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SUMMARY

O-linked N-acetylglucosamine (O-GlcNAc) trans-
ferase (Ogt) activity is essential for embryonic stem
cell (ESC) viability and mouse development. Ogt is
present both in the cytoplasm and the nucleus of
different cell types and catalyzes serine and threo-
nine glycosylation. We have characterized the bio-
chemical features of nuclear Ogt and identified the
ten-eleven translocation (TET) proteins Tet1 and
Tet2 as stable partners of Ogt in the nucleus of
ESCs.We showat a genome-wide level that Ogt pref-
erentially associates with Tet1 to genes promoters in
close proximity of CpG-rich transcription start sites.
These regions are characterized by low levels of
DNA modification, suggesting a link between Tet1
and Ogt activities in regulating CpG island methyla-
tion. Finally, we show that Tet1 is required for binding
of Ogt to chromatin affecting Tet1 activity. Taken
together, our data characterize howO-GlcNAcylation
is recruited to chromatin and interacts with the
activity of 5-methylcytosine hydroxylases.

INTRODUCTION

The O-linked N-acetylglucosamine (O-GlcNAc) transferase Ogt

is an evolutionarily conserved enzyme that catalyzes all O-linked

protein glycosylation (Haltiwanger et al., 1992). OGT is present in

both the cytoplasm and the nucleus of cells and modifies threo-

nine and serine residues through the attachment of an N-acetyl

glucosamine moiety to their hydroxyl groups (Haltiwanger

et al., 1992; Holt and Hart, 1986). The Ogt gene locus resides

on the X chromosome and its activity is required for the viability

of male embryonic stem cells (ESCs) (Shafi et al., 2000). Consis-

tent with this, Ogt knockout (KO) mice are not viable and die

during embryogenesis. Moreover, maternal loss of Ogt results
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in lack of viability of heterozygous embryos no later than day 5

postcoitus due to developmental defects of the extra embryonic

tissues that are engaged by paternal X chromosome inactivation

(Shafi et al., 2000).

Over the past 15 years, several different Ogt substrates have

been identified, suggesting that Ogt can control different cellular

functions in agreement with the severe phenotypes observed

upon loss of Ogt activity (Love and Hanover, 2005; Vosseller

et al., 2001). O-linked protein glycosylation is counteracted by

the activity of the O-GlcNAcase OGA that actively removes

O-GlcNAc groups from O-glycosylated proteins (Gao et al.,

2001). OGT and OGA are the final executors of hexosamine

signaling (HSP), a metabolic pathway that senses the nutrient

state of the cells. O-GlcNAc is produced from glucose, gluta-

mine, acetyl-CoA, uridine, and ATP, and reduced levels of

O-GlcNAc inhibit proteins’ O-linked glycosylation, making OGT

and OGA potent nutrient sensors (Love and Hanover, 2005).

Importantly, HSP and in particular OGA and OGT activities

have been directly linked to the insulin resistance that is acquired

in patients with diabetes mellitus (Love and Hanover, 2005). For

example, the overexpression of OGT in muscle and fat tissue

leads to the development of type II diabetes in mice (McClain

et al., 2002). In addition, alterations in protein O-GlcNAcylation

have been directly linked to other aging related diseases such

as cancer and neurodegenerative disorders (Hart et al., 2011;

Love and Hanover, 2005). In this latter case, the progression of

neural degeneration, which is also related to an acquisition of

insulin resistance by the patients, has been directly associated

to a deregulated OGT activity (Love and Hanover, 2005).

While in the cytoplasm OGT glycosylates several proteins like

proteasome components, chaperones, and kinases, in the

nucleus OGT was shown to modify important transcriptional

regulators such as the transcription factors SP1, HCFC1, MYC,

p53, and Oct4 as well as the C-terminal domain (CTD) of RNA

polymerase II (RNApol-II) (Capotosti et al., 2011; Chou et al.,

1995; Comer and Hart, 2001; Jackson and Tjian, 1988; Jang

et al., 2012; Shaw et al., 1996). In general, one of the most

accepted functions for O-glycosylation is to prevent proteins
cular Cell 49, 645–656, February 21, 2013 ª2013 Elsevier Inc. 645

mailto:diego.pasini@ieo.eu
http://dx.doi.org/10.1016/j.molcel.2012.12.019
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.molcel.2012.12.019&domain=pdf


Molecular Cell

TET Proteins Mediate OGT Binding to Chromatin
phosphorylation (Zeidan and Hart, 2010). For example, RNApol-

II glycosylation mainly occurs at the threonine 4 residue of the

CTD repeats and has been suggested to counteract CTD

phosphorylation, hence inhibiting RNApol-II activation and

elongation (Comer and Hart, 2001). Differently, OGT dependent

O-GlcNAcylation induces cleavage of the transcription factor

HCFC1, regulating its related cell-cycle control (Capotosti

et al., 2011), and the activity of Oct4 in maintaining ESC pluripo-

tency (Jang et al., 2012).

Recent findings also identified several histone proteins as

targets of O-linked glycosylation. General O-GlcNAcylation has

been reported for histone H2B, H3, and H4 (Sakabe et al.,

2010), while the specific glycosylation of histone H2B at serine

112 (H2Bgly) was shown to favor the ubiquitylation of lysine (K)

120 of the same histone (H2Bubq), thus promoting transcrip-

tional elongation (Fujiki et al., 2011). Overall, these latest findings

strongly suggest that nutrient metabolism could act directly in

shaping cells epigenetic landscape.

