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Summary

TET proteins, by converting 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), are 

hypothesized, but not directly shown, to protect promoter CpG islands (CGIs) against abnormal 

DNA methylation (DNAm) in cancer. We define such a protective role linked to DNA damage 

from oxidative stress (OS) known to induce this abnormality. TET2 removes aberrant DNAm 

during OS through interacting with DNA methyltransferases (DNMTs) in a “Yin-Yang” complex 

targeted to chromatin and enhanced by p300 mediated TET2 acetylation. Abnormal gains of 

DNAm and 5hmC occur simultaneously in OS and knocking down TET2 dynamically alters this 

balance by enhancing 5mC and reducing 5hmC. TET2 reduction results in hypermethylation of 

promoter CGIs and enhancers in loci largely overlapping with those induced by OS. Thus, TET2 

indeed may protect against abnormal, cancer DNAm in a manner linked to DNA damage.
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Introduction

In the present study, we propose a mechanism for how inactivation of the ten-eleven 

translocation (TET) family of proteins may contribute to key DNA methylation (DNAm) 

abnormalities in cancer. Studies of these proteins have provided the most exciting recent 

development in DNAm research with the recognition that they initiate active DNA 

demethylation from the genome (Kohli and Zhang, 2013; Pastor et al., 2013). Through a 

base-flipping mechanism (Hashimoto et al., 2014; Hu et al., 2013), TET proteins oxidize 

5mC to 5hmC (Ito et al., 2010; Tahiliani et al., 2009), with subsequent formation of 5-

formylcytosine (5fC), and 5-carboxylcytosine (5caC) (He et al., 2011; Ito et al., 2011). The 

latter two marks can be excised by thymine-DNA glycosylase (TDG) and restored to 

unmodified cytosine through the base excision repair (BER) pathway (Wu and Zhang, 

2014). Alternatively, conversion of 5mC to 5hmC can trigger passive, DNA replication 

dependent DNA demethylation by interfering with the DNAm maintenance process 

(Hashimoto et al., 2012; Wu and Zhang, 2014).

The discovery of TET proteins is also fundamental to fully understand DNAm abnormalities 

in cancer which involve abnormal widespread losses and more focal gains in promoter CpG 

islands (CGIs). This latter alteration affects hundreds of genes in individual tumors, 

including well characterized tumor suppressor genes that are transcriptionally silenced in 

association with this change (Baylin and Jones, 2011; Jones and Baylin, 2007; Shen and 

Laird, 2013). With regards to the above focal gains of promoter CGIs DNAm in cancer, loss 

of a normal protective role against unwanted DNAm has been proposed for TET proteins 

(Williams et al., 2012). Indeed, TET2 is frequently mutated in hematological malignancies 

(Delhommeau et al., 2009; Langemeijer et al., 2009), and patients carrying TET2 mutations 

often show significantly reduced global 5hmC levels (Ko et al., 2010). Interestingly, loss of 
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5hmC is also observed in many solid tumors (Haffner et al., 2011; Jin et al., 2011; Yang et 

al., 2013) where TET2 mutations are rarely detected, indicating other TET2 inactivation 

mechanisms may exist (Wu and Zhang, 2014). However, how TET2 inactivation and loss of 

5hmC affect promoter CGIs DNAm has been controversial (Figueroa et al., 2010; Ko et al., 

2010). Interestingly, recent studies suggest that loss of TET2 may lead to hypermethylation 

of enhancers (Hon et al., 2014; Lu et al., 2014; Rasmussen et al., 2015).

We now propose a new mechanism, tied to oxidative stress (OS), for the role of TET2 in 

protecting against abnormal DNAm in normally unmethylated promoter CGIs and 

enhancers. Chronic inflammation, and closely related OS, has long been accepted as an 

essential component of tumorigenesis and linked directly to cancer formation (Coussens and 

Werb, 2002; Federico et al., 2007). Recent studies revealed that epigenetic alterations, 

particularly DNA hypermethylation, likely play important roles in inflammation/OS 

associated carcinogenesis (Franco et al., 2008). We have recently defined DNMT1-

containing repressive complexes that become tightly bound to chromatin during OS and 

induce abnormal gains of DNAm in basally low-expression gene promoters (O'Hagan et al., 

2011), suggesting a key potential mechanism for inducing focal gains of cancer-specific 

aberrant DNAm. We now demonstrate TET2 forms “Yin-Yang” complexes with DNMTs 

and is targeted to chromatin during OS. TET2 actively removes abnormal DNAm induced 

by OS in promoter CGIs as well as enhancers by converting unwanted 5mC to 5hmC. Long-

term reduction of TET2 caused even more DNA hypermethylation on these gene promoters 

and enhancers. In addition, we show TET2 is regulated by acetylation which increases its 

enzymatic activity, protein stability and partnering with DNMT1, thus enhancing its DNAm 

protection function. Deacetylation of TET2 by HDAC1/2 that are often overexpressed in 

cancers may represent another mechanism impairing TET2 functions and contributing to 

abnormal DNAm in cancer. Our data thus also suggest an additional translational 

implication for inhibiting HDACs in cancer.

