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Figure 7. Transplanted cells contribute directly to the functional re-
covery of hind limb movement in SCI model mice. (A): Survival of
transplanted cells was monitored using a bioluminescence imaging
system. Seven weeks after SCI (6 weeks after transplantation), each
mouse was administered DT. One week later, luciferase activity had
completely disappeared in hiPS-It-NES cell-transplanted mice. (B):
Time course of functional recovery of hind limbs after SCI and DT
administration. Data are means = SEM (SCI control, # = &; hiPS-lt-
NES, #n = 9; and hiPS-1t-NES+DT, n = 7). Hind limb function of
hiPS-1t-NES cell-transplanted mice deteriorated after DT administra-
tion (red line). BMS values of the hiPS-It-NES and hiPS-1t-NES+DT
groups were compared with those of the SCI control group. *, p <
.05. Abbreviations: BMS, Basso Mouse Scale; DT, diphtheria toxin;
hiPS-1t-NES, human induced pluripotent stem cell-derived long-term
self-renewing neuroepithelial-like stem; and SCI, spinal cord injury.

further improvements in the treatment of SCI [41]. However,
transplantation studies of hiPS-NSCs, initially using mouse
models of SCI [9], are in their infancy.

We have previously shown that human It-NES cells,
derived from different hESC and iPSC lines in two independ-
ent laboratories, exhibit consistent characteristics and retain
their ability to proliferate and differentiate even after several
passages and long-term in vitro growth [11]. In the present
study, we investigated the differentiation potential of trans-
planted hiPS-1t-NES cells and found that the majority of dif-
ferentiated hiPS-It-NES cells in the injured spinal cord were
neurons (Fig. 3D-3F), even though endogenous or trans-
planted NSCs in the injured spinal cord have been reported
by others to differentiate preferentially into the glial lineage
[42, 43]. Recent studies have indicated that neurons derived
from transplanted human NSCs can integrate into the injured
spinal cord and form synaptic connections with host neurons
[33, 34]. We therefore took advantage of the tendency of our
hiPS-1t-NES cells to differentiate into neurons and tried to
apply these cells to reconstruction of the injured spinal cord.

Multiple therapeutic effects of NSC transplantation have
been reported, and many different types of stem cells have
been grafted into the injured spinal cord, yielding improved
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functional recovery in animal models [44, 45]. However, the
growth of axons through the lesion to reinnervate the side
caudal to the injury has so far been very limited. Our experi-
ments using anterograde labeling of CST fibers revealed that
this was also the case after transplantation of hiPS-1t-NES
cells (Fig. 4). We have previously shown that neurons derived
from mouse NSCs could restore disrupted neuronal circuits
[15]. Consistent with that observation, we demonstrated here
that WGA-positive cell numbers in hiPS-It-NES cell-treated
mice were higher than those in SCI control mice in the area
caudal to the SCI (Fig. 5A, 5B). Furthermore, immunohisto-
chemistry using species-specific antibodies for presynaptic
markers suggested that transplant-derived neurons made syn-
apses with endogenous neurons (Fig. 5C-2, 5C-2', 5C-3, and
5C-3'). These results suggest that WGA was transferred to the
caudal area through the lesion site via new synaptic connec-
tions, and that hiPS-1t-NES cell transplantation promoted CST
reconstruction in a relay fashion. Other studies have provided
evidence that local neurons can form intraspinal neural cir-
cuits in the lesion site and make synaptic connections with
descending-tract collaterals after SCI [32, 46], and human
NSCs transplanted into the injured rat or mouse spinal cord
differentiated into neurons that formed axons and synapses,
and also established contacts with host neurons [4, 34]. !

As well as their roles in cell replacement, NSCs report-
edly exert other effects through the secretion of neurotrophic
factors [37], which, by means such as suppressing myelin
inhibitors, prevent neuronal cell death, enhance remyelination
and regenerate axons [47, 48]. We found that transplantation
of hiPS-1t-NES cells supported the survival of endogenous
neurons (Fig. 6). Conversely, ablation of transplanted cells
decreased previously attained functional recovery (Fig. 7),
suggesting that transplanted cells contribute directly to func-
tional recovery of hind limb movement in SCI model mice. In
summary, we suggest that not only neurons derived from
transplanted hiPS-It-NES cells but also surviving endogenous
neurons contribute to functional improvement by forming
multiple synaptic connections which restore disrupted neuro-
nal circuits.

