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Significance

 The m6 A RNA demethylase fat 
mass and obesity-associated 
protein (FTO) is aberrantly 
up-regulated in numerous 
cancers. Here, we report that 
vitamin E succinate (VES), a 
widely used dietary supplement 
and a vitamin E derivative, acts as 
a degrader for FTO. VES interacts 
with both FTO and its E3 ligase 
DTX2, leading to increased FTO 
ubiquitination and degradation. 
FTO depletion genetically or by 
VES increased tumor-intrinsic 
immune response and T cell 
cytotoxicity, decreased tumor 
growth, and sensitized tumors to 
immunotherapy. Our work on 
FTO degradation mechanisms 
and VES as a degrader may 
provide a mechanistic foundation 
and framework for the 
development of better degraders 
for FTO with improved potency 
and specificity for cancer 
intervention and therapy.
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Here, we show that vitamin E succinate (VES) acts as a degrader for the m6A RNA 
demethylase fat mass and obesity- associated protein (FTO), thus suppressing tumor 
growth and resistance to immunotherapy. FTO is ubiquitinated by its E3 ligase DTX2, 
followed by UFD1 recruitment and subsequent degradation in the proteasome. VES 
binds to FTO and DTX2, leading to enhanced FTO–DTX2 interaction, FTO ubiq-
uitination, and degradation in FTO- dependent tumor cells. VES suppressed tumor 
growth and enhanced antitumor immunity and response to immunotherapy in vivo in 
mouse models. Genetic FTO knockdown or VES treatment increased m6A methylation 
in the LIF (Leukemia Inhibitory Factor) gene and decreased LIF mRNA decay, and thus 
sensitized melanoma cells to T cell–mediated cytotoxicity. Taken together, our findings 
reveal the underlying molecular mechanism for FTO protein degradation and identify 
a dietary degrader for FTO that inhibits tumor growth and overcomes immunotherapy 
resistance.

FTO | m6A RNA methylation | DTX2 | ubiquitin- mediated proteasomal degradation | UFD1

 N6 -methyladenosine (m6 A) methylation in RNA has been considered the most abundant 
posttranscriptional RNA modification in eukaryote mRNA and plays critical roles in 
almost all RNA metabolism processes ( 1       – 5 ). Recent studies have shown that m6 A RNA 
modification has vital roles in various physiological and pathological processes, especially 
in different types of cancers ( 6   – 8 ). As the first m6 A RNA demethylase identified ( 9 ), FTO 
belongs to the nonheme Fe(II)- and α-ketoglutarate (αKG)-dependent AlkB dioxygenase 
family of proteins ( 10 ,  11 ). Emerging evidence has demonstrated a critical role for FTO 
in development and diseases ( 12 ). In particular, FTO has been reported to be up-regulated 
and to act as a tumor-promoting factor in multiple types of cancers ( 4 ,  8 ,  13 ). Consequently, 
several small-molecule inhibitors for FTO have been identified, including Rhein, MA, 
FB23/23-2, R-2HG, CS1/2, and Dac51 ( 14                     – 25 ). Among these FTO inhibitors, several 
have shown promising therapeutic effects in preclinical mouse tumor models ( 21   – 23 ,  25 ). 
However, despite the identification of these small-molecule FTO inhibitors, most toxi-
cology profiles are either unknown or undesirable, limiting their translation potentials 
into the clinic.

 Protein degradation is a ubiquitous cellular process that controls protein homeostasis 
and plays critical roles in numerous cellular processes ( 26 ). One protein degradation system 
is the ubiquitin–proteasome pathway. Excessive, damaged, or misfolded proteins are ubiq-
uitinated and ultimately delivered to the proteasome for degradation. Ubiquitination is 
governed by the sequential activity of ubiquitin-activating enzymes (E1s), 
ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s) that sequentially activate, 
conjugate, and ligate ubiquitin to protein substrate targets ( 27 ). E3 ubiquitin ligases 
determine the substrate specificity of ubiquitination and play essential roles in the intricate 
cell signaling networks ( 28 ). There are about 600 human E3 ligases currently identified. The 
understanding of the molecular machinery controlling protein degradation has led to the 
development of heterobifunctional protein degraders, such as PROteolysis Targeting 
Chimera (PROTAC) protein degraders, as a new therapeutic modality ( 29 ). Ten E3 ligases 
have been exploited for targeted protein degradation (TPD), including cereblon (CRBN), 
von Hippel–Lindau tumor suppressor (VHL), and MDM2 ( 30 ). The teratogenic agent 
thalidomide and its derivatives have been discovered to possess anticancer activity via 
targeted protein degradation and became FDA-approved PROTAC agents to treat hema-
tological malignancies and Kaposi sarcoma ( 31 ). As compared with small-molecule enzy-
matic inhibitors, protein degraders eliminate proteins rather than inhibiting protein 
activity and thus offer several advantages including their event-driven (rather than 
occupancy-driven) pharmacology, their capability to target multiple copies of a target D
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protein, and their potential to target nonenzymatic proteins or 
those traditionally considered undruggable ( 29 ,  31 ).

 Our previous work has demonstrated that FTO is ubiquitinated 
and stabilized by chronic low-level arsenic exposure ( 32 ). However, 
how FTO ubiquitination and degradation are executed and regulated 
are not known. This knowledge gap has hindered the development 
of FTO degraders that can potentially be utilized in therapies against 
FTO-dependent cancers and other diseases. In this study, we have 
identified DTX2 as an E3 ubiquitin ligase for FTO and UFD1 as 
a ubiquitinated-FTO-binding protein, leading to FTO degradation. 
Our data uncovered that alpha-tocopherol succinate, also known as 
vitamin E succinate (VES), a vitamin E derivative, acts as a FTO 
degrader to suppress tumorigenesis and enhance antitumor immu-
nity and tumor response to immunotherapy in mouse models. 

