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Abstract

NC-Methyladenosine (m°®A) is the most abundant epitranscriptomic
mark and plays a fundamental role in almost every aspect of
mRNA metabolism. Although m®A writers and readers have been
widely studied, the roles of m°CA erasers are not well-understood.
Here, we investigate the role of FTO, one of the m®A erasers, in
natural killer (NK) cell immunity. We observe that FTO-deficient
NK cells are hyperactivated. Fto knockout (Fto™~) mouse NK cells
prevent melanoma metastasis in vivo, and FTO-deficient human
NK cells enhance the antitumor response against leukemia in vitro.
We find that FTO negatively regulates IL-2/15-driven JAK/STAT
signaling by increasing the mRNA stability of suppressor of cyto-
kine signaling protein (SOCS) family genes. Our results suggest that
FTO is an essential modulator of NK cell immunity, providing a
new immunotherapeutic strategy for allogeneic NK cell therapies.
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Introduction

In 1974, N®-methyladenosine (m°A) was first recognized as an abun-
dant nucleotide modification in eukaryotic messenger RNA (mRNA;
Desrosiers et al, 1974). m°A methylation has fundamental roles in
almost every aspect of mRNA metabolism, including mRNA stability
and translation efficiency (Wang et al, 2014, 2015; Liu et al, 2015;
Xiao et al, 2016; Roundtree et al, 2017; Li et al, 2017a), as well as in
a variety of cellular processes (Fustin et al, 2013; Zhou et al, 2015;
Ivanova et al, 2017; Kan et al, 2017; Xiang et al, 2017). Consistent
with these critical roles, aberrant m®A methylation has affected

numerous cellular processes, resulting in tumorigenesis and tumor
progression (Zhang et al, 2016; Kwok et al, 2017; Chen et al, 2018).
The m°A regulators include “writers” and “erasers,” which add and
remove methylation marks, respectively, and “readers,” which
recognize and bind to these marks (Niu et al, 2013). As mCA levels
are highly stable throughout the mRNA life cycle, dynamic m®A
erasers may be limited to specific conditions (Darnell et al, 2018).
Therefore, most research has focused on writers and readers.
However, recent studies have demonstrated that cross-talk between
writers, readers, and erasers is essential for cancer growth and
progression (Panneerdoss et al, 2018) and have revealed the impor-
tance of m®A dynamics, rather than total level (Zhang et al, 2020),
(Yang et al, 2021). These findings emphasize the need for further
studies of erasers (Shulman & Stern-Ginossar, 2020).

The fat mass and obesity-associated (FTO) protein are one of the
mPA erasers. In 2011, FTO was identified as the first demethylase of
mCA residues in single-stranded RNA (Jia et al, 2011). FTO plays a
vital role in tumorigenesis in various cancer types, such as acute
myeloid leukemia (Huang et al, 2019), and breast cancer (Niu
et al, 2019), and in cancer stem cells (Su et al, 2020); however, few
studies have evaluated its roles in immune cells (Gu et al, 2020).

mlA methylation is involved in almost all immune cells, such as
dendritic cells (Han et al, 2019; Wang et al, 2019; Liu et al, 2019a),
macrophages (Yu et al, 2019; Liu et al, 2019b; Tong et al, 2021),
T cells (Li & Rudensky, 2016; Li et al, 2017b; Furlan et al, 2019; Zhu
et al, 2019), B cells (Zheng et al, 2020; Huang et al, 2022), and
hematopoietic stem cells (Zhang et al, 2017; Li et al, 2018; Lv
et al, 2018; Cheng et al, 2019; Lee et al, 2019; Yin et al, 2022). As
such, there have been many reports on the functional role of m°A in
immune cells, but few studies using mPA eraser (Gu et al, 2020; Zhou
et al, 2021; Ding et al, 2022). Although recently reported for mPA in
NK cells (Ma et al, 2021; Song et al, 2021), it is less well-known
compared with other immune cells. NK cells are large granular
lymphoid cells with a crucial role in innate immune responses
against virus/pathogen-infected cells and transformed cells (Vivier
et al, 2008). IL-2 and IL-15 are essential for NK cell function and have
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been used as immunotherapeutic agents to promote NK cell antitu-
mor activity (Becknell & Caligiuri, 2005). Suppressor of cytokine
signaling proteins (SOCS; CISH, SOCS1-7) is a negative regulator that
inhibit IL-2/15 signaling in a negative feedback loop (Hilton
et al, 1998). Among SOCS family genes, SOCS3 inhibits the anti-
cancer efficacy of human primary NK cells (Naeimi Kararoudi
et al, 2018).

Here, we investigated the role of the FTO in NK cell immunity.
We evaluated tumor-killing activity, pro-inflammatory cytokine
production, cell viability, and activating receptor expression in Fto-
deficient NK cells, as well as downstream effects on melanoma
metastasis and antitumor response to leukemia cells. We further
studied the effect of FTO on mRNA stability and IL-2/15-driven
JAK/STAT signaling. Our results suggest that FTO is an essential
modulator of cytokine-induced NK cell activation, providing a
potential new allogeneic NK cell therapy to increase cytokine sensi-
tivity by blocking FTO function.

Results

Fto~'~ mice are resistant to experimental tumor metastasis due
to enhanced splenic NK cell activity

To investigate the physiological role of Fto in NK cells, we generated
mice with a germline Fto deletion (Fto™~) by using the CRISPR/
Cas9 system (pT7 plasmid) to induce a deletion in the first exon
with the start codon (Fig EV1A-C). We confirmed the absence of
Fto protein expression in various mouse tissues and detected higher
m°A levels in the spleen and bone marrow in Fto™/~ mice than in
wild-type mice (Fto*/*; Figs EV1D and 1A). As already reported, Fto
protein expression is elevated in tissues of the lymphatic system,
such as the spleen (Fan et al, 2015). Fto™/~ mice were healthy;
however, consistent with previous results, their body weights were
slightly lower than those of Fto™* mice (Fischer et al, 2009). Popu-
lations of CD3"NK1.1* NK cells in the spleen, blood, and bone
marrow were similar in Fto™~ mice and Fto*/* mice (Fig EV1E).
One of the syngeneic mouse tumor cell lines known to activate
and be controlled by NK cells, B16F10, was injected into Fto™* and
Fto™/~ mice. The intravenous (i.v.) administration of B16F10 mela-

*+/* mice resulted in extensive metastatic nodule

noma cells to Fto
formation in the lung after 14 days. By contrast, BI6F10 metastatic
nodules were largely absent from Fto™/~ mice (Fig 1B). Interferon-
gamma (Ifng) levels in the blood were higher in Fto™~ mice than in
Fto*/* mice after intravenous injection of B16F10 melanoma cells
(Fig EV2A). This finding was consistent with the prolonged survival
after intravenous injection of EL4 lymphoma cells into Fto*/* and
Fto™~ mice (Fig 1C). Fto™’~ mice showed significantly longer
survival times than those of Fto*’* mice. In addition, in the B16F10
xenograft mouse model, the growth of tumors was decreased in
Fto™~ mice than in Fto™/* mice (Fig 1D and E).

