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The cytidine deaminase APOBEC3B (A3B) is an endogenous
inducer of somatic mutations and causes chromosomal insta-
bility by converting cytosine to uracil in single-stranded DNA.
Therefore, identification of factors and mechanisms that
mediate A3B expression will be helpful for developing thera-
peutic approaches to decrease DNA mutagenesis. Arsenic (As)
is one well-known mutagen and carcinogen, but the mecha-
nisms by which it induces mutations have not been fully
elucidated. Herein, we show that A3B is upregulated and
required for As-induced DNA damage and mutagenesis. We
found that As treatment causes a decrease of N6-
methyladenosine (m6A) modification near the stop codon of
A3B, consequently increasing the stability of A3B mRNA. We
further reveal that the demethylase FTO is responsible for As-
reduced m6A modification of A3B, leading to increased A3B
expression and DNA mutation rates in a manner dependent on
the m6A reader YTHDF2. Our in vivo data also confirm that
A3B is a downstream target of FTO in As-exposed lung tissues.
In addition, FTO protein is highly expressed and positively
correlates with the protein levels of A3B in tumor samples from
human non-small cell lung cancer patients. These findings
indicate a previously unrecognized role of A3B in As-triggered
somatic mutation and might open new avenues to reduce DNA
mutagenesis by targeting the FTO/m6A axis.

Somatic mutations are the predominant cause for the ma-
lignant transformation of various cancers (1, 2). DNA deami-
nase APOBEC family members, especially APOBEC3B (A3B),
have been considered as endogenous drivers of mutations (3).
There are seven APOBEC3 family members (APOBEC3A/B/
C/D/F/G/H) in humans and only one (APOBEC3) in mice.
A3B overexpression correlates with signature C to T muta-
tions, base substitution mutation loads dispersed throughout

* These authors contribute equally to this work.
* For correspondence: Zhenkun Lou, louzhenkun@mayo.edu; Sijin Liu,
sjliu@rcees.ac.cn; Jinzhou Huang, huang.jinzhou@mayo.edu.

SASBMB

the genome, and clustered regions of hypermutation (kataegis)
in multiple types of cancer including breast and lung cancers
(4-7). A3B is predominantly located in the nucleus, and its
overexpression can trigger strong DNA damage responses,
exacerbate DNA replication stress and chromosomal insta-
bility, or cause cell cycle arrest and cell death (8, 9). A few
explanations have been made to answer how A3B expression
and activity are regulated. For example, oncogenic signaling
and chemotherapy drugs modulate the activity of A3B by
increasing the availability of ssDNA substrate (10-12); tran-
scriptional regulators such as c-Maf, B-Myb, ZNF384, and
oncogenic NF-kB signaling are involved in A3B transcription
and promote C-to-T transitions in multiple cancer types
(13-16); MSL2 activates hepatitis B virus replication and
maintains hepatitis B virus covalently closed circular DNA
stability through the degradation of A3B protein to enhance
hepatocellular carcinoma progression (17). However, there are
currently no available drugs to reduce A3B levels and thus
limit mutagenesis.

N6-methyladenosine (m6A) is the most prevalent internal
modification of RNA molecules that occurs at the consensus
motif, RRACH (Ris Gor A or Uand His U, A, or C) (18, 19).
It can reversely influence various biological processes by
affecting mRNA translation, mRNA degradation, pre-mRNA
splicing, and protein—-RNA interactions (18, 19). The deposi-
tion of m6A modification is catalyzed by its writer, the m6A
methyltransferase complex which composed of METTL3,
METTLI14, and WTAP, and the removal of m6A is mainly
driven by demethylase erasers (FTO and ALKBH5). The m6A
modification can be recognized by its readers (Ythdf and Ythdc
families) which determine the fate of target RNAs (18, 19).
Among these m6A modulators, FTO is the first identified m6A
demethylase that mediates m6A demethylation in the 3'-UTR
and near stop codon region (20). FTO participates in diverse
physiological and pathological processes, notably it plays an
oncogenic role in a variety of cancers (21, 22). It is reported
that alteration of FTO expression is involved in metabolic
starvation stress, acute liver injury, or heart failure (23-25).
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GSK3-mediated FTO phosphorylation and degradation regu-
lates the pluripotency of mouse embryonic stem cells (26).
However, until now, the regulatory mechanisms and down-
stream targets of FTO are still largely unknown.

Arsenic (As) is a highly toxic carcinogen and widespread in
the environment. Many epidemiologic studies have estab-
lished the association between the occurrence of cancers and
chronic exposure to high levels of As (27, 28). It is reported
that As triggers the DNA damage response and interferes
with DNA repair by indirectly generating oxidative stress (29).
However, the precise mechanisms of As-induced mutagenesis
remain ill-defined and under debate. Here, we found that As
treatment enhanced the somatic mutation rate by increasing
A3B expression level. Further analysis showed that FTO was
upregulated and responsible for As-induced A3B expression
in an m6A-dependent manner. FTO removed the m6A
modification from a consensus m6A motif near the stop
codon of A3B, decreasing the decay of A3B mRNA by
YTHDEF2, which led to increased A3B level and DNA muta-
genesis in As-treated cells. In addition, As exposure also
induced an increase of A3B in the lung tissues of mice in an
FTO-dependent manner. Moreover, A3B is overexpressed in
the tumor tissue of lung cancer patients and positively cor-
relates with FTO levels. Together, these results depict a
critical role of m6A methylation machinery in regulating As-
induced somatic mutation.