Results

DTX2 Is an E3 Ubiquitin Ligase for FTO that Induces FTO 
Ubiquitination and Degradation. We propose that FTO protein 
stability may be regulated and play an important role in cancer 
development. Supporting this hypothesis, we found that a high 
FTO protein level is associated with poor survival in breast cancer 
(SI Appendix, Fig. S1A), while such an association was not detected 
between the FTO mRNA level and survival (SI Appendix, Fig. S1B). 
Moreover, the FTO protein level did not show a pattern similar 
to its mRNA level in different melanoma cell lines (SI Appendix, 
Fig.  S1 C and D), suggesting that FTO can be regulated at 
the protein level in melanoma. Additionally, we observed that 
UVB irradiation, a major environmental carcinogen for skin 
cancer, including melanoma, increases FTO protein stability 
(SI Appendix, Fig. S1 E and F). Furthermore, the FTO protein 
level was increased and the m6A level was decreased in WM35 
melanoma cells after treatment with the supernatant from UVB- 
irradiated keratinocytes (SI Appendix, Fig. S1 G and H), while it 
had no effect on FTO mRNA levels (SI Appendix, Fig. S1I). Taken 
together, these findings suggest a role for protein degradation in 
regulating FTO protein expression in carcinogenesis.

 To determine the molecular mechanism of regulating FTO 
protein stability, using the Protein Interaction Network Analysis 
(PINA) platform ( 33   – 35 ), we first assessed whether FTO-interacting 
proteins (SI Appendix, Fig. S2 A –C ) may play a role in FTO deg-
radation. Among these proteins, we focused on enzymes involved 
in protein ubiquitination and cancer. The expression of RECQL4, 
DTX2, BCCIP, or MAD2L2 was negatively associated with FTO 
expression, while the expression of NPEPPS, SBF2, CLUAP1, 
ZMAT3, or ANKRD11 was positively correlated with FTO 
expression (SI Appendix, Fig. S2 A  and B ). We elected to focus on 
DTX2, as it is an E3 ubiquitin ligase that regulates protein deg-
radation ( 36 ). Indeed, DTX2 expression was negatively correlated 
with FTO expression in Pan-cancer patient data (SI Appendix, 
Fig. S2 D  and E ).

 Next, we investigated whether DTX2 acts as an E3 ligase for 
FTO to regulate FTO protein degradation. First, we found that 
DTX2 knockdown increases FTO protein level but not its mRNA 
level (SI Appendix, Fig. S3 A  and B ), while DTX2 overexpression 
decreases FTO protein level (SI Appendix, Fig. S3 C  and D ). 
Consistently, DTX2 knockdown increased the expression of 
CXCR4 (SI Appendix, Fig. S3E  ), an FTO target gene in melanoma 
( 37 ). The proteasome inhibitor MG132 inhibited a DTX2-induced 
drastic decrease in FTO protein level ( Fig. 1A   and SI Appendix, 
Fig. S3F  ). Additionally, DTX2 overexpression drastically reduced 
FTO protein stability ( Fig. 1 B  and C   and SI Appendix, Fig. S3 G  
and H ). Coimmunoprecipitation (Co-IP) analysis showed that 
DTX2 binds to FTO (SI Appendix, Fig. S3I  ).        

 To determine the domain of DTX2 responsible for its binding 
with FTO, we generated DTX2 mutants with deletion of DTX2’s 
functional domains WWE1, WWE2, and RING ( 36 ,  38 ) ( Fig. 1D  ). 
Wild-type (WT) but not mutant DTX2 (WWE1, WWE2, and 
RING) decreased the FTO protein level (SI Appendix, Fig. S3J  ). As 
compared with WT DTX2, mutant DTX2 showed reduced bind-
ing with FTO ( Fig. 1E   and SI Appendix, Fig. S3K  ). Furthermore, 
DTX2 knockdown decreased FTO ubiquitination (SI Appendix, 
Fig. S3L  ), while overexpression of WT DTX2 increased FTO ubiq-
uitination ( Fig. 1F  ). However, as compared with WT DTX2, 
DTX2 mutants with deletion of the WWE1, WWE2, or RING 
domain resulted in decreased FTO ubiquitination ( Fig. 1F  ), impli-
cating that these DTX2 domains are critical for FTO ubiquitina-
tion. Furthermore, we confirmed that DTX2 overexpression reverses 
the effect of FTO on m6 A enrichment ( Fig. 1G  ).

 Lysine ubiquitination is one of the most abundant posttrans-
lational modifications (PTMs) in the human proteome. 
RING-domain E3 ligases mediate the transfer of ubiquitin to the 
substrate lysine ( 39 ,  40 ). To determine the lysine site in FTO 
targeted for ubiquitination, we searched the lysine ubiquitination 
sites of FTO from the PhosphoSitePlus®  website and found that 
most lysines are located in the N terminus of FTO (SI Appendix, 
Fig. S3M  ). The structure of FTO consists of N-terminal domains 
(NTD) and C-terminal domains (CTD); the NTD controls core 
catalytic activity with the involvement of the CTD ( 41 ). We 
elected to initially focus on the lysines close to the C terminus 
(K121–K216) in FTO and generated K-to-R mutants for these 
lysines. Indeed, all mutants showed drastically increased FTO 
protein levels ( Fig. 1H  ) and decreased m6 A levels ( Fig. 1I  ). FTO 
lysine mutants, including K160R, K162R, K194R, and K216R, 
increased FTO protein stability ( Fig. 1 J  and K   and SI Appendix, 
Fig. S3 N  and O ). Consistently, these lysine mutants showed 
higher FTO abundance as compared with WT FTO and pre-
vented DTX2-mediated FTO downregulation ( Fig. 1L   and 
 SI Appendix, Fig. S3P  ), suggesting that all of these lysine residues 
are critical for DTX2-mediated FTO degradation. In particular, 
the K162R mutant showed the lowest m6 A level as compared with 
WT FTO and other lysine mutants ( Fig. 1I  ). Consistently, K162R 
FTO abundance and stability was higher than WT FTO 
(SI Appendix, Fig. S3Q  ) and prevented the effect of DTX2 over-
expression on FTO degradation (SI Appendix, Fig. S3R  ) and ubiq-
uitination ( Fig. 1M  ). To determine which ubiquitin chain is 
critical for DTX2-mediated FTO ubiquitination and degradation, 
we assessed the role of the ubiquitin chain assembled via lysine 48 
(K48), a primary targeting signal for proteasomal recognition and 
degradation of polyubiquitinated proteins ( 42 ). Indeed, the K48R 
ubiquitin mutant drastically reduced DTX2-mediated FTO ubiq-
uitination, suggesting K48-linked polyubiquitination as the major 
ubiquitin chain for FTO ( Fig. 1N  ). Taken together, these data 
demonstrate that DTX2 acts as an E3 ligase for FTO.  

