essential roles in iNKT cell development and 

function

• Reduced m6A RNA methylation enhances iNKT cell apoptosis in thymus and 

periphery

• Loss of METTL14 diminishes TCR signaling and cytokine response in iNKT 

cells
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Figure 1. iNKT cell development is severely impaired in T-Mettl14−/− mice
(A) m6A level in total mRNA of CD4+, CD8+ T cells, and iNKT cells (naive and activated) 

(n = 5–6).

(B) Immunoblot of METTL14 and METTL3 in total thymocytes and TCRβ+ splenocytes in 

WT and T-Mettl14−/− mice. Data representative of three independent experiments.

(C) Representative staining of lymphocytes in indicated organs from WT and T-Mettl14−/− 

mice with CD1d/PBS57 tetramer or unloaded CD1d tetramer.

(D and E) Summary of frequencies and cell numbers of iNKT cells in the indicated organs 

from WT and T-Mettl14−/− mice (n = 5–8). SEM is shown. *p < 0.05, **p < 0.01, ***p < 

0.001.
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Figure 2. Defective development of iNKT cells in T-Mettl14−/− mice is cell intrinsic
(A) Representative histogram of CD1d expression on DP thymocytes. CD1d was stained 

with α-CD1d or isotype control antibody (n = 8).

(B) IL-2 detected by ELISA following 48-h co-culture of iNKT cell hybridoma DN32.D3 

with irradiated thymocytes pulsed with α-GalCer ranging from 200 ng/mL to 12.5 ng/mL. 

Data representative of three independent experiments.

(C) Flow cytometric analysis of iNKT cells in the Jα18−/− recipient mice after 6 weeks of 

reconstitution with 1:1 mixture of bone marrow cells from WT (CD45.1) and T-Mettl14−/− 

(CD45.2).

(D) Quantification of iNKT cell reconstitution in thymus, spleen, and liver in bone marrow 

chimera recipients (n = 7). SEM is shown. ***p < 0.001.
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Figure 3. Mettl14 deficiency impairs the maturation of iNKT cells
(A) Representative staining of iNKT cells (CD69+CD1d/PBS57 tetramer+) at various 

developmental stages in the thymus of WT and T-Mettl14−/− mice.

(B and C) Quantification of percentages and cell numbers of stages 0, 1, 2, and 3 iNKT cells 

in WT and T-Mettl14−/− mice (n = 3–4).

(D) Intracellular staining of PLZF, T-bet, and RORγt in thymic iNKT cells of WT and 

T-Mettl14−/− mice.

(E and F) Quantification of percentages and cell numbers of NKT1, NKT2+NKTpre, and 

NKT17 subsets (n = 6). SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. m6A maintains DP thymocyte survival in part through regulation of the p53-mediated 
apoptosis pathway
(A) RNA-seq results of DP thymocytes from WT and T-Mettl14−/− mice with indicated gene 

labeling (n = 3). Data shown are fold change of T-Mettl14−/−/WT.

(B) Heatmap of differentially expressed protein-coding genes and long non-coding RNA. 

Gene set enrichment analysis showing enrichment for hallmark p53 pathway (C) and 

apoptosis pathway (D) in T-Mettl14−/− DP thymocytes.

(E) Relative expression of Mettl14, Hmga1b, Trim25, and Xaf1 in DP thymocytes of 

T-Mettl14−/− mice detected by qPCR.

(F) Relative expression of Hmga1b, Trim25, and Xaf1 in the m6A RNA 

immunoprecipitation versus total thymocyte RNA in WT mice detected by qPCR (n = 3–4). 

SEM is shown. *p < 0.05, **p < 0.01.
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Figure 5. Elevated apoptosis in T-Mettl14−/− DP thymocytes is rescued by the scavenger of ROS
(A) Representative staining of apoptosis markers of naive and activated DP thymocytes.

(B) Percentage of Annexin V+ cells in ex vivo, 6-h medium culture, or anti-CD3/anti-CD4-

stimulated DP thymocytes from WT and T-Mettl14−/− mice (n = 5–6).

(C) Intracellular ROS in DP thymocytes detected by DCFDA (n = 5).

(D) Percentage of Annexin V+ population in DP thymocytes after 6-h incubation with or 

without NAC (n = 5).

(E) Relative expression of Vα14-Jα18 in DP thymocytes of T-Mettl14−/− mice (n = 5).

(F) Percentage of Annexin V+ population of iNKT cells in WT and T-Mettl14−/− mice from 

thymus, spleen, and liver (n = 7).

