OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

Activation-Induced Cytidine Deaminase Alters the
Subcellular Localization of Tet Family Proteins

Yuko Arioka'?, Akira Watanabe'3, Kuniaki Saito? Yasuhiro Yamada'3*

1 Department of Reprogramming Science, Center for iPS Cell Research and Application (CiRA), Kyoto University, Kyoto, Japan, 2 Human Health Sciences, Graduate School
of Medicine and Faculty of Medicine, Kyoto University, Kyoto, Japan, 3 Institute for Integrated Cell-Material Sciences (WPI-iCeMS), Kyoto University, Kyoto, Japan

Abstract

of Tet family proteins.

ONE 7(9): e45031. doi:10.1371/journal.pone.0045031

* E-mail: y-yamada@cira.kyoto-u.ac.jp

Activation-induced cytidine deminase (Aid), a unique enzyme that deaminates cytosine in DNA, shuttles between the
nucleus and the cytoplasm. A recent study proposed a novel function of Aid in active DNA demethylation via deamination
of 5-hydroxymethylcytosine, which is converted from 5-methylcytosine by the Ten-eleven translocation (Tet) family of
enzymes. In this study, we examined the effect of simultaneous expression of Aid and Tet family proteins on the subcellular
localization of each protein. We found that overexpressed Aid is mainly localized in the cytoplasm, whereas Tet1 and Tet2
are localized in the nucleus, and Tet3 is localized in both the cytoplasm and the nucleus. However, nuclear Tet proteins were
gradually translocated to the cytoplasm when co-expressed with Aid. We also show that Aid-mediated translocation of Tet
proteins is associated with Aid shuttling. Here we propose a possible role for Aid as a regulator of the subcellular localization
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Introduction

DNA methylation is a stable epigenetic feature that is involved
in gene silencing and the maintenance of long-lasting cell
memories [1]. Dynamic regulation of the DNA methylation
pattern is crucial for mammalian development, as well as
differentiation and reprogramming [2,3]. In particular, the active
loss of 5-methyleytosine (5mC) independent of cell division is
considered to be a major initial event in the epigenetic
reprogramming of early mammalian embryos [4]. It has been
demonstrated that the loss of 5mC at the paternal pronucleus of a
zygote 1s linked to the accumulation of 5-hydroxymethylcytosine
(5hmC) [5-7]. The 5hmC is converted from 5mC by the ten-
eleven translocation (Tet) family of proteins [8], and therefore
5hmC is considered to be an intermediate formed during the
active DNA demethylation process in early embryos.

A recent study proposed a novel model for the removal of
5hmC, wherein activation-induced cytidine deaminase (Aid)
induces the deamination of 5hmC, which is followed by base
excision repair (BER), resulting in the conversion of 5hmC into
unmethylated cytosine [9]. Based on this model for active DNA
demethylation, coordinated actions of both the production and
removal of 5hmC may regulate the conversion of SmC into
unmethylated cytosine. However, little is known how these
proteins involved in the production and removal of 5ShmC affect
each other.

Aid is a well-known enzyme that converts cytosine into uracil in
single-stranded DNA, causing somatic hypermutation and class
switch recombination [10,11]. Aid is mainly localized in the
cytoplasm under steady state conditions, but has the ability to
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shuttle between the nucleus and the cytoplasm [12,13]. Previous
studies suggested that the changeable localization of Aid, which is
mediated by its shuttling, plays a role in controlling its activity as a
DNA modifier [14,15]. Considering that 5ShmC is localized at the
nucleus, the shuttling of Aid may also contribute to the modulation
of 5hmC removal. In addition, Tet family proteins show
translocation into the nucleus from the cytoplasm during the
early developmental stage, when the rapid generation of 5hmC is
observed [16]. Therefore, it is possible that distinct subcellular
localization of the Tet family and Aid controls the production and
removal of 5hmC, leading to the regulation of active DNA
demethylation. In the present study, we examined the relationship
between the Tet family and Aid from the view of their subcellular
localization. We herein demonstrate that Aid has an effect on the
subcellular localization of the Tet family, and that this is associated
with Aid shuttling.