Results

TET2 is acetylated by p300

We have first explored the potential functional significance for the facts that 5hmC, as well 

as 5fC, is enriched significantly at binding sites for the acetyltransferase p300 throughout the 

genome (Song et al., 2013a; Yu et al., 2012) and that TET2 is an acetylated protein (Weinert 

et al., 2013). We have worked with ovarian cancer cell line A2780 and colorectal cancer cell 

line HCT116 that express endogenous TET2 within the range of levels in normal tissues 

(Figure S1A–C). The TET2 antibody employed detects endogenous TET2 proteins in most 

normal human tissues (Uhlen et al., 2015) and its specificity was further confirmed by 

shRNA-mediated TET2 knockdown and CRISPR-mediated TET2 knockout (Figure S1D 

and S1E). There is a robust interaction between endogenous TET2 and p300 (Figure 1A). 

Acetylation of endogenous TET2 is readily detected, and its level increases more than 4-fold 

upon insulin treatment (Figure 1B), which stimulates endogenous p300 acetyltransferase 

activity through the PI3K/Akt pathway (Inuzuka et al., 2012). Conversely, knocking down 

p300 completely abolishes TET2 acetylation (Figure 1C). Interestingly, acetylation of 

ectopic TET2 is enhanced by co-expressing p300 or CBP, but not TIP60 or MOF (Figure 
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1D), and is dependent on their acetyltransferase activities (Figure 1E). Moreover, all three 

TETs can be acetylated by p300 (Figure S1F), suggesting acetylation may represent a 

general regulatory mechanism for this family of proteins.

Initial Mass spectrometry analysis of exogenous TET2 co-expressed with p300 reveals 

multiple potential acetylation sites, including two evolutionarily conserved (Figure S1J) 

lysine residues 110 and 111 (K110/111, or 2K, Figure S1G) in the N-terminus of TET2. 

Mutating these two residues completely abolishes p300 mediated TET2 acetylation (Figure 

1F and S1H). Further mass spectrometry analysis reveals that lysine 110 is acetylated on 

endogenous TET2 proteins, and this acetylation is diminished with p300 knockdown (Figure 

1G, 1F, and S1K). Interestingly, the full length of all three recombinant TET proteins 

possess higher enzymatic activities than their C-terminal catalytic domains (He et al., 2011; 

Hu et al., 2013), indicating the N-terminal domain may contain positive regulatory 

mechanisms. Two additional lysines (K53 and K1117) are also identified as bona fide 

acetylation sites (Figure S1G and S1H), but they do not affect full-length TET2 catalytic 

activity (Figure S1I) and are thus not studied further.

Deacetylation of TET2 by HDAC1/2

Treatment of A2780 cells with trichostatin A (TSA), or nicotinamide (NAM), class I, II, IV 

HDAC, and NAD+-dependent class III SIRT inhibitors, respectively, reveals the former, but 

not the latter, increases endogenous TET2 acetylation in a dose-dependent manner (Figure 

2A and 2B). Induction of endogenous TET2 acetylation by TSA is also observed in HCT116 

(Figure 2A), another cell line that expresses relatively high levels of TET2 (Figure S1A), 

suggesting TET2 acetylation may be a general phenomenon. Among the various HDACs, 

HDAC1/2/3 are the ones that predominantly localize in the nucleus and most sensitive to 

TSA. Co-expression of HDAC1 or HDAC2 with TET2/p300 completely abolishes TET2 

acetylation while HDAC3 has much less influence (Figure 2C). Both HDAC1 and HDAC2 

interact with TET2 (Figure 2D), and knocking down either increases endogenous TET2 

acetylation (Figure 2E). Thus, HDAC1/2 are primary TET2 deacetylases.

Acetylation enhances TET2 enzymatic activity

The above transient treatment (6 hours) with TSA, in addition to inducing endogenous TET2 

acetylation (Figure 2A and 2B), significantly increases global 5hmC levels without affecting 

TET2 protein levels at this time point (Figure 3A). Similarly, knocking down either HDAC1 
or HDAC2 also increases 5hmC levels (Figure 3B). When immunoprecipitated TET2 protein 

is pre-incubated with purified p300 catalytic domain, both TET2 acetylation and catalytic 

activity are enhanced (Figure 3C). Similarly, incubation of purified recombinant TET2 with 

p300 catalytic domain in the presence of Acetyl-CoA increases TET2 acetylation and the 

production of 5hmC (Figure 3D and S3A). Co-expression of wild type, but not a 

catalytically inactive mutant, p300 with TET2 increases global 5hmC levels by 3-fold along 

with increased TET2 acetylation (Figure S3B). While overexpression of wild type TET2 

dramatically increases global 5hmC levels, and triggers DNA demethylation, the 2KR 

mutant, which blocks TET2 acetylation (Figure 1F), generates markedly less 5hmC/DNA 

demethylation and can no longer be activated by p300 (Figure 3E and Figure S3C). Taken 

together, these data demonstrate that acetylation of TET2 enhances its enzymatic activity.
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Acetylation stabilizes TET2 protein by inhibiting ubiquitination

Knocking down p300 not only abolishes TET2 acetylation (Figure 1C), but also 

dramatically reduces steady state TET2 protein levels without affecting its transcription 

(Figure 4A). Similarly, blocking p300 acetyltransferase activity by a p300 selective inhibitor 

which keeps p300 protein intact also decreases TET2 protein levels in a dose-dependent 

manner (Figure 4B). Moreover, TSA treatment which rapidly increases endogenous TET2 

acetylation within 6 hours significantly extends TET2 half-life (Figure 4C, 9 hours and 

after). In contrast, the 2KR mutant is starkly less stable than the wild type protein (Figure 

4D), demonstrating that acetylation stabilizes TET2

It has been previously reported that the stability of TET proteins may be regulated by 

degradation pathways mediated by caspase and calpains (Ko et al., 2013; Wang and Zhang, 