To confirm that the reduced B16F10 metastatic nodule formation
observed in Fto™/~ mice was due to enhanced NK cell activity, we
treated Fto*/* and Fto™~ mice with an anti-NK1.1 antibody to
deplete NK cells. The depletion of NK cells in Fto™/~ mice resulted in
similar B16F10 metastatic nodule formation to that of Fto™* mice
(Figs 1F and EV2B). These results suggest that Fto specifically func-
tions in NK cells in the B16F10 metastasis mouse model.
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Furthermore, after the ex vivo activation of NK cells for 24 or 48 h
with IL-2 and IL-15, Fto™/~ splenic NK cells showed significantly
greater (P < 0.05) cytotoxicity against EL4 lymphoma (Fig 1G) and
YAC1 lymphoma (Fig EV2C) than that of Fto™* splenic NK cells. The
hyperactivity of Fto™~ splenic NK cells also resulted in higher levels
of IL-2/15-derived Ifng production than those for Fto*/* splenic NK
cells after ex vivo activation for 24 h (Fig 1H, left). In addition, Ifng
mRNA levels were higher in Fto™~ splenic NK cells than in Fto*/*
splenic NK cells (Fig 1H, right). Altogether, these results indicated
that Fto acts as a negative regulator in NK cell activity.

FTO-deficient NK92 cells are hyperactivated

To gain insight into the molecular mechanism underlying m°A and
FTO-dependent regulation in NK cells, we transiently reduced the
expression of FTO in the NK92 cell line (NK92-siFTO) using small
interfering RNA (siRNA). NK92 is widely used for NK cell experi-
ments. After FTO expression was decreased by using siRNA, m°A
levels were higher than those in control siRNA-transfected NK92 cells
(NK92-siCTRL; Fig 2A). After co-culture with K562 cells for 4 h,
NK92-siFTO cells displayed greater (P < 0.01) cytotoxicity (Fig 2B)
and degranulation activity (Fig 2C) at various ratios of NK92: K562
cells than those of NK92-siCTRL cells. And protein expression of Gran-
zyme B (GZMB) was greater in NK92-siFTO cells than in NK92-
siCTRL cells after IL-2 treatment (Fig 2D). Moreover, the release of
cytokines (IFNy and tumor necrosis factor-a, TNFo) from NK92-siFTO
cells was elevated after IL-2 treatment for 24 h or after co-culture with
K562 cells for 4 h (Fig 2E). These increased cytokine levels may
support the enhanced NK cell-mediated cancer cell-killing activity.
Additionally, the opposite results were obtained after FTO was overex-
pressed (NK92 + MOCK, NK92 + FTO; Fig EV3A-C). The effects were
similar to those observed after the overexpression of METTL3
(NK92 + MOCK, NK92 + METTL3; Fig EV3D-F). In addition to the
enhancement of NK cell activity, cell viability after co-culture with or
without K562 cells, and mRNA expression levels of the anti-apoptotic
factors, BCL2, BCL-XL, and PIM1, after IL-2 treatment were higher in
NK92-siFTO cells than in NK92-siCTRL cells (Fig EV4A and B). Next,
we checked the cell surface expression of the activating receptors
(NKG2D, NKp30, NKp44, NKp46, and CD16), IL-2 receptor o (CD25),
TNF receptor (CD27), and TGFp receptor (CD105) in NK92 cells. Inhi-
bitory receptors are rarely expressed in the NK92 cell line. NK92-
siFTO cells displayed slightly higher levels of only NKp30 than those
in NK92-siCTRL cells (Fig EV4C). This difference was heightened after
culture in IL-2 (Fig EV4D). Overall, the Kkilling activity, cytokine
production, and cell viability were improved, and the expression
levels of activating receptors, especially NKp30, were slightly higher
in NK92-siFTO cells than in NK92-siCTRL cells. Altogether, these
results indicated that FTO-deficient NK92 cell activity was greater than
that of wild-type NK92 cells.

FTO affects JAK/STAT signaling levels

FTO-deficient NK cells (Fto™'~ splenic NK cells and NK92-siFTO)
exhibited greater anti-cancer effects than those of wild-type NK cells
(Fto*/* splenic NK cells and NK92-siCTRL; Figs 1 and 2). To under-
stand the biological mechanisms underlying the enhanced cytotoxic-
ity, cytokine release, and cell viability, we investigated signaling
pathways in NK cells. Cytokine signaling pathways are essential for
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Figure 1. Loss of Fto expression enhances the anti-metastatic activity of mouse NK cells isolated from the spleen.

A m°®A levels in total RNA from the spleen and bone marrow of Fto™* or Fto™"~ mice were measured by ELISA (n = 4/group).

B Image of the lung surface (left) and numbers of metastatic nodules (right) 14 days following the injection of BL6F10 melanoma cells (n = 8/group).

C Survival curves after the injection of EL4 lymphoma cells (n = 6/group).

D, E Tumor volume (D) and image of the tumor (E) 17 days following the subcutaneous injection (s.c.) of BL6F10 melanoma cells (n = 4/group). Tumor size was
calculated using the formula length x width? x 0.5.

F Metastatic burden in the lung after treatment with an IgG control antibody (anti-1gG Ab) or anti-NK1.1 antibody for NK cell depletion on days —4, —1, and 2 rela-
tives to B16F10 cell injection (n = 3/group).

G EL4 cell-killing activity by NK cells isolated from the spleen was measured by calcein AM-based assays at the indicated NK:EL4 (E:T, n = 4/group).

H Ifng protein and Ifng MRNA levels (n = 4/group) were determined by ELISA and quantitative PCR.

Data information: Error bars represent s.e.m. Significance was determined using the Mann-Whitney U (A, B), Mantel-Cox (C), two-way ANOVA (D), or Student’s t-tests
(G, H): **P < 0.01; *P < 0.05.
Source data are available online for this figure.

NK cells, which are mainly primed by the IL-2, IL-15, and JAK/ pathway. In NK92-siFTO cells, levels of IL-2-stimulated JAK1 and
STAT signaling cascade (Becknell & Caligiuri, 2005). Therefore, we JAK3 phosphorylation were higher than those in NK92-siCTRL. It
predicted that m®A RNA methylation affects the IL-2/15 signaling was coupled with extended phosphorylation kinetics (Fig 3A).
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Figure 2. FTO-deficient NK92 cells display superior killing effects and high cytokine production.

A m°®A dot blot assay using total RNA from NK92-siCTRL or NK92-siFTO cells.

B K562 leukemia cell-killing activity by NK92-siCTRL or NK92-siFTO cells was measured by a calcein AM-based cytotoxicity assay at the indicated NK92:K562 (E:T, effec-

tor:target) ratio (n = 6 biological replicates).
C Degranulation was measured by flow cytometry. Values indicate percentages.

lw)

Western blotting for the detection of GZMB in NK92-siCTRL and NK92-siFTO cells after treatment with IL-2.