Materials and Methods

DNA constructs

Mouse Tetl (GU079948, DDB]J), Tet2 (GU079949, DDB]J),
Aid (NM_009645.2, NCBI), Apobecl (NM_031159.3, NCBI) and
Apobec2 (NM_009694.3, NCBI) were cloned from mouse
embryonic stem cells, and Tet3 (NM_183138.2, NCBI) was
obtained from mouse embryonic fibroblasts by PCR amplification
with KOD plus Neo (TOYOBO) using primers as described in
Table SI. The Tet family fragments were subcloned into
pcDNA4HisMax (Life Technologies), and the Aid, Apobecl and
Apobec? fragments were subcloned into pcDNA4MycHis (Life
Technologies). Plasmids encoding the Xpress-tagged catalytic
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domain (CD) of Tetl (1367-2039 amino acids: aa), Tet2 (1044—
1921aa) and Tet3 (697-1668aa) were generated by subcloning of
the DNA fragments into BamHI and Notl sites for Tetl, EcoRI
and Xhol sites for Tet2 or EcoRI and Notl sites for Tet3 of
pcDNA4HisMax. Plasmids encoding Xpress-tagged mutants
deficient in the catalytic domain (ACD) of Tetl (1-1366aa),
Tet2 (1-1043aa) and Tet3 (1-696aa) were also generated. The Aid
mutants, AIdANES (1-187aa) and AidAN26 (27-198aa), were
subcloned into BamHI/Xhol-digested pcDNA4MycHis. We used
the KOD plus mutagenesis kit (TOYOBO) to generate a point
mutant for Aid (F193A) and mutants for the Tet family catalytic
domain, which include TetlCDm (D1652Y, D1654A), Tet2CDm
(H1304Y, D1306A) and Tet3CDm (H950Y, DI52A).

Cell culture and cDNA transfection

Human embryonic kidney cells (HEK293FT) (Invitrogen) and
human colon cancer cells (DLD-1) (American Type Culture
Collection) were maintained in Dulbecco’s modified Eagle’s
medium with 10% heat-inactivated fetal bovine serum. Both of
them were transiently transfected with plasmid DNA by
FuGENEG6 (Promega) according to the manufacturer’s instruc-
tions, followed by immunofluorescence or co-immunoprecipitaion
48 h post-transfection, unless otherwise noted.

Immunofluorescence

The cells were fixed and permeabilized with cold 100%
methanol for 10 min on ice. For 5hmC staining, permeabilized
cells were treated with 4 N HCI for 10 min, followed by 1.5 M
Tris-HCI (pH 8.8) treatment for 10 min, before being blocked
with 1% BSA. The cells were incubated with primary antibodies;
anti-Xpress mouse monoclonal antibody (mAb) (Life Technolo-
gies), anti-Myc rabbit polyclonal antibody (MBL), anti-5hmC
rabbit polyclonal antibody (Active Motif) or anti-Aicda rabbit
polyclonal antibody (Abcam) overnight at 4°C, followed by Alexa
Fluor-conjugated secondary antibodies (Life Technologies) for 1 h,
and DAPI staining for 5 min at room temperature. After washing
with PBS containing with 0.05% Tween 20, the samples were
mounted by using the Prolong Gold Antifade Reagent (Life
Technologies), followed by curing on a flat surface in the dark
overnight at 4°C. For four color staining, a Zenon Alexa Fluor
labeling kit (Life Technologies) was used. The images were
captured by a confocal laser microscope (OLYMPUS, FV1000).
To score the subcellular localization in DLD-1 cells, we counted
all of the fluorescence positive cells on 4-well chamber dishes (BD).
When using HEK293FT cells, we counted cells in randomly
acquired fields on the 4-well chamber dishes. In the case of co-
transfection, co-expressed cells were counted and scored according
to the Tet localization. Scoring of the subcellular localization was
performed as indicated in Fig. S1.