(G) Percentage of Annexin V+ population of iNKT thymocytes at different developmental 

stages (n = 7). SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Upregulation of m6A target gene Cish in Mettl14-deficient thymocytes correlates with 
decreased TCR signaling and impaired cytokine response
(A) Relative expression of Cish in naive and activated (anti-CD3/anti-CD4) DP thymocytes 

(n = 5–9).

(B) Relative expression of Cish in the m6A RNA immunoprecipitation of total thymocytes 

RNA in WT mice by qPCR quantification (n = 4).

(C) Intracellular calcium flux in DP thymocytes in response to crosslinking of anti-CD3/

anti-CD4 in T-Mettl14−/− mice.

(D and E) Quantification of maximum calcium flux on crosslinking and addition of Ca2+ in 

T-Mettl14−/− DP cells (n = 5–6).

(F) Representative staining of thymic iNKT cell expansion at day 3 after stimulation with 

IL-2 or IL-15.

(G and H) Percentage and cell number of thymic iNKT cells on D0 and D3 after stimulation 

with IL-2 or IL-15 (n = 5).

(I) Representative figure of cell trace distribution in thymic iNKT cells on day 3 post-

stimulation with IL-2 or IL-15 (n = 5–6). Unstimulated thymocytes were used as controls.
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(J) Bar graph of pSTAT5 in iNKT thymocytes after 20 min of IL-15 stimulation (n = 5). 

SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Mettl14-deficiency impairs mature iNKT cell function
(A) Dot plots of IFN-γ and IL-4 in residual iNKT cells from T-Mettl14−/− mice after in vivo 
α-GalCer stimulation.

(B) Quantification of the percentage of IFN-γ and IL-4 producing iNKT cells in α-GalCer-

immunized WT and T-Mettl14−/− mice (n = 4).

(C) Expression of METTL14 in DN32.D3 cells transduced with lentivirus coding Mettl14-

specific shRNA (shMettl14-1 or shMettl14-2) or control shRNA (shNC).

(D) m6A level in mRNA of DN32.D3 cells transduced with shMettl14-2 and shNC.

(E) Relative expression of Mettl14 and Cish in DN32.D3-shMettl14-2 in medium or 

stimulation with α-GalCer for 24 h.

(F) Production of IL-2 in DN32.D3-shMettl14-2 after stimulation with α-GalCer for 24 h 

quantified by ELISA.

(G) Intracellular calcium flux in DN32.D3-shMettl14-2 cells in response to α-GalCer/Ca2+.
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(H) Quantification of maximum calcium flux upon α-GalCer stimulation. Data 

representative of three to six independent experiments. shNC or shMettl14-2-treated 

DN32.D3 were spin-transduced with retrovirus carrying shCish or shNC. Zsgreen+ cells 

were sorted and cultured.

(I) Relative expression of Cish in the indicated groups.

(J) IL-2 production in shNC/shNC-treated (‘‘WT’’ control) and shNC and shCish-

treated Mettl14KD DN32.D3 cells after stimulation with α-GalCer for 24 h. Vα14Tg 

splenocytes were nucleofected with rCas9/gRNA complex and maintained in complete 

RPMI supplemented with IL-2 for 3 days.

(K) Mettl14 and Cish expression by qPCR on day 3 after nucleofection.

(L) Absolute cell numbers of iNKT and CD4+ T cells after nucleofection.

(M) IFN-γ production in iNKT and CD4+ T cells after nucleofection (n = 3–4). SEM is 

shown. *p < 0.05, **p < 0.01, ***p < 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Biotin anti-mouse/human CD45R/B220 antibody BioLegend RRID: AB_312988

Biotin anti-mouse CD19 antibody BioLegend RRID: AB_313638

Biotin anti-mouse CD8α antibody BioLegend RRID: AB_312742

Biotin anti-mouse CD8β.2 antibody BioLegend RRID: AB_10641695

Biotin anti-mouse CD11b antibody BioLegend RRID: AB_312786

Biotin anti-mouse CD11c antibody BioLegend RRID: AB_313772

Biotin anti-mouse Ter-119/Erythroid cells antibody BioLegend RRID: AB_313704

Biotin anti-mouse I-A/I-E antibody BioLegend RRID: AB_313318

Biotin anti-mouse CD4 antibody BioLegend RRID: AB_2561504

Biotin rat anti-mouse IL-2 BD Biosciences RRID: AB_395384

anti-mouse CD3ε antibody BioXcell RRID: AB_1107634

Purified rat anti-mouse IL-2 BD Biosciences RRID: AB_395383

anti-Thy-1.2 (AT83.A-6) Self-made RRID: CVCL_9186

Rabbit anti-mouse METTL14 antibody MilliporeSigma RRID: AB_10672401

Rabbit anti-mouse METTL3/MT-A70 antibody Proteintech RRID: AB_2142033

Mouse anti-mouse α-tubulin antibody Calbiochem RRID: AB_2617116

m6A-specific antibody Synaptic Systems RRID: AB_2279214

FITC anti-mouse CD1d Self-made (Mandal et al., 1998)