Due to the multiple essential functions of Ogt, we decided to

characterize the biochemical features of nuclear Ogt by perform-

ing a tandem protein complex purification from ESCs. This

approach allowed us to identify two components of the ten-

eleven translocation (TET) protein family, Tet1 and Tet2, as stable

partners of Ogt in the ESC nucleus. The TET proteins belong to

a family of dioxygenases that catalyze the hydroxylation of 5-

methylcytosine (5hmC and 5mC, respectively) (Wu and Zhang,

2011). Depletion of TET proteins levels results in loss of 5hmC

(Dawlaty et al., 2011; Ito et al., 2010; Koh et al., 2011; Tahiliani

et al., 2009; Wu et al., 2011b). TET1 and TET2 are highly

expressed in ESCs, while TET3 is active at early stages of

embryogenesis and regulates postfertilization paternal DNA re-

programming through loss of DNA methylation (Gu et al., 2011;

Inoue and Zhang, 2011). In ESCs, TET1 associates both to

promoters and to distal regulatory elements (Ficz et al., 2011;

Williams et al., 2011; Wu et al., 2011b). While 5mC is excluded

from CpG-rich promoter regions, 5hmC DNA immunoprecipita-

tion (hmeDIP) analyses have shown that 5hmC can accumulates

at promoters with higher CpG content (Williams et al., 2011; Wu

et al., 2011a; Xu et al., 2011). Recent sequencing approaches

resolved the single-base 5mC and 5hmC genome-wide modifi-

cation map of ESCs showing that, despite the fact that some

CpG islands retain substantial enrichment of 5hmC, most of

the 5hmC sites (�46%) reside at regulatory elements in proximity

of transcription factor (TF) DNA binding sites (Booth et al., 2012;

Yu et al., 2012). Interestingly, differently from 5mC, 5hmC depo-

sition seems to accumulate asymmetrically respect to the anti-

parallel DNA filaments (Yu et al., 2012). Hydroxylation of 5mC

has been proposed to promote passive or DNA repair-depen-

dent loss of cytosinemethylation, amechanism that is consistent

with the low level of DNAmodifications that are detected at TET1

bound promoters (Wu and Zhang, 2011). This correlation led to

the speculation that TETs’ activity might serve as a fidelity mech-

anism that allows maintaining CpG-rich DNA elements free of

DNA methylation (Williams et al., 2012). Thus, the identification

of a potential complex between Ogt, Tet1, and Tet2 encouraged

us to further characterize this functional interaction leading to the

discovery that Tet1 regulates Ogt recruitment to gene transcrip-

tion start sites regulating its chromatin related activities.
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RESULTS

Tet1 and Tet2 Stably Interact with Ogt
In order to identify interacting partners of Ogt in the nucleus of

ESCs, we generated a stable ESC line that expresses a flag-

tagged biotinylated form of Ogt (fbio-Ogt) in cells that constitu-

tively express the BirA enzyme (BirA-ES). With this approach,

we have previously obtained efficient in vivo protein biotinylation

(Vella et al., 2012). We have selected a BirA-ES clone that

expresses subphysiological levels of fbio-Ogt and that retains

efficient Ogt in vivo biotinylation (Figure 1A). Since Ogt is present

in both the cytoplasm and in the nucleus of different cell types

(Kreppel et al., 1997), we tested whether fbio-Ogt has a compa-

rable cellular localization to endogenous Ogt. For this purpose,

we have fractionated the nucleus and the cytoplasm of fbio-

Ogt BirA ESCs by hypotonic extraction and analyzed the locali-

zation of fbio-Ogt relative to its endogenous counterpart. The

western blot (WB) analysis presented in Figure 1B demonstrates

that endogenous and fbio-Ogt have a comparable cellular local-

ization. With these cells, we have tested the extractability of Ogt

by preparing nuclear protein extracts that have been lysed at

different salt concentrations. As shown in Figure S1A (available

online), maximum Ogt chromatin extraction was obtained at

300 mM NaCl concentration. This condition was chosen to

prepare nuclear protein extracts in order to identify fbio-Ogt-

interacting proteins. Thus, we have performed a tandem flag

and Streptavidin affinity purification using nuclear extracts

from both control and fbio-Ogt BirA ESCs (Figure 1C). The eluted

proteins have been separated and silver stained on a polyacryl-

amide denaturing gel showing that fbio-Ogt purification specifi-

cally enriched several additional proteins (Figure 1C). Analysis

by mass spectrometry (MS/MS) of the eluted material led to

the identification of previously known Ogt-interacting proteins

like Hcfc1 or Sin3a (Chou et al., 1995; Yang et al., 2002), demon-

strating the strength of our approach (Figure 1D). Moreover,

among the most enriched fbio-Ogt purified proteins, the MS

analyses identified also two components of the ten eleven-trans-

location protein family that are expressed in ESCs, Tet1 and Tet2

(Figure 1D). Interestingly, Sin3a was previously shown to interact

with both Hdac1 and Tet1 (Hassig et al., 1997; Williams et al.,

2012), and the finding that Ogt also copurify the same proteins

potentially suggests the existence of a complex containing

Ogt, Sin3a, Hdac1, and Tet proteins. This is consistent with

Ogt being one of the most abundant proteins in Tet1 and Tet2

purifications (data not shown).

