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The monosaccharide addition of an N-acetylglucosamine to serine
and threonine residues of nuclear and cytosolic proteins (O-GIcNAc)
is a posttranslational modification emerging as a general regulator
of many cellular processes, including signal transduction, cell divi-
sion, and transcription. The sole mouse O-GIcNAc transferase (OGT)
is essential for embryonic development. To understand the role of
OGT in mouse development better, we mapped sites of O-GIcNA-
cylation of nuclear proteins in mouse embryonic stem cells (ESCs).
Here, we unambiguously identify over 60 nuclear proteins as O-
GlcNAcylated, several of which are crucial for mouse ESC cell main-
tenance. Furthermore, we extend the connection between OGT
and Polycomb group genes from flies to mammals, showing Poly-
comb repressive complex 2 is necessary to maintain normal levels
of OGT and for the correct cellular distribution of O-GIcNAc. To-
gether, these results provide insight into how OGT may regulate
transcription in early development, possibly by modifying proteins
important to maintain the ESC transcriptional repertoire.

EED | Host Cell Factor C1 | electron transfer dissociation

he posttranslational modification O-GIcNAc is the enzyme-

mediated glycosylation of serine and threonine residues of
cytosolic and nuclear proteins by a single N-acetylglucosamine.
(1). Unlike membrane-bound and secreted protein glycosylation,
such as N-linked glycans, mucin type O-glycosylation, or GPI an-
chors, O-GlcNAcylation is a reversible and dynamic posttransla-
tional modification (PTM). Although O-GlcNAcylation has been
implicated in nearly every cellular process, from nutrient sensing
and insulin signaling (2) to synaptic plasticity (3), our knowledge
of the exact functions of this widely distributed monosaccharide
PTM is still in its infancy.

O-GlcNAcylation is akin to phosphorylation in that it is coupled
to and hydrolyzed from specific sites on proteins to modulate their
function. Hence, cycling of O-GlcNAc may affect the activity,
stability, subcellular localization, and biomolecular interactions
of modified proteins. Some of the activities of O-GlcNAcylation
may occur as a result of cross-talk between O-GlcNAcylation
and other PTMs, a phenomenon documented for protein phos-
phorylation (4, 5) and ubiquitination (6). The cross-talk with
phosphorylation is particularly interesting, as there is only one
conserved mammalian O-GIcNAc transferase (OGT), with its
extensive tetratricopeptide repeat protein-protein interaction
domain, that must cooperate and/or compete with hundreds of
protein kinases that recognize their substrates individually (7-9).

OGT is essential for mouse development, as Ogt mutant em-
bryos die shortly after implantation (10). OGT interacts with and
may modify OCT4, a transcription factor that is essential for
postimplantation development (11-14). Studies in Drosophila
melanogaster provide additional mechanistic insight into the de-
velopmental role for OGT. Mutants of the fly Ogt homolog, super
sex combs (sxc), exhibit phenotypes similar to the loss of Poly-
comb group (PcG) proteins (15-17). PcG proteins assemble into
two Polycomb repressive complexes (PRC1 and PRC2) that are
necessary for developmentally regulated transcriptional silencing
of many genes crucial for early embryonic patterning (18). Two
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lines of evidence link fly OGT to PcG proteins. First, there is
significant overlap in genomic occupancy between O-GlcNAc
and subunits of PRC2 and PRCI. It is likely that O-GIcNAcy-
lation regulates a function other than PRC recruitment to target
genes, because PRC binding to the majority of its targets is un-
affected in sxc mutants (16). Second, a Drosophila PRC1 protein,
Polyhomeotic (Ph), interacts with wheat germ agglutinin, a fea-
ture of O-GlcNAcylated proteins (16). O-GlcNAcylation of the
mammalian Ph homolog, PHL3, and a second mammalian PcG
protein homolog, YY1, extends the relationship between OGT
and PcG to mammals (19-21).