2014). Surprisingly, we find that in the cells under study, TET2 is stabilized by proteasome 

inhibitor MG132, but not calpains or caspase inhibitors (Figure 4E), and the conserved 

double-strand beta helix (DSBH) domain in the catalytic domain exhibits the most dramatic 

protein accumulation after MG132 treatment (Figure 4F and 4G). These findings indicate 

that TET2 protein may be primarily regulated through the ubiquitin-proteasome pathway 

and that the ubiquitination site(s) likely reside in the C-terminal DSBH domain. Indeed, we 

readily detected TET2 ubiquitination which is enhanced upon MG132 treatment (Figure 4H, 

lanes 1, 2, and 3). TSA treatment, while increasing TET2 acetylation (Figure 2A and 2B), 

significantly reduces TET2 ubiquitination (Figure 4H, lanes 3 and 4). Conversely, the 

acetylation deficient 2KR mutant exhibits stronger ubiquitination than does the wild type 

(Figure 4I, lanes 2 and 5) and resists reducing ubiquitination after TSA treatment (Figure 4I, 

lanes 5 and 6, compared to lanes 2 and 3). Since the ubiquitination site(s) reside in the C-

terminal DSBH domain (Figure 4G), and the regulatory acetylation site K110 is in the N-

terminus, our data suggest that acetylation may stabilize TET2 through recruiting other 

proteins which in turn protect the distant lysines from ubiquitination site(s).

TET2 acetylation enhances DNMT1 binding to promote protein stability

In searching for the consequences of the above modifications of TET2, we wondered 

whether the acetylation defined above influences interactions of TET2 with other key 

DNAm regulating proteins, even those with opposing activities, such as DNMTs. We 

observed a reduction, or even loss, of TET2 protein upon acute DNMT1 knockdown (Figure 

5A, and Figure S5A, S5B). Moreover, endogenous TET2 and DNMT1 interact (Figure 5B) 

in a TET2 enzymatic activity independent manner (Figure S5C). A direct binding between 

these two proteins, demonstrated using immunoprecipitated TET2 and purified recombinant 

DNMT1, is also readily detected (Figure 5C). We further determined that the N-terminal 

regulatory domain of DNMT1, known to interact with multiple proteins, is solely 

responsible for interacting with TET2 (Figure 5D), and that the N1 region of TET2 

containing the K110/111 residues possesses the strongest association with DNMT1 (Figure 

5E). A deletion mutant of TET2 N1 region lacking K110/111 shows severely reduced 

association with DNMT1 (Figure 5F), suggesting these two lysines are important for 

mediating DNMT1 interaction. Interestingly, treatment of cells with TSA, which increases 

TET2 acetylation (Figure 2A and 2B) and protein stability (Figure 4C), enhances 

interactions between endogenous TET2 and DNMT1 (Figure 5G). In contrast, the 
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acetylation deficient 2KR mutant reduces this interaction by ~70% (Figure 5H and Figure 

S5D). Surprisingly, a TET2 2KQ mutant, which mimics constitutively acetylated status by 

neutralizing the positive charge but avoids acetylation, also decreases DNMT1 binding 

(Figure 5H). This finding suggests that it is perhaps the presence of acetylation, per se, that 

fosters interactions between DNMT1 and TET2. Lastly, DNMT1 binding seems essential for 

TET2 stability as the half-life of TET2 protein decreases significantly (Figure 5J) in a pool 

of cells that have been infected with DNMT1 CRISPR virus (Figure 5I). Taken together, our 

data demonstrate that acetylation of TET2 enhances DNMT1 binding and promotes its 

stability.

Finally, we show that all three TETs interact with the major maintenance methyltransferase, 

DNMT1 (Figure S5E), and that TET2 associates with not only DNMT1, but also the de novo 

methyltransferase, DNMT3B (Figure 5K and Figure S5F). These findings indicate a general 

relationship between TETs and DNMTs, and potential functional relevance of these TETs/

DNMTs complexes.

Targeting of TET2 to chromatin during OS to protect against abnormal DNAm

We have previously demonstrated that abnormal methylation may occur during repair of 

double strand breaks (DSB) and especially after exposure to reactive oxygen species (ROS) 

(O'Hagan et al., 2008; O'Hagan et al., 2011). During this process, we found rapid movement 

to CGIs of protein complexes, initiated by DNA repair proteins, that contains the counterpart 

activity to TET2, DNMTs (Ding et al., 2015; O'Hagan et al., 2011). Interestingly, recent 

reports also show that 5hmC is present at DNA damage sites and loss of TETs impair DNA 

damage repair (An et al., 2015; Kafer et al., 2016). We now tie together these key processes 

and show that TET2, as well as TDG, a protein that is required to complete the final 

demethylation steps initiated by TET2, participate in these DNMT complexes in a manner 

influenced by TET2 acetylation. Moreover, TET2 functionally protect against cancer-

specific abnormal DNAm on normally unmethylated promoter CGIs and enhancers during 

OS.