Immunoprecipitation and immunoblotting

Transfected HEK293FT cells were lysed in EBC buffer (50 mM
Tris-HCI pH 8.0, 120 mM NaCl and 0.5% NP40 for detecting
Xpress-tagged protein, or 1.0% NP40 for detecting Myc-tagged
protein) with a protease inhibitor cocktail (SIGMA). The cell
lysates were incubated for 3 h at 4°C with Dynabeads M280 sheep
anti-mouse IgG (VERITAS) which had been pre-treated with an
anti-Xpress mAb or an anti-Myc mAb (Enzo life science) for 1 h.
After washing the immunoprecipitates four times with EBC buffer,
the beads were boiled with Laemmli SDS-sample buffer. This
supernatant was separated by SDS-PAGE and transferred to a
PVDF membrane (Millipore). For immunoblotting of the Xpress-
tagged protein, after the membrane were blocked with 2% nonfat
dry milk in PBS containing 0.05% Tween20, they were incubated
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with an anti-Xpress mAb followed by anti-mouse IgG antibody
conjugated to HRP specific for naive IgG (Novagen). For Myc-
tagged protein blotting, after being blocked, the membrane was
incubated with anti-Myc antibody conjugated to HRP (MBL).
Each antibody was diluted in Can Get Signal for immunoblotting
(TOYOBO). Protein bands were visualized using the Pierce ECL
plus Western Blotting Substrate (Thermo), and detected with a
LAS4000 instrument (GE HealthCare).

Statistic analysis

The statistical significance of differences between two groups
was determined by the Mann-Whitney U test. A value of p<<0.05
was considered to be statistically significant. The numbers of

[T38EH)

samples are referred to as “n” in each graph.

Results

Aid alters the subcellular localization of Tet1 from the

nucleus to the cytoplasm

A previous study showed that Tet family proteins generate
5hmC, whereas Aid facilitates the conversion of 5hmC into
cytosine [9]. In this study, we investigated the effect of
simultaneous expression of Aid and Tet on their subcellular
localization. We transfected C-terminally Myc-tagged Aid or N-
terminally Xpress-tagged Tetl into HEK293FT or DLD-1 cells,
and examined the subcellular localization of ectopically expressed
proteins. Aid was observed mainly in the cytoplasm, whereas Tetl
was predominantly localized in the nucleus when the single
proteins were overexpressed. When cells were co-transfected with
expression plasmids for Aid and Tetl, the Tetl localization was
altered from the nucleus to the cytoplasm in the co-transfected
cells, whereas Aid remained in the cytoplasm (Fig. 1).

To determine the domain responsible for the altered localiza-
tion of Tetl, we performed a subcellular localization analysis using
a series of deletion constructs for Tetl, as previously reported [17];
full length (FL) (1-2039 amino acids: aa) which was used in the
experiment shown in Fig. 1, the catalytic domain (CD) (1367—
2039aa), and the N-terminal domain (ACD) (1-1366aa), which
lacks CD (Fig. 2A). The TetlFL plasmid and these mutants were
transfected individually with or without the plasmid for Aid. At
48 hrs after transfection, the subcellular localization of Tetl and
Aid was examined by confocal microscopy (Figs. 2B and S2). In
the case of single transfection, all Tetl mutants were predomi-
nantly localized in the nucleus, and Aid was mainly localized in the
cytoplasm. However, when TetlFL or TetlCD was co-expressed
with Aid, Tetl was translocated to the cytoplasm (N: 0%, N+C:
9%, C: 91% for FL, and N: 18%, N+C: 35%, C: 47% for CD,
respectively). In contrast, Tet]1ACD remained in the nucleus even
when co-expressed with Aid (N: 75%, N+C: 19%, C: 6%),
suggesting that the catalytic domain of Tetl plays a role in the
altered localization of the protein (Figs. 2B and C). Since a
previous study indicated that the subcellular localization of Aid is
affected by the position of the tag [18], we also carried out co-
transfection experiments using untagged Aid protein. It was
confirmed that untagged Aid, as well as C-terminal-tagged Aid,
also affected the localization of TetlCD (Fig. S3), supporting the
notion that Aid expression alters the subcellular localization of
Tetl.

Next, to examine whether this effect is specific to Aid, we
carried out the same experiments by using Apobecl and Apobec2,
mstead of Aid, both of which show the similar enzymatic activity
to Aid [19,20]. In particular, Apobecl has been shown to shuttle
between the nucleus and the cytoplasm [21]. We observed that
overexpressed Apobecl and Apobec2 were localized at both the
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Single-Transfection Co-Transfection
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Figure 1. Overexpressed Aid alters the subcellular localization of Tet1. Images of cells transiently expressing N-terminally Xpress-tagged
Tet1 or C-terminally Myc-tagged Aid. Tet1 was predominantly localized in the nucleus, whereas Aid was mainly localized in the cytoplasm 48 h after
transfection in both DLD-1 and HEK293FT cells. When cells were co-transfected with a plasmid expressing Aid, the Tet1 subcellular localization was

293FT

altered to the cytoplasm, where Aid was mainly localized. The scale bar is 10 um.
doi:10.1371/journal.pone.0045031.g001

nucleus and the cytoplasm in DLD-1 cells regardless of the
presence or absence of TetlCD (Figs. S4). In contrast to the
translocation of TetlCD in the presence of Aid, TetlCD always
remained in the nucleus even when co-expressed with Apobecl or
Apobec?2 (Figs. S4B and D, p=0.11, with vs without Apobecl,
p = 0.38, with vs without Apobec2). These results suggest that the
altered subcellular localization of Tetl1 CD is not attributable to the
artificial effects due to Aid overexpression.