Mouse embryonic stem cells (ESCs) provide a mammalian
model system for deciphering the role of OGT in early de-
velopment. ESCs are pluripotent and can differentiate into each
cell type in the adult and developing embryo. In addition, they
can be cultured in the pluripotent state indefinitely (22). Al-
though OGT mutant ESC lines cannot be derived (10, 23), PRC2
mutant ESCs are viable and exhibit inappropriate expression
of genes that are important in later developmental stages (24).
Thus, PRC2 mutant ESC lines provide a system to study the
interaction between OGT and PcG function.

To explore the role for O-GlcNAc modification in ESCs, we
used an unbiased strategy for enrichment of native O-GIcNAcy-
lated nuclear peptides and high-resolution electron transfer dis-
sociation tandem mass spectrometry (ETD MS/MS) to map their
sites of modification. Here, we report the unambiguous identifi-
cation of O-GIcNAc modification sites on over 60 proteins, many
of which have documented roles in ESC pluripotency or self-
renewal. In addition, we discover that PRC2 is necessary for
maintaining normal levels of OGT in ESCs. The decrease in OGT
abundance in PRC2 mutant ESCs is accompanied by an alter-
ation in the amounts and distribution of O-GlcNAcylation in the
ESC nuclear O-GlcNAcylated proteome. Together, these results
suggest that normal OGT activity in ESCs is influenced by PRC2,
providing a functional connection between the two pathways.

Results

Identification of 0-GIcNAc-Modified Peptides in Mouse ESC Nuclei. A
combination of lectin weak affinity chromatography (LWAC)
and ETD MS/MS (19, 25, 26) was used to identify native O-
GlcNAc-modified peptides from mouse ESC nuclear proteins.
One hundred forty-two O-GIcNAc sites were detected on 62
proteins (Fig. S1 and Table S1). Although proteins implicated in
virtually every nuclear function were found to be O-GIcNAc-
modified, the majority are involved in transcriptional regulation.
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For example, two transcription factors essential for ESC self-
renewal, SOX2 (Fig. 1) and ZFP281 (Fig. S1), were modified.
BPTF, which is a subunit of the histone remodeling complex
NURF and is necessary for pluripotency (27, 28), was also
O-GIcNAc-modified. Sin3a, an essential transcriptional regula-
tor in ESCs (29), and several of its interacting proteins were
O-GlcNAcylated. For some of these targets, such as SOX2 and
the Sin3a interaction protein Host Cell Factor C1 (HCF-1),
O-GlcNAcylation was previously reported, although no specific
modification sites were determined (30, 31). ETD MS/MS en-
abled the unambiguous site assignments for these proteins.

PRC2 Is Required for Normal OGT Stability and 0-GlcNAc Distribution.
The link between OGT and PcG proteins in D. melanogaster
prompted us to investigate whether PRC2-null ESCs exhibited
any alterations in O-GlcNAcylation patterns. Mouse ESC lines
with mutations in eed or suzl2, two core components of PRC2,
were analyzed for levels of OCT4, a pluripotency marker, as well
as OGT and O-GlcNAcylated proteins. These PRC2 mutant
ESCs exhibited levels of OCT4 similar to those in WT ESCs,
indicating that they are largely undifferentiated. There was a
marked drop in nuclear and whole-cell OGT (Fig. 2 and Fig.
S2). Consistent with a decrease in OGT levels, there was a large
decrease in the abundance of O-GlcNAcylated nuclear proteins
in PRC2 ESCs (Fig. 24), whereas whole-cell O-GlcNAc patterns
were altered compared with WT (Fig. S2).

We next asked whether changes in OGT levels affect PRC2
activity in ESCs. After knockdown of OGT in WT ESCs, no
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disruption of PRC2 activity was seen, as measured by EZH2 and
H3K27me3 levels (Fig. 2B).