First, with respect to DNA damage, exposing A2780 cells for 30 min to hydrogen peroxide 

(H2O2) increases total γ-H2AX protein levels and induces formation of γ-H2AX foci 

(Figure S6A), as well as tighter binding of DNMT1 and DNMT3B to chromatin (Figure 6A 

and Figure S6B). Intriguingly, both TET2 and TDG are also tightened to chromatin (Figure 

6A). The involvement of TDG in the complexes is validated by a direct association between 

TDG and TET2 (Figure 6B and 6C) which is further confirmed by identifying regions of 

TET2 that interact with TDG (Figure S6C). Such interaction is independent of TET2 

acetylation (Figure S6D), but enhanced by OS (Figure S6E), and is conserved among all 

three TET proteins (Figure S6F). Moreover, recruitment of TET2/TDG to chromatin during 

OS is dependent on DNMT1, as knocking down DNMT1 abolishes this tightening (Figure 

6D). It appears, in this regard, that OS mainly induces recruitment of TET2/TDG to 

chromatin through DNMT1, but does not affect interactions between TET2 and DNMT1/

DNMT3B (Figure 6E). Although DNMT3B interacts with TET2 (Figure 5K and Figure 6E) 

and tightens to chromatin during OS (Figure 6A and Figure S6B), it is not required for 

targeting of TET2 to chromatin (Figure S6G). The importance of TET2 acetylation in these 
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above chromatin targeting events, through interacting with DNMT1, is also evident. While 

H2O2 treatment alone dramatically increases binding of DNMT1/TET2/TDG to chromatin, 

the amount of chromatin bound TET2 and TDG are further increased by co-expressing p300 

to promote TET2 acetylation (Figure 6F). The transfection conditions are optimized so that 

equal amounts of TET2 proteins are produced in all samples (Figure S6H). Conversely, 

although the wild type TET2 and TDG become more tightly bound to chromatin after 

treatment, the 2KR mutant significantly reduces the enrichments of both proteins (Figure 

6G). Tightening of DNMT1, however, is not affected in either case, indicating the increased/

decreased targeting of TET2/TDG, as a function of TET2 acetylation, is attributed to 

enhanced/reduced association between TET2 and DNMT1, as demonstrated above (Figure 

5G and 5H). Thus, by enhancing association with DNMT1, TET2 acetylation positively 

regulates its tightening to chromatin during OS.

Importantly, for all of the above interactions, we find TET2 has a distinct influence on levels 

of DNAm. First, at a genome-wide level as assayed by the Infinium 450 methylation array, 

complete disruption of this protein in A2780 cells by CRISPR/Cas9 technology (Shalem et 

al., 2014), yields single selected clones with markedly reduced global 5hmC levels, and 

unchanged levels of all three DNMTs (Figure 7A). Second, and most importantly, in all 

three TET2 KO clones, there is not only a predominant gain of global DNAm (Figure S7A) 

but some of the gains are specifically targeted to a subset of probes for normally 

unmethylated promoter CGIs (basal β < 0.25) of low basal expression genes (CGI LE) 

(Figure 7B and Figure S7B). Gains can also be seen for LE promoter CGIs probes which 

have intermediate basal methylation levels (0.25 < β < 0.75) (Figure 7B). These genes, 

frequently marked by bivalent chromatin in ESC and adult stem cells, are most likely to gain 

de novo, promoter CGI hypermethylation in cancer (Easwaran et al., 2012; O'Hagan et al., 

2011). Indeed, among those probes with gains of DNAm in TET2 KO clones (Figure 7C, 

mean (Δβ) > 0.2), a striking 40.4% (568/1406) of the target genes are marked by bivalent 

chromatin in ESCs (Figure 7D). A total of 459 genes, 232 (50.5%) of which are bivalent 

genes, that gained methylation in TET2 KO clones, also frequently become hypermethylated 

in various cancer types (Figure 7D and Table S1) (Easwaran et al., 2012). These genes are 

also significantly enriched in the biological functions operative for those with bivalent 

chromatin in ESCs such as development, differentiation, and transcriptional regulation 

(Figure 7E). Importantly, hypermethylation of these promoter CGIs is associated with down 

regulation of the involved genes (Figure 7F), further signifying the biological significance of 

the abnormal DNAm gains induced by TET2 KO.

Another important aspect of the above protection against DNAm is changes we observe in 

enhancer elements. These are also of particular interest especially since p300, which 

acetylates TET2 as we now show, marks active enhancers (Creyghton et al., 2010). Studies 

in mouse systems also show that enhancers are prone to DNA hypermethylation upon loss of 

TETs (Hon et al., 2014; Lu et al., 2014; Rasmussen et al., 2015). Similar to promoter probes, 

with the present TET2 KO, gains of DNAm are seen for a subgroup of enhancer probes that 

have low and intermediate basal methylation levels (Figure 7G, and Figure S7C), and a 

group of hypermethylated enhancers functionally repress the expression of their putative 

target genes (Figure 7H). To confirm the potential biological meaning of these enhancer 

results, we subjected the 2107 hypermethylated enhancer regions identified by Rasmussen et 
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al. (Rasmussen et al., 2015) to similar subgroups based on their basal methylation levels and 

find a very similar pattern for gains of DNAm in their TET2 KO scenario (Figure S7D).

How mechanistically does TET2 protect against abnormal DNAm? Using the OS system 

discussed above as a way to introduce aberrant DNAm, we show that targeting of TET2 to 

chromatin, through interaction with DNMT1, actively removes unwanted DNAm in the 

process. In TET2 wild type cells treated with H2O2 for 30 min and examined for DNAm at 

this time point (30 min) and 2.5 hours after (3 h) (Figure S7E), there are overall gains of 

DNAm at the later time point (Figure S7F). These findings expand, to a genome-wide level, 

the concept that tightening of DNMTs to chromatin induced by OS causes increase of 

DNAm, as demonstrated previously in selected candidate genes (O'Hagan et al., 2011). 

