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Ten-eleven translocation-2 (TET2) is a member of the meth-
vlcytosine dioxygenase family of enzymes and has been impli-
cated in cancer and aging because of its role as a global epige-
netic modifier. TET2 has a large N-terminal domain and a
catalytic C-terminal region. Previous reports have demon-
strated that the TET2 catalytic domain remains active indepen-
dently of the N-terminal domain. As such, the function of the N
terminus of this large protein remains poorly characterized.
Here, using yeast two-hybrid screening, co-immunoprecipita-
tion, and several biochemical assays, we found that several iso-
forms of the 14-3-3 family of proteins bind TET2. 14-3-3 pro-
teins bound TET2 when it was phosphorylated at Ser-99. In
particular, we observed that AMP-activated protein kinase—
mediated phosphorylation at Ser-99 promotes TET?2 stability
and increases global DNA 5-hydroxymethylcytosine levels. The
interaction of 14-3-3 proteins with TET2 protected the Ser-99
phosphorylation, and disruption of this interaction both re-
duced TET2 phosphorylation and decreased TET2 stability.
Furthermore, we noted that protein phosphatase 2A can inter-
act with TET2 and dephosphorylate Ser-99. Collectively, these
results provide detailed insights into the role of the TET2 N-ter-
minal domain in TET2 regulation. Moreover, they reveal the
dynamic nature of TET2 protein regulation that could have
therapeutic implications for disease states resulting from
reduced TET?2 levels or activity.

Epigenetic modifications of the genome can control gene
transcription, thusregulating several molecularand cellular pro-
cesses. The most well-characterized mark is 5-methylcytosine
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(5mC),? which occurs at CpG dinucleotides. Ten-eleven-translo-
cation proteins (TET1 to -3) are a-ketoglutarate—requiring dioxy-
genases that oxidize 5mC to 5-hydroxymethylcytosine (5hmC) (1).
5hmC can be further oxidized by TET's and eventually converted
to demethylated cytosines. TET2 mutations are prevalent in
malignancies, including acute myeloid leukemia (AML) (2, 3).
Notably, most TET2 mutations in AML are monoallelic (2). Given
the presence of a remaining WT allele in these malignancies, char-
acterizing the mechanism that regulates TET?2 protein could have
therapeutic significance.

Human TET2 is 2002 amino acids in length. The catalytic
domain is located in the C-terminal portion of the protein
between amino acids 1129 and 1936. The C-terminal catalytic
domain comprises a cysteine-rich domain (amino acids 1129 —
1312) followed by a double-stranded B-helix domain, which
make a compact fold to execute the catalytic activity (4). The
C-terminal part of TET2 has been reported to be capable of
oxidizing 5mC to 5hmC independent of the N terminus. Recent
studies have implicated post-translational modifications in the
N terminus that can regulate protein stability. Zhang et al. (5)
reported that N-terminal acetylation of TET2 promotes both
protein stability and in vitro enzymatic activity. More recently,
Wu et al. (6) demonstrated that AMP-activated protein kinase
(AMPK) phosphorylates TET2 at Ser-99 of the N terminus to
promote protein stability.

Here, we report on the functional role of the N terminus in
TET?2 protein regulation. We demonstrate that several mem-
bers of the 14-3-3 group of proteins bind to TET2 in a phos-
phorylation-dependent manner. Chen et al (7) recently
reported this interaction and demonstrated that TET2 muta-
tions that disrupt this association have reduced protein stabil-
ity. In addition, they demonstrated that 14-3-3 inhibition led to
decreased TET?2 levels (7). They proposed that this interaction

3 The abbreviations used are: 5mC, 5-methylcytosine; 5hmC, 5-hydroxymeth-
ylcytosine; TET, ten-eleven translocation; AML, acute myeloid leukemia;
PP2A, protein phosphatase 2A; IP, immunoprecipitation; IB, immunoblot-
ting; CV, control vector; CHX, cycloheximide; KD, kinase-dead; KO, knock-
out; MEF, mouse embryonic fibroblast; AICAR, 5-aminoimidaz-
ole-4-carboxamide ribonucleotide; rPP2A, recombinant PP2A; OKA,
okadaic acid; HRP, horseradish peroxidase; ACC, acetyl-CoA-carboxylase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ANOVA, analy-
sis of variance; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymeth-
yl)propane-1,3-diol; AMPK, AMP-activated protein kinase.
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promotes TET2 stability by an undetermined mechanism.
Here, we demonstrate that 14-3-3s not only bind TET2 in a
phosphorylation-dependent manner, but also protect TET2
Ser-99 phosphorylation, thereby promoting TET2 stability.
Correspondingly, we demonstrate that 14-3-3 interaction is
required for the maintenance of AMPK-mediated phosphory-
lation of TET2. Moreover, we report that subunit B (« isoform)
of protein phosphatase 2A (PP2A) interacts with TET2 and
mediates TET2 dephosphorylation. Collectively, our data not
only provide novel insight but also complement recent findings
to indicate a role for the N terminus of TET2 in regulating
stability. Moreover, our studies demonstrate the dynamic reg-
ulation of TET2 via phosphorylation and phosphatase events
that may provide new therapeutic avenues to promote TET2
stability.

