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SUMMARY

N°®-Methyladenosine (m®A) represents the most prevalent internal modification in mammalian mRNAs.
Despite its functional importance in various fundamental bioprocesses, the studies of m®A in cancer have
been limited. Here we show that FTO, as an m®A demethylase, plays a critical oncogenic role in acute myeloid
leukemia (AML). FTO is highly expressed in AMLs with t(11g23)/MLL rearrangements, t(15;17)/PML-RARA,
FLT3-ITD, and/or NPM1 mutations. FTO enhances leukemic oncogene-mediated cell transformation and
leukemogenesis, and inhibits all-trans-retinoic acid (ATRA)-induced AML cell differentiation, through regu-
lating expression of targets such as ASB2 and RARA by reducing m®A levels in these mRNA transcripts.
Collectively, our study demonstrates the functional importance of the m®A methylation and the correspond-
ing proteins in cancer, and provides profound insights into leukemogenesis and drug response.

INTRODUCTION G[G > AIm®AC[U > A > C] (Fu et al., 2014; Meyer and Jaffrey,

2014; Niu et al., 2013; Yue et al., 2015). Although m°A was first
N®-Methyladenosine (m®A) is the most abundant internal modi-  discovered in the 1970s (Desrosiers et al., 1974; Perry and Kel-
fication in mRNA mainly occurring at the consensus motif of ley, 1974), the lack of technologies to study RNA modifications

Significance

The identification of FTO as the first N°>-methyladenosine RNA demethylase and the high prevalence of m°A methylation
demonstrated in mammalian mRNA transcriptomes have spurred immense interest in the function of m®A modifications
in post-transcriptional regulation. However, little is known about the function of FTO or m®A modifications in cancer.
Here we show that FTO functions as an oncogene that promotes leukemic oncogene-mediated cell transformation and
leukemogenesis, and inhibits all-trans-retinoic acid (ATRA)-mediated leukemia cell differentiation. Mechanistically, FTO ex-
erts its oncogenic role as an m®A demethylase by targeting a set of critical transcripts such as ASB2 and RARA. Thus, our
study reveals a previously unrecognized mechanism of gene regulation in tumorigenesis and highlights functional impor-
tance of FTO and m®A modification in cancer.
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limited research on m®A and the field has not advanced for
several decades. The identification of the fat mass- and
obesity-associated protein (FTO) as the first RNA demethylase
(Jia et al., 2011) revived RNA methylation research, suggesting
that m®A is a reversible and dynamic RNA modification that
may impact biological regulation analogous to the well-studied
reversible DNA and histone modifications (Jia et al., 2013). In
2012, two groups reported transcriptome-wide approaches for
m®A RNA immunoprecipitation followed by next-generation
sequencing (termed as m®A-seq or MeRIP-seq) and detected
m°®A peaks in more than 7,000 mRNA transcripts and hundreds
of long non-coding RNAs (IncRNAs) in both human and mouse
cells, with many of the m®A peaks conserved between humans
and mice (Dominissini et al., 2012; Meyer et al., 2012). Thus,
these studies suggest that m®A methylation in mRNAs is a prev-
alent modification that likely possesses functional importance.

Recent studies have shown that m®A modification in mRNAs
or non-coding RNAs plays critical roles in tissue development,
stem cell self-renewal and differentiation, control of heat shock
response, and circadian clock controlling, as well as in RNA
fate and functions such as mRNA stability, splicing, transport,
localization and translation, primary microRNA processing,
and RNA-protein interactions (Alarcon et al.,, 2015; Chen
et al., 2015; Dominissini et al.,, 2012; Geula et al., 2015; Liu
et al., 2015; Meyer et al., 2012, 2015; Wang et al., 2014a,
2014b, 2015; Zhao et al., 2014; Zheng et al., 2013; Zhou et al.,
2015). FTO and ALKBHS5, the second RNA demethylase identi-
fied in 2013 (Zheng et al., 2013), both belong to the AlkB family
and catalyze m®A demethylation in a Fe(ll)- and a-ketogluta-
rate-dependent manner, and are referred to as m®A “erasers”
(Fu et al., 2014; Yue et al., 2015). METTL3 and METTL14 were
identified as m®A “writers” that form a heterodimer with the sup-
port of WTAP to catalyze m®A methylation (Bokar et al., 1997; Liu
et al., 2014; Ping et al., 2014; Wang et al., 2014b). YTHDF1/2/3
were identified as m®A “readers” that preferentially bind to
RNA that contains mPA at the G[G > A] m®ACU consensus
sequence and lead to different biological consequence (Domi-
nissini et al., 2012; Wang et al., 2014a, 2015), such as inducing
RNA decay (Wang et al., 2014a) and promoting mRNA transla-
tion (Wang et al., 2015).

FTO was known to be robustly associated with increased body
mass and obesity in humans (Dina et al., 2007; Frayling et al.,
2007; Scuteri et al., 2007). Animal model studies showed that
Fto deficiency protected from obesity and caused growth retar-
dation (Fischer et al., 2009; Gao et al., 2010), while overexpres-
sion of Fto led to increased food intake and obesity (Church
et al., 2010). In humans, loss-of-function mutations in FTO also
caused severe growth retardation and multiple malformations
that resulted in premature death (Boissel et al., 2009). As the first
identified RNA demethylase that regulates the demethylation of
target mRNAs, FTO has been reported to regulate dopaminergic
signaling in brain (Hess et al., 2013), and also regulate mRNA
splicing of adipogenetic regulatory factors and thus play a critical
role in adipogenesis (Ben-Haim et al., 2015; Zhao et al., 2014).
However, the impact of FTO, especially as an RNA demethy-
lase, in cancer development and progression has yet to be
investigated.