Tet1 translocation is independent of its enzymatic

in the catalytic domain (D1652Y and D1654A) and lacks
enzymatic activity, was generated (Fig. 3A) [17]. When Tet]CDm
was solely transfected into DLD-1 cells, it was localized in the
nucleus. However, the enzyme activity, which was detected by
immunostaining for 5hmC, was not observed at all in TetlCDm-
expressing cells while it was evident in Tet1CD- and Tetl FL-
expressing cells (Fig. 3B). We also confirmed that TetlACD and
Aid had no ability to produce 5ShmC (Figs. 3B and S5A).

We next examined the subcellular localization of TetlCDm
when it was co-expressed with Aid in DLD-1 cells. Despite the lack

of enzymatic activity in Tet] CDm, simultaneous expression of Aid
and Tet]lCDm caused the altered localization of TetlCDm, and
no significant difference in the localization of TetlCD and

activity

We observed that the subcellular localization of Tetl was
altered in the presence of Aid, but that Tet]lACD remained in the
nucleus, implying that Tetl enzymatic activity for the conversion TetlGDm was observed when they were co-expressed with Aid
of 5mC to 5hmC is associated with the translocation of Tetl. To (p=0.144, CD vs CDm) (Figs. 2C and 3C). We obtained the
test this, a Tet]CD mutant construct (CDm), which has mutations similar observation using HEK293FT cells (Fig. S2). These results
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Q CD
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Tet1 localization

Single-Transfection Co-Transfection

Tet1 Merge DAPlI Tetl Aid Merge o S el B O
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Figure 2. Tet1 translocation requires its catalytic domain. (A) A schematic representation of the Tet1 structure and its mutants used in this
study. (aa=amino acid). (B) Confocal images of DLD-1 cells transiently expressing N-terminally Xpress-tagged Tet1 mutants with or without C-
terminally Myc-tagged Aid. All Tet1 constructs (FL, CD and ACD) were localized in the nucleus when solely expressed in DLD-1 cells. When co-
expressed with Aid, Tet1FL and Tet1CD were translocated to the cytoplasm, whereas Tet1ACD remained in the nucleus. (C) Each bar represents the
proportion of cells with the different localizations of Tet1. The number (n) of cells indicated above each bar was scored according to their subcellular
localization. N (black); nuclear localization, N+C (gray); both nuclear and cytoplasmic localization, C (white); cytoplasmic localization in multiple
microscope fields. The scale bars in images are 10 um. *p<<0.01.

doi:10.1371/journal.pone.0045031.g002
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Figure 3. Tet1 translocation in the presence of Aid is independent of the Tet1 enzymatic activity. (A) A schematic representation of the
Tet1CD mutant (CDm) used in this study. Tet1CDm were tagged with N-terminal Xpress. (B) Tet1FL and CD had enzyme activity and produced 5hmC,
but Tet1ACD and CDm did not. (C) C-terminally Myc-tagged Aid expression altered the subcellular localization of Tet1CDm, which lacks the
enzymatic activity. The upper panels are representative images of DLD-1 cells transiently expressing Tet1CDm with or without simultaneous
expression of Aid. The lower graph shows the percentage score of the examined transfected cells (indicated as a number). The scale bars are 10 um.
*p<<0.01. N (black); nuclear localization, N+C (gray); both nuclear and cytoplasmic localization, C (white); cytoplasmic localization in multiple
microscope fields.

doi:10.1371/journal.pone.0045031.g003

indicate that, although the catalytic domain of Tetl is important time points (10 h, 24 h, 48 h) after simultaneous transfection into
for the Aid-mediated translocation of Tetl, the translocation HEK293FT cells. At 10 h after transfection, the subcellular
occurs independently of its enzymatic activity. localization of Tet]CD was mainly in the nucleus (N: 90%, N+C:

10%, C: 0%) while Aid was primarily expressed in the cytoplasm,
Co-expression of Aid has similar effects on the subcellular ~ showing the same localization pattern in the single transfected

localization of other Tet family proteins cells. At 24 h after transfection, the proportion of cells with
The Tet family proteins include Tetl, Tet2 and Tet3. We cytoplasmic Teth]? irlcreased (N 41%, N+C: 52%, C: 7%), .and
therefore examined whether the effects of Aid co-expression were at 48 h after transfection, most of the TetlCD were co-localized

also observed for other Tet family members. To perform these with Aid in the cytoplasm (N: 3%, N+C: 30%, C: 67%) (Figs. 5A
studies, FL, CD, ACD and CDm constructs for both Tet2 and and B). In contrast, Aid could be detected in the cytoplasm
Tet3 were generated (Fig. 4A) based on a previous report [17], and throughout this experiment.

their subcellular localization in the presence or absence of Aid was It is worth noting that Aid is a shuttling protein that is
examined. In both Tet2 and Tet3, the FL and CD proteins translocating between the nucleus and the cytoplasm [12,13].
exhibited enzymatic activity, whereas the ACD and CDm mutants Since a gradual increase in the number of cells with cytoplasmic
did not (Fig. S5B). Single expression of Tet2FL or its mutants led TetlCD was observed, we evaluated whether Tetl translocation is
to the localization of the proteins primarily in the nucleus (Figs. 4B associated with Aid shuttling. We performed immunofluorescence
and C). However, in solely Tet3-expressing cells, Tet3ACD experiment by using full length Aid (Aid FL) and its mutants which
showed cytoplasmic localization, even in the single transfectants, are impaired in nuclear-cytoplasmic shuttling; Aid lacking NES

although Tet3FL, Tet3CD and Tet3CDm were localized in both (AidANES_1-187aa), Aid having a single point mutation in the
the nucleus and the cytoplasm (Figs. 4D and E), indicating that the NES (Aid F193A) [22] [23] or Aid lacking the N terminus of Aid,

catalytic domain of Tet3 is responsible for the nuclear localization which loses the important sequences for nuclear entry
of Tet3. Simultaneous expression of Aid and either of Tet FL, CD (AIdAN26_27-198aa) [12] (Fig. 6A). As expected, AidANES
or CDm resulted in the altered subcellular localization of both transfected cells revealed an increased number of cells with

Tet2 and Tet3 into the cytoplasm (Figs. 4B-E). These findings  nuclear localization of Aid (ANES; N: 27%, N+C: 33%, C: 40%)
suggest that Aid alters the subcellular localization of all three Tet when compared with Aid FL- transfected cells (N: 3%, N+C: 28%,
family proteins, and that this occurs independently of enzyme — (: 69%) (Figs. 6B and C). In addition, Aid F193A showed an

activity to produce ShmC. increased localization of Aid at the nucleus (N: 23%, N+C: 43%,
C: 34%) than Aid FL did. (Figs. 6B and D). Next, we co-

Translocation of Tet1 by Aid is associated with Aid transfected these Aid mutants with Tet]CD in DLD-1 cells and
shuttling examined the effect of the expressions of Aid mutants on the
We next addressed how nuclear Tetl is translocated into the TetlCD subcellular localization (Figs. 6E and F). Co-expression

cytoplasm by Aid. To understand the mechanism, we first with AIdANES resulted in a decrease in the number of Tetl CD-
examined the localization of both TetlCD and Aid at different translocated cells (N: 55%, N+C: 20%, C: 25%) compared with
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Figure 4. The subcellular localization of Tet2 and Tet3 is altered by Aid expression. (A) A schematic representation of the Tet2 and Tet3
structures and their mutants used in this study. (B) N-terminally Xpress-tagged Tet2 or its mutants with or without Aid tagged with C-terminal Myc
were imaged by confocal microscopy in transiently transfected DLD-1 cells. (C) The number (n) of cells indicated above each bar was scored
according to Tet2 subcellular localization. All Tet2 mutants were translocated to the cytoplasm in the presence of Aid (p<<0.01, vs in the absence of
Aid). (D, E) Simultaneous expression of N-terminally Xpress-tagged Tet3 and Aid-Myc. Tet3FL, CD and CDm were translocated to the cytoplasm when
co-expressed with Aid (p<<0.01, single-expression vs co-expression). Tet3ACD was localized in the cytoplasm regardless of the Aid expression. The
scale bars are 10 um. N (black); nuclear localization, N+C (gray); both nuclear and cytoplasmic localization, C (white); cytoplasmic localization in