VES Induces FTO Protein Degradation. Next, we elected to 
identify dietary FTO degraders that can knock down FTO protein 
chemically and can be taken as a supplement for cancer prevention, 
interception, or therapy. We focused on vitamins, which are 
widely used dietary supplements. Recent work has demonstrated 
that vitamins C and E enhance the response to immunotherapy 
(43–45). Among the different vitamin E derivatives investigated 
previously, VES seems to possess a notable anticancer effect 
in vitro and in vivo (46–49). In particular, the succinate moiety 
in VES is structurally similar to αKG, the cosubstrate for FTO 
to catalyze the oxidative demethylation of N- methylated RNA/
DNA substrates (10, 50). In addition, succinate and succinate 
derivatives have been shown to inhibit FTO activity (10, 50). D
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Thus, we questioned whether VES binds to FTO via the succinate 
moiety and thus regulates FTO stability or activity.

 Indeed, as compared with succinate (dimethyl succinate, 
DS), vitamin E (VE), and vitamin E acetate (VEA), VES dras-
tically inhibited cell proliferation (SI Appendix, Fig. S4A  ) and 
decreased the FTO protein level (SI Appendix, Fig. S4B  ). 

Mimicking FTO knockdown (SI Appendix, Fig. S4C  ), VES 
increased m6 A enrichment ( Fig. 2A   and SI Appendix, Fig. S4D  ). 
Cellular thermal shift assay (CETSA) and drug affinity respon-
sive target stability (DARTS) analyses suggested that VES binds 
with FTO ( Fig. 2 B  and E   and SI Appendix, Fig. S4 E  and F ). 
To determine how VES binds with FTO, we used molecular 
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Fig. 1.   DTX2 is an E3 ubiquitin ligase for FTO that induces FTO ubiquitination and degradation. (A) Immunoblot analysis of FTO- GFP and DTX2- Flag in FTO- GFP- 
overexpressed HeLa cells with or without overexpression of DTX2- Flag treated with or without MG132 (10 μM) for 6 h. GAPDH was used as a loading control. 
(B) Immunoblot analysis of FTO in MEL624 cells transfected with empty vector (EV) or DTX2- HA treated with cycloheximide (CHX, 100 μg/ml) over a time course. 
(C) Quantification of B (n =3). (D) Domain architecture of human DTX2. (E) Coimmunoprecipitation (Co- IP) assay of FTO binding with HA- tagged wild- type (WT) 
DTX2 or DTX2 mutants with deletions of domains in 293T cells transfected with Empty Vector (EV), △RING- HA, △WWE1- HA, △WWE2- HA, in combination with 
FTO- Flag and treated with MG132 (10uM) for 6 h. (F) Ubiquitination assay of 293T cells transfected with constructs expressing FTO- Flag, and WT DTX2- HA or 
DTX2 mutants and treated with MG132 (10 μM) for 6 h. Protein lysates were immunoprecipitated with the Flag- beads and ubiquitination was detected with 
the anti- Ubiquitin antibody. (G) m6A dot blot assay and immunoblot analysis in WM35 cells transfected with or without DTX2- HA and FTO- Flag. (H) Immunoblot 
analysis of FTO- Flag and FTO- Flag mutants with indicated arginine mutation in Lysine (K121R, K160R, K162R, K194R, K211R, and K216R) in 293T cells transfected 
WT and FTO lysine mutants. (I) m6A dot blot assay in 293T cells transfected with WT and FTO lysine mutants. (J) Immunoblot analysis of WT and FTO K162R in 
293T cells transfected with WT and FTO K162R and treated with cycloheximide (CHX, 100 μg/ml) over a time course. (K) Quantification of J (n = 3). (L) Immunoblot 
analysis of Flag for WT and K162R FTO, and HA (DTX2) in 293T cells transfected with or without DTX2 in combination with FTO WT or K162R. (M) Ubiquitination 
assay of 293T cells transfected with or without constructs expressing DTX2- HA, FTO WT- Flag, and K162R- Flag and treated with MG132 (10 μM) for 6 h. Protein 
lysates were immunoprecipitated with the Flag- beads and ubiquitination was detected with the anti- Ubiquitin antibody. (N) Ubiquitination assay of HeLa cells 
transfected with or without HA- Ub WT or HA- Ub K48R in combination with DTX2- Flag or FTO- GFP and then treated with MG132 (10 μM) for 6 h. Protein lysates 
were immunoprecipitated with the anti- GFP antibody and ubiquitination was detected with the anti- HA antibody. Error bars are shown as mean ± SD (C and K). 
P- values are from two- tailed unpaired t test (C and K).
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docking to identify the potential binding sites ( Fig. 2C   and 
 SI Appendix, Fig. S4G  ). We found that VES binds with FTO 
at the R316, S318, and Y295 residues ( Fig. 2D   and SI Appendix, 
Fig. S4H  ). To assess the importance of these residues in 
VES-FTO binding, we generated R316Q, S318A, and Y295F 
FTO mutants. DARTS analysis showed that all three FTO 
mutants fail to bind with VES ( Fig. 2E  ). To confirm whether 
VES interacts with FTO and modulates FTO activity, we per-
formed an in vitro cell-free assay of m6 A demethylase activity 
of recombinant FTO protein. We found that VES inhibits 
the m6 A demethylase activity of FTO ( Fig. 2F  ). These findings 
implicate that VES interacts with FTO and reduces FTO’s m6 A 
demethylase activity.        