Acute myeloid leukemia (AML) is one of the most common and
fatal forms of hematopoietic malignancies with distinct genetic
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(e.g., t(11923)/MLL-rearranged, inv(16), t(8;21), and t(15;17))
and molecular (e.g., FLT3-ITD and NPM1 mutations) abnormal-
ities and variable response to treatment (Chen et al., 2010;
Dohner etal., 2015; Marcucci et al., 2005). With standard chemo-
therapies, only 35%-40% of younger (aged <60 years) and
5%-15% of older (aged >60 years) patients with AML survive
more than 5 years (Dohner et al., 2015). Thus, to develop effec-
tive targeted therapies to treat AML is an urgent and significant
unmet medical need, which relies on better understanding of
the molecular mechanisms underlying the pathogenesis and
drug response of AML.

In the present study, we sought to determine the biological
function of FTO in the pathogenesis and drug response of
AMLs and also investigate the underlying molecular mechanism
through identification of critical mRNA targets of FTO.

RESULTS

FTO Is Highly Expressed in Certain Subtypes of AML

In analysis of our in-house microarray dataset of 100 human
AML with t(11923)/MLL-rearranged, t(8;21), inv(16), or t(15;17)
and nine normal control samples, we found that FTO was ex-
pressed at a significantly higher level in MLL-rearranged AML
than in both normal controls (p = 0.04) and non-MLL-rearranged
AML samples (p = 0.002); among non-MLL-rearranged AML,
FTO is expressed at a significantly higher level in t(15;17)
AML, also called acute promyelocytic leukemia (APL), than in
1(8;21) and inv(16) AMLs (Figure 1A). Our qPCR assay also
showed that FTO is expressed at a significantly higher level in
CD34" bone marrow (BM) cells isolated from primary MLL-rear-
ranged AML patients relative to normal CD34" BM cells isolated
from healthy donors (Figure 1B). In contrast, ALKBH5, another
m®A demethylase (Zheng et al., 2013), was not significantly up-
regulated in MLL-rearranged AML relative to normal controls
(Figures S1A and S1B), although a very recent study suggests
involvement of ALKBH5 in breast cancer cell proliferation
in vitro (Zhang et al., 2016).

Consistently, in analysis of two large-cohort AML datasets,
including GSE37642 set (n = 562) and GSE14468 set (n = 518),
we observed that FTO is expressed at a significantly higher level
in 1(11923) and t(15;17) AMLs compared with other subtypes of
cytogenetically abnormal AMLs including inv(16) and t(8;21)
AMLs (Figures S1C and S1D). The expression level of FTO
in normal karyotype (NK) AMLs is comparable with that in
t(11923) and t(15;17) AMLs (Figures S1C and S1D). Within NK-
AMLs, FTO is expressed at a significantly higher level in AML
with FLT3-ITD and/or NPM1 mutations (i.e., NPM1c) (especially
that with both) compared with those without (Figures 1C and 1D).
We also observed that FTO was aberrantly upregulated at the
protein level in human primary AML specimens of the above
subtypes (Figure 1E).

Expression of FTO Can Be Upregulated by the Relevant
Leukemic Oncogenes

We then conducted both western blot and qPCR assays of
mouse BM progenitor cell samples transformed by MLL-AF9
(the most common form of MLL fusions; Chen et al., 2010),
PML-RARA (fusion gene of t(15;17)), and the FLT3-ITD/NPM1
mutant, showing that FTO can be upregulated by the oncogenes
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at both protein and RNA levels (Figure S1E). Moreover, Fto, but
not Alkbh5, was also significantly upregulated by MLL-fusion
in mouse leukemic BM cells collected from primary BM trans-
plantation recipient mice, relative to normal control cells;
notably, the upregulation of Fto was further enhanced after
transplantation of the primary MLL-AF9 leukemic BM cells into
secondary recipients (Figures 1F, S1F, and S1G). Fto overex-
pression is accompanied with mRNA m®A level decrease in the
samples (Figure 1F).

the portion of MLL-N binding exceeding
that of MLL-C) are enriched at the CpG
area (CpG sites), but not the distal upstream site (control site),
of the FTO locus in human MONOMAC-6 (a MLL-AF9 AML
line) and KOCL-48 (a MLL-AF4 AML line) cells; the locus
also shows a significant enrichment of H3K79 methylation
(H3K79me2/3), a mark of active transcription (Bernt et al.,
2011; Okada et al., 2005) (Figure 1G). No such significant enrich-
ments were observed in a control cell line, K562 (a human eryth-
roleukemic cell line) (Figure 1G). Thus, our data suggest that FTO
is likely a direct target of MLL fusions. In addition, we observed
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that Fto (but not Alkbh5) expression was significantly (p < 0.01)
downregulated in MLL-ENL-ERtm mouse myeloid cells car-
rying tamoxifen-inducible MLL-ENL (Zeisig et al., 2004) when
expression of MLL-ENL was depleted after withdrawal of 4-hy-
droxytamoxifen (Figure 1H), indicating that Fto expression in
MLL-ENL-ERtm cells relies on the presence of MLL-ENL.