multiple microscope fields.
doi:10.1371/journal.pone.0045031.g004

that induced by with Aid FL (N: 18%, N+C: 35%, C: 47%)
(Figs. 2C and 6E). Similarly, when co-expressed with a single point
mutant AidF193A, the proportion of TetlCD-translocated cells
were decreased (N: 57%, N+C: 17%, C: 26%) in comparison to
those when co-transfected with Aid FL (Figs. 2C and 6F). In
addition, we performed the similar experiment using AidAN26,
which has defect in nuclear entry. AidAN26 was predominantly
localized at the cytoplasm in the case of single expression (N: 0%,
N+C: 5%, C: 95%) (Fig. 6G). When co-expressed with AidAN26,
TetlCD remained in the nucleus (N: 72%, N+C: 24%, C: 4%)

PLOS ONE | www.plosone.org

(Figs. 2C and 6H). Taken together, these findings imply that Aid
shuttling, which is mediated by the N-terminus and C-terminus
domains of Aid, is associated with the Aid-mediated translocation
of Tetl, and suggest that Tetl translocation is dependent on the
subcellular localization of Aid.

Interaction between Aid and Tet1

In this study, we found that nuclear Tetl is translocated to the
cytoplasm by Aid, and that the translocated Tetl is co-localized
with Aid. We next examined whether Aid interacts with Tetl
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Figure 5. Nuclear Tet1 is gradually translocated into the
cytoplasm by the simultaneous expression of Aid. (A) Confocal
images of HEK293FT cells transiently co-expressing Tet1CD tagged with
N-terminal Xpress and Aid tagged with C-terminal Myc at different time
points (10 h, 24 h and 48 h) after co-transfection. The scale bars in
images are 10 um. (B) The number (n) of cells indicated above each bar
was scored according to the Tet1CD subcellular localization. The
number of cells with cytoplasmic Tet1CD gradually increased after co-
transfection. N (black); nuclear localization, N+C (gray); both nuclear and
cytoplasmic localization, C (white); cytoplasmic localization in multiple
microscope fields.

doi:10.1371/journal.pone.0045031.9g005

during this Aid-mediated translocation of Tet1l. We carried out co-
immunoprecipitation (co-IP) — immunoblotting (IB) using
HEK293FT cells transfected with either or both the Xpress-
TetlCD and Aid FL-Myc vectors. Empty vectors were used as a
negative control. Aid FL.-Myc was co-precipitated with an anti-
Xpress mAbs for Xpress-TetlCD, and this association was
confirmed by reciprocal IP with anti-Myc mAbs (Fig. 7A).
Moreover, we observed a decreased interaction of AidANES with
Tet1CD, although both AIdANES and Tetl CD were localized in
the nucleus (Fig. 7B). This result indicates that the NES domain of
Aid is associated with the interaction between Aid and Tetl.

Discussion

Aid shuttles between the nucleus and the cytoplasm, interacting
with several molecules, such as RNA polymerase II [24],
CTNNBL-1 [25] and GANP [26], in order to target the IgV
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region and/or the S region DNA. Previous studies proposed that
the shuttling of Aid plays a role in preventing excessive DNA
mutation in the nucleus [18,27]. In the present study, we showed
that the simultaneous expression of Aid and Tet family enzymes
causes the altered subcellular localization of the Tet family
proteins. Furthermore, the translocation of Tet was affected by
Aid shuttling between the nucleus and the cytoplasm. These results
suggest that Aid shuttling might have another function; altering
the subcellular localization of Tet family members. However, it
should be also noted that the level of Aid induced in this
experiments seems to be substantially higher than that of
physiological condition. Considering such artificial experimental
system, further analyses for endogenous proteins are required to
conclude the physiological function of Aid in the translocation of
Tet family enzymes.