Results
A3B induction accelerates As-induced mutagenesis

Previous studies showed that A3B induction by oncogene-
induced replication stress or chemotherapy drugs enhances
DNA editing and somatic mutations (30, 31). To investigate
whether A3B expression was also responsible for As-induced
mutagenesis, we first analyzed the expression level of A3B
after low dose of As exposure. As shown in Fig. S1, A and B,
the mRNA and protein levels of A3B were all increased after
As treatment. Meanwhile, the mRNA levels of other APO-
BEC3 family members were not changed (Fig. S1C), indicating
that A3B is an As-responsive gene and might play a critical
role in As-induced mutagenicity and genotoxicity. We then
used an in vitro cytosine deaminase assay and differential DNA
denaturation PCR (3D-PCR) to detect whether As affects the
enzymatic activity and mutagenic ability of A3B in control and
A3B knockdown cells. As shown in Figure 1, A-C, As treat-
ment enhanced cytidine deaminase activity in lysates from
control cells but not in those from cells expressing A3B
shRNA. In addition, the percentage of TP53 with higher A/T
content that could be efficiently amplified at lower denatur-
ation temperatures was increased after As treatment, and this
mutation rate was attenuated in A3B-depleted cells (Fig. 1, D
and E), indicating that As exposure induces the accumulation
of nucleotide mutations by regulating the expression and
enzymatic activity of A3B. Thereafter, we cloned and
sequenced these 3D-PCR products to quantify the number
and type of nucleotide mutations. As shown in Fig. S1D and
Figure 1F, the percentage of amplicons with more than
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two nucleotide mutations was higher in As-treated cells than
those in untreated cells, whereas the mutation rate declined to
the normal level in A3B knockdown cells. In addition, the C/G
to T/A transitions and transversions were the most prominent
mutation types induced by As exposure (Fig. 1G). Taken
together, these results demonstrate that A3B is likely the key
mediator of As-driven somatic DNA mutation.

It was reported that A3B triggers DNA damage responses and
cell death in UNG-knockout cells in p53-dependent manner (8);
thus, we hypothesized that A3B expression is also required for
As-induced genotoxicity and cytotoxicity in UNG-depleted cells.
As shown in Fig. S1E, As exposure induced a significant increase
of p53 expression in UNG-depleted cells. This appears to partly
depend on A3B expression, because A3B depletion decreased the
induction of p53 protein in these cells. Meanwhile, both the
phosphorylation of ATM and CHK2 as well as y-H2AX foci
formation were significantly increased in control cells but not in
A3B-depleted cells after As exposure (Fig. S1, E-G). In addition,
the percentage of comet tail, an indicator of DNA damage, is
much lower in A3B knockdown cells compared to that of control
cells upon As treatment (Fig. S1, H and 1), and these data indicate
that A3B is a critical mediator for As-induced DNA damage.
Moreover, As-reduced cell viability was also partly reversed by
A3B depletion (Fig. S1, Jand K), indicating that A3B induction is
also involved in As-triggered cell death effects.

As regulates A3B expression through decreasing its m6A level

To determine how A3B mRNA level is regulated upon As
treatment, we detected whether As treatment affects the
mRNA stability of A3B. As shown in Figure 24, A3B mRNA
degraded much slower in As-treated cells than that in un-
treated cells after actinomycin D (ActD) treatment, suggesting
that As treatment promotes the mRNA stability of A3B.
Because m6A modification is critical for the regulation of
mRNA stability, we analyzed the potential m6A sites in the
mRNA of A3B through the website of SRAMP (http://www.
cuilab.cn/sramp) and found that there are four conserved
putative m6A consensus sequence GGAC (RRACH) motifs in
the CDS region of A3B, and thus we inferred that m6A
modification might be required for As-induced A3B expres-
sion. To confirm this hypothesis, we performed an RNA
immunoprecipitation (RIP) assay to test whether an m6A-
specific antibody recognizes A3B mRNA and found that A3B
mRNA was strongly enriched after anti-m6A pull down
(Fig. 2B). We next measured the total cellular m6A levels
before and after As exposure. As shown in Figure 2, C and D,
As treatment significantly decreased global m6A level by m6A
dot blot assays and m6A colorimetric analysis, suggesting that
m6A methylation is sensitive to As exposure. Gene-specific
m6A quantitative real-time PCR (qPCR) assay was per-
formed to further study whether As treatment affects the m6A
modification of A3B. As shown in Figure 2E, As exposure
decreased the m6A level of the A3B transcript, suggesting that
A3B is a potential target of m6A modification.

To explore the role of m6A modification on the A3B tran-
script, four putative m6A consensus motifs on the CDS region
of A3B were individually replaced from cytosine to thymine to
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Figure 1. Arsenic treatment increases the protein level of A3B and exacerbates DNA mutation rates. A, illustration of the fluorescence-based DNA
cytosine deamination assay. The ssDNA has a target cytosine, and Cy5-fluorescent, deaminase, and UDG enzyme create an abasic site and then broken by
NAOH treatment. B, control or A3B-depleted A549 cells were treated with or without 2 pM arsenic for 6 h, and the protein level of A3B was analyzed by
blotting assay. C, protein lysates prepared from (A) were used in an in vitro cytidine deaminase assay. Positions of the substrate (probe) and the deamination
product are labeled. D, illustration of the first and second PCR primer setting for 3D-PCR of human TP53. E, control or A3B-depleted A549 cells after arsenic
treatment were harvested for the extraction of genomic DNA, and agarose gel analysis of 3D-PCR amplicons from TP53 was then performed. The dena-
turation temperature range is indicated above gel. F, pie charts depicting the mutation degree from 3D-PCR products after cloning and sequencing. G, bar
plots depicting the number of mutations of the indicated nucleotide from (F). 3D-PCR, differential DNA denaturation PCR; A3B, APOBEC3B; As, arsenic; UDG,

uracil-DNA glycosylase.