Results
14-3-3(s) bind phospho-Ser-99 of TET2

Given the lack of information on the N terminus of TET2, we
proceeded with a yeast two-hybrid screen to identify partner
proteins that directly interact with this portion of TET2 (amino
acids 1-1000) in an unbiased manner. Using a spleen cDNA
library, we identified multiple distinct clones encoding for
14-3-3 B (data not shown). 14-3-3 proteins are adaptor proteins
expressed in all eukaryotes that often bind specifically phos-
phorylated motifs of interacting proteins. Seven isoforms of
14-3-3 have been described in humans: a/, €, 6, 6/, T, 'y, and o.
14-3-3 proteins can bind to two types of phosphorylated con-
sensus motifs, type 1 (RSX(pS/T)XP) and type 2 (RXXX(pS/
T)XP), where X is any amino acid and pS/T represents phos-
phorylated serine or threonine, respectively (8, 9). The TET2
protein sequence was scanned to identify a potential 14-3-3—
binding motif using the 14-3-3-Pred web server (10). The site
containing the top-scoring motif was Ser-99 of TET2 (data not
shown). The interaction between TET2 N terminus and
14-3-3s was assessed via expression of Myc-tagged TET2
(amino acids 1-400) in HEK293T cells followed by co-immu-
noprecipitation (co-IP) with anti-Myc antibody. IPs were then
analyzed by LC-MS. Both WT TET2 and a point mutant in
which Ser-99 was mutated to alanine (S99A) were evaluated.
We found that multiple 14-3-3 isoforms bound to WT TET2. In
contrast, the S99A mutant had no detectable binding to any
14-3-3 isoforms (Fig. 14). No other proteins demonstrated sig-
nificant enrichment in WT TET2 pulldown (File S1). Full-
length TET2/14-3-3 interaction was examined by co-IP/immu-
noblotting (IB) using anti-Myc or control IgG antibody for IP
and immunoblotting using 14-3-3-60 and 14-3-3-€ antibodies
(Fig. 1, B and C). 14-3-3-0- and 14-3-3-e—specific antibodies
were validated utilizing siRNA (Fig. S1A4). Consistent with our
proteomics data, enrichment of these two isoforms of 14-3-3
were readily identified with WT TET2 with minimal to no
enrichment in S99A TET2 IP or in control IgG. To eliminate
the possibility of nonspecific interaction by anti-Myc antibody,
control vector (CV)-transfected HEK293T cell lysate was also
subjected to anti-Myc co-IP, but neither Myc-TET2 nor 14-3-
3-e was detected by IB (Fig. 1C, last lane). Further, endogenous
TET2/14-3-3 interaction was validated by co-IP/IB using anti-
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TET2 antibody and control IgG for IP and IB using 14-3-3-0
antibody (Fig. 1D). TET2 antibody was validated via immuno-
blotting (Fig. S1B). The sequence around Ser-99 of TET2 is
highly conserved across different species (Fig. 1E) and different
isoforms of TET2 as well (Fig. S1C) (2). Moreover, it matches
the sequence recognized by a commercially available anti-
body that detects a phosphoserine-containing motif recog-
nized by 14-3-3: (R/K)XXpSXP. We therefore assessed the
ability of this antibody to detect Ser-99 phosphorylation on
TET2. Full-length WT and S99A TET2 (Myc tag) were
immunoprecipitated by anti-Myc antibody and immuno-
blotted using the phosphoserine 14-3-3—binding motif anti-
body. Whereas phosphorylation was readily detectable in
WT TET2, no phosphorylation was detected in the S99A
mutant (Fig. 1F and Fig. S1D). These data indicate that TET2
is phosphorylated at Ser-99. Moreover, they demonstrate the
ability to detect phosphorylation at this residue in a highly
specific manner.

AMPK phosphorylation of TET2 at Ser-99 promotes protein
stability

Of note, we consistently observed that the protein levels of
S99A mutant were less than transfected WT TET2. As a result,
the plasmid amounts were adjusted during transient transfec-
tion of TET?2 constructs for the purposes of normalization (e.g.
Fig. 1, B and F). Given these data as well as a recent report (6),
we assessed the biological significance of TET2 Ser-99 phos-
phorylation on protein stability. We observed that the steady-
state levels of mutant S99A TET2 were consistently lower than
transfected WT TET2, even when more S99A mutant con-
struct was transfected (see 0-h time points in Fig. 24). Consist-
ent with a recent study implicating Ser-99 phosphorylation in
promoting protein stability (6), WT TET2 demonstrated signif-
icantly increased stability relative to S99A following cyclohex-
imide (CHX) treatment (Fig. 2, A and B) (see Fig. S2A for bio-
logical replicate). TET2 degradation has been shown to be
protected by calpain inhibitors as well as proteasome inhibitors
(5, 11). Consistent with these studies, both calpain and protea-
some inhibition increased the level of the S99A mutant (Fig. 2C,
right) with less pronounced effects on WT TET?2 levels (Fig. 2C,
left) (see Fig. 2D and Fig. S2B for statistics and biological repli-
cate, respectively). These same lysates were also analyzed for
cyclin-E2, a known target of calpains and the proteasome (12,
13). We next considered potential kinases for TET2. We
observed that the TET2 sequence around Ser-99 shared fea-
tures similar to known substrates of AMPK (Fig. 3A4). Both for-
ward and reverse IPs demonstrated that AMPK (FLAG-tagged)
and TET2 (Myc-tagged) physically interact (Fig. 3B). We next
tested the ability of AMPK to phosphorylate TET2 in vitro.
Recombinant AMPK was able to phosphorylate recombinant
TET2 (N-terminal 350 amino acids fused with GST) at Ser-99
in an ATP-dependent manner with phosphorylation detected
using the phosphoserine 14-3-3—binding motif antibody (Fig.
3C). Moreover, an enzymatically inactive (kinase-dead) form of
AMPK-a (AMPK-KD) or catalytically active AMPK-a (AMPK-
WT) plasmids were co-transfected with TET2 WT and TET2
S99A plasmids in HEK293T cells, and cell lysates were analyzed
by anti-Myc IP followed by immunoblotting with phospho-14-
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Figure 1. 14-3-3 isoforms interact with TET2. A, peptide counts from LC-MS analysis of immunoprecipitates from WT and S99A TET2 (N-terminal 400 amino
acids). Analysis of control IgG control is also included. B and C, Myc-TET2 WT and Myc-TET2 S99A were immunoprecipitated from HEK293T cells transiently
transfected with the respective plasmids (8 ug of WT TET2, 10 g of S99A TET2) and analyzed by IB for 14-3-3-60 (B) and 14-3-3-eisoforms (C). Whole-cell extracts
were used as inputs. Control IgG and Myc immunoprecipitations were performed from Myc-TET2 and CV-transfected cells, respectively, as negative controls.
D, HEK293T cell lysate was immunoprecipitated with anti-TET2 and control IgG antibodies and analyzed by immunoblotting for endogenous 14-3-3 interac-
tion. Data are representative of two independent experiments. E, sequence homology of TET2 around Ser-99 among different species demonstrating a
conserved phosphoserine 14-3-3 binding motif ((R/K)XXpSXP). F, WT and S99A TET2 were immunoprecipitated from HEK293T and analyzed by IB with

phosphoserine 14-3-3-binding motif antibody.