Again, the abnormal gains are well seen for the promoter CGIs of low expression genes, as 

well as the low and intermediate methylated enhancer probes (Figure S7G–I). Moreover, the 

majority of the promoter CGIs and enhancer probes that gained DNAm during OS in TET2 
wild type cells are also hypermethylated in TET2 KO clones (Figure S7J and S7K), 

suggesting TET2 may function through similar pathways to protect against abnormal DNAm 

in KO and OS induced scenarios.

Finally, we further define the role for TET2 in protecting against abnormal DNAm in the 

above OS model by examining levels of 5hmC in parallel with assessing 5mC levels. First, 

increase of global 5hmC levels coincides with the gains of abnormal DNAm at the 3-hour 

time point after H2O2 treatment (Figure S7L), indicating TET2 is actively converting 5mC 

to 5hmC during this process. Second, acute depletion of TET2 by shRNA, which by itself 

imposes minimal impact on global DNAm during this short period of time, dramatically 

reduces global 5hmC levels (Figure S7M and S7N), and, most importantly, induces greater 

gains of DNAm when combined with H2O2 treatment (double treatment) (Figure 7I, 7J, and 

Figure S7O, S7P). Third, adapting a prior treatment procedure which allows simultaneous 

assessment of 5mC and 5hmC by the Infinium 450K assay (Stewart et al., 2015), we confirm 

that the group of low expression promoter CGIs probes that become aberrantly 

hypermethylated during OS indeed show further increases of 5mC and simultaneously 

decreases of 5hmC in the presence of double treatment (Figure 7K, compare Scr-H2O2 to 

shTET2-H2O2). Similar trends are also evident in a group of vulnerable enhancers (Figure 

7L). Finally, the promoter CGI and enhancer probes that become hypermethylated in TET2 
KO clones (Figure 7C and Figure S7C) also tend to gain abnormal DNAm during OS, and 

gain further DNAm during induction of OS when TET2 is depleted (Figure S7Q and S7R). 

All of the above findings then further indicate the essential role of TET2 in protecting 

against abnormal DNAm in the above OS induced scenario.

Discussion

Our present data suggest a paradigm for the participation of TET2, and possibly other TETs, 

in potentially preventing aberrant DNAm in cancer. We demonstrate that through a balance 

of acetylation and deacetylation at key lysine, the catalytic activity, stability, and protein 

partnering of TET2 may participate in a dynamic protective process against abnormal 

DNAm in cancer during OS. While a building body of work now is outlining the 

biochemistry by which TET proteins mediate active DNA demethylation, and the 
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importance of TETs in development, reprograming, and tumorigenesis, much less has been 

studied about how these proteins are dynamically regulated and their mechanistic roles in 

regulating DNAm in cancer. This highlights the importance of our uncovering of a balance 

of acetylation and deacetylation as a key post-translational process regulating TET2 

functions. The immediate effect of increasing TET2 enzymatic activity by acetylation as 

well as the long-term impact on protein stability well illustrates the functional relevance. 

Such importance is further emphasized by the enhanced interaction with DNMT1 and 

subsequent function in preventing aberrant DNAm during OS. TET1/3 are also found to be 

acetylated (Figure S1E), likely at different lysines, as K110 is not conserved in TET1/3 (data 

not shown). In line with a recent report (Bauer et al., 2015), we also identify multiple 

potential phosphorylation sites all in the N-terminus (Figure S1E, lower panel). The 

biological significance of this phosphorylation remains to be determined, but together with 

the N-terminal acetylation we now define, the importance of post translational modifications 

for TET2 functions is reinforced.

Several pathways regulating TETs protein stability have been delineated, such as the caspase 

(Ko et al., 2013), and calpains (Wang and Zhang, 2014) pathways. We now present 

compelling evidence showing that TET2 stability could also be regulated by the ubiquitin-

proteasome pathway. These seemingly discrepant observations may result from different 

origins and/or states of cells used. Differing from our findings that polyubiquitination of the 

conserved DSBH domain destabilizes TET2, Nakagawa recently identified mono-

ubiquitination at lysine 1299 which promotes binding of TET2 to DNA (Nakagawa et al., 

2015). The mono- and poly-ubiquitination patterns observed in these two studies are likely 

due to the use of the proteasome inhibitor, MG132 or not (Figure S4).

We further revealed the biological significance of acetylation in regulating TET2 function 

through modulating its partnering with DNMT1 which in turn stabilizes TET2 protein. We 

link these dynamics to how TET2 may participate in dynamically protecting against 

abnormal DNAm during OS in a process enhanced by TET2 acetylation through enhanced 

binding to DNMT1. Similar to tightening of DNMT1 to GC rich regions during OS which 

induces abnormal gain of DNAm (O'Hagan et al., 2011), we now show TET2 is also targeted 

to chromatin through interacting with DNMT1 and prevents accumulation of abnormal 

DNAm by converting 5mC to 5hmC (Figure 7M, proposed model). Although de novo 

methyltransferase DNMT3B also interacts with TET2 and tightens to chromatin during OS, 

and likely catalyzes the abnormal gains of DNAm occurred within 3 hours in our oxidative 

stress model, it is not required for targeting of TET2 to chromatin. This model is further 

supported by the observation that transient knocking down of TET2 reduces 5hmC and 

further enhances gains of 5mC when combined with H2O2 treatment. Since acute depletion 

of TET2 by itself does not induce gains of 5mC in the time frame tested (4 days), the sharp 

reduction of 5hmC resulted from TET2 knockdown likely plays a causal role in the further 

gains of 5mC during double treatment. Many of such CG rich areas, such as promoter CGIs, 

are normally protected from DNAm but frequently hypermethylated in cancer (Baylin and 