 To determine whether FTO is a selective target for VES, we 
generated FTO knockout (KO) cells using CRISPR. FTO deletion 

reduced the sensitivity to VES ( Fig. 2G   and SI Appendix, Fig. S5A  ). 
Similarly, melanoma cell lines with low FTO expression (SK-MEL30, 
WM35, and WM115) showed reduced sensitivity to VES as com-
pared with those with high FTO expression (CHL1 and MEL624) 
( Fig. 2H  ). Previous data showed that VES has proapoptotic prop-
erties in multiple hematopoietic and carcinoma cell lines ( 46     – 49 , 
 51 ). Interestingly, we found that VES induces apoptosis at a high 
dose (25 μM), but not lower doses (SI Appendix, Fig. S5B  ). 
Moreover, VES at lower doses (5 and 10 μM) drastically decreased 
FTO protein levels ( Fig. 2I   and SI Appendix, Fig. S5 B  and C ) 
without affecting FTO mRNA level ( Fig. 2J   and SI Appendix, 
Fig. S5D  ), suggesting that VES’s effect on FTO is not due to cell 
death. VES increased m6 A enrichment and decreased expression of 
the FTO target genes CXCR4, SOX10, and PDCD1, resembling 
the effect of FTO genetic inhibition (SI Appendix, Fig. S5 E –I ).
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 Targeted protein degradation (TPD) is an emerging therapeutic 
modality that has expanded the druggable proteome for cancer treat-
ment ( 52 ). We hypothesized that VES interacts with FTO and acts 
as an FTO degrader. Indeed, the proteasome inhibitor MG132 
increased FTO protein level (SI Appendix, Fig. S5 J  and K ) and 
reversed the effect of VES ( Fig. 2K  ). Furthermore, VES decreased 
protein stability ( Fig. 2 L  and M   and SI Appendix, Fig. S5 L  and M ) 
and increased ubiquitination of WT FTO ( Fig. 2N  ), while it had 
no effect on the FTO K162R mutant ( Fig. 2O  ). Next, we assessed 
whether VES affects FTO protein levels specifically, but not the 
levels of other αKG-dependent dioxygenases, including enzymes 
involved in methylation of DNA and histones, or other m6 A regu-
lators. We found that VES has little or no effect on the protein levels 
of these enzymes, histone modifications, or 5-hmC DNA demeth-
ylation (SI Appendix, Fig. S5 N  and O ). In addition, VES did not 
affect the level of the m6 A methyltransferase proteins METTL3 and 
METTL14 (SI Appendix, Fig. S5P  ). Moreover, cells with FTO dele-
tion were resistant to VES’s effect on m6 A enrichment (SI Appendix, 
Fig. S5Q  ). Furthermore, inhibition of METTL3 reduced the basal 
m6 A levels, while it failed to restore the effect of VES in FTO KO 
cells (SI Appendix, Fig. S5Q  ) or affect proliferation in CHL1 cells 
with FTO deletion (SI Appendix, Fig. S5R  ), suggesting that FTO, 
but not METTL3, is the target of VES. Taken together, these find-
ings demonstrate that VES is a selective FTO degrader.  

VES Induces FTO Protein Degradation Via DTX2. Next, we 
assessed the role of DTX2 in VES- induced FTO degradation. 
An in situ proximity ligation assay (PLA) assay showed that VES 
increases FTO–DTX2 interaction (Fig. 3 A–C). In addition, Co- 
IP analysis showed that VES increased FTO binding with DTX2 
(Fig. 3D). Moreover, DTX2 knockdown reversed the effect of 
VES on FTO protein degradation (Fig. 3E). Next, we questioned 
whether the vitamin E moiety of VES binds with DTX2, because 
the succinate moiety of VES binds with FTO (Fig. 2 F and G and 
SI Appendix, Fig. S4 G and H). As expected, molecular docking 
analysis showed that vitamin E binds with DTX2 (Fig. 3 F and G).  
DARTS analysis showed that VES and VE, but not succinate, 
bind with DTX2 (Fig. 3H). Next, we assessed whether the effect 
of VES is specific for FTO. DTX2 overexpression decreased the 
protein level of FTO, while it had no effect on the protein level 
of ALKBH5, another m6A RNA demethylase and member of 
the Fe2+-  and 2- oxoglutarate (2OG)- dependent AlkB dioxygenase 
family (SI Appendix, Fig. S5O and S6A). In addition, DTX2 did 
not bind with ALKBH5; and DTX2 expression was not negatively 
correlated with ALKBH5 expression in cancers (SI  Appendix, 
Fig.  S6 B and C). Furthermore, published small molecular 
FTO inhibitors CS1, CS2, and FB23- 2 had either no effect or 
less effect on FTO protein inhibition than VES (SI Appendix, 
Fig. S6D). Taken together, these results implicate that VES acts 
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as a molecular glue degrader for FTO via enhancing the FTO–
DTX2 interaction.