3-3 motif antibody. Consistent with our in vitro kinase assay,
AMPK-WT increased TET2 phosphorylation, whereas TET2
phosphorylation was reduced with AMPK-KD (Fig. S3A). In
contrast, TET2 phosphorylation was not detectable with the
S99A mutant, consistent with Fig. 1F. Furthermore, treatment
with the AMPK activator metformin promoted TET2 phosphor-
ylation at Ser-99 in HEK293T cells expressing Myc-TET?2 (Fig.
3D) (see Fig. 3E and Fig. S3B for statistics and biological repli-
cate, respectively). Furthermore, AMPK (—/—) (knockout
(KO)) mouse embryonic fibroblasts (MEFs) had lower endoge-
nous TET2 than AMPK (+/+) (WT) MEFs (Fig. 3F, com-
pare control lanes). The AMPK activator 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR) increased TET?2 protein
levels in WT but not in AMPK KO MEFs (Fig. 3F). Further-
more, AICAR’s effects on TET2 in WT MEFs could be
blocked by the AMPK inhibitor compound C. As expected,
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phosphorylation of the canonical AMPK substrate acetyl-
CoA-carboxylase (ACC) (IB: pACC) was promoted and
blocked with AICAR and compound C, respectively (Fig. 3F,
middle). Similar findings were found upon treatment of WT
MEFs with metformin with or without compound C (Fig.
S3C). Consistent with TET2’s catalytic activity, genomic
DNA isolated from HEK293T cells expressing TET2-WT
exhibited a higher 5hmC level than that from cells express-
ing the S99A mutant (Fig. 3G). A biological replicate blot is
provided in Fig. S3D. Moreover, AICAR promoted 5hmC
accumulation in AMPK (+/+) MEF cells (Fig. 3H). A biolog-
ical replicate blot is provided in Fig. S3E. Collectively, these
data demonstrate that AMPK phosphorylates TET2 at Ser-
99, which in turn increases TET2 protein with effects on
genomic 5hmC levels.
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Figure 2. WT TET2 is more stable than S99A mutant TET2. A, HEK293T cells (one 10-cm plate) were transfected with Myc-TET2 WT (8 ng) or Myc-TET2 S99A
(10 pg). After 36 h, cells were incubated with 50 ng/ml CHX. Whole-cell extracts were collected at the indicated time points and analyzed by IB. The figure is a
representative of three biological replicates. Ratios of Myc band intensities normalized to actin band intensities are shown at the top. B, normalized Myc band
intensities from biological replicates (n = 3) of A plotted over time. One-way repeated-measures ANOVA was used to compare the difference between the two
proteins over time (p = 0.0153; F = 16.49). Post hoc analyses were also performed at individual time points using Student’s t test: *, p = 0.0226; #, p = 0.0347;
** p=0.0121. C, HEK293T cells were transfected with WT and S99A TET2. After 24 h, transfected cells were then treated with either vehicle (untreated), 50 um
calpeptin, or 100 nm bortezomib for 24 h followed by immunoblotting of whole-cell extracts. Ratios of Myc band intensities normalized to GAPDH band
intensities are shown at the top. D, quantification of data from C (n = 3 biological replicates). Data were analyzed by one-way ANOVA followed by post hoc
Tukey's honestly significant difference test. Left, ANOVA p value is 0.1817 (F = 2.2966). Right, ANOVA p value is 0.0198 (F = 8.0966). Post hoc analysis p values

are demonstrated. Error bars, S.E.