E Levels of IFNy (n =5 biological replicates) and TNFa (n = 3 biological replicates) in the culture media 24 h after IL-2 treatment (left) or co-culture media with K562

cells for 4 h (right) were determined by ELISA.

Data information: Error bars for panels (B and E) are £ s.e.m. For panels (A, C, and D), data are representative of two (C, D) or three times (A) independent experiments
with similar results. Significance was determined using the Mann—-Whitney U test (B) or Student’s t-tests (E): **P < 0.01; *P < 0.05.

Source data are available online for this figure.

Additionally, total JAK1 and JAK3 levels were higher in NK92-siFTO
cells, as evident in resting cells before IL-2 stimulation (Fig 3A, 0 h).
The mRNA expression levels of the JAK/STAT target genes (GZMB,
TNFa, and MYC) were also increased (Appendix Fig S1). Similarly,
in cells expanded in IL-2, we observed higher basal expression
levels of JAK3, STAT3, and phosphorylated STAT3 and STATS after
the withdrawal of IL-2 (Fig 3B). Alternatively, when FTO was over-
expressed, the phosphorylation levels of JAK1 and JAK3 were lower
than those in NK92 + MOCK cells following activation by IL-2
(Fig 3C). Thus, these results demonstrated that FTO regulates IL-2-
induced JAK/STAT signaling pathways.
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FTO regulates mRNA stability of SOCS family genes by the
demethylation of m°A

Interestingly, the mRNA expression of the SOCS family genes, espe-
cially SOCS3, was significantly lower (P < 0.001) in NK92-siFTO
cells than in NK92-siCTRL cells before IL-2 activation (Fig 4A), rest-
ing Fto™'~ mouse splenic NK cells and whole spleen cells (Fig EVSA
and B). The SOCS family genes are critical negative regulators that
inhibit cytokine signaling in a negative feedback loop (Hilton
et al, 1998). They consist of a central SH2 domain, which binds to a
phosphorylated tyrosine residue in target proteins and a C-terminal

© 2023 The Authors
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A Western blotting analysis of NK92-siCTRL and NK92-siFTO cells incubated with 20 ng/ml IL-2 for the indicated times was performed. Cells were lysed and analyzed by
immunoblotting with antibodies to the indicated phosphorylated (p) and total proteins (n = 2 ~ 3).
B Western blotting analysis. NK92-siCTRL or NK92-siFTO cells were incubated with 20 ng/ml IL-2 for 24 h, washed, and cultured without IL-2 (IL-2 depletion) for the

indicated times (n = 3).

C A western blotting analysis of NK92 + MOCK or NK92 + FTO cells incubated with 20 ng/ml IL-2 for the indicated times was performed (n = 3).

Data information: Western blotting data are representative of at least two times independent experiments with similar results. The protein levels were expressed as the
relative band density of the corresponding protein (A is on the right, and B and C are on the lower). Error bars are & s.e.m. Significance was determined using the

Student’s t-tests: ***P < 0.001; **P < 0.01; *P < 0.05.
Source data are available online for this figure.
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SOCS box domain (Krebs & Hilton, 2001). The SOCS box domain
recruits the E3 ubiquitin ligase complex that ubiquitinates target
proteins, inducing proteasomal degradation. In addition, SOCS1 and
SOCS3 bind directly to JAK1, JAK2, and tyrosine kinase 2 (TYK2),
inhibiting JAK enzymatic activity via the KIR domain (Baker
et al, 2009). The rate of proliferation and cytotoxicity are elevated
in SOCS3-deleted human NK cells (Naeimi Kararoudi et al, 2018),
suggesting that SOCS3 can be used in NK cell-based immunother-
apy (Gotthardt et al, 2019). To explore the mechanism underlying
the regulatory effects of FTO on SOCS3 expression, we further vali-
dated the expression patterns of SOCS family genes by western blot-
ting (Figs 4B and EVS5C). The protein expression levels of CISH,
SOCS1, and SOCS3 were decreased, with significantly lower SOCS3
expression in NK92-siFTO cells than in NK2-siCTRL cells. More-
over, we confirmed that the protein level of SOCS3 was changed
according to the expression of FTO or METTL3 (Fig EV5D and E),
and the mRNA expression pattern of SOCS3 differs according to the
IL-2 treatment (Fig EV5F). The mRNA level of SOCS3 was higher in
NK92 + METTL3 cells than in NK92 + MOCK cells 24 h after IL-2
treatment (Fig EVSF, left). Conversely, after 24 h of IL-2 depletion,
SOCS3 mRNA levels were decreased in NK92 + METTL3 cells but
increased in NK92 + FTO cells compared with levels in NK92 +
MOCK cells (Fig EVSF, right). These results indicate that SOCS3 is
a target gene of JAK/STAT signaling and that SOCS3 expression is
precisely regulated by the m°®A regulators FTO and METTL3. Next,
we performed mC°A-specific immunoprecipitation (MeRIP) and
quantitative PCR (qPCR) assay to check the m®A status in NK cells.
In NK92-siFTO cells, the total mRNA levels (input) of SOCSI and
three were decreased, but the levels of the m°A methylated mRNA
(MeRIP) were increased (Fig 4C, upper panel). The opposite results
were obtained in NK92 + FTO cells (Fig 4C, lower panel), suggest-
ing that m°A was present in the mRNA of the SOCS family genes
and can be regulated by FTO. Additionally, using the 3’UTR
reporter system confirmed that m°A exists in the 3"UTR of SOCS3
and CISH, regulated by FTO (Figs 4D and EV5G). Altogether, these
results indicated that FTO influences the intensity of JAK/STAT
signaling by modulating the stability of SOCS3 mRNA through
demethylation.

FTO-deficient CD37CD56% human NK cells derived from umbilical
cord blood showed enhanced activity

To extend the results to human primary NK cells, we used human
primary CD37CD56" NK cells derived from umbilical cord blood
(UCB). Similar to the experiment using the NK92 cell line, we tran-
siently reduced the expression of FTO in the human primary NK
cells (CD56%-siFTO). After FTO expression was decreased by using
siRNA, CD56"-siFTO cells displayed significantly enhanced killing
activity at various effector:target cell ratios compared to that of
control siRNA-transfected CD56% cells (CD56*-siCTRL; Fig 5A).
Similarly, the mRNA expression levels of cytokine and effector
molecules, I[FNy, GZMB, and perforin 1 (PRFI), increased more
substantially (P < 0.05) in the CD56"-siFTO cells than in CD56%-
siCTRL cells (Fig 5B). Western blotting showed that the strength of
cytokine-stimulated phosphorylation of JAK1 and STAT3 was
greater in the CD56-siFTO cells than in CD56*-siCTRL cells after
cytokine treatment (Fig 5C). Moreover, the protein expression levels
of CISH, SOCS1, and SOCS3 were decreased in CD56%-siFTO cells
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(Fig 5D). Therefore, these results showed that FTO also plays a
negative regulatory role in human primary CD3~CD56* NK cells.