Following injury, demyelinated and reconstructed axons
must be remyelinated to ensure proper functional recovery.
Generally, endogenous or transplanted NSCs which differenti-
ate into oligodendrocytes have been reported to contribute to
remyelination of axons and thereby to help in recovery after
SCI. Transplanted oligodendrocyte progenitor cells (OPCs)
derived from human ESCs have been shown to differentiate
into oligodendrocytes and enhance remyelination in the mod-
erate rat model of contusion spinal cord injury [5, 6]. A fur-
ther study reported that in complete spinal cord transection
rats, locomotor recovery after transplantation with both OPCs
and human ESC-derived motor neuron progenitor cells was
significantly greater than after treatment with either cell type
alone [49]. Given that the application of stem cells and their
progenitors for transplantation is currently in its infancy, and
that SCI pathology differs between contusion and transection
[50], these findings indicate that neural cells in an appropriate
lineage should be transplanted according to the degree and/or
type of SCL

When ES and iPS cells are used for transplantation treat-
ment, a key consideration is the likelihood of tumor forma-
tion, since the transplanted cell population may include undif-
ferentiated cells [51, 52]. Indeed, the sources and methods of
induction of NSCs are critical for differentiation and tumor
formation [33, 53]. Neurosphere cultures are heterogeneous
and sensitive to variations in methodological procedures [12],
whereas monolayer cell cultures give rise to more homogene-
ous population [13, 14]. In this study, we detected no tumor
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formation in more than 40 hiPS-It-NES cell-treated mice up
to 12 weeks after SCI. This is probably attributable to com-
plete differentiation of hiPS cells into NES cells in our robust
and stable monolayer cell cultures, since the NES cells were
established by initially purifying neural rosette structures from
differentiating cultures [11]. Furthermore, we transplanted
hiPS-1t-NES cells which had .been expanded in the presence
of growth factors and passaged more than 20 times. Before
human iPS cell-based therapies:can be implemented for clini-
cal application, the cells” proliferation and tumor formation
after transplantation must be strictly evaluated.

CONCLUSION

In this study, we have demonstrated that hiPS-1t-NES cells
survived and differentiated in the injured spinal cord of NOD-
SCID mice, and promoted functional recovery of hind limbs.
Moreover, we have shown that transplanted hiPS-1t-NES cells
support the reconstruction of CST pathways, promote endoge-
nous neuron survival, and directly contribute to improved
hind limb movement. To achieve a more efficient treatment
for SCI, detailed investigations of hiPS-It-NES cells and SCI
pathology will be necessary. Nevertheless, our study raises
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GlcNAcylation of histone H2B facilitates its

monoubiquitination

Ryoji Fujiki', Waka Hashiba', Hiroki Sekine', Atsushi Yokoyama', Toshihiro Chikanishi', Saya Ito', Yuuki Imai', Jaehoon Kim?,
Housheng Hansen He?, Katsuhide Igarashi®, Jun Kanno®, Fumiaki Ohtake', Hirochika Kitagawa', Robert G. Roeder?, Myles Brown?