BV421 anti-mouse TCRβ antibody BD Biosciences RRID: AB_2737830

BV510 anti-mouse CD8α antibody BD Biosciences RRID: AB_2687548

PerCP anti-mouse CD4 antibody BioLegend RRID: AB_893331

PE anti-NK1.1 antibody BioLegend RRID: AB_313394

FITC anti-mouse CD24 antibody BioLegend RRID: AB_312838

PerCP anti-mouse CD69 antibody BioLegend RRID: AB_940497

PE-Cy7 anti-mouse/human CD44 antibody BioLegend RRID: AB_830786

PerCP anti-mouse F4/80 antibody BioLegend RRID: AB_893495

PerCP anti-mouse/human CD45R/B220 antibody BioLegend RRID: AB_893355

BV510 anti-mouse CD45.1 antibody BioLegend RRID: AB_2563378

PerCP anti-mouse CD45.2 antibody BioLegend RRID: AB_893351

PE anti-mouse EGR2 antibody Thermo Fisher Scientific RRID: AB_10717803

PE anti-mouse PLZF antibody BioLegend RRID: AB_2561966

PE-Cy7 anti-T-bet BioLegend RRID: AB_2561760

PerCP anti-mouse RORγt BD Biosciences RRID: AB_2737720

PE anti-mouse IL-4 antibody BioLegend RRID: AB_315317

FITC anti-mouse IFN-γ antibody BioLegend RRID: AB_315399

PE Rat IgG1, κ Isotype Ctrl antibody BioLegend RRID: AB_326513

FITC Rat IgG1, κ Isotype Ctrl Antibody BioLegend RRID: AB_326511

PE Mouse Anti-Stat5 (pY694) BD Biosciences RRID: AB_10894188

PE anti-mouse CD4 BioLegend RRID: AB_312692
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Lentivirus harboring shRNA targeting murine Mettl14 (shNC, Mettl14-
sh1 and sh2) MilliporeSigma Cat#: TRCN0000084996