FTO Promotes Cell Proliferation/Transformation and
Suppresses Apoptosis In Vitro

Both gain- and loss-of-function studies were performed to
investigate the pathological role of FTO in AML. As shown in Fig-
ures 2A-2F, lentivirally transduced wild-type FTO, but not the
FTO mutant (carrying two point mutations, H231A and D233A,
which disrupt the enzymatic activity of FTO; Jia et al., 2011,
Lin et al., 2014), promoted cell growth/proliferation and viability,
while decreasing apoptosis and the global mMRNA m®A level, in
two MLL-rearranged AML cell lines (MONOMAC-6 and MV4-
11); the opposite is true when endogenous expression of FTO
was knocked down by FTO small hairpin RNAs (shRNAs).
Similar phenomena were observed when FTO was overex-
pressed by a retroviral construct or knocked down by small
interfering RNAs (Figures S2A-S2D). In contrast, while forced
expression of FTO exhibited moderate (though significant) ef-
fects, FTO knockdown exhibited no significant effects on cell
growth/proliferation, growth, or apoptosis in K562 AML cells (a
control line) (Figures S2E-S2I); thus, FTO is less functionally
essential in K562 cells than in MLL-rearranged AML cells, likely
due to its much lower endogenous expression in K562 cells
(Figure S2J). We next performed mouse BM colony-forming/re-
plating assays to investigate the function of FTO in MLL-AF9-
mediated cell transformation. As expected, co-overexpression
of FTO, but not FTO-Mut, significantly increased colony
numbers after replating, compared with the MLL-AF9 alone
group; knockdown expression of Fto led to the opposite (Fig-
ures 2G and S2K).

Similar patterns were observed in the PML-RARA/t(15;17) and
FTL3-ITD/NPM71 leukemic cell models when both gain- and loss-
of-function studies of FTO/Fto were conducted (see Figures 3
and S3), demonstrating the oncogenic role of FTO in these
AML subtypes.

Fto Significantly Enhances Leukemogenesis In Vivo

To investigate the role of Fto in vivo, we conducted mouse BM
transplantation (BMT) assays. We found that forced expres-
sion of Fto significantly (p < 0.05; log-rank test) accelerated
MLL-AF9-induced leukemogenesis in recipient mice (Figures
4A and S4), and this pattern is repeatable (Figure 4B). Notably,
forced expression of Fto significantly increased c-Kit* imma-
ture blast cell proportion (Figure 4C) and decreased global
m°A level in leukemic BM cells (Figure 4D). Conversely, the
knockdown of Fto by shFto-1 or shFto-2 significantly delayed
MLL-AF9-mediated leukemogenesis in mice (Figure 4E). Simi-
larly, MLL-AF9-tranduced BM progenitor cells from Fto*~
mice (Gao et al.,, 2010) caused leukemia in recipient mice
significantly slower than did MLL-AF9-tranduced BM progeni-
tor cells from wild-type (Fto*’*) mice (Figure 4F), and were
associated with a decrease in c-Kit* cell proportion (Figure 4G)
and an increase in m°A abundance in leukemic BM cells
(Figure 4H).

130 Cancer Cell 31, 127-141, January 9, 2017

Transcriptome-wide m®A-Seq and RNA-Seq Assays to
Identify Potential Targets of FTO

To identify potential mRNA targets of FTO the m°A levels
of which are reduced by FTO in AML cells, we retrovirally
transduced MSCV-PIG-FTO (i.e., FTO) or MSCV-PIG (i.e., Ctrl/
Control) into human MONOMAC-6 AML cells and then selected
individual stable clones under selection of puromycin (0.5 pg/ml).
Two FTO-overexpressing (namely FTO_1 and _2) and two
control (namely Ctrl_1 and _2) stable cell lines were selected
for transcriptome-wide m®A-sequencing (m®A-seq) and RNA-
sequencing (RNA-seq) assays. The FTO-overexpressing stable
lines exhibit a 4- to 5-fold increase in FTO protein level (Figure 5A)
and a noticeable decrease in m°A level (Figures 5B and 5C),
compared with the control lines. As shown in Table S1, 17.7 to
83.1 million reads were generated from each m®A-seq or RNA-
seq (also serving as the input control of the corresponding
m®A-seq) library. A total of 13,278 m°®A peaks were identified
by both MACS (Zhang et al., 2008) and exomePeak (Meng
et al., 2013) methods from at least two of the four m®A-seq li-
braries (Figure S5A). Consistent with previous studies (Chen
et al., 2015; Dominissini et al., 2012; Meyer et al., 2012), the
most common m®A motif GGAC is significantly enriched in our
13,278 m®A peaks (Figure S5B); the m°A peaks are mostly
located in exons (>87%; Figure S5C) and are especially enriched
in the vicinity of the stop codon (Figures S5D and S5E).

Potential Target Genes of FTO Tend to Be Negatively
Regulated by FTO

We next compared the abundance (normalized to input) of
the 13,278 m®A peaks between FTO-overexpressing cells (i.e.,
FTO_1/2) and the control cells (i.e., Ctrl_1/2). A total of 2,785 and
3,180 mPA peaks showed a significant decrease and increase
(p < 0.005; fold-change >1.2), respectively, in abundance, in
FTO_1/2 cells relative to Ctrl_1/2 cells, and they were thus termed
hypo- and hyper-methylated m®A peaks, respectively (Figure S5F).
Through analysis of the RNA-seq data, we identified 322 hypo-
methylated m®A peaks the mRNA transcripts of which were signif-
icantly (p < 0.005; fold-change >1.2) downregulated (275; Hypo-
down) or upregulated (47; Hypo-up) in FTO_1/2 cells relative to
Ctrl_1/2 cells (Figure 5D). Notably, 85% of the 322 hypo-methyl-
ated m®A peaks are associated with downregulated mRNA tran-
scripts in FTO-overexpressing cells, significantly more frequent
(p < 0.0001; 2 test) than the rate (54%) in the 308 hyper-methyl-
ated m®A peaks (Figure 5D). Thus, mRNA transcripts carrying
hypo-methylated m®A peaks, which are likely potential targets of
FTO since FTO is an m®A demethylase, tend to be downregulated
in FTO-overexpressing AML cells.