14-3-3 interaction promotes TET2 phosphorylation and
stability

We considered the biological significance of 14-3-3 binding
to Ser-99 —phosphorylated TET2. Prior studies have demon-
strated that 14-3-3s can act as adaptor proteins facilitating pro-
tein-protein interactions and localization (14, 15). However,
our MS data (File S1) did not demonstrate enrichment of other
proteins besides 14-3-3 isoforms. We next considered whether
TET?2’s interaction with 14-3-3 might affect cellular localiza-
tion. However, we did not observe any major change in the
localization between WT and S99A (data not shown). We
therefore considered whether 14-3-3 interaction had a role in
promoting TET2 phosphorylation. To assess this, we utilized a
cDNA construct that encodes for a dimeric version of the pep-
tide R18, referred to as difopein. R18 binds 14-3-3 proteins with
high affinity and has previously been shown to competitively
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inhibit 14-3-3 interactions with client proteins (16, 17).
HEK293T cells transfected with difopein construct had lower
endogenous TET2 than CV-transfected cells (Fig. 44). A bio-
logical replicate blot is provided in Fig. S4A. Moreover, difopein
reduced WT TET?2 protein without effects on the SO99A mutant
(Fig. 4B; see Fig. S4 (B and C) for biological replicate and statis-
tics, respectively). As we noted that difopein reduced total
TET?2 levels, we increased the levels of TET2 construct intro-
duced when co-transfected with difopein to have comparable
amounts of protein for analysis of IPs (Fig. 4C). Consistent with
difopein’s ability to disrupt 14-3-3 interactions, TET2 IP had
reduced 14-3-3 levels (IB: 14-3-3-6). Additionally, difopein
treatment significantly reduced TET Ser-99 phosphorylation
levels as determined via immunoblotting with the phosphoser-
ine 14-3-3—binding motif antibody (Fig. 4C, top two panels).
Given these findings, we next determined the effect of difopein
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Figure 3. AMPK phosphorylation at Ser-99 promotes TET2 stability. A, sequence analysis of TET2 at Ser-99 relative to known AMPK substrates. Hyd,
hydrophobic. The yellow box denotes phosphorylated residues. B, HEK293T cells (one 10-cm plate) were co-transfected with Myc-TET2 (8 ng) and FLAG-AMPK
(10 ng) constructs. Protein extracts were immunoprecipitated using either anti-Myc, anti-FLAG, or control IgG and analyzed by IB. C, in vitro kinase assay
utilizing N terminus of recombinant TET2 (rTET2; aa 1-350, ~75 kDa, GST-tagged) as substrate. Phosphorylation was detected with phosphoserine 14-3-3-
binding motif antibody. Results are representative of two independent experiments. D and E, HEK293T cells were transfected with Myc-TET2, followed by
treatment with or without metformin for 2 h. Myc-TET2 was immunoprecipitated and analyzed by IB with phosphoserine 14-3-3- binding motif antibody. Data
from three biological replicates are quantified in E. F, whole-cell lysates from AMPK WT (+/+) and AMPK KO (—/—) MEFs were collected after treatment with
the indicated agent (24-h treatment) and analyzed by IB. DMSO-treated cells were set as control. Ratios of Myc band intensities normalized to actin band
intensities are shown at the top. G, global 5hmC levels of genomic DNA extracted from HEK293T cells transfected with WT (8 .g) or S99A mutant TET2 (10 ng)
plasmids. Methylene blue (MB) blots are included for loading control. 5hmC quantification from three biological replicates is provided below. I, global 5hmC
levels of genomic DNA extracted from AMPK (+/+) MEF cells treated with DMSO (control) or AICAR for 24 h. 5hmC quantification from three biological
replicates is provided below. Error bars, S.E.

on TET2 protein stability. Difopein treatment reduced TET2 leads to both reduced TET2 phosphorylation at Ser-99 and
protein stability for both endogenous (Fig. 4D) and transfected ~ diminished protein stability.

Myc-tagged WT TET?2 (Fig. 4E). See Fig. S4 (D and E) for bio-

logical replicates. However, difopein had virtually no effect on ~ 14-3-3 protects TET2 phosphorylation

the stability of Myc-tagged TET2 S99A (Fig. S4F). Collectively, Prior studies have demonstrated that phosphospecific bind-
these data indicate that disruption of TET2/14-3-3 interaction  ingof 14-3-3 can protect interacting proteins from dephosphor-
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Figure 4. Disruption of 14-3-3 interaction reduces TET2 phosphorylation and stability. A, endogenous TET2 levels in HEK293T cells transfected with
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difopein (10 ng) constructs (right). After 24 h, cells were treated with CHX (50 ng/ml) and harvested at the indicated time point, followed by IB using anti-Myc

antibody. Error bars, S.E.

ylation (18). We therefore considered whether 14-3-3 binding
to TET?2 protects Ser-99 phosphorylation. To test this possibil-
ity in vitro, we employed a phosphatase protection assay as
outlined in Fig. 5A. Immunoprecipitated TET2 (bound to
beads) was incubated in vitro in the absence/presence of the
14-3-3 antagonist peptide R18, which can disrupt 14-3-3s’ pro-
tein interactions. Immunoprecipitates were then washed to
remove unbound 14-3-3s. Next, immunoprecipitated TET2
was treated with a broad specificity phosphatase (A-phospha-
tase) followed by analysis. Consistent with R18’s ability to dis-
rupt 14-3-3 interactions, the addition of R18 to immunopre-
cipitated TET2 reduced bound 14-3-3 levels (Fig. 5B, middle).
In addition, TET2 immunoprecipitates treated with R18 dem-
onstrated significantly reduced Ser-99 phosphorylation follow-
ing A-phosphatase treatment as determined using the phospho-
serine 14-3-3-binding motif antibody (Fig. 5B, bottom).
Densitometric analysis of three independent experiments is

SASBMB

shown in Fig. 5C (blot of biological replicate is provided in Fig.
S5). Collectively, these data indicate that bound 14-3-3 protects
TET?2 phosphorylation at Ser-99 in vitro.

14-3-3 protects TET2 from dephosphorylation by phosphatase
PP2A

Given our data demonstrating that 14-3-3 can protect TET2
phosphorylation, we sought to determine potential mecha-
nisms by which TET2 may be dephosphorylated. We examined
publicly available MS data sets and identified a potential inter-
action between TET2 and the a-isoform of the B subunit of
protein phosphatase 2A (PP2A-Ba; gene, PPP2R2A; Uniprot,
P63151; ~55 kDa) (19). PP2A is a ubiquitously expressed
holoenzyme that consists of three subunits, including catalytic
(subunit C), scaffold (subunit A), and regulatory (subunit B)
subunits. The B subunits are thought to mediate substrate spec-
ificity and consist of four isoforms (o, B, v, and ) (20). In
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HEK293T cells expressing Myc-TET2, co-IP with either anti-
Myc or anti-TET2 antibody could pull down PP2A-Ba (Fig.
6A). Control IgG pulldown did not demonstrate the presence of
PP2A-Ba. We next assessed interaction between endogenous
TET2 and PP2A-Ba by co-IP with anti-TET2 and control IgG
antibodies. TET2 IP pulled down PP2A-Ba and 14-3-3-6,
whereas IgG control did not (Fig. 6B). Moreover, PP2A-Ba
knockdown using two siRNAs (si-1 and si-2) increased Ser-99
phosphorylation (IB: p-14-3-3 motif) of endogenous TET2 rel-
ative to control siRNA (Fig. 6C). As expected, total PP2A-Ba
was reduced in si- PP2A-Ba samples (Fig. 6D). Additionally,
endogenous total TET2 level was increased following PP2A-Ba
knockdown (Fig. 6D, IB: TET2; see Fig. 6E and Fig. S6 for sta-
tistics and biological replicate, respectively). For direct evi-
dence of PP2A-mediated TET2 dephosphorylation at Ser-99,
an in vitro phosphatase assay was performed with recombinant
PP2A (rPP2A) consisting of a-isoforms of A, B, and C subunits.
Immunoprecipitated TET2 was found to have significantly
reduced Ser-99 phosphorylation when incubated with rPP2A
but not in buffer control (Fig. 6F).