FTO-deficient NK92 cells enhance the antitumor responses
against K562 leukemia

Allogeneic NK cell therapy is a potential therapeutic strategy for a
variety of cancers. Adoptive cell transfer (ACT) is one of the main
branches of cancer immunotherapy and has promising clinical bene-
fits (Lupo & Matosevic, 2019). Unlike T cell therapy, NK cell therapy
can be used for allogeneic, off-the-shelf treatment. It has fewer side
effects, such as graft-versus-host disease (GvHD) or cytokine storm
syndrome (Bald et al, 2020). Owing to these advantages, NK cell
therapy has been used broadly as an immunotherapeutic strategy.
To exploit the potential clinical application of FTO in NK cells, we
produced NK92 cells (NK92-shFTO) with permanent FTO knock-
down by lentiviral infection (Fig 6A). Similar to the results of NK92
cells (NK92-siFTO) with transient FTO knockdown, NK92-shFTO
cells exerted a higher killing effect (P < 0.01) and degranulation
activity (P < 0.001) against luciferase-expressing K562 cells (K562-
Luc) or normal K562 cells than those of NK92-TRC control cells
(Fig 6B and C, and Appendix Fig S2A and B). After IL-2 activation,
levels of IL-2 stimulated phosphorylation of JAK1 and JAK3 were
higher and protein expression levels of CISH, SOCS1, and SOCS3
were lower in NK92-shFTO cells than in NK92-TRC cells
(Appendix Fig S2C). The mRNA expression levels of IFNy, GZMB,
BCL-XL, and PIMI were also higher in NK92-shFTO cells than in
NK92-TRC cells (Appendix Fig S2D).

To test whether NK92-shFTO affects tumor-killing during ACT,
we injected K562-Luc cells at day 0. Moreover, NK92-TRC or NK92-
shFTO were transfused three times into NOD.Cg-Prkdescid I12rgt-
m1Sug/Jic (NSG) mice intravenously (Fig 6D). Interestingly, mice
injected with NK92-shFTO cells had significantly weaker biolumi-
nescence signals and higher survival rates than those of mice
injected with NK92-TRC cells (Fig 6E-G). Therefore, NK92-shFTO
cells enhanced the antitumor responses against K562 leukemia.
These findings suggest that FTO may be a new immunotherapeutic
strategy in allogeneic NK cell therapy.

Discussion

FTO is one of the m°A erasers. Several independent genome-wide
association studies have revealed that FTO is associated with
obesity and type 2 diabetes in humans (Dina et al, 2007; Hinney
et al, 2007; Scuteri et al, 2007; Samaan et al, 2013). Subsequent
studies in mice have demonstrated that FTO expression levels affect
the body mass index (Fischer et al, 2009). Single nucleotide poly-
morphism (SNP) in the first intron of FTO is functionally connected
to and directly interacts with the promoters of IRX3, increasing the
expression of IRX3 (Smemo et al, 2014). However, there is no direct
relationship between FTO protein expression and obesity. In 2011,
FTO was identified as the first demethylase of m°®A residues in
single-stranded RNA; furthermore, the demethylation activity of
FTO was related to adipogenesis (Jia et al, 2011; Zhao et al, 2014).
In addition, FTO has established roles in cancer (Huang et al, 2019;
Niu et al, 2019; Su et al, 2020), cardiac function (Mathiyalagan
et al, 2019), and hippocampal memory formation (Walters

© 2023 The Authors

850807 SUOWWD 3A 8.0 (o (dde au Aq pausenob afe sajonme VO @sn J0 Sa|nJ 1o A%eiq1T8uljuO A3|IA UO (SUORIPUOO-pUe-SLLR)LI0D A8 | AeIq U1 [UO//:SANY) SUORIPUOD pUe swi | 84} 89S *[£202/60/90] U0 ArIqiT8uIluO A8]IM ‘O 8IniIsU| yosesssy Be.0 X Aq 189562202 1qWe/ZGZST 0T /10p/B.0'sseidoguie" mamm//sdny Woy pepeo|umod ‘0 ‘8LTE69YT



Seok-Min Kim et al

A B
0 NK92-siCTRL NK92-siCTRL NK92-siFTO
- e NK92-siFTO - R
z15 1 2 3 1 2 3
2 o
> - —— | FTO
Tiol@ . s
= l& 0 Be - - | socss
) Ly v
< 0.5 ; CISH
[
= [= = = ~] socs1
S0 . . . .
2 CISH SOCS1SOCS2SOCS3 b. O..\ GAPDH
C O NK92-siCTRL
15 B NK92-siFTO
_ 4.0- _ 2.0-
3 g g o
3 2 2
= 1.0 = 3.0 < 1.5
z g : g
& £ 2.0 £ 1.04
o 0.51 = @
: lul Wl I ﬂ
o) . o)
(%) (%)
0.04 0.0 . ; 0.0 :
siCTRL siFTO Input MeRIP Input MeRIP
15-
_ 2.0 o 5 207 * O NK92+MOCK
3 ] E B NK92+FTO
(0] L
2 10 < 1-5] * < 157
< Z
Z E r
& £ 1.0 E 1.04
O 51 = 1]
[%)
z Q 0.57 S 059
S %)
@ 0.0
i g8 2 : ' Input MeRIP
MOCK  FTO Input MeRIP npu e
D CMV promoter CMV promoter
pcNAT émm— pcNAT-Socs3 3UTR o INNNil——
SOCS3 3-UTR
& 0 NK92-siCTRL
%(50 poNAT +SOCS33-UTR 1.5 B NK92.5FTO
= N N g Fkk
& < &L &L < 1.0
S P > & & & z
14
| — - | AANAT E
505
] o ] n
|-- — — — --l GAPDH 0.0 T T

pcNAT pcNAT+SOCS3 3'UTR

Figure 4. FTO controls mRNA stability of SOCS family members by removing m®A RNA modifications.

A Relative mRNA expression levels of SOCS family proteins were determined by qPCR after cultivation without IL-2 for 24 h (n > 8 biological replicates).

B Western blotting analysis of SOCS3, CISH, and SOCS1 in NK92-siCTRL or NK92-siFTO cells (n = 3 biological replicates).

C mCA methylated RNA immunoprecipitation and quantitative PCR (MeRIP-qPCR) analysis using a m°A antibody in NK92-siFTO (upper) or NK92 + FTO (lower) cells
compared with NK92-siCTRL or NK92 + MOCK cells.

D SOCS3 3-UTR reporter assay using the AANAT reporter system. Plasmid information for the AANAT reporter system with or without the SOCS3 3'-UTR sequence
(upper). Levels of Aanat protein (left) and Aanat mRNA (right) expression in HEK-293T cells co-transfected with plasmid-expressing AANAT reporter containing SOCS3

3-UTR and siCTRL or siFTO.