PRC2 Mutants Exhibit Altered 0-GlcNAcylation Patterns. Western
blot analysis of PRC2-null ESCs revealed changes in
O-GlcNAcylation of nuclear proteins compared with WT cells.
To identify specifically what O-GlcNAcylation changes were oc-
curring in the absence of PRC2, we used stable isotopic labeling
of amino acids in culture (SILAC) (32) along with LWAC ETD
MS/MS to measure the relative abundance of O-GlcNAcylated
peptides between WT and eed™~ nuclear proteins (Fig. 3). We
found that 56 of the 80 O-GlcNAc-modified peptides exhibited
alterations in SILAC ratios greater than 25% between WT and
eed”’~ mutant ESCs (Table S2). Although proteins implicated in
a wide set of biological functions were differentially modified in
eed™'~ ESCs compared with WT ESCs, only O-GlcNAc-modified
peptides from nuclear pore complex (NPC) proteins were con-
sistently less abundant in eed”~ ESCs (Table S2).

In contrast to NPC proteins, the glycopeptides identified from
other proteins exhibited variable differences between WT and
eed™~ ESCs (Table 1). For example, the four different peptides
derived from EMSY, two of which derive from the region that
interacts with BRCA2 (33), varied greatly in their SILAC ratios.
Two O-GlcNAcylated peptides exhibited a decreased abundance
in eed™~ mutant ESCs. The I518-K530 peptide O-GlcNAcylated
on S520 (gS520) exhibited a decrease of ~95%, and the gS200-
containing T194-K204 peptide showed a decrease of roughly
50%. One glycopeptide, T498-K509 containing either gT499 or
25500, was equivalent between cell types. The fourth glycopep-
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ETD MS/MS spectra of the two positional isomers of the O-GIcNAcylated SOX2 peptide. Adequate c- and z-series ions allow the unambiguous site assignment

of the HexNAc mass modification to serine 248 (Upper) and threonine 258 (Lower). Charged reduced species and common neutral losses (55) are not labeled.
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Fig. 2. Western blot analysis of the relationship between PRC2 and OGT. (A)
Disruption of PRC2 by mutations in either two, eed or suz12, of the three core
components abrogates complex formation and methyltransferase activity as
seen by EZH2 levels (third core component) and H3K27me3 levels, respectively.
However, the pluripotency marker, OCT4, is unaffected. OGT and general O-
GIcNAC levels are altered by PRC2 disruption. (B) siRNA knockdown of OGT
does not significantly affect levels of OCT4, EZH2, or H3K27me3.

tide, 1225-K241, exhibited a 30-40% increase in the relative
abundance in eed”'~ mutant cells if modified at T228. Thus, the
loss of EED affects some sites of modification and not others,
suggesting that the O-GIcNAcylation of different regions within
the same protein can be regulated independently.

In some instances, the same peptide exhibited variable SILAC
ratios depending on which sites were modified. For example,
the gT1710 containing T1710-K1727 BPTF peptide was equally
abundant between cell lines, whereas the same peptide doubly
modified at two other residues, gT'1713 and gT1716, was 80%
less abundant in the eed”~ ESCs. Similarly, a second BPTF
glycopeptide, S1750-K1761, showed variable differences depen-
ding on which modification sites were used. The gS1750 posi-
tional isomer was nearly 50% less abundant in eed”~ mutant
cells, whereas the isomer modified at two other sites, gT'1755 and
gT1760, was ~80% less abundant. These data suggest that the
O-GlcNAc modification of the same peptide can be regulated
independently, with different positional isomers having different
requirements for EED.

In other instances, a decrease in the abundance of one O-
GlcNAcylated positional isomer of a peptide was accompanied by
an increase in another, as is illustrated by HCF-1, which contains
20 sites of O-GlcNAcylation (Fig. 4). In eed”~ ESCs, the triply
modified T612-K637 glycopeptide containing gS620/gS622/gS623
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was almost 70% lower and the doubly modified peptide was
~25% lower, whereas the singly modified gS623-containing pep-
tide was 75% higher. These data indicate that for this HCF-1
peptide, the extent of glycosylation is hampered when PRC2
function is disrupted.