We next assessed effects of the PP2A inhibitor okadaic acid
(OKA) on TET?2 phosphorylation in cells. A brief (2-h) OKA
treatment of HEK293T cells transfected with Myc-TET2
resulted in significantly increased TET2 phosphorylation at
Ser-99, as determined via anti-Myc IP and immunoblot with
phosphoserine 14-3-3-binding motif antibody (Fig. 7, A and B)
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(see Fig. S7A for biological replicate). As PP2A has been
reported to inhibit AMPK activity (21), we considered whether
the effects of OKA were mediated by AMPK activation. How-
ever, we did not see any effect on AMPK activation under these
experimental conditions, as demonstrated by the lack of treat-
ment effect on either phospho-AMPKa or phospho-ACClevels
(Fig. 7A). As disruption of 14-3-3 interaction with difopein
reduced TET2 phosphorylation (Fig. 4C), we assessed whether
OKA (via its inhibitory effect on PP2A) could maintain TET2
phosphorylation even under conditions in which 14-3-3 and
TET2 interaction is disrupted. Two-hour OKA treatment of
cells transfected with both TET2 and difopein resulted in a
dose-dependent increase in TET2 phosphorylation (Fig. 7C)
(see Fig. S7B for a biological replicate). In contrast, TET2 phos-
phorylation could not be detected in cells without OKA treat-
ment (lane 1). As a negative control, no phosphorylation of the
S99A mutant was found when cultured with difopein with or
without OKA (Fig. S7C). These data indicate that TET2 Ser-99
dephosphorylation by PP2A is facilitated by disruption of
TET2/14-3-3.

Given that prior studies have demonstrated that AMPK phos-
phorylates TET2 at Ser-99, we assessed the importance of
14-3-3s in maintaining TET2 phosphorylation upon AMPK
activation. AMPK activators AICAR and metformin promoted
TET?2 phosphorylation (Fig. 7D, compare lanes 5 and 6 with
lane 4). In contrast, we were unable to detect TET2 phosphor-
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ylation by either AICAR or metformin when cells were
co-transfected with difopein (Fig. 7D, lanes 2 and 3). On the
other hand, PP2A inhibition with OKA (2-h treatment) was
readily able to restore TET2 phosphorylation, even in the pres-
ence of difopein (Fig. 7E). Moreover, 48-h treatment with OKA
resulted in a dose-dependent increase in endogenous TET2
cells in HEK293T (Fig. 7F). Additionally, OKA treatment sig-
nificantly increased endogenous TET2 protein, whereas met-
formin had little effect, which did not reach statistical signifi-
cance (Fig. 7 (F and G) and Fig. S7D). Collectively, these data
demonstrate the role of 14-3-3 interaction in maintaining
AMPK’s effects on TET2 phosphorylation.

SASBMB

Discussion

In this report, we demonstrate a critical role for 14-3-3s in
protecting TET2 phosphorylation and thereby promoting its
stability. Our data indicate the dynamic regulation of TET?2 at
the post-translational level with regard to its phosphorylation.
Our data are in line with recent studies demonstrating a role for
AMPK-mediated phosphorylation of TET?2 at Ser-99 (6). Addi-
tionally, the data herein demonstrate a key role for 14-3-3s in
protecting this phosphorylation residue from the phosphatase
activity of PP2A.

We are aware of a recent communication that reported on
14-3-3 binding to TET2 (7). In this study, exogenous treatment
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Figure 7. 14-3-3 protects TET2 Ser-99 phosphorylation from PP2A. A and B, HEK293T cells were transfected with Myc-TET2. 24 h following transfection,
cells were treated with or without PP2A inhibitor OKA (2-h treatment). Immunoprecipitates and inputs were then analyzed by immunoblotting with the
indicated antibodies in A. Levels of Myc-TET2 phosphorylation from three biological replicates are quantified in B. C, HEK293T cells were cotransfected
with Myc-TET2 and difopein constructs. Forty-eight hours after transfection, cells were treated with the indicated concentrations of OKA for 2 h.
Anti-Myc immunoprecipitates were assessed for Ser-99 phosphorylation with phosphoserine 14-3-3-binding motif antibody. This figure is a represen-
tative of two biological replicates. D, HEK293T cells (one 10-cm plate) were cotransfected with either Myc-TET2 (8 ng) and CV (10 ng) (lanes 4-6) or
Myc-TET2 (8 ng) and difopein (10 wg) constructs (lanes 1-3). After 48 h, cells were treated with either AICAR (1 mm) or metformin (5 mwm) for 2 h before
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biological replicates are quantified in G. Data were analyzed by one-way ANOVA followed by post-hoc Tukey’s honestly significant difference test.
ANOVA p value is 0.0101 (F = 10.9000). Post hoc analysis p values are demonstrated. Error bars, S.E.
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of cells with 14-3-3 inhibitors led to reduced protein levels of
WT TET2; however, no effect on TET2 phosphorylation was
observed. The effects of 14-3-3 inhibition on TET?2 protein sta-
bility were not reported, yet the authors proposed that 14-3-3
proteins are TET2 phosphoreaders that promote TET?2 stabil-
ity by an undetermined mechanism. Our studies add new
insights into the biological significance of 14-3-3/TET2 inter-
actions (see Fig. 8). First, our studies demonstrate that multiple
14-3-3 isoforms can bind TET2 and that this interaction
depends on Ser-99 phosphorylation of TET2. These data are
significant as they demonstrate significant redundancy
between 14-3-3 family members with respect to TET2 binding.
Additionally, our studies demonstrate a key role for 14-3-3
binding in maintaining TET2 phosphorylation and thereby
promoting protein stability. Moreover, our studies demon-
strate the importance of 14-3-3 binding to TET2 in maintaining
AMPK’s phosphorylation of TET2. We also identify that PP2A
is a TET2 phosphatase. We demonstrate an interaction
between TET2 and PP2A-Ba subunit, which is known to regu-
late substrate specificity of the PP2A complex. Furthermore,
PP2A-Ba subunit knockdown and the use of PP2A inhibitor
were able to increase TET2 Ser-99 phosphorylation. Collec-
tively, our studies demonstrate the dynamic regulation of TET2
via phosphorylation by AMPK and dephosphorylation by PP2A.
14-3-3s serve as the phosphoreader adaptor proteins that protect
TET2 phosphorylation and therefore promote its stability.
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Dynamic regulation of TET2 by 14-3-3