generate the mutant-type constructs (A3B-M1, A3B-M2, A3B-
M3, and A3B-M4). Gene-specific m6A qPCR was then per-
formed to compare the m6A methylation level between WT-
A3B and A3B-mutants in the context of A3B-deficient cells.
As shown in Figure 2F, the A3B-M4 had significantly lower
m6A signals than WT-A3B and the other three mutants,
indicating that the fourth m6A RRACH motif which is located
near the stop codon might be the primary m6A site in the A3B
mRNA. Furthermore, A3B-M4 had higher mRNA and protein
expression levels in A3B-depleted cells (Fig. 2, G and I), sug-
gesting that m6A modification is critical for A3B expression.
To verify this hypothesis, we compared the RNA half-life be-
tween WT-A3B and A3B-M4 in A3B-depleted cells. As shown
in Figure 2H, A3B-M4 was unable to be degraded, which may
lead to higher mRNA and protein levels. In addition, WT-A3B
but not A3B-M4 was significantly induced by As exposure
(Fig. 21), suggesting that the m6A modification of A3B mRNA
is indispensable for its responses to As treatment. Moreover,
cytidine deaminase activity and C/G to A/T transition and
transversions were much more pronounced in A3B-M4 cells
compared to WT-A3B cells. More notably, the enzymatic and
mutagenic activities of A3B-M4 were not further enhanced by
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As treatment (Fig. 2, / and K), indicating that A3B expression
level and function are regulated by its m6A level under As
treatment.

FTO is responsible for erasing the m6A modification of A3B

To identify which m6A modulator participated in the
regulation of m6A modification of A3B, we detected the pro-
tein levels of m6A writers (METTL3, METTL1, and
METTL16), erasers (FTO and ALKBHS5), and readers
(YTHDEF2) in response to As. As shown in Figure 3A, the
protein level of FTO, but not the other m6A modulators, was
increased upon As treatment; meanwhile, the mRNA level of
FTO was not changed (Fig. S2A), suggesting that FTO might
be required for As-reduced global m6A level. In addition, RIP
analysis showed that FTO was able to bind to A3B mRNA
(Fig. 3B), suggesting that FTO is the m6A demethylase of A3B.
To confirm this hypothesis, we knocked down FTO by
transfection with two specific siRNAs. As shown in Fig. S2, B
and C and Figure 3C, both the mRNA and protein levels of
A3B were significantly decreased when FTO was depleted. We
next investigated whether FTO removes the m6A modification
from A3B mRNA through its enzymatic activity. As shown in

J. Biol. Chem. (2022) 298(2) 101563 3



APOBEC regulates arsenic relative malignancy

A B C
: 20- p=0.0007 S dis
= 1004 2
3 <zt 15 200 ng
> n:
2 € | ;
2 @ 107 100 '
Z 50 P o '
£ o
m 2 5
2 —— Ctrl ® 50 ng
= As é 0
0 T 1 ) 2
I A 5n
0 H 3 9G mé g (o]
Hours of ActD RIP assay
D _ E F M1 M2 M3 M4
p=0.0057 CDS "=l L.l L1200
Soos, S 1.5 P=0.0345
4 o — .
= 2 o P=0.0013
§0.06- < 1.04 § 2.0
= = & ~
£ 0.04- 2 S5,
2 o 0.5 <
§ g e 1
©0.02- kS 2
R & 5 o5
< 0.0- «
€ 0.00- Ctrl As 0.0
Ctrl As FLAG-A3B: WT M1 M2 M3 M4
G p=0.0014 H I
5 6- o 9 1004
3 Pt A3B  A3B
2 S WT M4
(]
E 4 < As - + - +
E £ 50- —48
2 € FLAG |==
< L] -
s 2 2 - A3BWT =5
2 = A3B M4 GAPDH | == esabes
] 0
m T 1
0- (] 4 8
A3B WT m4 Hours of ActD
J K TP p53
C 85 86.7
A3BWT  A3B-M4 s
As - + N +
A3B-WT
Probe
A3B-WT
+As
A3B-M4
Product
A3B-M4