Retrovirus harboring shRNA targeting murine Cish and shNC TAKARA Cat#: 632455

Stbl3™ E. coli Thermo Fisher Scientific C737303

Chemicals, peptides, and recombinant proteins

PE-conjugated PBS57/mCD1d-tetramer NIH Tetramer core facility N/A

APC-conjugated PBS57/mCD1d-tetramer NIH Tetramer core facility N/A

PE-conjugated mCD1d unloaded tetramer NIH Tetramer core facility N/A

APC-conjugated mCD1d unloaded tetramer NIH Tetramer core facility N/A

PE 5-OP-RU MR1 tetramers NIH Tetramer core facility N/A

PE 6-FP-loaded MR1 tetramers NIH Tetramer core facility N/A

N6-methyladenosine 5′-monophosphate sodium MilliporeSigma Cat#: M2780–10MG

FITC Annexin V BioLegend Cat#: 640905

7AAD BD Biosciences Cat#: 559925

Recombinant Murine IL-15 Peprotech Cat#: 210–15

Recombinant murine IL-2 Peprotech Cat#: 212–12

α-GalCer MilliporeSigma Cat#: 867000P

rabbit complement Cedarlane Laboratories Cat#: CL3051

CM-H2DCFDA Thermo Fisher Scientific Cat#: C6827

N-acetyl cysteine (NAC) MilliporeSigma Cat#: 38520–57-9

Fluro-4 Thermo Fisher Scientific Cat#: F14201

Fura-red Thermo Fisher Scientific Cat#: F3020

BamH I NEB Cat#: R0136S

EcoRI NEB Cat#: R0101S

Lipofectamine LTX Thermo Fisher Scientific Cat#: 15338100

TrueCut™ Cas9 Protein v2 Thermo Fisher Scientific Cat#: A36498

Critical commercial assays

TRIzol Thermo Fisher Scientific Cat#: 15596026

Qiagen RNAeasy® mini kit Qiagen Cat#: 74004

Dynabeads™ mRNA purification kit Thermo Fisher Scientific Cat#: 61006

Qubit™ RNA High Sensitivity (HS) Kits Thermo Fisher Scientific Q32852

Enzyme-linked immunosorbent assay EPIGENTEK Cat#: P-9005–96

Foxp3 Staining buffer set Thermo Fisher Scientific Cat#: 00–5523-00

Illumina Truseq preparation kit Illumina Cat#: RS-122–2001

Superscript III reverse transcriptase Thermo Fisher Scientific Cat#: 18080–044

PerfeCTa SYBR Green FastMix Quantabio Cat#: 95071–012

Protein G Dynabeads Thermo Fisher Scientific Cat#: 88847

Trizol LS Thermo Fisher Scientific Cat#: 10296010

CellTrace™ Violet cell proliferation Kit Thermo Fisher Scientific Cat#: C34557

P4 primary cell 4D-NucleofectorTM X Kit S Lonza Cat#: V4XP-4032

Deposited data
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REAGENT or RESOURCE SOURCE IDENTIFIER

Raw and processed file: RNA-Seq for DP thymocytes in T-Mettl14−/− 

mice
This paper GSE189339

Experimental models: Cell lines

iNKT cell hybridoma (DN32.D3) (Bendelac, 1995; Lantz and Bendelac, 
1994) N/A

293T cells ATCC ATCC: CRL-3216

Phoenix-Eco ATCC ATCC: CRL-3214

J1j.10 ATCC ATCC: TIB-184

Experimental models: Organisms/strains

T-Mettl14−/− mice (Lu et al., 2020) N/A

C57BL/6J (B6) mice Jackson Laboratory JAX: 000664

C57BL/6-Tg(Cd4-TcraDN32D3)1Aben/J (Vα14Tg) mice Jackson Laboratory JAX: 014639

B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) mice Jackson Laboratory JAX: 002014

Jα18−/− mice (Cui et al., 1997) N/A

Recombinant DNA

pLKO.1 MilliporeSigma Cat#: TRCN0000084996

pMD2.G Addgene Addgene: 12259

psPAX2 Addgene Addgene: 12260

pSIREN-RetroQ-Zsgreen Takara Takara: 632455

pCL-Eco Addgene Addgene: 12371

Software and algorithms

FlowJo 10 BD Biosciences
https://www.flowjo.com/
solutions/flowjo/
downloads/

Ceto pipeline (Trimmomatic, STAR, and HTseq) (Anders et al., 2015; Bolger et al., 
2014; Dobin et al., 2013)

https://github.com/
ebartom/NGSbartom

DESeq2 (Love et al., 2014)
https://bioconductor.org/
packages/release/bioc/
html/DESeq2.html

GSEA (Subramanian et al., 2005)
https://www.gsea-
msigdb.org/gsea/
index.jsp

GSEA (Subramanian et al., 2005)
https://www.gsea-
msigdb.org/gsea/
index.jsp

Microsoft Excel Microsoft

https://
www.microsoft.com/en-
us/microsoft-365/
microsoft-office

GraphPad 6.0 GraphPad Software Inc https://
www.graphpad.com/

Oligonucleotides

Vα14-Jα18 forward primer: TAAGCACAGCACGCTGCACAT (Koseki et al., 1991) N/A

Vα14-Jα18 reverse primer: CAATCAGCTGAGTCCCAGCT (Koseki et al., 1991) N/A

Cish forward primer: CTCTGGGACATGGTCCTTTG (Li et al., 2017) N/A

Cish reverse primer: GGCATCTTCTGTAGGTGCTG (Li et al., 2017) N/A

Socs1 forward primer: CGTCCTGCCGCCAGATGAG (Li et al., 2017) N/A

Socs1 reverse primer: GCCAACAGACCCCAAGGAG (Li et al., 2017) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Socs2 forward primer: CTGCGCGAGCTCAGTCAAAC (Li et al., 2017) N/A