TET?2 is a tumor suppressor gene commonly mutated in
myeloid malignancies, including AML as well as other hemato-
logic malignancies. Notably, most TET2 mutations impact only
one allele. This has led to interest in therapeutic approaches
that could activate the function of the remaining WT allele.
The TET proteins (TET1 to -3) are members of the
a-ketoglutarate-requiring dioxygenase family of enzymes.
These enzymes utilize vitamin C as a required cofactor. Recent
studies have now reported that vitamin C treatment can reac-
tivate TET2 with demonstrable antitumor activity in preclinical
models of leukemia and renal cell carcinoma (22—-24). Hence,
our studies could point to new strategies by which TET2 func-
tion could be promoted via enhanced stability. This is particu-
larly relevant as stabilizers (e.g. fusicoccin) of the interaction
between 14-3-3 and client proteins have been reported (25, 26).
Such stabilizers may have particular relevance to TET2 mutant
AML as a cluster of mutations around the Ser-99 site has been
recently reported, which have diminished 14-3-3 binding and
reduced protein stability (7). This group of TET2 mutant tumors
may be more amenable to approaches that foster interaction with
14-3-3s. A much broader strategy would be to promote stability of
the remaining WT TET?2 protein via PP2A inhibition. PP2A has
both tumor-promoting and -suppressive activities, indicating that
its role in malignancy is context-dependent. Notably, a PP2A
small-molecule inhibitor (LB-100) is currently being evaluated in
patients with myelodysplastic syndrome, in which TET2 muta-
tions are common (NCT03886662).

We acknowledge limitations of our study. Our MS data indi-
cate that mutation of Ser-99 only impacts 14-3-3 binding. How-
ever, we would like to point out that the MS-based studies uti-
lized the N-terminal 400 amino acids of TET2. Hence, we
cannot exclude effects on the interactions of proteins outside of
this region. Alternatively, 14-3-3 binding could impact TET2’s
interaction with its substrate DNA and/or catalytic activity.
Recent studies by Zhang et al. (5) demonstrate that TET2 acety-
lation at nearby lysine residues, including Lys-110, promotes
TET?2 protein stability and activity. Hence, it may be possible
that the TET2/14-3-3 interaction impacts acetylation as well as
other post-translational modifications.

In summary, our data provide novel insights into the regula-
tion of TET2. Our data demonstrate a key role for TET2’s inter-
action with 14-3-3s in maintaining TET?2 stability. In particular,
our studies indicate that 14-3-3 protects TET2 from dephos-
phorylation by the PP2A phosphatase. These data may inform
new strategies for malignancies driven by loss of TET2 expres-
sion and/or activity.

Materials and methods
Reagents

AMPKal WT, KD expression constructs (via Addgene),
AMPK WT (+/4+), and AMPK KO (—/—) MEEF cell lines were
obtained from Reuben Shaw (Salk Institute). Cell culture media
and fetal bovine serum were from Cellgro (Corning) and
Atlanta Biologicals, respectively. TET2 and 14-3-3 antagonist
difopein expression plasmid constructs were kind gifts from Dr.
Xiaochun Yu (University of Michigan) and Dr. Talene Yacou-
bian (University of Alabama, Birmingham, AL), respectively.
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Genomic DNA isolation kit was from Promega (#A1120).
A-protein phosphatase was purchased from New England Bio-
labs (#P0753S). Recombinant proteins used in this study
include N-terminal (aa 1-350) TET2 (Proteintech), AMPK
(SignalChem), and PP2A (Abcam).

Antibodies

Primary antibodies used in this study were purchased from
commercial vendors and are indicated below. These antibodies
include 1) c-Myc (#¥M4439; origin, mouse; source, monoclonal;
1:3000), FLAG (#F1804; origin, mouse; source, monoclonal;
1:3000), PP2A-Ba (#SAB4200241; origin, mouse; source,
monoclonal; 1:1000), and tubulin (#T9026; origin, mouse;
source, monoclonal; 1:5000) from Sigma-Aldrich; 2) 14-3-3-6
from Proteintech (#14503—1-AP; origin, rabbit; source, poly-
clonal; 1:1000); 3) B-actin conjugated with HRP (#ab49900; ori-
gin, mouse; source, monoclonal; 1:10,000) and GAPDH
(#ab181602; origin, rabbit; source, polyclonal; 1:5000) from
Abcam; 4) anti-5hmC from Active Motif (#39069; origin, rab-
bit; source, polyclonal; 1:2500); 5) anti-TET2 from Diagenode
(#C15200179; origin, mouse; source, monoclonal; 1 pg/1 mg
lysate for immunoprecipitation); and 6) 14-3-3 isoform sampler
kit (#9769; origin, rabbit; source, monoclonal and polyclonal;
1:1000), phosphoserine 14-3-3—binding motif (#9601; origin,
rabbit; source, monoclonal; 1:1000), AMPKa (#5831; origin,
rabbit; source, monoclonal; 1:1000), phospho-AMPKa« (#2535;
origin, rabbit; source, monoclonal; 1:1000), phospho-ACC
(#3661; origin, rabbit; source, monoclonal; 1:1000), anti-pro-
tein phosphatase 2A (#9780; origin, rabbit; source, monoclonal;
1:1000) sampler kit, and TET2 (#18950; origin, rabbit; source,
monoclonal; 1:1000) from Cell Signaling Technology. Second-
ary antibodies used in this work were HRP-conjugated anti-
mouse (GE Healthcare, #NA931V; 1:5000) and HRP-conju-
gated anti-rabbit (GE Healthcare, #NA9340V; 1:5000)
antibodies. TET2 (Cell Signaling) antibody was validated by
TET2 overexpression (2 ug of pCMV-Myc-TET2 plasmid was
transfected to HEK293T cells grown in a 10-cm plate) (Fig.
S1B). 14-3-3-6, 14-3-3-¢, and PP2A-Ba antibodies were vali-
dated by siRNA knockdown and Western blot analysis (Fig. S1B
and Fig. 6D). Phospho-14-3-3 motif antibody was validated by
point mutation (§99A) in the antibody-binding motif of TET2
followed by immunoprecipitation and Western blotting (Fig.
1F and Fig. S1D).