EMBO reports

Data information: Error bars for panel (A) are & s.e.m. Error bars for panels (C and D) are + s.d. based on technical triplicates. For panels (C and D), data are
representative of three times independent experiments with similar results. Significance was determined using the Mann-Whitney U test (A) or Student’s t-tests (C, D):

***p < 0.001; **P < 0.01; *P <

0.05.

Source data are available online for this figure.
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Figure 5. Activity of FTO-deficient CD37CD56™ NK cells derived from umbilical cord blood is enhanced.

A K562 leukemia cell-killing activity by CD56*-siCTRL or CD56*-siFTO cells was measured by calcein AM-based cytotoxicity assays at the indicated NK:K562 (E:T) ratio.
B Relative mRNA expression levels of JAK/STAT target genes, IFNy (n = 10 biological replicates), GZMB (n = 6 biological replicates), and PRF1 (n = 8 biological replicates)

were determined by qPCR in CD56"-siCTRL or CD56*-siFTO cells.

C Western blotting of CD56"-siCTRL or CD56*-siFTO cells incubated with 20 ng/ml IL-15 and 20 ng/ml IL-21 for the indicated times was performed. Cells were lysed
and analyzed by immunoblotting with antibodies to the indicated phosphorylated (p-) and total proteins (n = 2 ~ 3). Data are representative of three times indepen-
dent experiments with similar results. The protein levels were expressed as the relative band density of the corresponding protein (lower).

D Western blotting for the detection of CISH, SOCS1, and SOCS3 was performed in CD56*-siCTRL or CD56™-siFTO cells (n = 3/group).

Data information: Error bars for panel (A) are + s.d. based on three technical replicates. Error bars for panels (B and C) are & s.e.m. For panels (A), data are
representative of three times independent experiments with similar results. For panels (C), The protein levels were expressed as the relative band density of the
corresponding protein on the lower. Significance was determined using the Student’s t-tests (A, C) or Mann-Whitney U test (B): ***P < 0.001; **P < 0.01; *P < 0.05.

Source data are available online for this figure.

et al, 2017). Nevertheless, its relationship with immune cell activity
has not been reported to date. In the present study, we character-
ized the role of FTO in NK cell biology. Fto™~ mice displayed
prolonged survival against lymphoma and resistance to melanoma
tumor metastasis. NK92-siFTO cells were hypersensitive to the IL-2-
driven phosphorylation of JAK1 and JAK3, with corresponding
increases in NK cytotoxicity, cytokine production, and survival.
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Furthermore, the expression of the activating receptor NKp30 was
increased in the NK92-siFTO cells, leading to increased NK cell
activity (Fig 7).

mRNA levels are tightly regulated by both transcription and
degradation (Tani & Akimitsu, 2012). Rates of transcription mainly
control mRNA abundance; however, a small number of mRNAs,
especially immediate-early inducible genes, are closely regulated by
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Figure 6. FTO-deficient NK cells enhance the antitumor responses against K562 leukemia.

A Western blotting for the detection of FTO was performed in NK92-TRC or NK92-shFTO cells.
K562-Luc cell-killing activity by NK92-TRC or NK92-shFTO cells was measured by calcein AM-based cytotoxicity assay (E:T ratio = 1:0.625).

B
C Degranulation was measured by flow cytometry (n = 3 biological replicates, E:T rat
D

i0 = 2:1).

The mouse experimental scheme. K562-Luc cells were injected, and then, NK92-TRC or NK92-shFTO was transfused three times into NOD/Shi-scid/IL-2Ry™" (NOG)

mice (n = 6/group).

E The images of the ventral bioluminescence (BLI) following the injection of NK92-TRC or NK92-shFTO cells.

F The values of the ventral BLI were plotted.
G The survival curves after the injection of K562-Luc cells.

Data information: Error bars for panel (B) are + s.d. based on three technical replicates. Error bars for panels (C and F) are + s.e.m. For panels (A and B), data are
representative of three times independent experiments with similar results. Significance was determined using the Student’s t-tests (B, C, F) or the Mantel-Cox test (G):

***p < 0.001; **P < 0.01.
Source data are available online for this figure.

mRNA degradation (Rabani et al, 2014). Post-transcriptional modifi-
cation is helpful for rapid degradation. Among various post-
transcriptional modifications, m°A is the most common and vital
epitranscriptomic mark. Although m®A RNA modification plays

© 2023 The Authors

fundamental roles in almost every aspect of mRNA metabolism, it
mainly affects RNA degradation (Shulman & Stern-Ginossar, 2020).
SOCS family genes are well-known immediate-early genes induced
by IL-2/15 or IL-17 stimulation (Li et al, 2017b). Therefore, the
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Figure 7. FTO is a crucial negative regulator of IL-2/15-induced JAK/STAT signaling.

Overview of the proposed model. In FTO-deficient NK cells, the expression levels of SOCS family genes are low due to high levels of m°A RNA methylation in the mRNA.
Low SOCS family gene expression promotes the JAK/STAT signaling, thereby increasing the efficacy of NK cell killing.

degradation of SOCS family genes may also be related to m°A RNA
methylation for immediate reactions to stimuli.

Previous reports have shown that m°A in the mRNA of SOCS
family genes regulates T cell homeostasis by regulating mRNA
stability via the mCA writers METTL3 and METTL14 (Li et al, 2017b;
Tong et al, 2018). However, the effects of m°A erasers on other
immune cells are not well-known (Gu et al, 2020). We found that
SOCS family proteins, especially SOCS3, are downregulated in
mouse NK cells lacking the m°A eraser FTO and in NK92-siFTO
cells. By MeRIP-gPCR and a reporter assay, we found that mRNAs
of SOCS family genes have m®A modifications, which are removed
by FTO, thus reducing mRNA stability. In addition, we observed
that these regulatory effects also affect NK cell activity and provide
a potential clinical approach. The opposite findings were obtained
using the m°A eraser, clearly demonstrating the importance of m°A
in immune cells. In addition, we verified that SOCS family genes are
m°A target genes and that m°A dynamics are regulated not only by
m®A writers but also by m°A erasers. Additionally, cytokine signal-
ing is a key signaling pathway in a variety of immune cells (Van der
Meide & Schellekens, 1996). As well as IL-2/15, IL-7 is a typical
gamma chain cytokine, involving a similar signaling cascade (Ma
et al, 2006). Just as IL-7 mainly regulates cellular homeostasis in T
cells, in NK cells, IL-2/15 primarily regulates the activity of NK cells
(Becknell & Caligiuri, 2005). In this way, even if intermediate signal-
ing factors are shared, signaling outputs differ among cells. There-
fore, even the already-known m6A-modified mRNA is considered to
be sufficiently meaningful.