UFD1 Is Required for VES- Induced FTO Protein Degradation. To 
determine the detailed molecular mechanism in VES- induced 
FTO degradation, we performed a mass spectrometry analysis 
of FTO- interacting proteins modulated by VES (SI  Appendix, 
Table S1). We found that VES drastically increases the interaction 
of FTO with Ubiquitin Fusion Degradation Protein 1 (UFD1) 
(Fig. 4A). UFD1 is a critical factor for recognizing ubiquitinated 
proteins, leading to their ultimate degradation (53, 54). Analysis 
of TCGA data showed that UFD1 expression is negatively 
associated with FTO expression in cancer (SI Appendix, Fig. S7 A 
and B). Moreover, UFD1 knockdown increased FTO protein level 
(SI Appendix, Fig. S7 C and D), whereas UFD1 overexpression 
decreased it (SI Appendix, Fig. S7 E and F). Consistently, UFD1 
overexpression decreased the level of WT FTO but not the K162R 
mutant (Fig.  4B). Furthermore, UFD1 overexpression clearly 
decreased FTO protein stability, whereas UFD1 knockdown 
increased it (Fig.  4 C–F). Co- IP analysis showed that UFD1 
binds with FTO (SI Appendix, Fig. S7G). VES increased UFD1 
binding with WT FTO, but not the K162R mutant (Fig. 4 G and 
H and SI Appendix, Fig. S7H). Additionally, UFD1 knockdown 
reversed the effect of VES on FTO downregulation (Fig. 4I). The 
combination of DTX2 overexpression and UFD1 overexpression 
showed an additive effect on FTO downregulation as compared 
with overexpression of each factor alone (Fig.  4J), while 
overexpression of either DTX2 or UFD1 did not affect the protein 
level of other m6A regulators, including the methyltransferase 
proteins METTL3 and METTL14 (SI Appendix, Fig. S7 I and 
J), establishing FTO as a specific target for DTX2 and UFD1. 
However, DARTS and CETSA analysis showed that VES does not 
bind to UFD1 (Fig. 4 K and L and SI Appendix, Fig. S7K). These 
results demonstrate that UFD1 binds to ubiquitinated FTO and 
is required for VES- induced FTO protein degradation (Fig. 4M).

 To determine whether chronic VES treatment protects FTO 
from VES-induced degradation, we treated MEL624 cells with VES 
(10 µM) for 7 wk. Chronic VES treatment resulted in a slight 
decrease in FTO protein level and cell proliferation (SI Appendix, 
Fig. S7 L  and M ), while it did not affect the levels of either UFD1 
or DTX2 (SI Appendix, Fig. S7L  ). However, when we treated the 
cells with 10 µM VES for 72 h, we found that chronic VES-treated 
cells showed resistance to VES-induced FTO downregulation 
(SI Appendix, Fig. S7 L  and M ). Future investigation is warranted 
to determine whether the resistance is caused by VES-induced 
genetic mutations, clonal selections, or epigenetic alterations that 
prevents FTO downregulation.  

Effect of Targeting FTO Degradation in Tumor Growth and 
Response to Immunotherapy. Next, we investigated whether 
DTX2 and UFD1 play important roles in tumorigenesis. 
Indeed, DTX2 overexpression or UFD1 overexpression 
decreased cell proliferation in  vitro (SI  Appendix, Fig.  S8 A 
and B). While overexpression of WT FTO increased cell 
proliferation, overexpression of WT DTX2, but not mutant 
DTX2, reversed the effect of WT FTO overexpression (Fig. 5A 
and SI Appendix, Fig. S8C). Moreover, overexpression of DTX2 or 
UFD1 decreased tumor growth (Fig. 5 B and C and SI Appendix, 
Fig.  S8 D and E). Cells with FTO knockout showed reduced 
sensitivity to overexpression of either DTX2 or UFD1 (Fig. 5D 
and SI Appendix, Fig. S8F), suggesting that the effect of DTX2 
and UFD1 is at least in part dependent on FTO. TCGA data 
analysis showed that mimicking FTO low expression, DTX2 high 
expression, or UFD1 high expression was associated with better 

survival for anti- PD- L1 immunotherapy (Fig. 5 E–G). Mimicking 
the effect of genetic FTO inhibition shown previously (37), VES 
sensitized melanoma cells to IFNγ- mediated toxicity (SI Appendix, 
Fig.  S8G). Consistently, VES sensitized B16F10 tumors to 
anti- PD- 1 immunotherapy (Fig. 5 H and I). Moreover, DTX2 
expression was reduced in melanoma as compared with normal 
tissues, while FTO expression was increased (Fig. 5 J and K). As 
VES has been shown to induce apoptosis in cancer cells in vitro 
(46–49, 51), we assessed the effect of VES on tumor cell apoptosis 
in vivo in mice. However, we failed to detect increased apoptosis 
in VES- treated tumors in our mouse model (SI Appendix, Fig. S8 
H–K), possibly due to the clearance of apoptotic cells in vivo or 
the VES dose used. Taken together, these data demonstrate that 
targeting FTO protein degradation suppresses tumorigenesis and 
enhances tumor response to immunotherapy.

VES Increased T Cell–Mediated Cytotoxicity by Targeting FTO. 
We next investigated the mechanism by which VES suppresses 
tumorigenesis and sensitizes tumors to immunotherapy. In 
addition to melanoma cells, we found that VES down- regulates 
FTO in MC38 cells (SI Appendix, Fig. S9A). When we used flow 
cytometry analysis to analyze the effect of VES on immune cell 
profiles in tumors (SI Appendix, Fig.  S9B), we found that VES 
significantly increased the percentage of CD8+ T cells and decreased 
the percentage of CD206+ M2- like tumor- associated macrophages 
(TAM) (Fig. 6 A–E). Moreover, VES increased the percentage of 
TNFα+ and IFNγ+ CD8+ T cells and decreased PD1+ CD8+ T cells 
(Fig. 6 F–H). To determine the functional significance of CD8+ T 
cells and CD206+ TAMs, we treated mice with anti- CD8 and anti- 
G- CSF1R antibodies to deplete these cells. Depletion of CD8+ T 
cells partially reversed the effect of VES, while depletion of TAMs 
had no effect (Fig. 6I and SI Appendix, Fig. S9 C–F).

 We next assessed the potential role of VES’s effect on the function 
of T cells. VES had no effect on the FTO protein level in activated 
human T cells (Fig. S9G ). We noticed that FTO protein level is 
much lower in activated human T cells than MEL624 cells 
(SI Appendix, Fig. S9H  ). Next, we questioned whether VES affects 
T cell toxicity by regulating FTO in melanoma cells. Both super-
natants from VES-treated MEL624 cells and a VES-pretreated 
coculture of MEL624 and T cells significantly increased the per-
centage of CD8+  T cells in CD3+  T cells ( Fig. 6 J  and K  ). Next, we 
hypothesized that VES induces T cell–mediated killing of tumor 
cells. Using a coculture system with human T cells and GFP-labeled 
human melanoma cells ( Fig. 6L  ), we found that VES sensitized 
melanoma cells to T cell–mediated killing in an FTO-dependent 
manner ( Fig. 6 M  and N   and SI Appendix, Fig. S9I  ). Similar to VES, 
DTX2 overexpression in melanoma cells sensitized tumor cells to 
T cell–mediated killing ( Fig. 6O  ). These findings demonstrate that 
VES enhances T cell toxicity via targeting tumor-intrinsic FTO.  