Discussion

Although the existence of O-GlcNAcylation of nucleocytoplas-
mic serine and threonine residues has been known for almost
3 decades, the technologies to identify these modification sites
precisely have only been recently developed (19, 34), opening up
many new lines of investigation into the function of this PTM.
Our analysis of ESC nuclear O-GlcNAcylation revealed mod-
ifications of more than 60 proteins involved in virtually every
nuclear process, although predominantly in transcriptional reg-
ulation. Several of these sites of O-GlcNAcylation have been
reported in human cell lines and other mouse tissues (4, 19),
providing evidence of site-specific conservation (Table S3). Ad-
ditionally, we find that PRC2 is necessary for normal levels of
OGT itself. The decrease in OGT levels in PRC2 mutant ESCs is
consistent with an altered distribution of O-GlcNAcylation of
nuclear proteins relative to WT ESCs. Together, these results
show that proper PRC2 function is necessary for normal OGT
abundance and O-GIcNAc distribution.

SOX2 and ZFP281 May Participate in Phosphorylation/0-GlcNAcylation
Cross-Talk. SOX2, OCT4, and Nanog form the core transcription
factor network for pluripotency in ESCs (35). These transcription
factors interact with themselves and a variety of other transcrip-
tional regulatory proteins to up-regulate genes involved in pluri-
potency and down-regulate developmental genes. SOX2 and
OCT#4 cooccupy and coregulate many genes and form one arm
of the self-renewal transcription factor network (36). Although
there is some overlap with known SOX2/OCT4 targets, Nanog
regulates a largely unique set of genes and appears to function
in a separate pathway (37). ZFP281 interacts with Nanog and is
also necessary for self-renewal (38, 39). Here, we have identified
two sites of O-GlcNAcylation, gS248 and gT258, in the trans-
activation domain of SOX2 and three O-GlcNAcylation sites on
ZFP281: gS691, gS889, and gT888. These results suggest that
OGT may regulate both the SOX2/OCT4 and Nanog/ZFP281
pathways. Therefore, altered function of these pluripotency
transcription factors may contribute to the lack of viability ob-
served for OGT mutant ESCs.

The molecular mechanisms by which O-GlcNAcylation regu-
lates transcription factor function are not fully understood. One
well-documented mechanism for control of transcription factor
activity is phosphorylation (40, 41), and cross-talk between these
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Fig. 3. SILAC LWAC liquid chromatography-MS/MS workflow. Nonquantitative samples were prepared similarly, except a single cell type was used. LC, liquid

chromatography; LTQ, linear trap quadrupole.
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Table 1. Selected O-GIctNAc-modified peptides and SILAC ratios of discussed proteins
Gene O-GIcNAC peptide eed™ /WT SILAC ratio SD,n=3
Bptf S(HexNACQ)TV TTTVTK 0.52 0.03

Bptf T(HexNAQVITEVTTMTSTVATESK 1

Bptf  TVIT(HexNAQEVT(HexNAQTMTSTVATESK 027 002
Bptf IVAVNVPAT(HexNAC)QGGMVQVQQK 0.91

Emsy ITFT(HexNAC)KPSTQTTNTTTQK 1.37 0.09
Emsy TTS(HexNAQGSIITVVPK 1.1 0.3
Hefcl TAAAQVGTSVSS(HexNAQAANTSTRPITVHK 1772
HcfC1 TAAAQVGTS(HexNACVSS(HexNAC)AANTSTRPIITVHK 0.76 0.09

SPITHTT(HexNAC)KVMTSGTGAPAK 1

Sap130 AQSPVITT(HexNAC)T(HexNAc)AAHAADSTLSRPTLSIQHPPSAAISIQRPAQSR 0.82

Sin3a VS(HexNAc)KPSQLQAHTPASQQTPPLPPYASPR 0.69

Positional isomers are only reported for verified O-GlcNAcylation sites. All O-GIcNAcylated positional isomers from three biological
replicates, as reported by Protein Prospector output, although not confirmed as bona fide sites, were combined for ratios and SDs. SDs are
reported if the particular glycopeptide was identified between biological replicates. The total SILAC dataset can be found in Table S2.