Through searching the Molecular Signature Database
(MSigDB) of GSEA (Subramanian et al., 2005), we found that
the Hypo-up transcripts were significantly enriched with target
genes of SOX2, NANOG, and LEF1, key transcription factors
for embryonic stem cell pluripotency or WNT signaling activation
(Figure S5G). Hypo-down transcripts were significantly enriched
with genes involving the interferon signaling and immune sys-
tem; interestingly, the most enriched genes are a set of potential
direct target genes of PML-RARA, a fusion protein resulting from
t(15;17) in APL (Figure S5G). The enriched gene sets in Hyper-up
or Hyper-down transcripts are shown in Figure S5H. We next
investigated the correlation between FTO and the above genes
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Figure 2. Biological Effects of Forced Expression or Knockdown of FTO/Fto Expression in MLL-Rearranged AML

(A) Western blotting confirmation of forced expression and knockdown of FTO by lentiviral constructs in MONOMAC-6 and MV4-11 cells. FTO, pMIRNA1-FTO;
FTO-Mut, pMIRNA1-FTO-Mut; Ctrl, control vector (empty pMIRNA1); shFTO-1, pLKO.1-shFTO-1; shNS-1, pLKO.1-shNS-1; shFTO-2, pGFP-C-shLenti-
shFTO-2; shNS-2, pGFP-C-shLenti-shNS-2.

(B-E) Effects of forced expression or knockdown of FTO expression on cell growth/proliferation (B), viability (C) and (D), and apoptosis (E) in MONOMAC-6 and
MV4-11 cells. h, hour.

(F) m®A dot blot assays of MONOMAC-6 and MV4-11 cells with or without forced expression or knockdown of FTO. MB, methylene blue staining (as loading
control).

(G) Effects of forced expression of FTO or FTO-Mut (with the above pMIRNA1 constructs) or knockdown of Fto expression (with pGFP-V-RS-Fto shRNAs) on
colony-forming/replating capacity of mouse normal BM progenitor cells transduced by MSCVneo-MLL-AF9 (MA9). Colony cells were replated every 7 days.
*p < 0.05, **p < 0.01, **p < 0.001; NS, not significant (p > 0.05); t test. See also Figure S2.
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Figure 3. Effects of Forced Expression or Knockdown of FTO/Fto in PML-RARA and FLT3-ITD/NPM1-Mutant AML

(A) Confirmation of overexpression and knockdown of FTO by western blotting in PL-21/t(15;17) AML cells.

(B) Effects of forced expression or knockdown of FTO expression on cell growth/proliferation in PL-21 (upper panels) and NB4/t(15;17) (lower panels) AML cells.
(C-E) Effects of forced expression or knockdown of FTO expression on cell viability in PL-21 (C) and NB4 (E), and apoptosis in PL-21 (D) cells.

(F and G) Effects of forced expression of FTO or FTO-Mut, and knockdown of Fto expression on colony-forming/replating capacity of mouse BM progenitor cells
carrying PML-RARA (F) or FLT3-ITD/NPM1-mutant (G). Colony cells were replated every 7 days.

*p < 0.05, *p < 0.01, **p < 0.001. See also Figure S3.

in expression across four large cohorts of AML patient datasets
(see Table S2). We found that eight Hypo-down (i.e., ASB2,
KCNG1, PPARD, RAB17, RARA, SLC11A1, SLCO4A1, and
TBC1D9) and three Hypo-up (C270rf59, MZF1, and TXLNA)
genes exhibited a significantly negative and positive correlation,
respectively, with FTO in expression across all four datasets (Ta-
ble S2). We next conducted gene-specific m®A qPCR assays for
five such mGA-Hypo genes (ASB2, PPARD, RARA, SLC11A1,
and TXLNA) and confirmed the mPA-level decrease in four out
of the five genes (80%; Figure 5E), demonstrating the reliability
of our transcriptome-wide m°®A-seq data.

We then conducted mPA-seq and RNA-seq of MA9/FLT3-
ITD leukemic cells (i.e., MLL-AF9 plus FLT3-ITD-transformed
human CD34" cord blood cells; Wunderlich et al., 2013) with
or without FTO-shRNA knockdown. Remarkably, more than
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90% m®A-Hypo transcripts identified from FTO-overexpressing
MONOMAC-6 cells turned into m®A-Hyper in FTO-knockdown
MAY/FLT3-ITD cells (Figure 5F), with approximately 85% of the
Hypo-down and 47% of Hypo-up transcripts became Hyper-
up and Hyper-down, respectively (see Figures 5F and 5G), which
might be genuine targets of FTO. Overall, the vast majority of
potential targets of FTO are likely negatively regulated by FTO.
Eight out of the 11 m®A-Hypo genes listed in Table S2 showed
expected patterns in the m®A and RNA level changes in
FTO-knockdown cells (Table S3).

ASB2 and RARA Are Functionally Important Target
Genes of FTO in AML

Interestingly, among the genes listed in Tables S2 and S3, ASB2
and RARA have been reported to be upregulated during normal
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Figure 4. The Role of Fto in Leukemogenesis Mediated by MLL-AF9

(A and B) Effect of forced expression of Fto on MLL-AF9 (MA9)-induced leukemogenesis. Kaplan-Meier curves are shown for two cohorts of transplanted mice
including MSCVneo-MA9+MSCV-PIG (MA9) and MSCVneo-MA9+MSCV-PIG-Fto (MA9+Fto) from two independent BMT assays. Six mice per group in (A) and
five mice per group in (B). The p values were calculated by log-rank test.