Although the physiological relevance of our findings remains to
be established, it is important to note that the expression of both
Tet family proteins and Aid is restricted to specific cell types. It
was reported that Aid is highly expressed in oocytes [28], while
Tet3 is expressed at high levels in oocytes and zygotes [6], thus
indicating that both Tet3 and Aid are abundantly expressed in
oocytes. Of note, Tet3 is localized in the cytoplasm in oocytes, but
it translocates into the male pronucleus of zygotes shortly after
fertilization [16]. Therefore, it seems that there is dynamic
regulation of the subcellular localization of Tet family members
during the early stage of development. Considering that simulta-
neous expression of Aid and Tet family members caused the
translocalization of Tet proteins into the cytoplasm in this study, it
is possible that endogenously expressed Aid contributes to the
cytoplasmic localization of Tet3 in oocytes.

DNA methylation is critical for mammalian development and
cellular differentiation [29]. In mammals, active genomic
demethylation contributes to the genome-wide erasure of the
DNA methylation observed in preimplantation embryos and
primordial germ cells (PGCs) [30,31]. However, the mechanisms
underlying active DNA demethylation in mammals have been
highly controversial, although multiple mechanisms have been
proposed [32-34]. Recently, an additional model was reported,
wherein Aid facilitates the conversion of 5hmC into cytosine
[9,35], and forms several complexes with thymine DNA
glycosylase and GADD45a, which are involved in active DNA
demethylation [36]. Our findings may also support the notion that
Aid plays a role in DNA demethylation while interacting with
several related factors.

To determine whether the altered subcellular localization of Tet
contributes to the altered production of 5hmC, we performed
immunodetection for 5hmC in dually-transfected cells (expressing
both Tetl and Aid), where Tetl was translocated into the
cytoplasm. Although Tetl CD had already been translocated into
the cytoplasm, 5hmC was still detectable in the nucleus (Fig. S6).
Therefore, we could not conclude whether the translocation of Tet
can affect the production of 5hmC in cells expressing both
proteins. One of the possible explanations for our observation is
that 5hmC is, to some extent, stable after its production, which
made it difficult to detect an alteration in the 5hmC levels under
our experimental conditions.

In summary, our present findings indicate that Aid regulates the
subcellular localization of Tet family proteins, and that this is
associated with Aid shuttling. The subcellular localization of
proteins is crucial for their functional activity and is associated with
their functional diversity [37,38]. Since both Aid and the Tet
family proteins are involved in the modification of 5hmC, the
coordinated action of these proteins might control epigenetic
modifications by affecting the subcellular localization of Tet family
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Figure 6. Aid shuttling is associated with Aid-mediating transcloation of Tet1. (A) A schematic representation of the Aid structure and its
mutants used in this study. All Aid constructs were tagged with C-terminal Myc. (B-D) The upper figures are representative confocal images of DLD-1
cells transiently expressing only Aid FL (B), ANES (C) or F193A (D). The lower figure represents the proportion of cells with different subcellular
localization of Aid. Aid mutants defect in NES showed the increased nuclear localization. *p<<0.05 vs Aid FL. (E, F) The upper figures are representative
confocal images of DLD-1 cells transiently co-expressing AidANES and Tet1CD (E), or AidF193A and Tet1CD (F). Tet1CD were tagged with N-terminal
Xpress. The lower figure shows the proportion of cells with different localizations of Tet1 (E; AidANES and Tet1CD, F; AidF193A and Tet1CD). Aid
mutants, which exhibit impaired shuttling between the nucleus and the cytoplasm, failed to alter the subcellular localization of Tet1. #p<0.05 vs
with Aid FL. (G) The upper figures are representative confocal images of DLD-1 cells transiently expressing only AidAN26. The lower figure represents
the proportion of cells with different subcellular localization of AidAN26. *p<<0.05 vs Aid FL. (H) The upper figures are representative confocal images
of DLD-1 cells transiently co-expressing AidAN26 and Tet1CD. The lower figure shows the proportion of cells with different localizations of Tet1.
#p<<0.05 vs with AidFL. The scale bars are 10 um. N (black); nuclear localization, N+C (gray); both nuclear and cytoplasmic localization, C (white);
cytoplasmic localization in multiple microscope fields.