Cell culture, cloning, and transfection

Human embryonic kidney cells (HEK293T) and MEF were
maintained at 37 °C in 5% CO, in Dulbecco’s modified Eagle’s
medium supplemented with 4.5 g/liter glucose, 2 mm L-gluta-
mine, 10% fetal bovine serum and without antibiotics. TET2
S99A mutant was made following the standard procedures.
TET2 WT and TET2 mutant cDNAs were cloned into pCMV-
Myc (N terminus) plasmid vector (Clontech) and verified by
Sanger sequencing. Fugene 6 (Promega) and Opti-MEM
(Thermo Fisher Scientific) reduced serum media were used for
transient transfection of plasmid DNAs in the above cell lines
following the manufacturer’s protocol. Any treatments to
transfected cells including cycloheximide (Sigma-Aldrich),
AICAR (#ab120358, Abcam), Metformin (#ab120847, Abcam),
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Compound C (#ab120843, Abcam), and okadaic acid (#5934,
Cell Signaling Technology) were added 24— 48 h post-transfec-
tion, as indicated in the respective figure legends.

Yeast two-hybrid screen

The ProQuest yeast two-hybrid system with Gateway tech-
nology (Invitrogen) was used to identify proteins interacting
with the TET2 N-terminal part (amino acids 1-1000), accord-
ing to the manufacturer’s instructions. The TET?2 region was
PCR-amplified using primers containing 5’ attB1 and 3’ attB2
recombination sites (forward, GGGGACAAGTTTGTACAA-
AAAAGCAGGCTCCATGGAACAGGATAGAACCAACC-
ATGTTG; reverse, GGGGACCACTTTGTACAAGAAAGC-
TGGGTTTATGAGCTTTGCTTGAAGTAAGCACCATTC)
and cloned into the pDONR222.1 vector (Invitrogen) to make
the entry clones, followed by recombinatorial cloning in frame
with the GAL4 DNA-binding domain in the pDEST32 yeast
expression vector (Invitrogen). The TET2 bait clones were
transformed into the MaV203 strain of yeast, and colonies that
grew on selective SC-Leu medium were screened by PCR for
the TET2 gene. Yeasts containing the TET2-pDEST32 con-
struct were transformed with a Proquest human spleen c-DNA
library, which contains cDNAs fused to the GAL4 activation
domain of pEXP-AD502 (Invitrogen). Interactions between
fusion proteins in this system activate three reporter genes:
B-gal, HIS3, and URA3. Screening of the library of clones
resulted in the isolation of colonies that fulfilled the selection
criteria of His prototropy on yeast dropout medium lacking
Trp, Leu, and His in the presence of 3-aminotriazole. Positive
colonies were confirmed by expression of 3-gal by X-gal filter
assays and for growth on yeast dropout medium lacking Leu,
Trp, and Ura. Selected yeast colonies were grown, plasmids
were isolated, and the insert cDNA was PCR-amplified with
primers specific for pEXP-AD502 (Invitrogen). The PCR prod-
ucts were sequenced using pEXP-AD502 sequencing primers
and analyzed using the NCBI BLAST software to identify the
interacting proteins.

Co-immunoprecipitation

All immunoprecipitation steps were carried out at 4 °C. Cells
expressing Myc-tagged TET2 WT or S99A TET?2 were lysed in
buffer X (50 mm HEPES, pH 7.5, 150 mm NaCl, 0.1% Nonidet
P-40, and 1 mm EDTA) containing 1X protease/phosphatase
inhibitor (Thermo Fisher Scientific). After clearing, a 50-ul
slurry of protein A/G-agarose (Santa Cruz Biotechnology, Inc.)
and 2 pg of the anti-Myc or anti-TET?2 or control IgG antibody
were added to 1-2 mg of the extracted proteins and rotated for
16 h. Next, the beads were spun down at 600 X g, and the
immunoprecipitates were washed three times with buffer Y (20
mM Tris-HCI, pH 8.0, 150 mMm NaCl, 2 mm EDTA) for 10 min
each with rotation at 4 °C. Finally, the beads were boiled in 2X
Laemmli buffer to elute the immunoprecipitated proteins.