two PTMs is emerging as a potential means of regulation (5).
Our findings suggest the potential for cross-talk between O-
GlcNAcylation and phosphorylation in the modulation of SOX2
and ZFP281 function. In human ESCs, the residue homologous
to S248 of SOX2, which is O-GlcNAcylated in mouse ESCs, is
phosphorylated (42). Because S248 cannot be simultaneously
phosphorylated and O-GlcNAcylated, this may represent an O-
GlcNAcylation—phosphorylation switch involved in the regula-
tion of SOX2 activity. In this study, ZFP281 O-GIlcNAc modified
at gT888 is concurrently phosphorylated at T886, whereas no
phosphorylation is detected when ZFP281 is O-GlcNAcylated at
S$889. This result suggests that at least two populations of mod-
ification states for ZFP281 exist within ESCs, suggesting combi-
natorial control by these two PTMs. Assessment of the stoichiometry
of the modification states for the individual proteins as well as
mutational analysis of PTM sites will be necessary to understand
fully whether O-GlcNAcylation/phosphorylation cross-talk plays
a role in the control of pluripotency and self-renewal through
SOX2 and ZFP281.

0-GlcNAcylation of Multiple Proteins Associated with Sin3a. Sin3a is
essential for ESC viability (29) and is a core component of sev-
eral transcriptional corepressor complexes, including the Sin3/

Hcf-1 ¢
interactor

Basic Region

Kelch Domain

Hcf Autolysis Repeats

HDAC and NCor/Sin3a complexes (43). We identified several
proteins implicated in Sin3a-mediated repression as O-GIcNA-
cylated in ESCs, including RBBP7, SAP130, SAP30bp, SOX2,
HCEF-1, NCoR1, NCoR2, and Cnot2. There is evidence of a
stable interaction between OGT and a subset of these targets,
because OGT can be copurified with Sin3a and HCF-1 (44).
Moreover, Sin3a has been shown to recruit OGT to promoters to
repress transcription (45). Our finding that several other Sin3a
partners are also O-GlcNAc-modified suggests that the role for
this PTM in the regulation of Sin3a corepressor complexes
may be more extensive than previously appreciated. Mutational
analysis will be necessary to determine the significance of O-
GlcNAcylation of Sin3a and its interacting proteins for Sin3a-
mediated transcriptional repression.

Loss of PRC2 Leads to Dysregulation of OGT and 0-GlcNAcylation. We
have shown that PRC2 mutant ESCs exhibit a notable decrease
in OGT levels, whereas ESCs depleted for OGT exhibit normal
PRC2 function. These data indicate that OGT functions down-
stream of PRC2 in ESCs, as is also observed in Drosophila (16).
The decrease in OGT protein levels in PRC2 mutant ESCs is
not a consequence of decreased Ogt transcription, because OGT
mRNA levels are not significantly altered in eed™~ or suzl2

Hcf-1 N
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Fig. 4. Diagram for landmarks of HCF-1. A zoomed-in view of the basic region and region of alternative proteolysis shows the extent and location of
O-GlcNAC sites identified in this study. Numbers indicate landmark residues (Lower) or O-GIcNAc sites (Upper). g, glycosylation; NLS, nuclear localization

sequence. Adapted from Wysocka et al. (44).
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mutant ESCs (46, 47). It is also unlikely that PRC2 directly
regulates OGT stability, because neither Suz12 nor EED forms
stable complexes with OGT as measured by coimmunoprecipi-
tation (48, 49). However, it is possible that the expression of
factors affecting the stability of OGT depends on PRC2.