In order to validate the MS results, we performed an indepen-

dent Streptavidin purification in fbio-Ogt-expressing BirA ESCs

and confirmed that Ogt coprecipitated endogenous Tet1 and

Tet2 as well as Hcfc1 and Sin3a (Figure 1E). Moreover, using

specific antibodies for Ogt, Tet1, and Tet2 in immunoprecipita-

tions (IPs) with protein extracts prepared from normal growing

pluripotent E14 ESCs, we demonstrated that endogenous

Tet1 and Tet2 associate with endogenous Ogt in ESCs

(Figures 2A–2C, and S1B, and S1C). In addition, the reciprocal

coIPs between Tet1 and Tet2 observed in Figures 2A and 2B

further suggest a physical connection between these proteins.

Remarkably, Tet1 IPs performed on nuclear extracts pre-

pared from ESCs depleted of Ogt expression by transfection of
c.



Protein fbio-OGT fbio-Ctrl PEP iBAQ

Ogt 289 2 0.0 49412000

Hcfc1 145 0 0.0 4164900
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Figure 1. Nuclear Ogt Stably Purifies with

Tet Proteins in Mouse ESCs

(A) Western blot (WB) analyses with the indicated

antibodies of protein extracts obtained from BirA-

expressing ESCs with (+) or without (–) fbio-Ogt

expression. Vinculin served as loading control.

(B) WB of cytoplasm versus nuclear fractionation

with the indicated antibodies in fbio-Ogt-ex-

pressing BirA ESCs. a-tubulin and histone H3 are

presented as fractionation controls.

(C) Scheme of the purification procedure and silver

staining of 10% of the eluted proteins from tandem

purifications with control or fbio-Ogt-expressing

BirA ESCs.

(D) Table of themost relevant proteins identified by

mass spectrometry showing the number of pep-

tides detected in both control or fbio-Ogt purifica-

tions together with the posterior probability error

(PEP) and the intensity based absolute quantifica-

tion score (iBAQ) determined with MaxQuant.

(E) WB using the indicated antibodies of Strepta-

vidin purifications from protein extracts obtained

from fbio-Ogt expressing (+) or not expressing (–)

BirA ESCs.

See also Figure S1.
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endoribonuclease-prepared small interfering RNAs (esiRNA),

showed loss of Tet1-Tet2 interaction upon depletion of Ogt

expression (Figure 2D).

To test whether Tet proteins and Hcfc1 coexist together in

a complex with Ogt, we fractionated ESC nuclear extracts on

size-exclusion chromatography and showed by western blot

analyses that Tet1, Tet2, Ogt, and Hcfc1 coelute in high-molec-

ular-weight fractions, consistent with being part of large multi-

protein complexes (Figure 3A). Thus, we performed parallel

coIP analyses on ESCs nuclear extracts using antibodies

specific for Tet1, Tet2, Ogt, Hcfc1, and Sin3a (Figure 3B). The

result of this analysis, also summarized in the table presented

in Figure 3C, confirms a strong interaction of Tet1 and Hcfc1

with Ogt while depicting a weak interaction between Tet1 and

Hcfc1. This result strongly suggests that Tet1 and Hcfc1 form

two distinct Ogt containing complexes that can still be in contact

with each other. Finally, using a wheat germ agglutinin (WGA)

agarose resin to allow isolation of glycoproteins under dena-

turing conditions (Figure 3D), we demonstrated that, together

with Hcfc1 and Ogt itself (two known Ogt substrates), Tet1,

Tet2, and Sin3a are enriched on the WGA resin, suggesting

that Ogt binding to Tet1 and Tet2 induces their O-GlcNAcylation

(Figures 3E and S1D). Such result is consistent with Tet1 being

identified in a proteomic approach among nuclear ESC O-

GlcNAcylated proteins (Myers et al., 2011). Taken together,

these results demonstrate that Tet1 and Tet2 are physiological

stable partners of Ogt in the nucleus of ESCs and that they are

targets of its enzymatic activity.

Ogt Associates with TSSs of Protein-Coding Genes and
Affects Metabolic and Signaling Pathways
In order to determine regions of Ogt association throughout the

ESC genome, we performed chromatin immunoprecipitation

analyses coupled to high-throughput DNA sequencing (ChIP-

seq) with an Ogt-specific antibody. Such experiments led to
Mole
the identification of 11,552 Ogt binding sites (Table S1). Annota-

tion of these sites enriched for genomic regions that are classi-

fied as promoters, introns, and exons (Figure 4A). In addition,

the annotation of Ogt binding sites in respect to gene promoters,

defined as a 5 kilobase (kb) window over RefSeq annotated

transcription start sites (TSSs), shows that 62% of Ogt binding

sites are found within promoter regions (Figure 4B). Importantly,

the distribution of the density of Ogt binding within a window of

20 kb around RefSeq TSSs showed that Ogt ChIP-seq signals

distribute in close proximity to TSS of protein-coding genes (Fig-

ure 4C). Overall, these data show that Ogt has a genome-wide

preferential association at gene promoters with a precise accu-

mulation in correspondence of their TSSs.