Jones, 2011; Jones and Baylin, 2007; Shen and Laird, 2013). We now define a TET2/

DNMTs complex(es) as a key regulator of DNAm which responds to OS and prevents 

accumulation of abnormal DNAm, and propose that loss of TETs function may contribute to 

aberrant DNA hypermethylation phenotype often observed in cancer.
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Loss of 5hmC has been observed in various cancers (Haffner et al., 2011; Jin et al., 2011; 

Yang et al., 2013), yet TET2 mutations are only frequently detected in leukemia (Scourzic et 

al., 2015). IDH1/2 mutations resulting in production of oncometabolite D-2-HG which 

inhibits TETs and many other epigenetic enzymes, are also highly restricted to gliomas and 

leukemia (Dang et al., 2009; Yan et al., 2009). In addition to down regulation of TETs by 

microRNAs (Song et al., 2013b), our data now suggest altered post-translational 

modification as another mechanism for deregulating TET2 functions in cancers. 

Deacetylation of TET2 by HDAC1/2 which are often over expressed in cancers (Glozak and 

Seto, 2007) may down-regulate the “failsafe” function of TET2 for preventing unwanted 

DNAm in focal regions such as normally unmethylated, promoter CGIs. In supporting this 

hypothesis, we found that mRNA levels of TETs are comparable between normal and tumor 

samples in the majority of cancers analyzed, while HDAC1/2 are almost always up-regulated 

(Figure S2). Such deacetylation of TET2 triggered by elevated HDAC1/2 could be extremely 

harmful when cells, during tumor initiation and progression, are continuously challenged by 

chronic inflammation and/or ROS which have been linked directly to tumorigenesis 

(Coussens and Werb, 2002). Decreased TET2 activities and reduced interaction with 

DNMT1 during OS might, thus, worsen the situation and ultimately result in focal gains of 

abnormal DNAm often observed in cancer (Baylin and Jones, 2011; Jones and Baylin, 2007; 

Shen and Laird, 2013). From a translational standpoint, our findings provide additional 

implications for why the use of HDAC inhibitors in cancer could be beneficial.

Experimental Procedures

Detailed materials and methods can be found in Supplemental Experimental Procedures.

Cell culture, treatments, and tight chromatin preparation

A2780 and HCT116 cells were maintained in RPMI-1640 and McCoy’s 5A with 10% FBS. 

For H2O2 exposure, 30% H2O2 (Sigma) was diluted in fresh medium immediately before 

use. After 30 min, cells were collected and tight chromatin fractions were prepared as 

indicated in the Supplemental Experimental Procedures.

Immunoprecipitation and pull down

Nuclear extracts were incubated with primary antibodies overnight at 4 °C, and additional 3 

hours with magnetic beads. For pull down, immunoprecipitated TET2 was incubated with 

purified recombinant DNMT1 or TDG overnight at 4 °C. After wash, beads were boile d in 

sample buffer and subjected to SDS-PAGE analysis. Band densitometry was quantified using 

ImageJ software.

shRNA knockdown and CRISPR knockout

For shRNA knockdown, cells were infected with virus for 2 days and selected with 

puromycin for 5 days. For CRISPR knockout, cells were infected for 2 days, and selected for 

10 days before isolating single cell clones.
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Dot blot and ELISA

Dot blot assays were performed as described previously (Ko et al., 2010). For ELISA, 

genomic DNA was denatured and coated onto 96-well microplates. Global 5hmC levels 

were measured using 5hmC specific antibody.

Global DNA methylation and 5hmC analysis

For regular DNA methylation analysis, 500 ng DNA was bisulfite converted (Zymo EZ 

DNA Methylation Kit) and hybridized to Illumina 450K arrays according to manufacturer’s 

instructions. For 5hmC analysis, DNA samples were split evenly into two aliquots and 

processed through either bisulfite (BS), or oxidative bisulfite (oxBS) workflows (Cambridge 

Epigenetix), and hybridized to Illumina 450K arrays. Probes with poor signals (P > 0.01) 

were removed from further analysis. 5hmC levels were obtained by subtracting the oxBS β 
value from the BS β value in each sample and negative 5hmC values were considered to be 

0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TET2 is acetylated by p300
(A) Endogenous TET2 and p300 complexes were immunoprecipitated (IPed) from A2780 

nuclear extract and analyzed by immunoblotting (IB). IgG was used as negative control. 

Whole cell extract (WCE) was used as input.

(B) Endogenous TET2 was IPed from A2780 cells treated with or without insulin (10 µg/ml, 

1 hour) and analyzed by IB. Cells were serum starved for 24 hours, and pretreated with 2 

µM TSA for 1 hour before insulin stimulation.

(C) Endogenous TET2 was IPed from A2780 cells infected with a scrambled (Scr) control 

shRNA or shp300 shRNA, and analyzed by IB.

(D and E) HEK293T cells were co-transfected with Flag-TET2 and various histone 

acetyltransferases (D), wildtype or catalytically inactive p300 or CBP. TET2 complexes 

were IPed and analyzed by IB.

(F) HEK293T cells were co-transfected with HA-p300 and Flag-TET2 wild type (WT) or 

2KR mutant. TET2 complexes were IPed and analyzed by IB.

(G and H) Endogenous TET2 proteins from A2780 cells infected with scramble (G) or 

shp300 (H) virus were immunoprecipitated and analyzed by mass spectrometry. Residue 110 
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was identified as an acetylated lysine (highlighted with *) in control (G) but not p300 

knockdown (H) cells. Peptide fragment ions used to calculate the mass of residue 110 (y2 in 

G and y1 in H) are highlighted by green arrowheads.