Western blot analysis of eed mutant ESCs showed the drop in
OGT levels coincided with decreased nuclear O-GlcNAcylation
levels. The decrease in O-GlcNAcylation is not a consequence of
up-regulation of the sole O-GIcNAc hydrolase (50) (Fig. S3).
Our SILAC analyses revealed that not all the O-GIcNAc sites
were equally affected by this decrease in OGT levels. In fact,
there were complex patterns of alterations in OGT target site use
in eed™'~ mutant ESCs. For the NPC proteins, modified peptides
were not as abundant in the eed mutant ESCs as in WT ESCs,
consistent with an overall decrease in O-GlcNAcylation. For
other proteins, such as EMSY and HCF-1, some modified pep-
tides were more abundant, some were less abundant, and some
were unchanged in the mutant ESCs compared with WT. For
BPTF, the same peptide exhibited two patterns of O-GIcNAcy-
lation, and loss of eed affected the two positional isomers dif-
ferently. Finally, a peptide within the Sin3a interaction region of
HCF-1 (44) revealed evidence of an alteration in OGT proc-
essivity, because a decrease in the abundance of triply and doubly
modified glycopeptides was accompanied by an increase in the
abundance of the singly modified peptide (Table 1).

Our finding that certain O-GIcNAc sites are influenced by
PRC2, whereas others are unaffected, along with previous studies
showing the vast majority of the OGT substrates identified here
are not directly transcriptionally regulated by PRC2 (24, 51),
leads us to believe that the connection between PRC2 and
O-GlIcNACc distribution is likely indirect. We speculate that the
change in O-GlcNAcylation patterns in PRC2-null ESCs is at-
tributable to transcriptional changes in proteins that influence
OGT target site selection. PRC2-null ESCs show defects in
transcriptional repression of proteins involved in lineage-specific
differentiation (24). The aberrant transcription of these genes in
PRC2-null ESCs may provide a different set of cofactors that
regulate OGT specificity, resulting in inappropriate increases
and decreases of O-GIcNAcylation at a subset of target sites. A
change in the expression of cofactors that regulate OGT target
site selection may also explain the decrease in OGT levels, if these
factors also affect OGT stability or turnover. Protein-protein in-
teraction studies aimed at identification of the subproteome that
interacts with OGT in ESCs will help to dissect the mechanism by
which PRC2 influences OGT and O-GlcNAcylation.

This study unambiguously identifies 142 O-GlcNAc modifica-
tion sites on 62 proteins. We show that OGT modifies tran-
scription factors and components of transcriptional regulatory
complexes that are essential to maintain the ESC-specific ex-
pression profile, and thus are central to stem cell maintenance.
In addition, this work extends the relationship between OGT and
Polycomb from Drosophila to mammalian systems. These data
provide evidence toward the nature of the relationship between
PRC2 and OGT, wherein OGT levels and O-GlcNAcylation
patterns are influenced by PRC2 activity. Together, these results
indicate that O-GIcNAc is directly involved in the transcriptional
regulation during early embryonic development.

Methods

Sample Preparation. WT ESCs were grown without feeders under standard
conditions. For SILAC experiments, WT ESCs were grown in "3Cg arginine and
3Cq, "N, lysine supplemented with 200 mM proline (Invitrogen) to avoid
arginine-to-proline conversion. The suz12~~ (52) and eed™~ (53) ESC lines
were grown on y-irradiated mouse embryonic fibroblast feeder cells until
the final passage, where the feeders were depleted twice by preferential
adherence to gelatinized culture dishes.

Cells were harvested, washed twice with cold PBS, and combined at a 1:1
ratio after counting with a hemocytomer. Combined cells were resuspended

9494 | www.pnas.org/cgi/doi/10.1073/pnas.1019289108

in nuclear preparation buffer | [320 mM sucrose, 10 mM Tris (pH 8.0), 3 mM
CaCly, 2 mM Mg(OAc),, 0.1 mM EDTA, 0.1% Triton X-100, 20 uM Thiamet G
(Caymen Chemicals), protease inhibitors (Roche), and 1x phosphatase
inhibitors (Invitrogen)] and dounce-homogenized on ice until >95% of nu-
clei stained by Trypan blue. Two volumes of nuclear preparation buffer Il
[2.0 M sucrose, Tris (pH 8.0), 5 mM Mg(OAc),, 5 mM DTT, 20 uM Thiamet G,
protease inhibitors (Roche), and phosphatase inhibitors (Invitrogen)] were
added to the nuclei suspension. Nuclei were pelleted by ultracentrifugation
at 130,000 x g at 4 °C for 45 min. Pelleted nuclei were washed with cold PBS
and stored at —80 °C.