FTO Inhibition Enhances T Cell–Mediated Cytotoxicity by 
Targeting LIF. Next, we investigated the mechanism by which 
FTO regulates antitumor immunity. We first determined the 
common pathways affected by VES and FTO knockdown 
using RNA- seq analysis. Pathway analysis of VES’s effect and 
reanalysis of our previous data (GSE112902) showed that both 
FTO knockdown and VES increased the activation of the JAK- 
STAT pathway and the cytokine receptor interaction pathway 
(Fig. 7A and SI Appendix, Fig. S10 A–C). We hypothesized that 
the cytokine(s) plays an important role in regulating T cell toxicity 
by FTO inhibition. We then focused on the JAK- STAT pathway 
and found that both FTO knockdown and VES up- regulated the 
expression of CDKN1A, IL11, IL24, LIF (Leukemia inhibitory 
factor), MCL1, and PIM1 (Fig. 7B and SI Appendix, S10D).D
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 Our previous m6 A-seq analysis (GSE112902) showed that FTO 
knockdown drastically increases m6 A enrichment across the LIF 
transcript, as well as in other genes ( Fig. 7C   and SI Appendix, 
Fig. S10 E –I ). m6 A qPCR analysis validated the increased m6 A 
enrichment in LIF, IL24, and PIM1, but not in IL11, MCL1, or 
CDKN1A ( Fig. 7D  ). Further analysis showed that either VES or 
FTO knockdown increased the mRNA stability of LIF, but not 
IL11 or IL24 consistently ( Fig. 7E   and SI Appendix, Fig. S11 A –I ). 
Moreover, FTO overexpression decreased LIF mRNA stability 
(SI Appendix, Fig. S11J  ), suggesting that possible m6 A readers may 
be IGF2BP1-3, a group of m6 A readers that stabilize m6 A-modified 
transcripts ( 55 ). Indeed, knockdown of IGF2BP1, IGF2BP2, and 
IGF2BP3 decreased the stability of LIF mRNA ( Fig. 7F   and 
 SI Appendix, Fig. S11K  ). FTO overexpression also decreased LIF 
mRNA levels, which was reversed by DTX2 overexpression 
( Fig. 7G  ). Indeed, LIF expression is negatively correlated with 
FTO expression in human melanomas and melanoma cell lines 
( Fig. 7H   and SI Appendix, Fig. S12A  ). Moreover, LIF expression 
was decreased in melanoma (SI Appendix, Fig. S12B  ). Furthermore, 

high LIF expression was correlated with increased survival in mel-
anoma (SI Appendix, Fig. S12C  ). These data suggest that LIF is a 
target for FTO-mediated m6 A mRNA demethylation.

 Based on these findings, we hypothesized that LIF plays an 
important role in FTO’s regulation of T cell cytotoxicity, as LIF 
is a secreted factor that can regulate tumor microenvironment 
( 56   – 58 ). We found that LIF overexpression significantly decreased 
cell proliferation in vitro ( Fig. 7 I  and J  ). High expression of LIF 
or PIM1 was significantly associated with improved response to 
anti-PD-1 therapy in melanoma patients ( Fig. 7K   and SI Appendix, 
Fig. S12 D –H ). To determine whether FTO inhibition enhances 
T cell cytotoxicity through regulating LIF, we assessed the effect 
of LIF overexpression in melanoma cells on T cell toxicity. We 
confirmed that LIF expression was significantly decreased by FTO 
overexpression ( Fig. 7L  ). Indeed, LIF overexpression sensitized 
tumor cells to T cell cytotoxicity, which was prevented by FTO 
overexpression ( Fig. 7M  ). In addition, LIF overexpression signif-
icantly increased the percentage of CD8+  T cells in CD3+  T cells 
when T cells were cocultured with MEL624 cells ( Fig. 7N  ). Taken 
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together, our findings demonstrated that FTO in tumor cells 
reduces T cell cytotoxicity at least in part through m6 A demeth-
ylation of LIF.   

Discussion

 FTO can be a critical tumor-promoting factor in many cancers ( 4 ,  8 )  
and has become a promising target of interest in developing small-
molecule inhibitors for anticancer therapies ( 13 ). Here, we identified 
DTX2 as an E3 ubiquitin ligase for FTO and found that UFD1 
recognizes ubiquitinated FTO, leading to FTO degradation 
(SI Appendix, Fig. S13 ). We also show that VES acts as a dietary 
degrader for FTO, a mechanism distinct from other published small-
molecule FTO inhibitors. We demonstrate that VES suppresses 
tumor growth, enhances antitumor immunity, and sensitizes tumors 
to immunotherapy in mouse tumor models. At the molecular level, 

genetic inhibition of FTO or VES increased m6 A methylation of the 
LIF gene and thus decreased LIF mRNA decay, which then sensitizes 
tumor cells to T cell–mediated killing.

 As a widely used dietary supplement, VES is an esterized bioactive 
form of alpha-tocopherol, one of the eight vitamin E isomers ( 59 ,  60 ). 
The mechanism of action of vitamin E isoforms and derivatives has 
been assumed to be mainly due to its antioxidant function against 
oxidative damage. Among various forms of vitamin E isomers and 
derivatives, VES likely has both vitamin E-dependent and -independent 
functions ( 59 ,  60 ). Previous data showed that VES induces apoptosis 
in tumor cells ( 46     – 49 ,  51 ). We showed that VES-induced cell apop-
tosis in vitro is dose-dependent. Although we failed to detect apoptosis 
in tumors in vivo, apoptosis of tumor cells may contribute to 
VES-induced tumor suppression. In addition, our findings implicated 
that tumor-intrinsic immune response and T cell cytotoxicity also play 
critical roles in VES-induced tumor suppression, as VES increased 
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Fig. 5.   Effect of targeting FTO degradation in tumor growth and response to immunotherapy. (A) Cell proliferation assay in WM35 cells with or without 
overexpression of FTO in combination with overexpression of WT DTX2 and DTX2 mutants (n = 4). (B) Tumor volume of MEL624 cells with or without DTX2 
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intratumoral CD8+  T cells and depletion of CD8+  T cells partially 
reversed VES’s effect on tumor suppression ( Fig. 6 D  and I  ). Future 
investigation is needed to elucidate detailed cellular mechanisms by 
which VES suppresses tumor growth.