Socs2 reverse primer: GTCTGAATGCGAACTATCTC (Li et al., 2017) N/A

Socs3 forward primer: AGATTTCGCTTCGGGACTAG (Li et al., 2017) N/A

Socs3 reverse primer: GGAGCCAGCGTGGATCTGC (Li et al., 2017) N/A

Hmga1b forward primer: CAGCTCCAGGGAGGAAACC (You et al., 2014) N/A

Hmga1b reverse primer: AGGACTCCTGGGAGATGC (You et al., 2014) N/A

Mettl14 forward primer: CTGAGAGTGCGGATAGCATTG (Cheng et al., 2021) N/A

Mettl14 reverse primer: GAGCAGATGTATCATAGGAAGCC (Cheng et al., 2021) N/A

Gapdh forward primer: GTTGTCTCCTGCGACTTCA (Prima et al., 2017) N/A

Gapdh reverse primer: GGTGGTCCAGGGTTTCTTA (Prima et al., 2017) N/A

β-actin forward primer: CTTCTTTGCAGCTCCTTCGTT (Heller et al., 2014) N/A

β-actin reverse primer: AGGAGTCCTTCTGACCCATTC (Heller et al., 2014) N/A

Trim25 forward primer: Bio-Rad N/A

Trim25 reverse primer: Bio-Rad N/A

Xaf1 forward primer: Bio-Rad N/A

Xaf1 reverse primer: Bio-Rad N/A

shRNA for Mettl14-1: 
CCGGCTATGATACATCTGCTCCAAACTCGAGTTT 
GGAGCAGATGTATCATAGTTTTTG

MilliporeSigma N/A

shRNA for Mettl14-2: 
CCGGGCATTGGTGCTGTGTTAAATACTCGAGTA 
TTTAACACAGCACCAATGCTTTTTG

MilliporeSigma N/A

shCish: GATCCGGTACATTCCTAGTTCGAGATTCAAGAG 
ATCTCGAACTAGGAATGTACCTTTTTTG (Funakoshi-Tago et al., 2017) N/A

Other

LB medium Thermo Fisher Scientific Cat#: 12780–052

RPMI 1640 CORNING Cat#: 15–040-CV

FBS PEAK serum Cat#: PS-FB1

L-Glutamine 100* Hyclone Cat#: SH30034.01

HEPES Hyclone Cat#: SH3023701

2-Mercaptoethanol Gibco Cat#: 21985–023

Penicillin-Streptomycin (10,000 U/mL) Hyclone Cat#: SV30010

DPBS, no calcium, no magnesium Thermo Fisher Scientific Cat#: 14190250

DMEM media CORNING Cat#: 10–013-CV

anti-CD4 (L3T4) Microbeads Miltenyi Biotec Cat#: 130–117-043

anti-CD8α (Ly-2) Microbeads Miltenyi Biotec Cat#: 130–117-044

Dynabeads™ Biotin Binder Thermo Fisher Scientific Cat#: 11047

Bovine serum albumin (BSA) MilliporeSigma Cat#: A9418–500G

Paraformaldehyde (PFA) MilliporeSigma Cat#: P6148–500G

Saponin poreSigma Cat#: SAE0073–10G

Phosflow™ Fix Buffer I BD Cat#: 557870

Perm/Wash buffer™ BD Cat#: 554723

Pharmingen™ Stain Buffer BD Cat#: 554657

Alkaline Phosphatase Streptavidin Jackson Immunoresearch Cat#: 016050084
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REAGENT or RESOURCE SOURCE IDENTIFIER

Phosphatase substrate MilliporeSigma Cat#: S0942–200TAB

RNasin® Ribonuclease Inhibitors Promega Cat#: N261B

Monensin AMRESCO Cat#: K645–500mg

Puromycin dihydrochloride MilliporeSigma Cat#: P8833–10MG

Ficoll-Paque MilliporeSigma Cat#: GE17–1440-02

Cell Rep. Author manuscript; available in PMC 2022 September 22.


	Abstract
	Graphical abstract
	In brief
	INTRODUCTION
	RESULTS
	m6A is important for homeostasis of iNKT cells
	Impairment of iNKT cell homeostasis in T-Mettl14−/− mice is cell intrinsic
	METTL14 deficiency impairs the maturation of iNKT cells
	m6A maintains DP thymocyte survival in part through regulation of the p53-mediated apoptosis pathway
	Upregulation of the m6A target gene Cish in METTL14-deficient thymocytes correlates with decreased TCR signaling and impaired cytokine response
	METTL14 deficiency impairs the function of mature iNKT cells

	DISCUSSION
	Limitations of the study

	STAR☆METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mice
	Cell culture and E. coli culture

	METHOD DETAILS
	T cell enrichment, stimulation, RNA extraction and m6A quantification
	Immunoblotting
	Antibodies and flow cytometry
	Antigen presentation assay
	Generation of bone marrow chimeras
	RNA-seq analysis
	Real-time PCR
	m6A RNA-immunoprecipitation (RNA-IP) and m6A target qPCR analysis
	NAC treatment and ROS detection
	Stimulation of DP thymocytes
	Calcium flux
	In vivo treatment of α-GalCer
	Stable knockdown of Mettl14 and Cish in DN32.D3 NKT cell line
	Nucleofection of rCas9/Mettl14-gRNA complex in primary iNKT cells

	QUANTIFICATION AND STATISTICAL ANALYSIS
	Statistics


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table T1