See also Figure S1.

Zhang et al. Page 16

Mol Cell. Author manuscript; available in PMC 2018 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. HDAC1/2 deacetylate TET2
(A and B) A2780 or HCT116 cells were treated with 2 uM TSA or 5 mM NAM (A) or 

increasing amounts of TSA (2uM and 5 uM) (B) for 6 hours. Endogenous TET2 was IPed 

and analyzed by IB. DMSO was used as a vehicle control.

(C) HEK293T cells were co-transfected with Flag-TET2/HA-p300, and HDAC1/2/3 

constructs. TET2 proteins were IPed and analyzed by IB.

(D) TET2 and HDAC1/2 complexes were IPed from A2780 nuclear extract and analyzed by 

IB. IgG was used as a negative control. WCE was used as input.

(E) Endogenous TET2 proteins were IPed from A2780 cells infected with Scr, or HDAC1/2 

shRNAs and analyzed by IB.
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See also Figure S2
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Figure 3. Acetylation enhances TET2 enzymatic activity
(A and B) Global 5hmC levels from genomic DNA extracted from A2780 cells treated with 

or without TSA for 6 hours (A), or infected with Scr or HDAC1/2 shRNAs (B) were 

quantified by 5hmC ELISA (upper) and 5hmC dot blot (bottom). Values represent mean ± 

SEM (n=3). *: P < 0.05, **: P < 0.01 (student’s t-test).

(C) Immunoprecipitated TET2 proteins bound on beads were divided equally and incubated 

with or without recombinant p300 catalytic domain. After wash, beads were incubated with 
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5mC substrates. The level of generated 5hmC was quantified by 5hmC ELISA (upper) and 

dot blot (bottom). Values represent mean ± SEM (n=3). **: P < 0.01 (student’s t-test).

(D) Purified recombinant TET2 protein (bound on beads) were divided equally and 

incubated with recombinant p300 catalytic domain in the presence or absence of acetyl-

CoA. After wash, beads were incubated with 5mC substrates and the level of generated 

5hmC was quantified by 5hmC ELISA (upper) and dot blot (bottom). Values represent mean 

± SEM (n=2). **: P < 0.01 (student’s t-test).

(E) Global 5hmC and 5mC levels from genomic DNA extracted from HEK293T cells 

transfected with empty vector (EV), TET2 WT, or 2KR mutant were quantified by 5hmC 

ELISA (upper) and dot blot (bottom). Values represent mean ± SEM (n=3). **: P < 0.01; #: 

not significant (student’s t-test).

See also Figure S3.
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Figure 4. Acetylation stabilizes TET2 by inhibiting ubiquitination
(A and B) A2780 cells were infected with either Scr or p300 shRNAs (A), or treated with 

DMSO, or increasing amount of p300 inhibitor (5, 10, and 20 uM) (B). Cell lysates were 

analyzed by IB (upper). TET2 mRNA was quantified by qRT-PCR (lower). Values represent 

mean ± SEM (n=3). #: not significant, *: P < 0.05 (student’s t-test).

(C and D) A2780 cells were treated with DMSO or 2 uM TSA (C), or HEK293T cells were 

transfected with WT or 2KR mutant for 24 hours (D), incubated with Cycloheximide (CHX, 

100 ug/ml) and collected at indicated time points. Cell lysates were analyzed by IB. Band 

intensities were quantified by ImageJ and normalized to Actin.
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(E) A2780 (upper) or HCT116 (lower) cells were treated with CHX (100 ug/ml) and various 

proteolysis inhibitors for 24 hours. TET2 protein levels were analyzed by IB. DMSO was 

used as a vehicle control. Cells without any treatment were used as control. MG132, 

proteasome inhibitor; Calpeptin, calpain inhibitor; Z-VAD-FMK: caspase inhibitor.

(F) Schematic presentation of TET2 truncations used in (G).

(G) HEK293T cells were transfected with various TET2 truncation constructs showed in (F) 

and treated with DMSO, or MG132 for 12 hours. Cell lysates were analyzed by IB.

(H and I) HEK293T cells were transfected with Flag-TET2 (H), TET2 WT or 2KR mutant 

(I), with or without HAUb for 24 hours, treated with DMSO or MG132 overnight. TSA were 

added 6 hours before harvest. TET2 proteins were IPed and analyzed by IB.

See also Figure S4.

Zhang et al. Page 22

Mol Cell. Author manuscript; available in PMC 2018 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. TET2 acetylation enhances DNMT1 binding to promote protein stability
(A) A2780 cells were infected with Scr or DNMT1 shRNAs. Cell lysates were analyzed by 

IB.

(B) Endogenous TET2 complexes were IPed from A2780 nuclear extract and analyzed by 

IB.

(C) Immunoprecipitated TET2 bound on beads was incubated with or without recombinant 

DNMT1 (500 ng) overnight. Bound proteins were analyzed by IB. Rabbit IgG was used as a 

negative control.

(D and E) HEK293T cells were transfected with full length Flag-TET2 and various DNMT1 

truncations (D) or full length Myc-DNMT1 and various TET2 fragments (E). TET2 

complexes were IPed and analyzed by IB.

(F) HEK293T cells were transfected with full length DNMT1 and TET2-N1 or TET2-N1 

deletion lacking K110/111. TET2 complexes were IPed and analyzed by IB.

(G) Endogenous TET2 complexes were IPed from A2780 cells treated with or without TSA 

and analyzed by IB. IgG was used as a negative control.