+As

Figure 2. m6A-modified A3B mRNA is decreased after arsenic exposure and negative relevant to A3B expression. A, A549 cells were treated with or
without 2 uM arsenic for 6 h before replaced with fresh cell culture medium, cells were then treated with 2 uM ActD for the indicated time points, and the
mRNA levels of A3B were detected by qPCR analysis. B, RIP-qPCR showing the interaction between A3B mRNA with m6A modifications in A549 cells. C, m6A
dot blot analysis using total RNAs derived from A549 cells that are treated with arsenic or left untreated (n = 3). D, total m6A methylation level was
measured in A549 cells upon arsenic treatment using colorimetric m6A quantification kit (n = 3). £, the enrichment of m6A modification on A3B mRNA in
A549 cells was detected by gene-specific m6A gPCR assay. F, A3B-depleted A549 cells were transfected with WT-A3B and the indicated A3B mutates for
24 h before harvested. Gene-specific m6A qPCR assay was then performed to compare the m6A modification levels on A3B mRNA. A schematic of the m6A
modification sites of A3B was shown above. G, the mRNA levels of A3B in A3B-depleted A549 cells transfecting WT-A3B and M4-A3B were analyzed by gPCR
assay. H, A3B-depleted A549 cells were transfected with WT-A3B and M4-A3B for 24 h before treated with 2 pM ActD for the indicated time points, and
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Fig. S2, D and E, overexpressing WT FTO in FTO-knockdown
cells increased the mRNA and protein levels of A3B, but
overexpressing the demethylase-deficient mutant FTO (R96Q)
failed to phenocopy these results. This indicated to us that the
demethylase activity is required for the regulatory role of FTO
in A3B expression. In addition, gene-specific m6A qPCR
analysis showed that the m6A level of A3B was also markedly
increased in FTO-knockdown cells (Fig. 3D). Moreover, co-
knocking down METTL3/14 and FTO reversed FTO
depletion-reduced A3B mRNA and protein expression
(Fig. S2, F and @), indicating that the regulation of A3B by
FTO is m6A dependent. We next assessed whether FTO
regulates the mRNA fate of A3B. As shown in Figure 3E, the
mRNA stability of A3B decreased faster when FTO was
depleted. Moreover, FTO overexpression increased the protein
level of WT-A3B but not A3B-M4 whose m6A motif was
mutated (Fig. 3F), further confirming that A3B is directly
regulated by FTO in an m6A-dependent manner.

To examine the biological role of FTO in m6A demethyla-
tion of A3B under As exposure, we detected the expression
level of A3B in FTO-depleted cells after As treatment. As
shown in Figure 3G, the induction of A3B was significantly
impaired when FTO was depleted. Furthermore, As-induced
p53 expression, y-H2AX foci formation, and cell viability
reduction were all obviously attenuated in FTO-deficient cells
compared to that in control cells (Fig. S2, H-J). We next
determined whether FTO is responsible for As-induced
mutagenesis by A3B. As shown in Figure 3, H-J, FTO deple-
tion significantly reduced the cytidine deaminase activity and
A/T content in the 3D-PCR products under As treatment.
This could be effectively reversed by A3B expression,
demonstrating that A3B is an important target of FTO to
promote As-induced somatic DNA mutation.

FB23-2, an FTO-specific inhibitor which directly binds to
FTO and selectively inhibits FTO’s m6A demethylase activity
(32), was used to further verify the regulatory role of FTO in
A3B expression and As-induced mutagenesis. As shown in
Figure 3, K-M, the mRNA and protein levels of A3B were all
significantly decreased in FB23-2-treated cells compared to
that in dimethyl sulfoxide treated cells, while m6A modifica-
tion of A3B mRNA was significantly increased. Additionally,
in vitro cytosine deaminase and 3D-PCR analyses showed that
FB23-2 pretreatment effectively inhibited As exposure—
enhanced cytidine deaminase activity and A/T content in
TP53 in 3D-PCR products (Fig. 3, N and O). Moreover, the
sequencing results from these 3D-PCR products demonstrated
that the percentages of amplicons with more mutations and C/
G to T/A transitions and transversions were reduced in FB23-2
pretreated cells after As treatment (Fig. 3, P and Q). Taken
together, these findings further proved that FTO is critical for
As-induced mutagenesis through regulating the m6A modifi-
cation of A3B.

APOBEC regulates arsenic relative malignancy

FTO regulates the stability of A3B mRNA via YTHDF2-
dependent mechanism

The biological importance of m6A mRNA modification is
executed mostly by m6A readers that control mRNA stability,
translation, splicing, or subcellular localization (33, 34). It was
reported that YTHDF family members regulate the translation
efficiency and mRNA stability of m6A-modified mRNA
(33, 34); thus, we knocked down YTHDF1-3 with their specific
siRNA and observed the consequences on A3B mRNA. As
shown in Figure 4A, knocking down YTHDEF2 but not
YTHDEF1 and YTHDEF3 significantly increased the mRNA level
of A3B. Consistently, RIP analysis showed that YTHDEF2
antibody enriched more A3B mRNA than IgG (Fig. 4B). To
test whether YTHDF2 recognizes and decays m6A-modified
A3B mRNA, we compared the mRNA stability of A3B in
control or YTHDF2-depleted cells. As shown in Figure 4C,
A3B mRNA is more stable when YTHDF2 was silenced.
Furthermore, knocking down YTHDF2 rescued FTO
depletion—reduced A3B expression (Fig. 4, D and E), indicating
that FTO regulates A3B expression in an m6A-YTHDEF2-
dependent manner.

To explore the crucial function of FTO/YTHDF2 m6A axis
in As-induced DNA damage and mutation, we knocked down
YTHDEF2 in FTO and UNG depletion cells before As treat-
ment. As shown in Fig. S3, A-D, knocking down YTHDEF2
remarkably reversed FTO depletion-reduced y-H2AX foci
formation and FTO depletion—increased cell viability under As
treatment. In addition, knocking down YTHDEF2 increased the
cytosine deaminase activity of lysates prepared from FTO-
deficient cells under As treatment (Fig. 4F), indicating that
YTHDF2 plays a suppressor role in the enzymatic activity of
A3B by decaying its m6A-modifed mRNA. Furthermore, we
used 3D-PCR assay to analyze whether YTHDE2 affects the
DNA editing ability of A3B in FTO-depleted cells. As shown in
Figure 4, G-I, FTO depletion—reduced DNA hypermutation
under As exposure could be rescued by co-knockdown
YTEDF2. Moreover, the percentage of A/T-rich DNA after
As treatment was also increased in the combination of FTO-
and YTHDEF2-depleted cells than that in FTO-deficient cells.
These data indicate that A3B-mediated DNA damage and
hypermutation under As treatment is controlled by the FTO/
YTHDF2 m6A axis.