Nuclei, containing ~3 mg of protein were resuspended in 6 M guanidine
hydrochloride, 25 mM ammonium bicarbonate, 20 uM Thiamet G, protease
inhibitors (Roche), and phosphatase inhibitors (Invitrogen); sonicated; and
cleared by centrifugation. Soluble proteins were reduced using 2 mM Tris
(2-carboxyethyl)phosphine (Thermo) for 1 h at 55 °C and alkylated using
10 mM iodoacetamide (Sigma) before digestion for 18 h using modified
trypsin at 37 °C (part no. 9PIV5113; Promega). After digestion, the sample
was acidified with formic acid and desalted using a C18 Sep-Pak (Waters),
before drying down by vacuum centrifugation.

0-GlcNAcylated Peptide Chromatography-LWAC and High-pH RP. O-GIcNAc-
modified peptides were enriched as previously described (19). The O-
GlcNAc-enriched fractions of the chromatograph were pooled, desalted,
and dried. The O-GlcNAc-enriched pool was resuspended in 2 mM NH4OH
(pH 10) and 5% (vol/vol) acetonitrile and separated on a Phenomenex Gemini
3-um C18 reverse-phase column. The gradient of buffer A (2 mM NH,OH and
5% acetonitrile) to buffer B (2 mM NH4OH and 50%(vol/vol) acetonitrile)
increased from 0-100% over 6 mL at 50 pL/min. Twenty-four 250-pL fractions
were dried by vacuum centrifugation and resuspended in 0.1% formic acid
for subsequent MS analysis.

LC-MS/MS. LC-MS/MS of O-GlcNAcylated peptides was performed as pre-
viously described (19).

Data Analysis. Fragment mass spectra were converted into peaklists using the
in-house software PAVA. Collision activated dissociation (CAD) and electron
transfer dissociation (ETD) data were searched separately using Protein
Prospector version 5.6.0 against the UniProt database (accessed June 15,
2010) with a concatenated database. Only mouse and human genomes were
used for the database searching. Precursor tolerance was set to 20 ppm,
whereas fragment mass error tolerance was set to 0.6 Da. Cysteine residues
were assumed to be carbamidomethylated, whereas N terminus acetylation,
methionine oxidation, loss of N-terminal methionine, and glutamate con-
version to pyroglutamate were variable modifications. For ETD data, N-
acetylhexosamine (HexNAc) modifications to serine and threonine residues
and phosphorylation to serine/threonine/tyrosine were allowed as variable
mass modifications. The same modifications were allowed for CAD data,
except the neutral loss of 203 Da (HexNAc) or 80 Da (phosphate) was con-
sidered. For SILAC experiments, the data were searched with arginine (+6
Da) and lysine (+8 Da) either as constant modifications or constantly absent.
SILAC ratios were determined at a resolution of 30,000. All SILAC ratios and
spectra of modified peptides were examined manually to assess spectral
quality and site-assignment accuracy.

siRNA Knockdown. siRNAs were created by in vitro cleavage of Ogt double-
stranded RNA (54). A PCR product for in vitro transcription of Ogt RNA was
generated using the primers OgtF GGGCGGGTAAAGAGAAGGGCAGTGTTGC
and OgtR GGGCGGGTCTTGTGAATGGAGGCCAGAT.

Western Blot Analysis. Antibodies were purchased from Abcam (OCT4
ab19857, EZH2 ab3748, and H3 ab1791), Millipore (H3K27me3 07-499), Pro-
teinTech (OGA 14711-1-AP), Sigma (OGT SAB2101676 and O-GIcNAc CTD
110.6), and BioRad (secondary antibodies 172-1019 and 172-1011) and used
at recommended concentrations.
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