 Although some early preclinical studies indicated that VES had 
antitumor activities, but the specific molecular mechanisms are 
largely unknown. Our findings here revealed that unlike the pre-
viously published FTO inhibitors (CS1/2, FB23-2, etc.) that 
inhibits its activity, VES acts as an FTO degrader to target FTO 
for degradation by harnessing the cell’s own destruction mecha-
nisms. VES increased the FTO–DTX2 interaction and thus FTO 
ubiquitination and degradation, while it does not affect the pro-
tein abundance of other m6 A regulators and αKG-dependent 
enzymes ( Fig. 2 , S5O-P). VES seems to serve as a heterobifunc-
tional protein degrader, with the succinate moiety binding with 
FTO and the VE moiety binding with DTX2, while VE or other 
VE derivatives, such as VEA, had no effect on FTO abundance 
( Figs. 2  and  3  and SI Appendix, Figs. S4 and S5 ). Our data also 
suggest that VES interacts with FTO, as detected from the effect 
of VES on FTO activity in the in vitro cell-free m6 A demethylase 

assay ( Fig. 2F  ) and succinate has been shown to inhibit FTO 
demethylase activity ( 10 ,  50 ). Due to poor solubility of the recom-
binant full-length DTX2 protein, we were unable to obtain puri-
fied DTX2 protein to determine the direct binding of VES to 
FTO and DTX2 in detail. Future investigation is warranted to 
elucidate the structural and biophysical basis for the VES/FTO/
DTX2 interaction with truncated DTX2 proteins to improve 
solubility. Those results implicate that VES acts as a specific molec-
ular glue to induce FTO degradation via DTX2-mediated 
ubiquitination.

 We identified LIF as a target of FTO-mediated m6 A RNA 
demethylation. LIF is a member of the IL-6 cytokine family and 
was identified as a crucial factor for mediating the self-renewal of 
mouse embryonic stem cells (ESCs) ( 61 ,  62 ). LIF expression and 
function is tissue-type dependent and can be either up-regulated or 
down-regulated in cancer tissues ( 63 ). LIF can act as either a tumor- 
suppressive or tumor-promoting factor ( 64   – 66 ). Mechanistically, 
the LIF receptor forms a heterodimer with gp130 upon LIF bind-
ing, which activates tyrosine kinase signaling pathways to induce 
gene transcription ( 64 ). In melanoma, we show that LIF is a target 
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Fig. 6.   VES increased T cell–mediated cytotoxicity by targeting FTO. (A–E) Quantification of mouse B220+, CD3+, CD4+, CD8+, and CD206+ of CD45+ cells in 
C57BL/6 mice bearing MC38 tumors upon treatment with vehicle and VES (n = 5). (F–H) Quantification of mouse TNFα+, IFNγ+, and PD- 1+ of CD8+ T cells in 
C57BL/6 mice bearing MC38 tumors upon treatment with vehicle and VES (n = 5). (I) Tumor volume of MC38 tumors in C57BL/6 mice treated with or without VES 
in combination with the anti- CD8, anti- CSF1R, or isotype control antibody. (J) Quantification of CD8+ of CD3+ T cells in activated human T cells treated with or 
without supernatant from MEL624 cells treated with or without VES (n = 3). (K) Quantification of CD8+ of CD3+ T cells in activated human T cells cocultured with 
MEL624 and pretreated with or without VES (n = 3). (L) Schematic summary of the coculture assays for T cells and GFP- labeled human cancer cells. (M) Effect of 
VES on the sensitivity of MEL624- GFP cells to the cytotoxicity of T cells in vitro. MEL624 cells were pretreated with or without VES for 72 h (n = 3). (N) Effect of 
VES pretreatment (72 h) on the sensitivity of WM35 cells with or without FTO- GFP overexpression to the cytotoxicity of T cells in vitro (n = 3). (O) Effect of DTX2 
overexpression in MEL624- GFP cells on the cytotoxicity of T cells in vitro (n = 3). Error bars are shown as mean ± SD (A–H, J, K, M–O), or ±SE (I). P- values are from 
two- tailed unpaired t tests (A–K and M–O).
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for FTO-mediated m6 A demethylation and in part mediates the 
function of FTO in T cell toxicity. In addition to LIF, other FTO 
targets may also play important roles in antitumor immunity in 
different types of cancers, as FTO targets appear to be cell-type and 
context-dependent ( 4 ,  8 ). Previously LILRB4 has been shown to 
be a critical FTO target in leukemia cells ( 23 ). The role of FTO and 
its targets in regulating antitumor immunity in other types of tum-
ors remains to be explored.

 In summary, our findings not only elucidated the molecular 
mechanism that regulates FTO protein degradation but also revealed 
a dietary degrader for FTO to inhibit tumor growth and therapeutic 
resistance to immunotherapy. Our work on FTO degradation mech-
anisms and VES as an FTO degrader provide a mechanistic foun-
dation and framework for the development of improved degraders 
for FTO with higher potency and specificity. In addition, as a widely 
used dietary supplement with known toxicology profiles, VES can 

potentially be developed into a therapeutic agent to mitigate immu-
notherapy resistance for patients with FTO-dependent cancers.  