(C and D) Flow cytometry analysis of Mac-1* and c-Kit* cell populations (C) and m®A dot blot analysis (D) in BM cells of the representative leukemic mice from the
BMT assay shown in (A).

(E) Effect of depleted expression of Fto by shRNAs on MA9-induced leukemogenesis. Kaplan-Meier curves are shown for four cohorts of transplanted mice
including MSCVneo + MSCV-PIG (Control), MSCVneo-MA9+MSCV-PIG (MA9), MSCVneo-MA9+pGFP-V-RS-shFto-1 (MA9+shFto-1), and MSCVneo-MA9+
pGFP-V-RS-shFto-2 (MA9+shFto-2). Five mice were studied per group.

(F) Effect of depleted expression of Fto by genetic knockout (heterozygous) on MA9-induced leukemogenesis. Kaplan-Meier curves are shown for two cohorts of
recipient mice transplanted with MSCVneo-MA9-transduced wild-type donor cells (MA9_Fto+/+) and MSCVneo-MLL-AF9-transduced Fto*~ donor cells
(MA9_Fto*'"). Five mice were studied per group.

(G and H) Flow cytometry analysis of Mac-1* and c-Kit* cell populations (G) and m®A dot blot analysis (H) in BM cells of the representative leukemic mice from the

BMT assay shown in (F).
*p < 0.05, **p < 0.01; t test. See also Figure S4.

hematopoiesis and in all-trans-retinoic acid (ATRA)-induced
differentiation of leukemia cells and function as key regulators
during the processes (Glasow et al., 2005; Guibal et al., 2002;
Kohroki et al., 2001; Sakamoto et al., 2014; Wang et al., 2012;
Zhu et al., 2001). Notably, ASB2 can also degrade MLL during
hematopoietic differentiation via ubiquitination (Wang et al,,
2012). Consistent with their downregulation in FTO-overex-
pressing AML cells, ASB2 and RARA exhibit a significant inverse
correlation with FTO in expression across all four independent
AML cohorts (see Table S2 and Figure 5H). Our m®A-seq
data indicate that FTO targets the 3' UTR of ASB2 and both 3

UTR and 5 UTR of RARA transcripts; FTO overexpression
and knockdown causes a significant decrease and increase,
respectively, in the m°®A level of the UTR(s) (Figures 5| and 5J).
We then focused on these two FTO potential targets for further
studies.

As expected, we showed that in both MONOMAC-6 and NB4/
t(15; 17) AML cells, forced expression of wild-type FTO, but
not mutant FTO, substantially reduced expression of ASB2
and RARA, while increasing expression of MLL, a negative
downstream target of ASB2 (Wang et al., 2012) (Figures 6A
and S6A). The opposite phenomena were observed when we
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of FTO in AML via Transcriptome-wide m°A-
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(A) Western blot assay of FTO expression in human
MONOMAC-6 AML cell lines with or without forced
expression of FTO, including FTO_1/2 and Ctrl_1/2
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lower panel shows the relative quantitative infor-
mation of FTO expression at the protein level in
different AML cell lines.
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knocked down endogenous expression of FTO (Figures 6B, 6C,
and S6B). Forced expression or depletion of FTO affected
expression of RARA, but not that of other RAR genes such as
RARG (Figure S6C). In addition, we observed similar changes
in RARA and ASB2 expression after overexpression or knock-
down of FTO in nuclear and cytoplasm (Figure S6D).

We then cloned ASB2- and RARA-coding regions or shRNAs
into lentiviral vectors and investigated their functions in AML
cells. As expected, forced expression of either ASB2 or RARA
largely recapitulated the phenotypes caused by FTO knockdown
in both MONOMAC-6 and NB4 cells (Figures 6D and 6E versus
Figures 2B and 3B). Moreover, the effects of FTO overexpression
can be largely rescued by forced expression of RARA or ASB2
(Figures S6E-S6J). Conversely, knockdown of ASB2 or RARA
significantly enhanced AML cell growth and viability, which
mimics the effect of FTO overexpression, and was sufficient
to rescue the inhibitory effect of FTO knockdown on AML
cell growth and viability (Figures 6F-6l). Collectively, our data
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*p < 0.05, *p < 0.01; t test. See also Figure S5
and Tables S1-S3.

demonstrate that ASB2 and RARA are functionally important
targets of FTO.

FTO-Mediated Regulation of ASB2 and RARA Depends
on Its m®A Demethylase Activity and the m®A
Modifications in the Target mRNA Transcripts

To elucidate the molecular mechanism underlying FTO-medi-
ated regulation of expression of its targets such as ASB2 and
RARA, we first validated effects of FTO expression changes on
the mCA levels in target mRNA transcripts. Using gene-specific
m°A gPCR assays, we demonstrated that forced expression
and knockdown of FTO reduced and increased, respectively,
the m®A levels on ASB2 and RARA mRNA transcripts (Figure 7A
and data not shown). More importantly, to assess the require-
ment of the target mMRNA m®A modifications for FTO-mediated
gene regulation, we conducted luciferase reporter and mutagen-
esis assays (Figure 7B). As expected, compared with mutant
FTO or empty vector, ectopically expressed wild-type FTO
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(A-C) Western blot assays of FTO, ASB2, RARA, and MLL in MONOMAC-6 or NB4 AML cells with lentivirally transduced FTO (pmiRNA1-FTO), FTO mutant
(H231A and D233A; pmiRNA1-FTO-Mut), or control (Ctrl; pmiRNA1) construct (A), as well as shFTO-1/shNS-1 (B) and shFTO-2/shNS-2 (C). ACTIN was used as
the endogenous control protein for loading control.