As exposure induces the activation of FTO/APOBEC3 pathway
in vivo

Because there is a similar high confidence m6A motif
(mGGACA versus hGGACU) near the stop codon of mouse
Apobec3 CDS region, we inferred that FTO might also regulate
the expression of Apobec3. Therefore, we examined the rela-
tionship between FTO and APOBEC3 after As treatment in
mouse Lewis lung carcinoma cells (LLC1). As shown in
Figure 5, A and B, As treatment induced an increase of

gPCR analysis was then performed to detect the mRNA stability of A3B. I-K, A3B-depleted A549 cells were transfected with WT-A3B and M4-A3B for 24 h
before in response to arsenic for 6 h. The protein level of A3B was analyzed by Western blotting assay (/); protein lysates were used for in vitro cytidine
deaminase assay (J); genomic DNA was extracted for TP53 3D-PCR amplicons and analyzed by agarose gel (K). 3D-PCR, differential DNA denaturation PCR;
A3B, APOBEC3B; ActD, actinomycin D; As, arsenic; m6A, N6-methyladenosine; RIP, RNA immunoprecipitation.
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then analyzed by immunoblotting assay. H-J, NC or FTO siRNA-transfected A549 cells were transfected with FLAG-A3B for 24 h before in response to
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Apobec3 mRNA and protein levels, which was effectively
inhibited by FB23-2. Next, in vivo experiments were performed
to analyze the activation of the FTO/APOBEC3 pathway in the
lung tissues of C57BL/6 mice after inhalation of aerosolized
PBS or As. As shown in Figure 5, C-E, As mass and y-H2AX
foci formation in the lung tissues of As-exposed mice were
significantly increased compared to that in PBS-treated mice,
whereas the degree of DNA damage was impaired in FB23-2
pretreated group. Meanwhile, the induction of APOBEC3
was also inhibited with FB23-2 pretreatment in lung tissues of
mice after As treatment (Fig. 5, F and G), indicating that As
induces the activation of FTO/A3B pathway to promote DNA
damage in vivo.

FTO is upregulated in human lung cancer and correlated with
A3B expression

It was reported that both FTO and A3B play oncogenic roles
in the progression of lung cancer (3, 35); thus, we investigate
the correlation between FTO and A3B in human lung cancers.
Through the analysis of the lung tissue microarrays including
52 lung tumor samples and 52 normal tissues adjacent to the
tumor, we found that both FTO and A3B are overexpressed in
lung tumors compared to normal adjacent tissues (Fig. 6, A
and B). In addition, 61.5% (32/52) of FTO-high tumor samples
had high level of A3B, and there has a significant positive
correlation between FTO and A3B (p = 0.001, Pearson R =
0.475) (Fig. 6C). Representative images of FTO and A3B
staining in lung tumor cases with high or low FTO and A3B
expression are shown in Figure 6D. In addition, clinical data
suggest that the upregulation of FTO and A3B expression was
significantly related to shorter overall survival in lung cancer
(Fig. 6, E and F). These data indicate that the expression of
FTO is closely correlated with A3B and poor prognosis in lung
cancer, further confirming the significance of FTO/A3B axis in
lung tumor progression.

Discussion

Cytidine deaminase APOBEC family members, especially
A3B, are upregulated and play a critical role in the mu-
tation and evolution process of cancers which carry a
heavy mutation load (3, 36). However, it remains chal-
lenging to reveal the precise mechanism by which A3B is
induced; thus, there is a shortage of reliable strategies for
targeting cancers overexpressing A3B. Here, our data show
that FTO is upregulated and promotes A3B expression in
an m6A-YTHDF2-dependent manner under As treatment,
resulting in increased somatic mutations and DNA dam-
age, which reveal the regulatory mechanism of A3B
expression under As stress and suggest that FTO inhibitor
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might be a potential treatment choice for tumors over-
expressing A3B.

A3B expression is reported to be induced by replication stress
and chemotherapy drugs, thereafter leading to potent DNA
damage and base substitutions in the genome (12, 13, 37). In
addition, A3B overexpression causes uracil lesion accumulation
in UNG-depleted cells, which results in cell death in p53-
dependent manner (8). As is a well-known DNA damage
inducer and exogenous carcinogen which causes replication-
dependent DNA breakage and oxidative DNA damage
(28, 38). However, the precise mechanism of As-induced
mutagenesis has not been clearly described. Our results
showed that A3B expression is critical for As-triggered muta-
genesis, which provides a novel insight for the understanding of
As-induced genome instability. As provokes numerous toxic
effects in mammalian cells by activating a variety of signaling
pathways (39); our results suggested that A3B induction might
be partly responsible for As-induced DNA damage and cell
death effect. However, the detailed mechanism linking A3B-
mediated mutagenesis to DNA double-strand breaks and
reduced cell viability under low-dose As exposure is still elusive
and needs further study.