& Shigeaki Kato"®

Chromatin reorganization is governed by multiple post-translational
modifications of chromosomal proteins and DNA™?, These histone
modifications are reversible, dynamic events that can regulate DNA-
driven cellular processes™. However, the molecular mechanisms
that coordinate histone modification patterns remain largely
unknown. In metazoans, reversible protein modification by
O-linked N-acetylglucosamine (GlcNAc) is catalysed by two enzymes,
O-GlcNAC transferase (OGT) and O-GlcNAcase (OGA)>*. However,
the significance of GlcNAcylation in chromatin reorganization
remains elusive. Here we report that histone H2B is GlcNAcylated
at residue S112 by OGT in vitro and in living cells. Histone
GIcNAcylation fluctuated in response to extracellular glucose
through the hexosamine biosynthesis pathway (HBP)>*, H2B S112
GlcNAcylation promotes K120 monoubiquitination, in which the
GIcNAc moiety can serve as an anchor for a histone H2B ubiquitin
ligase. H2B S112 GIcNAc was localized to euchromatic areas on fly
polytene chromosomes. In a genome-wide analysis, H2B S112
GlcNAcylation sites were observed widely distributed over chromo-
somes including transcribed gene loci, with some sites co-localizing
with H2B K120 monoubiquitination. These findings suggest that
H2B S112 GIcNAcylation is a histone modification that facilitates
H2BK120 monoubiquitination, presumably for transcriptional
activation.

Some nuclear proteins have been shown to be GlcNAcylated by
OGT, for example the enzymatic activity of histone H3K4 methyl-
transferase 5 (MLL5) is modulated by GlcNAcylation”. To identify
chromatin substrates for OGT further, we screened for unknown
GlcNAcylated glycoproteins in HeLa cell chromatin. GleNAcylated
proteins were purified by WGA lectin column chromatography and
anti-GlcNAc antibody (clone RL2). Liquid chromatography-mass
spectrometry (LC-MS)/MS analysis of the fraction revealed 284 factors,
including previously reported GlcNAcylated glycoproteins®'® (Sup-
plementary Table 1). Among the candidates, the enrichment of nucleo-
somes was confirmed by silver staining and western blotting (Sup-
plementary Fig. 2), suggesting one or more histone(s) might have been
GlcNAcylated. As OGT is the only known nuclear enzyme for protein
GlcNAcylation®, we asked whether histones served as substrates for
OGT in vitro (Supplementary Fig. 3). H2A and H2B, as well as H2A
variants (H2A.X and H2A.Z), but not H3 and H4, appeared to be
GlcNAcylated (Fig. 1a). With histone octamers, H2B, but not H2A,
appeared to serve as a substrate (Fig. 1b). Likewise, H2B in
Drosophila histone was also GlcNAcylated (Supplementary Fig. 4),
implying that H2B GlcNAcylation is conserved in metazoans.

A quadrupole (Q)-time of flight (TOF) MS assessment of the in vitro
GlcNAcylated H2B showed that OGT could transfer three GlcNAc
moieties to H2B (Supplementary Fig. 5). Electro-transfer-dissociation
(ETD)-MS/MS mapped the sites to S91, S112 and S123 (Fig. 1¢ and
Supplementary Fig. 6). Unlike a recent report'’, we were unable to

c IQTAVRLLLPGELAKHAVS'E + GIcNAC (Seq: 94-113)

detect the reported sites in H2B S36 and H4 S47. However, H2A
T101 was detected as a GIcNAc site when H2A protein alone was used
(data not shown). This discrepancy in identified GIcNAc sites might be
due to differences in experimental approaches.
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Figure 1| H2B is GlcNAcylated at the C-terminal S112. a, b, In vitro OGT
assay with recombinant histones (a) or the octamers reconstituted in vitro
(b). Histones were GlcNAcylated by uridine diphosphate (UDP)-[*H]GIcNAc
and OGT, and the radiolabelled histones were subjected to autoradiography
(top) and CBB staining (bottom). ¢, ETD-MS/MS scanned the GlcNAcylated
peptides (2349.43 m/z) in Supplementary Fig. 5b. d, A series of H2B mutants at
the indicated S/T was assessed by in vitro OGT assays. e, Sequence alignment of
oC. f, The locations of the GlcNAc sites and the ubiquitination site of H2B ina
nucleosome. The oC helix is illustrated as a white ribbon.
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Next, in vitro OGT assays using peptide arrays covering full-length
H2B revealed peaks at 101-115 peptides in the carboxy (C)-terminal
a-helix (2C)'? (Supplementary Fig. 7). This peptide was found to bear
only one moiety by matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF)/MS (Supplementary Fig. 8). Indeed, sub-
stitutions of S112 and T122 to A significantly reduced in vitro
GlcNAcylation by OGT (Fig. 1d), but not mutations in the amino
(N)-terminal tail (Supplementary Fig. 9). On the basis of these data,
we concluded that the conserved S112 was a GlcNAc site in H2B,
whereas T122 might be needed for recognition by OGT (Fig. 1e, ).