(D and E) Effects of forced expression of ASB2 and RARA on cell growth/proliferation in MONOMAC-6 (D) and NB4 (E) AML cells.

(F) Western blot assays of ASB2 in MONOMAC-6 cells transduced with shFTO + shASB2 (pLKO.1-shFTO-1+ pTRIPZ-shASB2), shFTO (pLKO.1-shFTO-1 +
pTRIPZ), shNS (pLKO.1-shNS + pTRIPZ), or shASB2 (pLKO.1-shNS-1 + pTRIPZ-shASB2).

(G) Effects of FTO and/or ASB2 knockdown on cell growth/proliferation (left panel) and viability (right panel) in MONOMAC-6 cells.

(H) Western blot assays of RARA in MONOMAC-6 AML cells transduced with shFTO + shRARA (pLKO.1-shFTO-1+ shRARA), shFTO (pLKO.1-shFTO-1+ shNS),
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(I) Effects of FTO and/or RARA knockdown on cell growth/proliferation (left panel) and viability (right panel) in MONOMAC-6 cells.

*p < 0.05, **p < 0.01, **p < 0.001; t test. See also Figure S6.

substantially reduced luciferase activity of the individual reporter
constructs bearing wild-type ASB2 3’ UTR, RARA 3’ UTR, or
RARA 5 UTR that have intact m®A sites, while mutations in
the m®A sites abrogated the inhibition (Figure 7B). To validate
whether the effects observed above are related to m®A modifica-
tions, we conducted gene-specific m®A gPCR of the cloned
wild-type and mutant 3’ UTR fragments of ASB2 or RARA in

HEK293T cells that were used for the luciferase reporter assays.
As expected, while the wild-type 3’ UTR fragments have a high
abundance of m®A modifications, the mutant 3’ UTR fragments
contain no or minimal levels of m®A modifications; co-trans-
fected wild-type FTO, but not FTO mutant, significantly reduced
the m®A abundance on the wild-type 3’ UTR fragments of ASB2
or RARA in HEK293T cells (see Figure 7C). Together, our data
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Figure 7. FTO-Mediated Regulation of Expression of ASB2 and RARA Relies on its m°A Demethylase Activity and the m®A Modifications in
Target mRNAs

(A) Gene-specific m®A gPCR analysis of m®A level in mRNA transcripts of each gene in MONOMAC-6 and NB4 cells transduced with FTO (FTO), FTO mutant
(FTO-Mut), or control vector (Ctrl).

(legend continued on next page)

136 Cancer Cell 37, 127-141, January 9, 2017



demonstrate that FTO-mediated gene regulation relies on its de-
methylase activity and m®A modifications in the target mRNA
transcripts.

A set of m®A-modified transcripts could be recognized by the
YTHDF2 reader, which exhibits a shorter half-life than non-meth-
ylated ones (Wang et al., 2014a). Thus, it is surprising that most
of the FTO potential targets we identified tend to be negatively
regulated by FTO in AML cells (Figures 5D, 5F, and 5G). To
analyze the effect of m®A level decrease on the stability of poten-
tial target transcripts of FTO, we conducted RNA stability assays
(Wang et al., 2014a) and showed that forced expression and
knockdown of FTO shortened and prolonged, respectively, the
half-life of ASB2 and RARA mRNA transcripts in AML cells (Fig-
ures 7D, S7A, and S7B). Thus, FTO-induced repression of ASB2
and RARA expression is at least in part due to the decreased sta-
bility of ASB2 and RARA mRNA transcripts upon FTO-mediated
decrease of m®A level in their mMRNA transcripts. Consistent with
the effect of FTO overexpression, we found that knockdown
of METTL3 and especially of METTL14, two m®A writers, also
resulted in the downregulation of ASB2 and RARA levels
(Figure S7C).

Our results suggest that alternative m®A reading processes
may exist which recognize m°®A sites in FTO target transcripts
and promote their stability. YTHDF1 and YTHDF2 are two well-
established m®A readers with each recognizing a few thousands
of methylated transcripts in mammalian cells (Wang et al., 2014a,
2015). Nonetheless, knockdown of either of them did not lead to
a significant reduction at the mRNA levels of ASB2 or RARA (Fig-
ures 7E and 7F), indicating that YTHDF1 and YTHDF2 are un-
likely the readers that can promote the stability of ASB2 and
RARA mRNAs. While YTHDF1 knockdown resulted in a minor
decrease in the protein levels of ASB2 and RARA, YTHDF2
knockdown showed no effect on their protein levels at all (Fig-
ure 7G). Furthermore, neither forced expression nor knockdown
of FTO affected expression of METTL3, METTL14, YTHDF1, or
YTHDF2 (Figure 7H). Thus, the effects of FTO overexpression
or knockdown on ASB2 and RARA mRNA stability are unlikely
due to the changes in the above m®A writers or readers. The
reader(s) that promotes the mRNA stability of FTO target tran-
scripts (e.g., ASB2 and RARA) has yet to be identified.