To test whether Ogt activity affects transcription, we decided

to set up a strategy to deplete Ogt expression from ESCs. Due to

the requirement of Ogt activity for ESC viability (Shafi et al.,

2000), we took advantage of esiRNA to transiently knock down

Ogt expression. As shown in Figure 4D, esiRNA directed toward

Ogt led to an efficient downregulation of Ogt expression and to

a global loss of protein O-GlcNAcylation. Importantly, transient

Ogt depletion did not alter the expression of Tet proteins and

did not result in loss of the self-renewing capacity of ESCs, as

depicted by the stable expression of pluripotency markers

such as Oct4 and Nanog (Figure 4D). Transcriptome analyses

led to the identification of 1056 genes that are affected in expres-

sion upon downregulation of Ogt expression (Table S2). Ogt-

dependent deregulation of gene expression includes a similar

number of genes being up- or downregulated (Figure 4E). The

microarray expression data of genes with different regulation

levels were also independently validated by real-time quantita-

tive PCR (qPCR) analyses (Figure 4F). Functional annotation

with ingenuity pathway analysis (IPA) of Ogt-regulated genes re-

vealed a strong increase in the expression of genes involved in

glycan biosynthesis and glycerolipids metabolism (Figure 4G).

The downregulated genes were enriched for genes involved in
cular Cell 49, 645–656, February 21, 2013 ª2013 Elsevier Inc. 647
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Figure 2. Endogenous Ogt Interacts with Tet1 and Tet2

(A–C) WB with the indicated antibodies of immunoprecipitated (IP) proteins

from nuclear E14 ESCs lysate with Tet1- (A), Tet2- (B), and Ogt- (C) specific

antibodies. IgG served as unrelated IP control.

(D) WB with the indicated antibodies of IP proteins with a Tet1-specific

antibody from protein lysate of cells transfected for 48 hr with Ogt- and

Gfp- (control) specific esiRNAs.

See also Figure S1.
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Figure 3. Ogt Forms Distinct Complexes with Tet Proteins and

Hcfc1, Mediating Their O-GlcNAcylation
(A) WB with the indicated antibodies on different fractions of E14 ESC nuclear

lysates separated on a Superose 6 size-exclusion chromatography.

(B) WB with the indicated antibodies of immunoprecipitated proteins from

nuclear E14 ESC lysates with Tet1-, Ogt-, Hcfc1-, Sin3a-, and Tet2-specific

antibodies. IgG served as unrelated IP control.

(C) Table summarizing the strength of interaction in the IPs presented in (B).

(D) WB with the indicated antibodies of IP proteins from denatured E14 ESC

lysates. IgG is presented as unrelated IP control.

(E) WB with the indicated antibodies of purified proteins with wheat germ

agglutinin (WGA) agarose from the denatured E14 ESC protein lysates pre-

sented in (D). Anonconjugatedagarose resin servedaspurificationcontrol (ctrl).

See also Figure S1.
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metabolic signaling pathways and protein biosynthesis (Fig-

ure 4G). Importantly, a significant fraction of these genes retains

the association of Ogt at their promoter (Figure 4H). Overall,

these results show that acute loss of Ogt in ESCs induces tran-

scriptional changes that are consistent with both Ogt enzymatic

activity and its pleiotropic functions. Moreover, several of these

genes retain Ogt binding at their promoter, suggesting a direct

role of Ogt in controlling their expression in agreement with

previous C. elegans and D. melanogaster studies on Ogt nuclear

activity (Gambetta et al., 2009; Love et al., 2010).

Ogt and Tet1 Colocalize at Unmethylated CpG-Rich
Promoters
Since we have identified Tet1 and Tet2 as stable interacting part-

ners of Ogt in ESCs, we wondered whether Ogt binding to chro-

matin colocalizes with Tet activity. Tet1 was previously shown in

ESCs to bind both at promoters and at distal regulatory elements

as well as to overlap with H3K4 trimethylated (H3K4me3) TSSs.

Consistent with this, Tet1 binding is found both at promoter and

nonpromoter genomic regions (Figure S2A). To test whether Ogt

and Tet1 colocalize at the same genomic regions, we overlapped

our Ogt data with ChIP-seq analysis for Tet1 and H3K4me3

previously performed in the same ESC line (Mikkelsen et al.,

2007; Williams et al., 2011). As shown in the genomic snapshots

presented in Figure 5A, Ogt binding seems to perfectly overlay

Tet1 ChIP-seq signal at H3K4me3-positive promoters. Consis-

tent with this, more than 90% of Ogt binding sites colocalize

with Tet1, and more than 70% of all Ogt peaks show both Tet1

binding and H3K4me3 accumulation (Figure 5B). The colocaliza-

tion was further validated by real-time qPCR ChIP analyses with
648 Molecular Cell 49, 645–656, February 21, 2013 ª2013 Elsevier In
a specific Tet1 and two different Ogt antibodies (Figure 5C).

Additional analyses with a ChIP-seq data set, generated with

a different Tet1-specific antibody (Tet1-C), extend the overlap

presented in Figure 5B showing that 98% of Ogt binding sites

overlap with Tet1 (Figure S2B). This is consistent with the accu-

mulation of the Ogt and Tet1 ChIP-seq signals at Tet1- and Ogt-

unique binding sites identified in Figure 5B (Figure S2C). Tet1

and Ogt colocalization at these sites was further validated by

real-time qPCR ChIP analyses (Figures S2D and S2E), and the

specificity of these analyses demonstrated by Tet1 and Ogt

loss of function experiments (Figures S3A–S3F). Moreover, Ogt

also displays a broad overlap with Sin3a binding sites that is in

agreement with our interaction data (Figures S4A–S4D). Impor-

tantly, analysis of the coverage between Ogt and Tet1 peaks

showed a high degree of overlay (80%–100%) that is consistent

with their physical interaction (Figure S4E).
c.
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The genomic snapshots presented in Figure 5A also suggest

that Ogt and Tet1 binding could preferentially occur at promoter

regions. To test this, we have annotated all Tet1 binding sites

that overlap (+Ogt) or do not overlap (–Ogt) with an Ogt peak

(left graph) or, vice versa, the Ogt binding sites that do or do

not overlap with Tet1 occupancy (right graph) in relation to

RefSeq TSSs. This analysis demonstrated that Tet1 and Ogt co-

localization preferentially occurs at the TSSs and not at distal

regulatory elements (Figure 5D). A similar analysis, taking CpG-

rich islands (CpGis) into account, shows a preferential colocali-

zation of Tet1 and Ogt at CpG-rich genomic regions that is

consistent with their preferential coassociation at gene

promoters (Figure 5E).