A recently published paper identified the role of m°®A in NK cells
using the m°A writer METTL3 (Song et al, 2021) and the m°A reader
YTHDF2 (Ma et al, 2021). According to the reported papers,
METTL3 regulates responsiveness to IL-15, and YTHDF2 forms a
positive feedback loop with STATS to regulate IL-15 signaling. Here,
we emphasize that FTO negatively regulates IL-2/15-driven JAK/
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STAT signaling. All three results have different m°A target genes
and detailed mechanisms, but all describe that they regulate the
sensitivity of IL-2/15 signaling to regulate NK cell homeostasis and
antitumor immunity. These results suggest that m°A RNA modifi-
cation is essential in NK cell biology.

As reported, m®A RNA methylation is present in about 25% of
transcripts in  the eukaryotic transcriptome (Dominissini
et al, 2012). This means that m°A demethylation by FTO is not
limited to the SOCS family genes in NK cells. We focused only on
cytokine-induced NK cell activation. When treated with IL-2/15,
FTO-deficient NK cells showed increases in JAK/STAT signaling
(Fig 3). However, differences in other cytokines, signaling mole-
cules, and cellular signal transduction through direct contact with
target cells were not considered. Therefore, for a broader under-
standing of the role of FTO in NK cells, additional studies covering a
wider range of conditions and signaling factors are needed.

In summary, we showed that FTO is a crucial negative regulator
of IL-2/15-driven JAK/STAT signaling in NK cells by removing m°®A
in the mRNA of SOCS family genes, especially SOCS3. FTO-deficient
NK cells displayed increased tumor-Kkilling activity, cytokine produc-
tion, and cell viability. Accordingly, Fto™/~ mouse splenic NK cells
were resistant to experimental melanoma tumor metastasis and
FTO-deficient NK cells showed an enhanced antitumor response to
K562 leukemia (Fig 7). Adoptive transfer of allogeneic NK cells is a
potential immunotherapeutic strategy for a variety of cancers (Guil-
lerey et al, 2016). Little is known about the usage of an immune
checkpoint inhibitor for NK cells. Antibodies for TIGIT, KIR, TIM-3,
LAG-3, and NKG2A are undergoing clinical trials (Cao et al, 2020).
It has also been reported that CISH could be a potent checkpoint in
NK cells (Delconte et al, 2016). Therefore, we thought that FTO
could be used as an immune checkpoint for NK cells and could
provide the basis for a new immunotherapeutic strategy for allo-
geneic NK cell therapies.

© 2023 The Authors
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Materials and Methods
Mice

Fto knockout mice were generated by GH bio (Republic of Korea).
The mouse Fto gene (gene ID: 26383) consists of nine exons. Fto™~
mice were generated by using CRISPR/Cas9 system (pT7 plasmid).
It was designed to induce deleted mutation in the first exon with the
start codon (Fig EV1A-C). The single-guide RNA (sgRNA) was
selected from CHOPCHOP program (http://chopchop.cbu.uib.no,
target 1: GGCGAGGGGGAACACGGCCCACGG, target 2: GACCGCG-
GAGGAACGAGAGCGG). The specific primer sequences for genotyp-
ing are as follows. 5-CTGCTAGCTGACTGGAGAAAT-3/, 5'-
ATATGAATTCACAGCACAGACG-3'. Fto™/~ mice were maintained
on a C57BL/6 background. Fto™'* refers to C57BL/6 wild-type
control mice, which were purchased from DOO YEOL Biotech
(Republic of Korea). For bioluminescence assay, male NOG mice
(NOD.Cg-Prkdcscid II2rgtm1Sug/Jic, 5-8 weeks) were purchased
from saeronbio (Republic of Korea). All mice were bred and main-
tained under Specific Pathogen Free conditions. Animal experiments
complied with the guidelines (approval ID: KRIBB-AEC-20032, -
20327, -21009) of the Institutional Animal Care and Use Committee
(TACUC) of the Korea Research Institute of Bioscience and Biotech-
nology (KRIBB). Experiments were performed in accordance with
institutional guidelines for animal care (National Institutes of
Health, Bethesda, MD, USA). Male and female mice were used
between the ages of 8-12 weeks.

Tumor metastasis and NK depletion

Groups of 9-10 mice per experiment were used for tumor metastasis
assay with NK cell depletion. Single-cell suspension of 1 x 10°
B16F10 melanoma cells in 200 pl of PBS was injected intravenously
*+/* or Fto™'~ mice on day 0. In the NK cell
depletion assay, Fto™* mice or Fto™/~ mice were intraperitoneally
injected with either 100 pg anti-mouse IgG2a isotype control (BioX-
Cell, #BE0085) or 100 pg anti-mouse NKI1.1 antibody (BioXCell,
#BE0036) per mouse on days —4, —1 and 2. The efficiency of NK cell
depletion was measured by flow cytometry.

into the tail vein of Fto

B16F10 xenograft mouse model

2 % 10° B16F10 melanoma cells in 200 pl of PBS were injected
subcutaneously into the flank of Fto™* or Fto™'~ mice. The tumor
size was measured every 3-4 days with calipers and was calculated
using the formula [length x width® x 0.5]. Seventeen days after
B16F10 inoculation, the tumor was extracted.

Purification and culture of mouse splenic NK cells

Mouse natural Killer cells were harvested from the spleen and
single-cell suspensions prepared by forcing of the spleen through
70 pm Cell Strainer (FALCON). NK cells were purified using mouse
NK Cell Isolation Kit II (Miltenyi Biotec) according to the manufac-
turer’s instructions. NK cells were expanded for 1-2 days by culture
in RPMI-1640 supplemented with 10% fetal bovine serum (FBS),
1% streptomycin and penicillin, recombinant hIL-2 (40 ng/ml,
Peprotech) and hIL-15 (40 ng/ml; Peprotech).

© 2023 The Authors
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Cell culture

The NK-92 (human natural killer cell line, ATCC®CRL-2407™),
K562 (human leukemia cell line, ATCC®CCL-243™), B16F10
(mouse skin melanoma cell line, ATCC®CRL-6475™), YAC1
(mouse lymphoma cell line, ATCC®TIB-160™) and EL4 (mouse
lymphoma cell line, ATCC®TIB-39™) were purchased from Ameri-
can Type Culture Collection (Manassas, VA, USA). The K562-Luc
cell lines were generated by transduction with a lentiviral vector
(pCDH-CMV-MCS-T2A GFP EF1-Puro) encoding luciferase and
GFP. The NK-92 cells were grown in an alpha minimum essential
medium, which contained 12.5% fetal bovine serum (FBS), and
12.5% horse serum. To prepare the complete growth medium, the
following components were added to the medium prior to use:
0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic acid,
and 200 U/ml recombinant IL-2 (Peprotech, Cat. 200-02). K562,
K562-Luc, and YACL1 cell lines were grown in RPMI-1640 medium,
which contained 10% FBS, and 1% streptomycin and penicillin.
B16F10 and EL4 cell lines were grown in DMEM medium (high
glucose), which contained 10% FBS, and 1% streptomycin and
penicillin. In case of human, primary NK cells derived from
umbilical cord blood (UCB). Samples of human cord blood were
obtained from umbilical veins of normal and full-term infants
after written informed consent by their mothers, and the protocol
was approved by the guidance of the electronic Institutional
Review Board (P01-201906-41-001). Primary human CD3~ NK
cells were isolated from UCB mononuclear cells using RosetteSep
(Stem Cell Technologies), which depletes the cluster of differentia-
tion CD3™ T cells (< 5% CD3" cells) and red blood cells. The cells
were cultured in o-Minimal Essential Medium (Welgene) with IL-
15 (100 U/ml), IL-21 (100 U/ml), and 1 pM of hydrocortisone
until the CD56* mononuclear cells became more than 80%
(~12 days). Mycoplasma contamination was tested with the
commercially available mycoplasma detection kit (iNtRON,
#25239).