The FTO {ASB2/RARA Axis Contributes to the

Response of APL Cells to ATRA Treatment

While ATRA-based differentiation therapy has transformed APL
from a highly fatal disease to a highly curable one (Huang
et al., 1988; Wang and Chen, 2008), it is still important to better

understand the underlying molecular mechanism(s). As shown in
Figure 8A, upon ATRA treatment, FTO is significantly downregu-
lated in NB4 APL cells, associated with a significant upregulation
of RARA and especially ASB2. To investigate the potential role of
FTO in ATRA-induced APL cell differentiation, we compared
FTO-overexpressing NB4 cells and control NB4 cells on their
response to ATRA treatment through flow cytometry assays.
As ATRA can induce APL cells toward granulocytic and mono-
cytic differentiation (Arteaga et al., 2013; Carlesso et al., 1999;
Gocek et al., 2014), anti-CD11b (a granulocytic differentiation
marker) and anti-CD14 (a monocytic differentiation marker) anti-
bodies were used in the flow-cytometric assays. As shown in
Figure 8B, forced expression of FTO, but not FTO mutant,
noticeably increased the undifferentiated NB4 cell population
(i.e.,CD11b™/CD14™ cells) after 48 hr of 500 nM ATRA treatment.
We then conducted a loss-of-function study, and found that
depletion of FTO expression by two individual different shRNAs
could substantially enhance ATRA-induced cell differentiation,
resulting in a striking decrease in undifferentiated population of
NB4 cells after 48 hr of treatment with a lower concentration of
ATRA (100 nM) (Figure 8C). Figure 8D shows a summary of the
results from three independent experiments. Consistent with
the phenotype caused by FTO knockdown, forced expression
of either RARA or ASB2 could also substantially enhance NB4
cell differentiation (Figures 8E and 8F). Collectively, FTO inhibits
ATRA-induced differentiation of APL cells likely through post-
transcriptionally repressing expression/function of RARA and
ASB?2, and such function of FTO relies on its m°A demethylase
activity.

DISCUSSION

In the present study, we demonstrate that FTO, an obesity risk-
associated gene and the first m°A eraser identified, plays a crit-
ical oncogenic role in hematopoietic cell transformation and
leukemogenesis. In brief, FTO expression can be upregulated
by certain oncogenic proteins (e.g., MLL-fusion proteins, PML-
RARA, FLT3-ITD, and NPM1 mutant) and thereby FTO is aber-
rantly upregulated in certain subtypes of AMLs, e.g., t(11923)/
MLL-rearranged, t(15;17), FLT3-ITD, and/or NPM1-mutated
AMLs. In vitro, we show that forced expression of FTO signifi-
cantly enhances the viability and proliferation/growth of human
AML cells, while inhibiting the apoptosis of the cells, and also
significantly enhances leukemic oncogenes-mediated transfor-
mation/immortalization of normal hematopoietic stem/progeni-
tor cells; the opposite is true when expression of FTO is knocked

(B) Relative luciferase activity of pMIR-REPORT-ASB2-3' UTR (left panel), pMIR-REPORT-RARA-3' UTR (middle panel), and pGL3-basic-RARA-5" UTR (right
panel) with either wild-type or mutant (A-to-T mutation) m®A sites after co-transfection with FTO (FTO), FTO mutant (FTO-Mut), or control vector (Ctrl) into
HEK293T cell. Firefly luciferase activity was measured and normalized to Renilla luciferase activity.

(C) Luciferase reporter assay-related gene-specific m®A gPCR analysis of m®A levels in exogenous mRNA transcripts of firefly Luc-ASB2 3’ UTR or firefly Luc-
RARA 3’ UTR in HEK293T cells. For each luciferase reporter construct, we designed two different pairs of primers crossing the inserted ASB2 or RARA 3’ UTR
fragment and pMIR-Report vector fragment. Primer 1 covers the joint of firefly Luc and ASB2-3’ UTR or RARA-3' UTR. Primer 2 covers the joint of ASB2-3' UTR or

RARA-3' UTR and SV40 poly A.

(D) The mRNA half-life (t1,,) of ASB2 or RARA in NB4 cells transduced with FTO (FTO), FTO mutant (FTO-Mut), or control vector (Ctrl) or with depleted expression

of FTO (shFTO-1) or not (shNS-1).

(E and F) Relative expression of ASB2 and RARA after knockdown of m°A readers, YTHDF1 or YTHDF2, in MONOMAC-6 (E) and NB4 (F) cells.
(G) Western blot assay of ASB2 and RARA expression after depletion of m®A readers in MONOMAC-6 cells.
(H) Relative expression of mPA writers and readers with forced or depleted expression of FTO in MONOMAC-6 cells.

*p < 0.05, **p < 0.01; t test. See also Figure S7.

Cancer Cell 31, 127-141, January 9, 2017 137

CellPress




Cell’ress

Figure 8. The Potential Role of the FTOH

RARA/ASB2 Axis in ATRA-Induced NB4
Cell Differentiation and a Schematic Model
of FTO Signaling in AML
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100 nM ATRA as detected by qPCR. *p < 0.05,
**p < 0.01, **p < 0.001; t test.

(B) Flow-cytometric analyses of NB4 cells trans-
duced with FTO (FTO), FTO mutant (FTO-Mut), or
control vector (Ctrl) 48 hr post-treatment with
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knockdown of FTO (shFTO-1 or shFTO-2) 48 hr
post-treatment with 100 nM ATRA or DMSO.

(D) The summary of results from three independent
experiments with those shown in (B) or (C) as
representatives.

(E and F) The representative (E) or summary (F;
from triplicates) results of flow-cytometric ana-
lyses of NB4 cells with forced expression of RARA
or ASB2 after exposed to 100 nM ATRA or DMSO
for 48 hr.