CpG-rich DNA elements are mainly localized at promoter

regions and are in general maintained free of DNA methylation.

The protection of CpGis from DNA methylation is controlled by

theH3K4me3-dependent inhibition of de novoDNAmethyltrans-

ferases (Hashimoto et al., 2010). While Tet1 binding at distant

regulatory elements correlates with 5hmC deposition, Tet1

binding at CpG rich promoters correlates with lack of these

DNA cytosine modifications. Indeed, the Ogt ChIP-seq signal

increases together with CpG density, and it correlates with

lack of 5hmC (Figures 5F and 5G). By generating single-base

methylome analyses of ESCs, recent data have identified

genomic regions that present low levels of DNA methylation

(�30%) and have been characterized as CpG-poor regulatory

elements (LMRs) (Stadler et al., 2011). 5hmC in particular accu-

mulates at LMRs (Stadler et al., 2011; Williams et al., 2011), and

LMRs are also positive for Tet1 binding. Consistent with our

data, the Ogt ChIP-seq signal is reduced from these elements,

while it is increased at unmethylated regions (UMRs) and nega-

tively correlates with 5hmC deposition (Figure 5H). These data

show that, consistent with their biochemical interaction, Ogt

DNA association occurs preferentially at Tet1 binding sites within

CpG dense regions that do not contain detectable levels of DNA

cytosine modifications.

Tet1 Is Required for Ogt Recruitment to Promoters
Our ChIP data show that Ogt binding to chromatin is significantly

decreased in absence of Tet1, suggesting that Tet1 could link

Ogt association to DNA. To test this, we decided to isolate

proteins from the chromatin-associated fraction of ESCs that

stably express Tet1-specific short hairpin RNAs (shRNAs). Since

decrease of Tet1 only leads to a partial locus-specific reduction

of 5hmC levels (Williams et al., 2011), we hypothesized that Tet2

could have redundant functions at Tet1 target sites. Tet2 ChIP

analyses at the Tet1-Ogt binding sites were unsuccessful (data

not shown), suggesting either that Tet2 does not stably localize

at these genomic regions or that our Tet2 antibody is not efficient

for ChIP analyses. However, to avoid potential Tet2 compensa-

tory effects, we knocked down Tet2 expression in Tet1 shRNA-

interfered ESCs (Figure 6A). WB analyses of chromatin-associ-

ated proteins from ESCs depleted for Tet1 and Tet2 showed

a strong reduction of Ogt association to chromatin (Figure 6A).

Consistent with this, immunofluorescence (IF) staining with

Ogt-specific antibodies (Figure S5A) highlighted an increased

cytoplasmic distribution of Ogt in Tet1 and Tet2 knockdown cells

(Figure S5B). Interestingly, our fractionation analyses presented
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in Figure 6A also indicate that Tet2, despite localizing in the ESC

nucleus (Figure S5C), is poorly associated to chromatin and pref-

erentially accumulates in the soluble fraction (Figure 6A). This

suggests that Tet2, differently from Tet1, is loosely associated

to chromatin. This observation potentially explains our unsuc-

cessful Tet2 ChIP results and further suggests that Tet2 might

not be directly involved in regulating the association of Ogt

with chromatin. To test this, we specifically knocked down

Tet2 expression in ESCs and demonstrated that Tet1 and Ogt

chromatin association was unaltered in absence of Tet2 expres-

sion (Figure 6B). Thus, to test whether Ogt chromatin association

is only dependent on Tet1 activity, we performed chromatin frac-

tionation analyses in two different Tet1-interfered ESC lines and

showed that reduced Tet1 expression induces a global loss of

Ogt chromatin association (Figure 6C). Interestingly, loss of

Tet1 further reduces the amount of chromatin bound Tet2, sug-

gesting that Ogt-Tet2 interaction could stabilize Tet2 association

to chromatin (Figure 6C). To provide further evidence that Ogt

promoter association is dependent on Tet1 activity, we per-

formed ChIP analyses with Ogt-specific antibodies at several

target promoters before and after depletion of Tet1 expression.

Such analyses demonstrated that loss of Tet1 expression

displaces Ogt binding from its target genes (Figures 6D, S3C,

and S3F) and increases the expression of Ogt-Tet1 common

target genes (Figure S6A). Since Ogt seems to O-GlcNAcylate

Tet1 (Figure 3E), we also wondered whether loss of Ogt could

affect Tet1 stability to chromatin. Indeed, fractionation analyses

in Ogt knockdown ESCs revealed a destabilized Tet1 associa-

tion to chromatin (Figure 7A) that is consistent with its diminished

binding at some target promoters observed by ChIP analyses

(Figure 7B). However, in absence of Ogt activity, we observed

increased 5hmC levels at different Tet1 binding sites (Figure 7C).