Western blotting

Protein samples prepared in Laemmli buffer were resolved
by 4-15% SDS-PAGE (Bio-Rad). Proteins were transferred
onto polyvinylidene difluoride (Immobilon P, #IPVHO00010,
Millipore) using standard procedures. The membranes were

SASBMB


http://www.jbc.org/cgi/content/full/RA119.011089/DC1
http://www.jbc.org/cgi/content/full/RA119.011089/DC1
http://www.jbc.org/cgi/content/full/RA119.011089/DC1
http://www.jbc.org/cgi/content/full/RA119.011089/DC1

blocked either with 3% BSA or with 5% skim milk and probed
with specific antibodies. Mild stripping buffer (Abcam) was
used to reprobe Western blotting membranes. Western blots
were incubated with primary antibodies at room temperature
for 1 h or at 4 °C for overnight, washed three times (10 min
each) with 1X TBST buffer containing 0.1% Tween 20, and then
incubated with secondary antibodies for 1 h at room tempera-
ture. Western blots were developed using Immobilon Classico
Western HRP substrate (#WBLUC0500, Millipore) and expos-
ing the blots to X-ray films (Hawkins, #HXR0507) or to an
Amersham Biosciences Imager 600 (GE Healthcare). Images
were quantified by Image] software (National Institutes of
Health, RRID: SCR_003070). To validate the linear range of
detection by TET2 antibody compared with actin/tubulin and
total protein loading, TET2 band intensities were plotted along
with total protein, actin, and tubulin band intensities against
different loading volumes. TET2 band and Ponceau stain inten-
sities were found to be linear from 5 to 20 ul of the loading
volumes. However, the linear range of band intensities for both
actin and tubulin was within 5-15 ul, which corresponded to
8-25 ug of total cell lysates (data not shown). In all of our
experiments, TET2 band intensities were calculated from less
than 25 ug of cell lysates, which were further normalized to
actin or tubulin band intensities. Further, we observed no
change in actin, tubulin, and GAPDH band intensities by treat-
ments in our experiments, and thus we preferred to use them as
normalizing signals during quantifications. Statistics were done
from three biological replicates and presented as mean * S.E.
For statistical analysis of two experimental groups, Student’s ¢
test was performed, and differences were considered significant
if p was <0.05. For multiple-group comparisons, ANOVA was
performed with the indicated post hoc tests.

LC-MS analysis

c¢DNA for the first 400 amino acids from WT TET2 N termi-
nus was cloned into N-Myc-pCMYV vector (Clontech). cDNA
for the S99A mutation in the same region of TET2 was also
generated and cloned into the same vector as that of WT TET2.
10 ug of these plasmids were used to transfect HEK293T cells,
and cell lysates were co-immunoprecipitated by anti-Myc and
control IgG antibody as described earlier. Eluted protein sam-
ples were run in 10% BisTris SDS-PAGE and stained with col-
loidal Coomassie Blue. Following destaining, the whole lane of
each sample was cut into multiple molecular weight fractions,
equilibrated in 100 mM ammonium bicarbonate, and then
digested overnight with Pierce™ trypsin protease, MS Grade
(#90058, Thermo Scientific), following the manufacturer’s
instructions. Peptide extracts were reconstituted in 0.1% formic
acid/double-distilled H,O at 0.1 ug/ul and then analyzed by
LC-MS at the UAB Cancer Center Mass Spectrometry/Pro-
teomics Shared Facility using a 1260 Infinity nHPLC stack (Agi-
lent Technologies) and Thermo Orbitrap Velos Pro hybrid
mass spectrometer, equipped with a Nanospray Flex™ ion
source (Thermo Fisher Scientific). The raw files were analyzed
by SEQUEST using a specific subset of the UniProtKB database.
Detailed methods of LC-MS analysis are documented in File 2.
The MS proteomics data have been deposited to the Pro-
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teomeXchange Consortium via the PRIDE partner repository
with the data set identifier PXD016160.

In vitro kinase assay

0.5 ug of recombinant AMPK was added to 5 ug of recom-
binant TET?2 in the presence or absence of ATP (500 um) in a
reaction buffer (#K01-09, SignalChem) containing 25 mwm
MOPS, pH 7.2, 12.5 mMm B-glycerol phosphate, 25 mm MgCl,, 5
mM EGTA, 2 mM EDTA, 250 uM DTT and incubated for 30 min
at 30 °C. The samples were boiled in Laemmli buffer and
resolved in an 8% SDS-polyacrylamide gel, followed by blotting
onto a polyvinylidene difluoride membrane, and probed with
phosphoserine 14-3-3—binding motif antibody.

Phosphatase protection assay

Immunoprecipitated Myc-TET2 (WT) bound on protein
A/G-agarose beads was washed three times in buffer Y as above
and incubated with 0, 100, and 500 nm R18 peptide (in buffer Y)
for 3 h with rotation at 4 °C. The beads were washed once with
buffer Y and incubated with A-protein phosphatase (200 units
each reaction) at 15 °C for 30 min. The reactions were stopped
by adding 2X Laemmli buffer and boiling the samples at 95 °C
for 5 min. Samples were resolved in 4-15% SDS-PAGE fol-
lowed by Western blotting using the indicated antibodies.

siRNA knockdown

Two siRNA constructs were used to knock down the PP2A-
Ba isoform in HEK293T cells. si-1 (#hs.Ri.PPP2R2A.13.1), si-2
(#hs.Ri.PPP2R2A.13.2), and control siRNA (#51-01-14-04) from
IDT were transfected into HEK293T cells using Lipofectamine
RNAIMAX (Thermo Scientific) following the manufacturer’s pro-
tocol, and cells were harvested 24 h post-transfection for analysis.
Similarly, 14-3-3-€ (hs.RiLYWHAE.13.1) and 14-3-3-6 (hs.ri.
YWHAQ.13.1) were knocked down by siRNAs from IDT.

In vitro PP2A assay

Protein A/G-bound Myc-TET2 (WT) was washed three
times in buffer Y and incubated in a buffer containing 25 mm
Tris-HCI, pH 8.0, 150 mm NaCl, 3 mm DTT, 50 um MnCl,, and
1 mMm CaCl, with or without 1.0 ug of recombinant PP2A
(which consists of a-isoforms of A, B, and C subunits) at room
temperature for 30 min. Reactions were stopped by adding
Laemmli buffer and analyzed by immunoblotting.

5hMC dot blot

Global 5hmC levels were analyzed from extracted genomic
DNA following the protocol described by Zhang et al. (5).
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