(H) TET2 complexes were IPed from HEK293T cells transfected with TET2 WT, 2KR, or 

2KQ mutants and analyzed by IB. Non-transfected (Mock) cells were used as a negative 

control.

(I and J) A2780 cells were infected with non-targeting (Con) or DNMT1 LentiCRISPR 

viruses and selected by puromycin. Lysates from pooled cells were analyzed by IB (I). 
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Control and DNMT1 knockdown cells treated with cycloheximide (CHX, 100 ug/ml) were 

collected at indicated time points and TET2 protein levels were analyzed by IB.

(K) TET2 complexes were IPed from A2780 nuclear extract and analyzed by IB. Rabbit IgG 

was used as a negative control.

See also Figure S5.
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Figure 6. Acetylation enhances targeting of TET2 to chromatin during OS
(A) A2780 cells treated with or without H2O2 for 30 min were extracted sequentially with 

various buffers. Proteins resistant to 0.45M NaCl buffer are considered as tight chromatin 

fraction and analyzed by IB. Tight chromatin DNMT3B is referred to DNMT3B that is 

resistant to 2 M NaCl buffer. WCE was used as input.

(B) Endogenous TET2 complexes were IPed from A2780 nuclear extract and analyzed by 

IB.

(C) Immunoprecipitated TET2 bound on beads was incubated with or without 500 ng 

recombinant TDG overnight. Bound proteins were analyzed by IB. IgG was used as negative 

control.

(D) A2780 Con and DNMT1 knockdown cells were treated with or without H2O2 for 30 

min. Tight chromatin and WCE were analyzed by IB. Band intensities were quantified by 

ImageJ and normalized to LaminB loading control.

(E) Endogenous TET2 complexes were IPed from A2780 cells treated with or without H2O2 

for 30 min and analyzed by IB. Spermine and Spermidine were added to extract proteins 

bound to chromatin.

(F and G) HEK293T cells were transfected with Flag-TET2, in the presence or absence of 

HA-p300 (F), or TET2 WT, or 2KR mutant (G) for 2 days and treated with or without H2O2 

for 30 min. Tight chromatin proteins and WCE were analyzed by IB. Band intensities were 
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quantified by ImageJ and normalized to LaminB loading control. A pre-determined ratio 

between TET2 and p300 constructs was used in (F) to achieve equal levels of total TET2 

proteins.

See also Figure S6.
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Figure 7. TET2 protects against abnormal DNAm
(A) A2780 cells were infected with Con or TET2 LentiCRISPR viruses and single clones 

were selected. Cell lysates of single clones were analyzed by IB, and global 5hmC levels 

were measured by dot blot.

(B) Box plot showing increase of DNAm of unmethylated (β < 0.25) and intermediately 

methylated (0.25 < β < 0.75) promoter CGI probes of low expression genes (LE) in TET2 
KO clones. ****: P < 0.0001 (student’s t-test).

(C) Heatmap showing LE promoter CGI probes hypermethylated in TET2 KO clones (Δβ 
(KO - WT) > 0.2).

(D) Venn diagram showing overlaps between genes hypermethylated in TET2 KO clones 

(C), bivalent genes in hESCs, and cancer specific hypermethylated genes.

(E) Gene ontology enrichment analysis for genes hypermethylated in TET2 KO clones.
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(F) Scatter plot showing correlation between DNAm and gene expression changes in TET2 
KO clones. Hypermethylated promoter CGIs probes (Δβ (KO - WT) > 0.2) associated with 

down-regulation of gene expression (log2 (KO/Con)>0.5) are highlighted in red.

(G and H) (G) Box plot showing gains of DNAm in enhancer probes with low and 

intermediate basal DNAm in TET2 KO clones. (H) Scatter plot showing correlation between 

DNAm and gene expression changes on potential enhancer-target gene pairs. 

Hypermethylated enhancer probes (Δβ (KO - WT) > 0.2) associated with down-regulation 

of gene expression (log2 (KO/Con)>0.5) are highlighted in red.

(I) Scatter plot showing correlation between probes which gain DNAm during OS alone (x-

axis, Δβ (Scr-H2O2 –Scr-mock) and during OS with TET2 knockdown (double treatment) 

(y-axis, Δβ (shTET2-H2O2 – Scr-mock). |Δβ|>0.1 was used as cut-off.

(J) Global 5hmC levels in mock (Scr-mock), OS (Scr-H2O2), and double treated (shTET2-

H2O2) cells were measured by 5hmC ELISA. Values represent mean ± SEM (n=3). **: P < 

0.01, ***: P <0.001 (student’s t-test)

(K and L) Box plot showing dynamic 5mC and 5hmC changes for LE CGI (K) and enhancer 

(L) probes that gain DNAm during OS (compare red bar to gray bar). Further increase of 

5mC levels coincide with decrease of 5hmC levels on these probes in double treated cells 

(compare orange bar to red bar). ****: P <0.0001 (student’s t-test).

(M) Model of how TET2 actively protects against abnormal DNA methylation during OS. 

OS induces recruitment of TET2/DNMTs complex(es) to chromatin. DNA methylation 

installed by DNMTs, which would be abnormal if retained, is actively removed by TET2 

through converting 5mC to 5hmC. p300-mediated TET2 acetylation enhances TET2/

DNMT1 interaction and positively regulates this process. Deacetylation of TET2 reduces its 

enzymatic activity, weakens its interaction with DNMT1 and triggers protein degradation.

See also Figure S7 and Table S1.
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