Such an increase occurs prevalently at promoter regions with

low 5hmC and high Ogt levels (Figures 5F–5H), suggesting that

loss of Ogt activity promotes 5hmC accumulation. Consistent

with this, stabilization of O-GlcNAcylation by inhibition of OGA

activity with PUGNAc (Figure S6B) results in decreased 5hmC

levels at the same loci (Figure 7D). Overall, these data show

that Tet1 mediates global Ogt recruitment to chromatin and

that Tet1 interaction with Ogt further stabilizes Tet1 binding at

its target promoters, regulating 5hmC levels.

DISCUSSION

Our results demonstrate the existence of a stable complex

between the O-GlcNAc transferase Ogt and two components

of the 5mC hydroxylase protein family, Tet1 and Tet2, linking

two diverse enzymatic activities to chromatin. The fact that Ogt

purification also led to the isolation of Sin3a and Hdac1 (previ-

ously identified partners of Tet1), although with a minor number

of peptides in respect to Tet proteins and Hcfc1, strongly

suggests the existence of a multiprotein complex containing

Tet1, Tet2, Ogt, Sin3a, and Hdac1. Such complex contains

diverse enzymatic activities that are associated with transcrip-

tional repression. Although we detected weak interactions

between Hcfc1 and Tet1, we speculate that Tet proteins and

Hcfc1 form distinct complexes with Ogt that are in close contact

with each other, possibly due to Ogt multimerization (Kreppel
cular Cell 49, 645–656, February 21, 2013 ª2013 Elsevier Inc. 649
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(B) Ogt peak annotation relative to genomic regions included within ± 2 kb from RefSeq transcription start sites (TSS).
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(legend continued on next page)
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and Hart, 1999). Interestingly, Hcfc1 was previously shown to

interact with distinct domains to both the Sin3a/NURD complex

and to the Set1/Ash2 H3K4 methyltransferase complex (Wy-

socka et al., 2003), suggesting a functional connection between

Ogt-Tet association to promoters and the accumulation of

H3K4me3 at the same sites. Thus, Ogt seems to have a dual

role in binding either Hcfc1 or Tet proteins. While Ogt binding

to Hcfc1 has regulatory function on Hcfc1 activity (Capotosti

et al., 2011), the fact that loss of Tet1 induces a global displace-

ment of Ogt from chromatin strongly suggests that Tet1 could

function as an anchor for Ogt to target promoters, allowing to

exert its chromatin related activities.

Ogt chromatin binding preferentially accumulates at the

TSSs rather than at Tet1 binding sites located at regulatory

elements. This suggests the existence of an additional mecha-

nism that allows Ogt to associate with Tet1 specifically at CpG-

rich genomic sites. It is important to note that Tet1 ChIP-seq

signal is stronger at CpG-rich sites relative to the CpG-poor

elements (Figures 5F and 5G); hence, it is possible that lower

sensitivity for Ogt ChIP might result in the lack of significant

Ogt detection at these sites as also depicted by real-time

qPCR ChIP assays.

Different from Tet1, we found that Tet2 is loosely chromatin

associated. This allows the speculation that such difference

could be linked with the lack of a CXXC DNA binding domain

in Tet2, further suggesting that Tet2 would be placed more

distantly respect to Tet1 or Ogt from DNA. This will create

a reduced efficiency for simultaneous Tet2 formaldehyde cross-

linking with the DNA that could be consistent with our failure in

obtaining efficient Tet2 ChIP results. While the weak interaction

that we have observed between Tet1 and Tet2 could suggest

that Ogt functions as a bridge between these proteins, the inde-

pendence between Tet1 and Tet2 in maintaining 5hmC levels

(Dawlaty et al., 2011; Koh et al., 2011; Williams et al., 2011; Wu

et al., 2011a; Xu et al., 2011) strongly suggests the existence

of a Tet1-independent mechanism that regulates Tet2 activity.

Based on our results, interaction with Ogt occurs preferentially

at unmethylated CpG-rich promoters, suggesting that the main-

tenance of 5mC hydroxylation mediated by Tet1 and Tet2 should

take place independently from Ogt. This is consistent with the

dual activity of Tet1 in regulating promoter function and

genome-wide diffused 5hmC (Dawlaty et al., 2011; Koh et al.,

2011; Williams et al., 2011; Wu et al., 2011a; Xu et al., 2011).

Nevertheless, local increase in 5hmC levels upon Ogt depletion

suggests that increased accumulation of Ogt at specific sites

is required to maintain low 5hmC levels.

Considering that Ogt genomic association is localized prefer-

entially at TSSs, Ogt might have a role in transcriptional regula-

tion. In support of this, downregulation of Ogt expression led
(E) Results of the expression analyses of two independent esiRNA experiments p

(R1.3-fold) upon transient Ogt knockdown.

(F) Real-time quantitative PCR analyses of RNA extracted from an independent e

indicated genes. Data are represented as mean ± SEM.

(G) Ontological classification of upregulated (top panel) and downregulated (bott

(H) Annotation of the Ogt peaks identified in the ChIP-seq analyses shown in (B) re

identified in (E).

See also Table S1 and Table S3.