doi:10.1371/journal.pone.0045031.g006
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Figure 7. Aid interacts with Tet1CD. (A) Tet1CD was co-immunoprecipitated with Aid FL. Lysates from HEK293FT cells transfected with N-
terminally Xpress-tagged Tet1CD, C-terminally Myc-tagged AidFL or both of them were immunoprecipitated (IP) by anti-Xpress mAbs or anti-Myc
mAbs. Immunoblotting (IB) was performed by using an anti-Xpress Abs or anti-Myc-HRP antibody. Lane nos. 1, 5 and 9 were single transfections of
Tet1CD. Lane nos. 2, 6 and 10 were single-transfections of Aid. Lane nos. 3, 7 and 11 were for mock transfection. Lane nos. 4, 8 and 12 shows the
results for the co-transfection of Tet1CD and Aid. (B) The Co-IP experiment was performed by using lysates from HEK293FT cells co-transfected with
N-terminally Xpress tagged-Tet1CD and C-terminally Myc-tagged Aid FL, or with N-terminally Xpress-tagged Tet1CD and C-terminally Myc-tagged
AidANES. Despite the similar localization of AiIdANES and Tet1CD in the nucleus, AidANES revealed a decreased association with Tet1CD compared to
Aid FL.

doi:10.1371/journal.pone.0045031.g007

proteins as we described in this study. Further studies are Figure S4 Apobec family has not an effect on the

warranted to uncover the functional and physiological significance subcellular localization of Tetl. (A) The upper figures were
of the Aid-mediated translocation of Tet, which may eventually confocal images of DLD-1 cells transiently expressing C-terminally
extend our understanding of the regulation of 5hmC production Myc-tagged Apobecl. The lower graph represents the proportion
and active DNA demethylation. of cells with different subcellular localization of Apobecl. (B) The
upper figures were images of DLD-1 cells transiently co-expressing

Supporting Information C-terminally Myc-tagged Apobecl and N-terminally Xpress-
. tagged TetlCD. The lower graph represents the percentage of

Figure S1 Representative images for each subcellular thzg; different subcellular locirlizr;tionpof TethDp on theg co-

localization. Representative images of each subcellular locali-
zation are shown. Dominant immunofluorescent signals in the
nucleus and cytoplasm were regarded as nuclear localization (N)
and cytoplasmic localization (C), respectively. Similar signal
intensity in both the nucleus and the cytoplasm was regarded as
C+N. Scale bars are 10 pum.

(TIF)

expressing cells. (C) The upper was images of DLD-1 cells
transiently expressing C-terminally Myc-tagged Apobec2. The
lower represents the proportion of cells with different subcellular
localization of Apobec2. (D) The upper were images of DLD-1
cells transiently co-expressing C-terminally Myc-tagged Apobec2
and N-terminally Xpress-tagged TetlCD. The lower showed the
proportion of cells with different subcellular localization of
Figure S2 Aid alters the subcellular localization of Tetl Tet1CD on the co-expressing cells. The scale bars are 10 pm. N
in HEK293FT cells. HEK293FT cells expressing Aid also (black); nuclear localization, N+C (gray); both nuclear and

revealed translocation of Tet]lCD and CDm. Consistent with the cytoplasmic localization, C (white); cytoplasmic localization in
results in DLD-1 cells, Tetl ACD was retained in the nucleus even multiple microscope fields.

in the presence of Aid. The scale bars are 10 um. (TIF)

(TIF)

Figure S5 Detection of 5hmC by immunostaining using
Figure S3 Untagged Aid expression results in the  j, DLD-1 cells. (A) Aid alone could not produce 5ShmC. (B) The
subcellular translocation of Tetl. Untagged Aid was FL and CD had enzymatic activity, whereas the ACD and CDm
detected by an anti-Aid polyclonal antibody. Untagged Aid was proteins did not in both Tet2 and Tet3. Aid was tagged with C-

mainly localized in the cytoplasm, which was the same as Myc- terminal Myc and Tets were with N-terminal Xpress. The scale
tagged Aid. Simultaneous expression of untagged Aid and bars are 10 pm.

TetlCD caused the altered localization of TetlCD in the
(TIF)
cytoplasm. The scale bars are 10 um.

(TIF)
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Figure S6 5hmC remains in the nucleus even after
TetlCD transfer to the cytoplasm in HEK293FT cells.
The 5hmC could be still detected in the nucleus, even though
TetlCD was translocated from the nucleus to the cytoplasm in the
presence of Aid. Aid was tagged with C-terminal Myc and Tets
were with N-terminal Xpress. The scale bars are 20 pm.

(TIF)

Table S1 Primer sets for cloning Tet family and Aid
used in this study. I: forward primer, R: reverse primer

(DOC)
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