(G) The schematic model of the role and underlying
mechanism of FTO in leukemogenesis and ATRA-
induced differentiation of leukemic cells.
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down. In vivo, we show that forced and depleted expression
of Fto significantly promotes and inhibits, respectively, MLL-
fusion-mediated leukemogenesis in mice. Our transcriptome-
wide mPA-seq assay and the subsequent validation and
functional studies suggest that ASB2 and RARA are two critical
target genes of FTO. As an m®A RNA demethylase, FTO reduces
the m°®A levels of ASB2 and RARA mainly at UTRs, which in turn
leads to the downregulation of these two genes at the RNA level
and especially at the protein level. Mechanistically, we demon-
strate that the biological function of FTO relies on its m°A
demethylase activity as mutations in the FTO catalytic domain
sufficiently abrogate the function of FTO. Moreover, our lucif-
erase reporter/mutagenesis assays indicate that the m°®A sites
in the UTRs of its critical target genes such as ASB2 and
RARA are essential for FTO to post-transcriptionally regulate
their expression. Our data and previous studies (Glasow et al.,
2005; Guibal et al., 2002; Kohroki et al., 2001; Zhu et al., 2001)
demonstrate the anti-leukemic effects of ASB2 and RARA.
Thus, the FTOHASB2/RARA axis likely plays a critical role in
the pathogenesis of AMLs. Furthermore, we provide evidence
that this axis likely also plays an essential role in mediating the
response of leukemic cells to ATRA treatment. A schematic
model summarizing our discoveries is shown in Figure 8G.
Epidemiology studies demonstrate a strong association
between FTO SNPs or overweight/obesity and the risk of
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2009). Therefore, it is possible that
increased expression of FTO, caused
by its obesity-associated SNPs (Berulava and Horsthemke,
2010; Church et al.,, 2010), may contribute (to some
extent) to the higher risk of individuals with overweight and
obesity in developing various types of cancers. If so, FTO
may play an oncogenic role also in other cancers, besides
leukemia.

Previous studies suggest that mRNA transcripts with m®A
modifications tend to be less stable (Schwartz et al., 2014;
Wang et al., 2014a), largely due to the relocation of such mRNAs
by YTHDF2 to RNA decay sites (Wang et al., 2014a). Surpris-
ingly, herein we show that over 80% of FTO potential targets
tend to be negatively regulated by FTO in AML cells. We show
that forced and depleted expression of FTO substantially
shortens and prolongs, respectively, the half-life of its critical
targets such as ASB2 and RARA, suggesting that FTO-medi-
ated repression of ASB2 and RARA expression is at least in
part due to the decreased stability of ASB2 and RARA mRNA
transcripts. Our data further suggest that an additional reading
process may exist which controls the stability of FTO target
transcripts. Neither YTHDF2 nor YTHDF1 target all m°A sites
in mammalian cells. Other reading processes have been sug-
gested (Liu et al., 2015). Although certain m®A sites on ASB2
or RARA could be affected by YTHDF2 or YTHDF1, our data
indicate that the FTO-targeted sites exhibit effects on mRNA
distinct from these known reading processes. It will be very



interesting to uncover such an alternative reading process in
the future.

Interestingly, all the subtypes of AMLs with high levels
of endogenous FTO expression, such as those carrying
t(11923), t(15;17), NPM1 mutations, and/or FLT3-ITD, are
more sensitive to ATRA than the other AML subtypes (Dos
Santos et al., 2013; El Hajj et al., 2015; Hu et al., 2009; Huang
et al, 1988; lijima et al.,, 2004; Jiang et al.,, 2016; Lo-
Coco et al., 2013; Martelli et al.,, 2015; Niitsu et al., 2001;
Schlenk et al., 2009). It is possible that the survival/prolifera-
tion of these subtypes of AML cells relies more on the FTO
signaling, and thus they are more responsive to ATRA treat-
ment, as ATRA can release the expression/function of ASB2
and RARA, two negative targets of FTO, and thereby trigger
cell differentiation.

In summary, we provide compelling in vitro and in vivo
evidence demonstrating that FTO, an m®A demethylase,
plays a critical oncogenic role in cell transformation and
leukemogenesis as well as in ATRA-mediated differentiation
of leukemic cells, through reducing m°A levels in mRNA
transcripts of its critical target genes such as ASB2 and RARA
and thereby triggering corresponding signaling cascades. Our
study highlights the functional importance of the m®A modifi-
cation machinery in cancer, and provides profound insights
into the molecular mechanisms underlying tumorigenesis by
revealing a previously unrecognized mechanism of gene regula-
tion in cancer. In addition, given the functional importance of
FTO in leukemogenesis and drug response, targeting FTO
signaling by selective inhibitors may represent a promising ther-
apeutic strategy to treat leukemia, especially in combination with
ATRA treatment. As FTO has also been implicated in other types
of cancers, our discoveries may have a broad impact in cancer
biology and cancer therapy.

EXPERIMENTAL PROCEDURES

Leukemic Patient Samples

The leukemia patient samples were obtained at the time of diagnosis or
relapse and with informed consent at the University of Chicago Hospital or
other collaborative hospitals, and were approved by the institutional review
board of the institutes/hospitals.

The Care and Maintenance of Animals
This was approved by the Institutional Animal Care and Use Committee of the
University of Chicago or the University of Cincinnati.

Cell Culture and Transfection, ChIP, qPCR, In Vitro Functional Study
Assays, and In Vivo Bone Marrow Transplantation Studies

These assays were performed as previously described (Huang et al., 2013;
Jiang et al., 2012; Li et al., 2012b) with some modifications.

Global m®A Quantitative Assays, m°A-Seq, RNA-Seq, Gene-Specific
m°®A gPCR, and RNA Stability Assays

These assays were conducted as described previously (Dominissini et al.,
2013; Jiaetal., 2011; Liu et al., 2014; Wang et al., 2014a) with some modifica-
tions (see Supplemental Information for details).

ACCESSION NUMBERS

The microarray, m®A-seq and RNA-seq data have been deposited in the
GEO repository under the accession numbers GEO: GSE34184, GSE30285,
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