Mole
to both activation and repression of several genes involved in

important metabolic and signaling pathways. Considering the

pleiotropic function of Ogt in both the cytoplasm and in the

nucleus and its tight requirement for ESC viability, it is a big chal-

lenge to determine a direct or indirect role in regulating transcrip-

tion. However, a substantial number of Ogt regulated genes

retains the physical association of Ogt at their TSSs. This occurs

preferentially for upregulated genes, suggesting that direct Ogt

binding at promoters could inhibit transcription. Such observa-

tion is consistent with previous reports for Tet1 (Williams et al.,

2011; Wu et al., 2011b), as well as with the presence of repres-

sive complexes potentially associated with Ogt at Tet1 binding

sites. This activity could involve different chromatin modifica-

tions as well as previously reported O-GlcNAcylation of the

RNA pol II CTD. However, several genes that retain Ogt binding

at their TSSs are downregulated upon loss of Ogt expression

suggesting that Ogt could have dual functions in stimulating

transcription. This is consistent with both previous reports on

Tet1 activity and the role of Ogt in regulating H2Bubq through

the GlcNAcylation of H2B S112 (Fujiki et al., 2011). Finally, since

Ogt activity seems to stabilize Tet1 at CpG rich sites, it is also

possible that Ogt might play alternative roles at promoters. For

example, Ogt could act in concert with Tet1 in maintaining

CpG-rich promoters free of methylation with mechanism that

involves Tet proteins O-GlcNAcylation.

The lack of evident developmental phenotypes in Tet1 KO

mice (Dawlaty et al., 2011) could suggest that the dramatic

effects observed in Ogt KO embryos are not due to its chro-

matin-related activities. Although Tet1 and Tet2 double-KO

mice have not been published, it is possible that requirement

of Ogt for general cell viability is related to the cytoplasmic

function of Ogt. Our transcriptome analyses showed a marked

transcriptional deregulation of key metabolic and signaling

pathways. Among the most upregulated pathways, we have

identified the synthesis of glycans, a metabolic pathway that

generates cofactors for Ogt activity. These results are in agree-

ment with previous findings in Caenorhabditis elegans (Love

et al., 2010) strongly suggesting that the global reduction of

proteins O-GlcNAylation in Ogt depleted ESCs likely activates

a strong metabolic response that induces transcriptional

changes aimed to restore correct O-GlcNAylation levels. Consis-

tent with this, deregulated expression of the samemetabolic and

signaling pathways were not observed in Tet1 knockdown ESCs

(Williams et al., 2011).

Finally, Ogt could also interact with Tet3. Tet3 is not expressed

in ESCs, while it is primarily expressed in the early postfertiliza-

tion phases of the zygote and has a primary role in regulating re-

programming in embryogenesis affecting proper embryonic

development. Bursts of its activity allow global DNA 5mC
erformed as in (D) displaying the total number of genes up- or downregulated

siRNA knockdown experiment performed as in (D) with specific primers for the

om panel) genes identified by the analyses presented in (E) with IPA.

lative to the promoters of the upregulated (up) or downregulated (down) genes
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Figure 5. Genome-wide Ogt and Tet1 Colocalization

(A) Genomic snapshots with UCSC genome browser for Ogt, Tet1, and H3K4me3 ChIP-seq results.

(B) Overlap between the genomic positions of the peaks identified in Ogt, Tet1, and H3K4me3 ChIP-seq analyses.

(C) Validation of the ChIP-seq results with Ogt- and Tet1-specific antibodies by real-time quantitative analysis with primers for the indicated antibodies. Data are

represented as mean ± SEM.
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Figure 6. Tet1 Regulates Ogt Binding to

Chromatin

(A) Western blot (WB) analyses with the indicated

antibodies of E14 ESC-soluble and chromatin-

associated proteins that stably express the indi-

cated shRNAs. A scrambled shRNA sequence is

used as negative control (shCtrl). a-tubulin and

histone H3 are presented as fractionation controls.

(B)WB as in (A) with the indicated antibodies in E14

ESCs stably expressing scrambled (Ctrl) or Tet2-

specific shRNAs.

(C) WB as in (A) with the indicated antibodies in

E14 ESCs stably expressing scrambled (Ctrl) or

Tet1-specific shRNAs.

(D) Real-time quantitative PCR analyses with

primers for the indicated gene promoters with DNA

purified from ChIP assays. ChIPs were performed

with an Ogt-specific antibody in E14 ESCs that

stably express scrambled (Ctrl) or Tet1-specific

shRNAs. IgG are used as a negative control for

ChIP assays. Data are represented as mean ±

SEM.

See also Figure S5 and Table S3.
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hydroxylation preceding global loss of DNA modification in

preimplantation embryos and in primordial germ cells (Gu

et al., 2011; Inoue and Zhang, 2011; Wossidlo et al., 2011). In

the future, it will be interesting to test whether Ogt can also

form a complex with Tet3 and to investigate its role in regulating

global 5mC hydroxylation of the paternal pronucleus during

embryos reprogramming. Similarly, Tet activity is also present

in the mammalian adult brain (Kriaucionis and Heintz, 2009).

Considering the strong correlation between Ogt activities, the

HSP pathway, and neurodegenerative disorders, it will also be

interesting to characterize the role of Ogt-Tet proteins interaction

within this context.

Overall, our data identify a protein complex between Ogt and

members of the Tet protein family, postulating a mechanism that

explains Ogt recruitment to chromatin and further provides

evidence for a role of O-GlcNAylation in stabilizing Tet activity

at promoters.

EXPERIMENTAL PROCEDURES

The following sections report essential experimental procedures and reagents

information. A full detailed description for all methods is available in the

Supplemental Experimental Procedures.
(D) Left panel, annotation relative to RefSeq gene TSSs of the Tet1 peaks that colocalize (+Ogt) or do not c

relative to the RefSeq gene TSSs of Ogt peaks that colocalize (+Tet1) or do not colocalize (–Tet1) with Tet1.