It has been reported that m6A modification in RNA is an
early step of the DNA damage response (40—43). For example,
METTL3/14 and FTO transiently and dynamically regulate
m6A modification at DNA damage sites and then recruit Pol k
to facilitate DNA repair following UV exposure (40). During
homologous recombination repair, m6A methylation on R-
loops is catalyzed by METTL3 which is required for the removal
of R-loops in YTHDC1-dependent manner (41). Reactive oxy-
gen species enhances the global mRNA m6A levels by regu-
lating ALKBH5 SUMOylation to quickly induce DNA damage
repair gene expression (42). FTO increases mRNA stability of
Hspala and DNA repair genes to promote resistance to UV and
H202-induced DNA damage and cell apoptosis (43). Our data
demonstrate that m6A modification also plays an important
role in As-induced DNA mutation by regulating the mRNA
stability of A3B. The m6A motif is located near the stop codon
of the CDS region in A3B mRNA which could be catalyzed by
METTL3/14, and the m6A modified-A3B is then recognized
and decayed by YTHDEF?2 to avoid uncontrolled DNA mutation
under physiological condition. However, after As exposure,
upregulated FTO removes the m6A modification from A3B
mRNA to enhance its mRNA stability, leading to increased A3B
expression and DNA mutation rate. Our studies thus illustrate a
novel role of m6A in the regulation of DNA mutation triggered
by exogenous DNA damaging stresses. In addition, we also
confirmed the activation of the FTO/APOBEC3 pathway in
mouse lung adenocarcinoma cells and mice lung tissues after
As exposure, implying that the effect of As on the FTO/A3B

arsenic. Cell lysates were then used for immunoblotting assay with indicated antibodies (H) or in vitro cytidine deaminase assay (/); the genomic DNA was
used for the analysis of TP53 by 3D-PCR amplicons (J). K, A549 cells were treated with DMSO or 10 uM FB23-2 for 12 h and then the mRNA level of A3B was
measured by qPCR assay. L, A549 cells were treated with 10 uM FB23-2 for the indicated time points, and the expression level of A3B was analyzed by
immunoblotting assay. M, gene-specific m6A gPCR analysis of the m6A modification level of A3B in A549 cells treated with DMSO or FB23-2 (n = 3).
N, cytidine deamination activities of the cell lysates derived from DMSO-pretreated or FB23-2-pretreated A549 cells when under arsenic exposure. O,
A549 cells were treated with DMSO or FB23-2 for 1 h before arsenic treatment, and TP53 was then amplified by 3D-PCR and analyzed by agarose gel. P and
Q, pie charts depicting the mutation degree (P) or bar plots depicting the number of mutations of the indicated nucleotide (Q) from 3D-PCR products.
3D-PCR, differential DNA denaturation PCR; A3B, APOBEC3B; ActD, actinomycin D; RIP, RNA immunoprecipitation.
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Figure 4. FTO regulates A3B expression by inhibiting m6A/YTHDF2-mediated mRNA decay. A, qPCR analysis of the mRNA levels of A3B in A549 cells
transfecting with NC or YTHDF1-3 siRNAs. B, RIP-qPCR was used to detect the enrichment of YTHDF on A3B mRNA (n = 3). C, gPCR analysis of the stability of
A3B mRNA in NC-transfected or YTHDF2 siRNA-transfected cells when treated with ActD for the indicated time points. D and E, A549 cells were transfected
with NC siRNA, FTO siRNA, or YTHDF2 siRNA or cotransfected with FTO and YTHDF2 siRNA for 72 h, and the mRNA and protein levels of A3B were then
analyzed by gPCR assay (D) and immunoblotting assay (E), respectively. F-I, A549 cells were transfected with NC siRNA, FTO siRNA, or in combination of FTO
and YTHDF2 siRNAs for 60 h before in response to arsenic. Cell lysates were used for in vitro cytidine deaminase assay (F); genomic DNA was used for TP53
3D-PCR amplicons and analyzed by agarose gel (G); pie charts depicting the mutation degree (H) or bar plots depicting the number of mutations in TP53
detected by sequencing 3D-PCR products (/). 3D-PCR, differential DNA denaturation PCR; A3B, APOBEC3B; ActD, actinomycin D; As, arsenic; RIP, RNA

immunoprecipitation.

axis activation in the lung is universal and physiological.
Recently, another article reported that FTO is induced through
the inhibition of p62-mediated selective autophagy under low-
level As exposure and required for As-induced skin
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tumorigenesis by regulating the expression of NEDD4L (44),
consistent with our conclusion that FTO is a critical regulator
for As tumorigenesis but through different point of view and
molecular mechanism.
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Figure 5. The FTO/APOBEC3 axis is increased upon arsenic treatment in LLC1 cells and in vivo. A and B, LLC1 cells were pretreated with FB23-2 and
then added with 2 pM arsenic for 6 h, and the mRNA and protein levels of APOBEC3 were detected by qPCR and Western blotting analysis. C-E, C57BL/6
mice with or without 5 mg/kg FB23-2 pretreatment were inhaled aerosolized PBS or 0.5 mg/kg arsenic for 48 h. The content of arsenic in the lung tissue
were determined by ICP-MS assay (n = 4) (C). The y-H2AX signals from the lung tissues were detected by immunofluorescence assay, and representative
images and quantification are shown in (D) and (E), respectively (n = 4). F and G, the mRNA level and protein levels of A3B in the lung tissues of mice were
detected by qRT-PCR and immunoblotting assay (n = 4), respectively. Error bars represent +SEM from this experiment. As, arsenic; ICP-MS, inductively

coupled plasma MS.
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It has been reported that FTO inhibitor FB23-2 specifically
results in a substantial increase of cellular m6A in
acute myelocytic leukemia cells (32). In addition, other types
of RNAs such as microRNAs, long noncoding RNAs, and
circular RNAs are also dynamically regulated by m6A
modification (45-48). Thus, it is possible that FTO regulates
biological process through simultaneity control of many
downstream target genes expression in directly and indirectly
manners. Herein, we performed RIP assay, m6A site mutation
assay, and rescue assay to substantiate that FTO directly
binds at the stop codon region of A3B, thereafter promoting
As-induced A3B expression and DNA mutation. However, we
cannot exclude the possibility that FTO also increases the
expression levels of A3B upstream regulators such as NF-kB
and E2F family members or FTO regulates other DNA mu-
tation drivers such as adenosine deaminase to a lesser extent
to promote As-induced mutagenesis, which needs further
investigation in the future.