Real-time quantitative PCR (RT-qPCR) and m®A methylated RNA
immunoprecipitation (MeRIP)-qPCR

Total ribonucleic acid (RNA) was extracted with the use of Trizol
(Thermo Fisher, #15596026) according to the manufacturer’s
instructions. Total RNA was reverse-transcribed using a comple-
mentary deoxyribonucleic acid (cDNA) synthesis kit (Toyobo, #FSK-
101) and RT-qPCR was conducted with the use of a Dice TP800 ther-
mal real-time PCR system with SFC green qPCR master mix (SFC,
#pgm1005). Extracted cellular RNA was also used for MeRIP assay.
MeRIP (#17-10499) kits were purchased from Merck and performed
according to the manufacturer’s instructions. All the measurements
were normalized to the housekeeping gene GlycerAldehyde-3-
Phosphate Dehydrogenase (GAPDH) and input control. Each condi-
tion had three biological replicates and measurements were
performed in duplicate. The gene-specific primer sequences are
listed below.

Human GAPDH - F: 5-GAGTCAACGGATTTGGTCGT-3' and R:
5-TTGATTTTGGAGGGATCTCG-3'; human METTL3 — F: 5-CTTG
CATGGATTCTGAGGCC-3’ and R: 5-GTCAGCCATCACAACTGCAA-
3/; human FTO - F: 5-CGGTATCTCGCATCCTCATT-3' and R: 5'-GG
CAGCAAGTTCTTCCAAAG-3’; human IFNy - F: 5-TCCCATGGGTTG
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TGTGTTTA-3' and R: 5-AAGCACCAGGCATGAAATCT-3/; human
TNFo — F: 5'-AGGACCAGCTAAGAGGGAGA-3’ and R: 5-CCCGGATC
ATGCTTTCAGTG-3’; human GZMB — F: 5-CCCTGGGAAAACACT
CACACA-3’' and R: 5-CACAACTCAATGGTACTGTCGT-3’; human
CISH — F: 5-CCTGGCCACCTGAACTGTAT-3' and R: 5'-CCCTCAAC
AAGGGGTCACTA-3'; human SOCSI - F: 5'- CTGGGATGCCGTGTT
ATTTT-3' and R: 5-TAGGAGGTGCGAGTTCAGGT-3'; human SOC
S2 — F: 5-GTGCAAGGATAAGCGGACAG-3' and R: 5-GGTAAA
GGCAGTCCCCAGAT-3'; human SOCS3 — F: 5-ATCCTGGTGACAT
GCTCCTC-3' and R: 5-CAAATGTTGCTTCCCCCTTA-3’; human BCl-
2 — F: 5-CTGCACCTGACGCCCTTCACC-3' and R: 5-CACATGA
CCCCACCGAACTCAAAGA-3’; human PIMI - F: 5-CCGAGTGTATA
GCCCTCCAG-3’ and R: 5-GGGCCAAGCACCATCTAATG-3’; human
BCL-XL. - F: ©&5-TCCCAGCTTCACATAACCCC-3’ and R: 5'-
TGCATCTCCTTGTCTACGCT-3/; human MYC — F: 5-AACACACA
ACGTCTTGGAGC-3' and R: 5-GCACAAGAGTTCCGTAGCTG-3;
mouse Gapdh — F: 5-ATGGTGAAGGTCGGTGTGAA-3’' and R: 5'-
TGGAAGATGGTGATGGGCTT-3’; mouse Cish — F: 5-CTCTGGG
ACATGGTCCTTTG-3’ and R: 5-GGCATCTTCTGTAGGTGCTG-3';
mouse Socsl — F: 5-GTCCTGCCGCCAGATGAG-3' and R: 5-GCCAA
CAGACCCCAAGGAG-3’; mouse Socs2 - F: 5-CTGCGCGAGCT
CAGTCAAAC-3’ and R: 5-GTCTGAATGCGAACTATCTC-3’; mouse
Socs3 — F: 5-AGATTTCGCTTCGGGACTAG-3' and R: 5-GGAGCC
AGCGTGGATCTGC-3’; mouse Ifng — F: 5-TTCTTCAGCAACAGC
AAGGC-3’' and R: 5-ACTCCTTTTCCGCTTCCTGA-3’; mouse Gzmb —
F: 5-AGAACAGGAGAAGACCCAGC-3’ and R: 5-GCTTCACATTG
ACATTGCGC-3'.

m°®A dot blot and m®A ELISA assay

Total RNA was extracted as described above. Extracted cellular
RNA was used for m®A dot blot and m°A ELISA assay. In the
mPA dot blot assay, dropped 2 pl of total RNA was onto the posi-
tively charged nylon membrane (Merck) and fixed by boiling at
80°C for 2 h. Then, washed membrane in PBST (1x PBS, 0.05%
Tween-20) for 10 min. Incubated the membrane with anti-m°A
antibody (Synaptic Systems, 202003) in 10% skim milk and then
washed the membrane. After wash, incubated with peroxidase
(HRP)-conjugated goat anti-rabbit (Thermo Fisher, #31460) for
1 h, and then, the signal band detected using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Fisher, #34078). m°A
ELISA assay (#P-9005-96) kits were purchased from Epigentek
and performed according to the manufacturer’s instructions in
triplicate.

Flow cytometry

Single-cell suspensions were stained with the appropriate antibodies
for 20 min on ice in a binding buffer (PBS with 2% FBS and 1 mM
EDTA) and analyzed by a fluorescence-activated cell sorter (FACS)
Canto II and FlowJo software (BD Biosciences). For apoptotic
assays, cells were stained with the fluorescein isothiocyanate (FITC)
Annexin V and propidium iodide (PI) according to the BD Apoptosis
Detection Kit II manual. Antibodies specific for CD3 (#5607771),
CD4 (#553046), CD8 (#553035), NK1.1 (#551114), CD107a
(#555801), CD56 (#562751), NKG2D (558071), NKp30 (#558407),
NKp44 (#558563), NKp46 (558051) and CD25 (#555434) were
purchased from BD Pharmingen and used at 1:100.
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Calcein AM-based cytotoxicity

NK cell cytotoxicity was measured with the Calcein release assay.
Target cancer cells were labeled with Calcein AM (Thermo Fisher,
#C1430) for 1 h at 37°C. The labeled target cells (1 x 10* cells) and
serially diluted effector NK cells were then co-cultured in 96-well
round-bottom plates for 4 h at 37°C. Released Calcein into the super-
natant was measured using a multimode microplate reader (Molecu-
lar Devices, San Jose, CA, USA). Maximum release was simulated
based on the addition of 1% Triton X-100 to the labeled target cells,
and spontaneous release was simulated by adding culture media to
the labeled target cells. The percentage of specific lysis was calcu-
lated according to the following formula:

(sample release—spontaneous release)/

(maximum release—spontaneous release) x 100.