(E) Annotations as in (D) relative to CpG islands (CpGi).

(F) Heat map of the indicated ChIP-seq signal densities in a window of ± 3 kb centered on the summit of Te

(G) As in (F), considering Tet1 binding sites relative to their indicated CpG densities.

(H) As in (F), considering Tet1 binding sites annotated relative to low-methylated regions (LMR) and unmeth

See also Figures S2–S4, Table S2, and Table S3.
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Cell Lines Generation, Manipulation, and

Culturing

BirA-expressing ESC clones were generated from

an ESC line described elsewhere (Vella et al.,

2012). A pCAG-Flag-Avi-Ires-Puromycin vector

containing the Ogt coding sequence was used to
generate stable integration in BirA ESCs. RNA interference was carried out

with esiRNA for Ogt (Sigma-Aldrich, catalog number EMU006701) or for

EGFP (Sigma-Aldrich, catalog number EHUEGFP). Tet1 and Sin3a shRNA

LKO.1 vectors were described elsewhere (Williams et al., 2011). Tet2 shRNA

LKO.1 vector was generated by cloning of the following target sequence: 50-
GCTCTGAACAGTATTCAAAGC-30. When indicated, cells were treated with

PUGNAc (Sigma, catalog number A7229) dissolved in water at a 40 mM final

concentration for the indicated time.

Complex Purification, Proteomic Analysis, and Protein Identification

Complex purification and proteomic analyses were carried out essentially as

previously described (Vella et al., 2012). A detailed description of the proce-

dure can be found in the Supplemental Experimental Procedures.

Western Blot Analysis, Immunoprecipitation, WGA Purification, and

Fractionation

All IPs and western blot were carried out in high-salt lysis buffer (20 mM Tris-

HCl [pH 7.6], 300 mM NaCl, 5% glycerol, 0.2% [v/v] Igepal; Sigma-Aldrich,

catalog number CA 630). Histones were extracted in 1% SDS, 9 M urea,

25 mM Tris-HCl (pH 6.8), 1 mM EDTA, and 0.7 M mercapto-ethanol. Size-

exclusion chromatography was carried out on a Superose 6 column (GE

Healthcare) in high-salt buffer. Protein A sepharose beads (GE Healthcare,

catalog number 170780-01) or Streptavidin-coated magnetic beads (Invitro-

gen, catalog number 656-01) were used for IPs. WGA purification was carried

out under denaturing conditions (10 min at 95�C in 0.1 M Tris-HCl [pH 7.6], 2%
olocalize (–Ogt) with Ogt. Right panel, annotation

t1 peaks respect to CpGis.

ylated regions (UMR).
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Figure 7. Ogt Regulates Locus-Specific Tet1 Activity

(A) Western blot (WB) analyses with the indicated antibodies of E14 ESC soluble and chromatin-associated proteins in cells transfected for 48 hr with Ogt- and

Gfp-specific esiRNAs. a-tubulin and histone H3 are presented as fractionation controls.

(B) Real-time quantitative PCR analyses with primers for the indicated gene promoters with DNA purified fromChIP assays. ChIPs were performedwith Tet1- and

Ogt-specific antibodies in E14 ESCs transfected for 48 hr with Ogt- and Gfp-specific esiRNAs. IgG are presented as a negative control for ChIP assays. Data are

represented as mean ± SEM.

(C and D) Real-time quantitative PCR analyses with primers for the indicated gene promoters and genomic sites (coordinates indicate the central point of PCR

amplification) with DNA purified from DIP assays performed with 5hmC specific antibodies on DNA extracted from E14 ESCs transfected for 48 hr with Ogt- and

Gfp-specific esiRNAs (C) or treatedwith 40mMPUGNAc for 48hr (D). IgG ispresentedasanegative control for theDIPassay.Data are representedasmean±SEM.

See also Figure S6 and Table S3.
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SDS, and 50 mM DTT) on wheat germ agglutinin resin (Vector Laboratories,

catalog number AL-1023S).

ChIP, DIP, and Real-Time Quantitative PCR

ChIPandDIPprocedureswere carriedout aspreviously described (Pasini et al.,

2010; Weber et al., 2005). real-time qPCRs were carried out with Fast SYBR

Green (Applied Biosystem). Primers used for PCRs are available in Table S3.

Antibodies

A list of all used antibodies is available in the Supplemental Experimental

Procedures.
654 Molecular Cell 49, 645–656, February 21, 2013 ª2013 Elsevier In
ChIP-Seq and Microarray Data Analysis

A detailed description of the computational analyses is available in the Supple-

mental Experimental Procedures. In brief, ChIP-seq data were aligned to the

mm9 RefSeq mouse genome, and enriched regions relative to control deter-

mined with MACS (Zhang et al., 2008). Only peaks with a p value > 70 were

considered for downstream analysis. Raw data from previously published

ChIP-seqdata setsGSE24843andGSE12241were aligned to themm9 release

according to the same criteria. Expression data were generated with Mouse

Gene 1.0 ST Affymetrix Arrays and analyzed with Affy and limma bioconductor

packages inR (http://www.r-project.org). Aprobesetwitha1.4-foldexpression

difference and a p value < 0.05 were considered as differentially expressed.
c.

http://www.r-project.org
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ACCESSION NUMBERS

Data sets are available for download from NCBI’s Gene Expression

Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) under accession numbers

GSE39154 (ChIP-seq) and Microarrays accession number GSE39321

(microarrays).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.molcel.2012.12.019.
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