It was reported that spontaneous mutation rate in humans
is estimated 10™* to 107° per gene per generation, and the p53
gene mutation is found in about 50 to 60% of human cancers
(49). DNA damage induced by replication, mutagenesis, or
environmental stress can be recognized and corrected by the
DNA damage repair systems such as base excision repair (50).
However, several toxic environmental factors can cause more
DNA mutations that overwhelm the capacity of the DNA
repair system and leave many mutations unfixed, which af-
fects genome integrity and stability (51). Because of lack of
DNA repair system in PCR reaction, the Taq DNA poly-
merase which is used for PCR amplification might lead to
more mutations (estimated about 4 x 10772 x 107> error
frequencies) (52). In addition, the PCR reaction efficacy and
accuracy are also affected by the sequence and structure of
DNA template as well as the reaction temperature. Therefore,
the DNA mutation rate in 3D-PCR assay is higher than
spontaneous mutation even in untreated cells. Although the
DNA mutation rate from 3D-PCR can partially represent the
mutagenesis activity triggered by A3B, under the depletion of
UNG, the future work should be explored to detect the DNA
mutation rate induced by low-dose As using whole exome
sequencing.

In summary, we have elucidated how cancer cells coordinate
mutation drivers and m6A modification to promote As-induced
carcinogenesis. Our data highlight the functional importance of
m6A modification machinery in modulating As-induced DNA
mutation by regulating A3B expression in an m6A-dependent
mechanism and provide a promising therapeutic strategy for
lowering DNA mutation rates in cancer cells.

Experimental procedures
Cell culture

Human lung adenocarcinoma cells A549 and mouse Lewis
lung carcinoma cells LLC1 were purchased form the Cell
Resource Center of the Institute of Basic Medical Sciences
(CAMS). Cells were characterized by DNA fingerprinting and
isozyme detection. Cells were maintained in Dulbecco’s
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modified Eagle’s medium with 10% fetal bovine serum and
kept in a humidified 37 °C incubator with 5% CO,.

Plasmids, reagents, and antibodies

FLAG-tagged full length and the mutants of FLAG-A3B
were amplified and integrated into pLVX-3Flag vector. FLAG-
FTO was purchased from Sino Biological Inc. FLAG-FTO
R96Q was generated by site-directed mutagenesis (NEB). As,
FB23-2, Actinomycin D, and DAPI were purchased from
Sigma  Aldrich. Anti-ALKBH5, METTL3, METTLI14,
METTLI16, YTHDEF2, p53, and GAPDH were purchased from
ProteinTech Group; anti-yH2AX (phospho-ser139) was ob-
tained from Millipore; anti-FLAG antibody was purchased
from Sigma; anti-A3B and FTO were purchased from CST.

RNA interference

The siRNAs targeting FTO, METTL3, METTL14,
YTHDF1-3, and A3B shRNA lentivirus were purchased from
GenePharma. siRNAs were transfected into cells using Lip-
ofectamine 2000 transfection reagent (Invitrogen) according to
the manufacturer’s instruction.

Western blotting assay

Cells were lysed with NETN buffer (20 mM Tris—HCI, pH
8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 with
protease inhibitor cocktails) for 30 min before centrifugation.
Supernatant was then mixed with 2x Laemmli buffer and
subjected to SDS-PAGE separation, thereafter detected with
indicated antibodies.

Colony formation assay

One thousand A549 cells transfecting the indicated siRNAs
or shRNAs were seeded into 6-well plates for 48 h before
treated with As for about 2 weeks. Colonies were then stained
with 5% Giemsa and counted.

Immunofluorescence

A549 cells transfecting the indicated siRNAs or shRNAs for
48 h were plated on coverslips for 24 h before in response to
As. Cells were then fixed using 4% paraformaldehyde for
20 min at room temperature and then washed three times
before permeabilized with 0.1% Triton-X solution for 10 min.
Cells were blocked with 5% goat serum for 30 min before
incubated with anti-yH2AX (phospho-ser139) at 4 °C over-
night. Subsequently, cells were washed again and incubated
with Alexa Fluor 488-conjugated second primary antibodies
for 1 h at room temperature. Nuclear DNA was stained with
DAPI and then the formation of y-H2AX foci was detected by
the confocal laser scanning.

Cytidine deaminase activity assay

Cells were lysed with NETN buffer for 30 min, and 10 pg
lysate was incubated with 2 pg RNase A in 50 pl volume at
37 °C for 15 min, and 2 pg RNase A-treated lysate was mixed
with 1 pmol ssDNA substrate 5° Cy5-ATT ATT ATT ATT
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ATT ATT ATT TCA TTT ATT TAT TTA TTT A-3’ and
0.75 unit uracil-DNA glycosylase (NEB) in 40 pl reaction
volume at 37 °C for 30 min. Thereafter added with 10 pl 1IN
NaOH and incubated for additional 15 min at 37 °C, which
was then neutralized by 10 pul 1IN HCIl. Samples are mixed in
2x TBE urea sample buffer and heated at 90 °C for 5 min
before separated on 15% urea-PAGE gel in TBE buffer. Gel is
imaged on Odyssey FC scanner.