Materials and Methods

Mouse Tumorigenesis and Treatment, Cells, Cell Proliferation Assay, 
Coculture Assay for Human Melanoma Cells and Human T Cells, Tumor- 
Infiltrating Immune Cell Analysis, and Flow Cytometric Analysis. The 
Institutional Animal Care and Use Committee (IACUC) at the University of 
Chicago approved all of the animal procedures used in this study. Nude mice 
and C57BL/6 mice were utilized in the study. For xenograft experiments, tumor 
cells were injected subcutaneously into the right flanks of the mice. Antibodies 
and inhibitors were administered via intraperitoneal injection. The following cell 
lines were used: HaCaT, WM35, LLC, MC38, HeLa, HEK- 293T, A375, MEL624, 
CHL- 1, SK- MEL30, and B16F10. Cell proliferation was assessed using a Cell 
Counting Kit- 8 (CCK- 8). Human primary T cells were expanded in TexMACS™ 

A

E

K L M N

F G H I J

B C D

Fig. 7.   FTO inhibition enhances T cell–mediated cytotoxicity by targeting LIF. (A) Pathway analysis of differentially expressed genes from RNA seq analysis of 
MEL624 cells with or without FTO knockdown (GSE112902). (B) Heatmap showing shared differentially expressed genes in the JAK- STAT signaling pathway by 
VES or FTO knockdown in MEL624 cells. (C) Distribution of m6A peaks across the LIF transcript in MEL624 cells with or without FTO knockdown. (D) m6A IP qPCR 
analysis of m6A enrichment in the indicated gene transcripts in MEL624 cells treated with or without VES (n = 3). (E) qPCR analysis of LIF mRNA stability following 
treatment with actinomycin D (ActD, 2 μM) in MEL624 cells with or without VES treatment (n = 3). (F) qPCR analysis of LIF mRNA stability following treatment 
with actinomycin D (ActD, 2 μM) in WM35 cells with or without siRNA targeting IGF2BP1/2/3 without VES treatment (n = 3). (G) qPCR analysis of LIF mRNA level 
in WM35 cells with or without overexpression of FTO and DTX2 (n = 3). (H) Correlation plot of LIF mRNA level and FTO mRNA level in human melanoma tissue  
(n = 472). (I) qPCR analysis of LIF mRNA levels in MEL624 cells with or without LIF overexpression (n = 3). (J) Cell proliferation assay in MEL624 cells with or without 
LIF overexpression (n = 4). (K) Overall survival of melanoma patients with high LIF mRNA level (n = 233) and low LIF mRNA level (n = 92) following anti- PD- 1 
immunotherapy. (L) qPCR analysis of LIF and FTO mRNA level in MEL624 cells with or without FTO and LIF overexpression (n = 3). (M) Effect of LIF overexpression 
in MEL624 cells expressed with GFP or FTO- GFP on the cytotoxicity of T cells in vitro (n = 3). (N) Quantification of CD8+ of CD3+ T cells in activated human T cells 
cocultured with MEL624 with or without LIF overexpression (n = 3). Error bars are shown as mean ± SD (D–G, I, J, and L–N). Correlation coefficient r and P- value 
are from Pearson correlation analysis (H). P- values are from two- tailed unpaired t tests (D–G, I, J, and L–N).
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GMP Medium and cocultured with VES- treated MEL624 or WM35 cells for 48 
h. GFP+ cells were quantified using flow cytometry and analyzed with FlowJo 
V10 Software. Tumor tissues from tumor- bearing mice were digested to isolate 
immune cells, which were then stained with surface markers and intracellular 
cytokines for analysis. Cells were prepared for flow cytometry to assess immune 
profiles, following specific staining protocols. The gating strategy is detailed in 
SI Appendix, Fig. S12. Apoptotic cell death was evaluated using an Annexin V- FITC 
apoptosis detection kit and analyzed with a BD flow cytometer (FACS Calibur, LSR 
Fortessa, or LSRII, BD Biosciences).

Cloning, Plasmids, Lentiviral Infection, and siRNA Transfection. Domain 
deletions and point mutants were generated using the corresponding primers 
listed in SI Appendix, Table S3. Stable cell lines were created by infecting cells 
with lentiviral vectors. Cells were transfected with siRNA using PepMute™ siRNA 
Transfection Reagent (SignaGen).

Analysis of Protein and RNA Abundance, m6A RNA Modification, 5hmC 
DNA Modification, Protein–Protein Interaction, Protein–RNA Interaction, 
Protein–VES Interaction, Mass Spectrometric Analysis, RNA Sequencing, 
Pathway Analysis, Human Database Analysis and Survival Analysis, and 
Molecular Docking. Protein abundance in cells or tissues was assessed using 
immunoblotting, immunofluorescence, ubiquitination assays, and flow cytom-
etry. RNA abundance and stability were evaluated using qPCR analysis and RNA 
sequencing. m6A RNA or 5hmC modifications were analyzed using dot blot or 
LC- MS/MS spectrometry. Protein–protein interactions were assessed by coimmu-
noprecipitation followed by immunoblotting, mass spectrometry, or in situ prox-
imity ligation (PLA) assays. Protein–RNA interactions were evaluated using RNA 
immunoprecipitation (RIP) followed by qPCR analysis. The interaction between 
protein and VES was assessed using Drug Affinity Responsive Targets Stability 
(DARTS) assay, Cellular Thermal Shift Assay (CETSA), and RNA m6A demethylation 
assay in a cell- free system. GO and KEGG pathway enrichment analyses were 

conducted using Metascape, while gene expression correlation and overall sur-
vival analyses utilized PINA v3.0, UCSC Xena, and KM Plot. GSEA and heatmaps 
of significant genes were generated using WebGestalt. VES ligands were created 
with Chemdraw and optimized using LigPrep in Schrödinger 2018. The X- ray 
structure of FTO (PDB code 4IE6) was used and Induced Fit docking was conducted 
with a 20 Å grid centered on the binding site, including key residues such as 
ARG316 and TYR295.

Data, Materials, and Software Availability. RNA seq data have been depos-
ited in GEO [RNA sequencing data are accessible at the GEO repository, under 
accession number GSE250332 (67). All the software and packages used in this 
article are publicly available.
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