Cytokine ELISA analysis

Cultured supernatants were used for cytokine ELISA analyses.
Human IFNy (#88-7316-88), human TNFa ELISA (#88-7346-88),
mouse IFNy (#88-7314-86), and mouse TNFa ELISA (#88-7324-22)
kits were purchased from Invitrogen and performed according to the
manufacturer’s instructions in triplicate.

Western blotting

Cells were lysed in protein lysis buffer (Roche, #4719956001) with
protease and phosphatase inhibitor (Roche, #4906837001). Lysates
were clarified by centrifugation at 15,814 g for 10 min at 4°C.
Protein concentrations were measured by the BCA protein assay kit
(Thermo Fisher, #23225). The lysates were loaded on 10% SDS-
PAGE gels and transferred to 0.45 pm PVDF membrane (Merck
Millipore, #IPVH00010). After transfer, the membrane was incu-
bated with primary antibodies specific to the following: GAPDH
(#5174), pJAK1 (Y1022/1023, #3331), JAK1 (#3344), pJAK3 (Y980/
981, #5031), JAK3 (#8863), pSTATS (Y694, #9359), STATS (Santa
Cruz Biotechnology, #sc-74442), pSTAT3 (Y705, #5031), STAT3
(#9139), FTO (#45980), METTL3 (Proteintech, #15073-1-AP), GZMB
(#3707), CISH (#8731), SOCS1 (#3950), SOCS3 (#2923), pAKT
(T308, #9275), AKT (#9272), pERK (T202/Y204, #9101), ERK
(#9102), and serotonin N-acetyltransferase (AANAT, Abcam,
#ab3506). Primary antibodies were purchased from Cell Signaling
Technology (CST) unless stated otherwise. After incubation with
peroxidase (HRP)-conjugated goat anti-rabbit (Thermo Fisher,
#31460) or anti-mouse IgG (Thermo Fisher, #31430), the signal
band was detected using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher, #34078).

Transfection and reporter assay

In small interfering RNA (siRNA) transfection, 1 x 10° NK cells
were transfected with one of either the siRNA control or siFTO
(GGUUAGGAUCCAAGGCAAA+ATAT) at concentrations of 10 pM in
100 pl opti-MEM media (Thermo Fisher, #31985070) per one cuvette
using NEPA21 electroporator (NepaGene) according to the manufac-
turer’s instruction. pcNAT reporter plasmid has been previously
described. To construct reporter plasmids pcNAT-human SOCS3
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3’UTR and -human CISH 3’UTR, 3’UTR of the human SOCS3 and
CISH were amplified by PrimeSTAR MAX DNA polymerase (Takara,
#R045A) wusing a specific primer (SOCS3 3'TUR - F:
AAGAATTCGGGGTAAAGGGCGCAAAG, R: AACTCGAGGTTTTT-
CATTAAAAAATAGTGCTCTTTATTAT, CISH 3’UTR - F: AAGAATT
CCTGTACGGGGCAATCTGC, R: AACTCGAGACACAACTGAAAAT
CGGCC). The PCR products were cloned into the EcoRI and Xhol
site of the pcNAT plasmid. Plasmid sequences were confirmed by
sequencing (Macrogen). For reporter assay, HEK-293T cells were
co-transfected with 3 pg of reporter plasmid with either 100 nM
siRNA control (Bioneer) or siFTO using TransIT-X2 transfection
reagent (Mirus, #MIR6005) according to the manufacturer’s manual.
Transfected cells were further grown for 24 h before harvesting.

shRNA construct and lentivirus infection

To construct shRNA plasmid, used pLKO.1 TRC plasmid (Addgene,
#10878) according to the manufacturer’s instruction. The sequence
of shFTO was taken from the sequence of siFTO. To generate the
lentivirus, transfect expression vector, pLKO.1-shFTO and packag-
ing vector, psPAX2 and enveloping vector, pMD2.G to HEK-293T
cells using TransIT-2020 transfection reagents (Mirus, #.MIR5405).
After 3 days, collect the supernatants and condensate the virus by
ultra-centrifugation 77,175 g for 2 h. Extracted viruses are infected
to the NK92 with 8 pg/ml protamine sulfate and infected NK92 cells
are selected by using puromycin (3 pg/ml).

Mouse bioluminescence imaging

To generate K562 cells expressing luciferase (pCDH-CMV-MCS-T2A
GFP EF1-PURO), extracted viruses are infected to the K562 cell
according to the above method. The in vivo mouse biolumines-
cence measurement using the IVIS Imaging System (Caliper Life
Sciences). Before detection of the luciferase activity in mouse,
mice were anesthetized with 1 ~ 3% isoflurane, and intraperi-
toneal inject to mouse at 150 mg D-luciferin (PerkinElmer,
#122799) per kg of mouse body weight. After 10-15 min, luci-
ferase activity expressed by K562-Luc was detected by auto-
exposure with a maximum exposure time of 1 min. And it was
analyzed by using Living Image software (PerkinElmer). Average
radiance (photons/s/cm?/steradian) was calculated using standard-
ized regions of interest across imaging sessions. Total flux was
calculated in photons/s.

Statistical analyses

To exclude subjective bias, randomization procedures and blind test-
ing were performed. In vitro experimental samples were tested in
duplicate or triplicate, and experiments were performed two or three
times independently. Mouse experiments were repeated two inde-
pendently with similar results. Statistical significance was assessed
with the Student’s t-tests or the Mann-Whitney U or Mantel-Cox
using GraphPad Prism (Version 7.0, GraphPad Software). The data
normality test was performed using the “Kolmogorov-Smirnov test.”
If the data were normally distributed, statistical tests were performed
using the “Student’s t-test” of the two-sided two-sample t-test. Statis-
tical tests were performed using the “Mann-Whitney U test” if the
data were not normally distributed. For mouse survival rate, the
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“Log-rank (Mantel-Cox) test” was used. Values of P < 0.05 were
considered to be statistically significant.

Data availability

All data are available in the main manuscript or the supplementary
materials. All data and materials used in this manuscript are avail-
able from the authors upon reasonable request. No primary datasets
have been generated and deposited.

Expanded View for this article is available online.
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