3D-PCR and sequencing

UNG-depleted A549 cells were treated with 2 pM As for
1 week before harvested for 3D-PCR assay. Genomic DNA was
extracted by DNAzol reagent (ThermoFisher Scientific) and
then 3D-PCR was performed to amplify p53 genes as described
(9). For Sanger sequencing, amplicons derived at the lowest
temperature were cloned into pGEM-T Easy plasmids
(TaKaRa) and then sequenced. The Sanger sequencing raw
data on 3D-PCR are shown in the supplementary materials.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted by Trizol (Invitrogen), and cDNA
was synthesized using First Strand cDNA Synthesis Kit
(Toyobo) according to the manufacturer’s instruction. qPCR
was then performed on an iQ5 PCR instrument (Bio-Rad), as
described (53).

RIP assay

RIP assay was performed as described (53). Briefly,
A549 cells were lysed with RIP lysis buffer for 30 min; 2 pg
indicated antibodies and normal rabbit IgG were incubated
with Magnetic Beads Protein A/G for 1 h before mixed with
cell lysate overnight at 4 °C. Pull-down lysate was digested
with proteinase K and then RNAs were extracted with phenol—
chloroform—isoamyl alcohol (25:24:1), and the binding RNAs
were analyzed by qRT-PCR assay.

mé6A dot blot assay

Total RNA was used to conduct m6A dot blot assays. In
brief, 2 pl samples were loaded onto a nitrocellulose mem-
brane (Millipore) and then crosslinked by UV. The membrane
was blocked before incubated with anti-m6A antibody over-
night at 4 °C, followed by horseradish peroxidase conjugated
secondary antibody for 1 h at room temperature, and then
developed with ECL reagent (ThermoFisher Scientific).

Gene-specific m6A qPCR

Polyadenylated RNA was extracted using Dynabeads mRNA
Purification Kit (Life Technology). Thereafter 50 ng mRNA
was saved as input, and about 1 ug mRNA was incubated with
m6A antibody (Synaptic Systems) and then rotated in 500 pl
volume IP buffer (150 mM NaCl, 0.1% NP-40, 10 mM Tris, pH
7.4, 100 U RNase inhibitor) at 4 °C for 2 h, Dynabeads Protein
A (MCE) was then added and rotated for another 2 h at 4 °C.
After washed four times using IP buffer, the m6A-IPed mRNA
was eluted twice by 50 ul m6A-elute buffer (IP buffer, 6.7 mM
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m6A, 30 U RNase inhibitor) and then purified by ethanol
precipitation. qPCR was performed to determine the levels of
A3B mRNA in m6A antibody-IPed samples and input samples.

Mouse treatment

All animal studies were approved by the Ethical Review
Board of the Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences. Six 8-week-old female C57BL/6
mice, about 18 to 20 g per mice, were randomized into two
groups: dimethyl sulfoxide and FB23-2 (5 mg/kg) and then
mice were inhaled aerosolized 0.5 mg/kg As or PBS using an
air-compressing nebulizer. After 48 h, mice were sacrificed and
then the As mass, y-H2AX foci formation, and A3B expression
levels were determined.

Inductively coupled plasma MS analysis

The lung tissues of mice were digested with mixed acid
using a microwave on a MARS machine (CEM Corp) for 24 h.
The As mass in the tissues was determined by inductively
coupled plasma MS using a quadrupole inductively coupled
plasma mass spectrometer (Agilent), as described (53).

Tissue microarray

The tissue microarrays of lung cancer specimen were
purchased from Shanghai Outdo Biotech (OD-CT-RsLug04-
004). In brief, tissue microarrays were placed in xylene (5 min,
twice), anhydrous ethanol (3 min, twice), 95% ethanol
(3 min, once), 90% ethanol (3 min, once), and distilled water
(3 min, twice). Then, the microarrays are placed in 1%
hydrogen peroxide and incubated at room temperature in
darkness for 40 min before placed in a repair box filled with
citric acid at pH 6.0. The microarrays were then washed twice
before sealed with 3% bovine serum albumin for 1 h at room
temperature. Microarrays were then incubated with anti-
bodies overnight at 4 °C. Washed twice and then incubated
with horseradish peroxidase-conjugated secondary antibody
for 1 h at room temperature. Diaminobenzidine solution was
then applied to the sections for 15 to 20 s to develop the
peroxidase reaction product. Immunohistochemistry staining
of the biomarkers was evaluated by the German semi-
quantitative scoring system which is according to the staining
intensity (no staining, weak staining, moderate staining, and
strong staining were allotted scores of 0, 1, 2, and 3, respec-
tively) and the percentage of positive cells (<5% positive cells,
6—25% positive cells, 26-50% positive cells, and >50% posi-
tive cells were allotted scores of 0, 1, 2, and 3, respectively).
Protein expression scores for the staining intensity and the
percentage of positive cells were added. Protein expression
levels were dichotomized as low expression (scored 0—4) and
high expression (scored 5-6). Remarks: Pearson R = 0.475;
Fisher’s exact test (p = 0.001).

Statistics

Data in bar and line graphs are presented as mean + SEM of
three independent experiments. Statistical analyses were per-
formed with the Student’s ¢ test.
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Data availability

Research data are available upon request. No data were
deposited to databases.
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