With our newly developed antibody (Supplementary Fig. 10), H2B
S112 GlcNAc was detected in histones of HeLa cells. Depletion of
glucose from the media for 24 h induced deglycosylation with neither
overt cell death (Fig. 2a and Supplementary Fig. 11) nor alteration in
histone acetylation marks of cell state indicators (H3 K14, H3 K56, H4
K16)'>'* (Supplementary Fig. 12). H2B S112 GlcNAc could be restored
by re-treatment with glucose at physiological concentrations (Sup-
plementary Fig. 13).

Because many histone modifications are orchestrated, we tested if
H2B S112 GlcNAc influenced H2B K120 monoubiquitination because
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Figure 2 | H2B S112 GIcNAc is a glucose-responsive modification linked to
K120 monoubiquitination (ub). a, Chromatin was prepared from HeLa cells
cultured in media with or without 1 g1™" glucose (Glc) for 24 h, and subjected to
western blotting. Arrowheads show the indicated proteins. Asterisks indicate
non-specific band. b, ¢, After 24 h Glc depletion, chromatin samples were
prepared from HeLa cells treated with 4.5g1™" Glc for the indicated time. The
intensities of the western blotting bands (b) were quantified (c). d, e, The effects of
OGT knockdown (d) or H2B mutations (e) on H2B modifications after Glc
replenishment. f, Western blotting analysis of the H2B modifications in HeLa cells
that were cultured in DMEM without Glc (Cont.), or supplemented with 1 mM
pyruvate (Pyr.), 10 mM GlcNAc or 4.5 g1~" Glc with or without HBP inhibitors,
6-diazo-5-0x0-L-norleucine (100 uM, DON) or azaserine (100 uM, AZA).
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of their proximity. After glucose depletion, replenishment of glucose
gradually increased global GleNAcylation of proteins, followed by H2B
S112 GlcNAc and H2B monoubiquitination (Fig. 2b, ¢). Their reciprocal
modifications disappeared when OGT was knocked down (Fig. 2d and
Supplementary Fig. 14). In addition, in the immunoprecipitates of H2B
containing the S112A and T122A double mutations (H2B AA), no res-
ponse of K120 monoubiquitination to extracellular glucose was detected
(Fig. 2e and Supplementary Fig. 15). Conversely, GlcNAcylation of H2B
S112 was observed, even when K120 was mutated to R (Fig. 2e). From
these findings, we conclude that H2B K120 monoubiquitination is
mediated, at least in part, through S112 GlcNAcylation.

As glucosamine, but not pyruvate, potentiated H2B S112 GlcNAc
(Fig. 2f), it appeared that this GlcNAcylation step was dependent on
the HBP. To clarify this point, two HBP inhibitors (DON and AZA)
were tested (Supplementary Information). After glucose depletion
from media, these inhibitors attenuated the effect of glucose in H2B
S112 GlcNAcylation along with K120 monoubiquitination (Fig. 2f).

In yeast, it was previously shown that H2B K120 monoubiquitina-
tion was induced by carbohydrates by glycolysis'®. To address this
issue, inhibitors of both glycolysis and deGlcNAcylation were applied
to assess the crosstalk between the two modifications. When the cells
were treated with iodoacetate, which blocks glycolysis but not HBP"?,
the glucose effects on histone modifications were impaired, whereas
the additional treatment of an OGA inhibitor (PUGNAC) restored
both H2B S112 and KI20 monoubiquitination (Supplementary
Fig. 16). These data support the notion that H2B S112 GlcNAc senses
decreases in glucose levels below normal levels and acts to promote
H2B monoubiquitination, a modification that is associated with active
transcription. Together with the fact that OGT is absent in yeast®, the
present H2B S112 GlcNAc-dependent pathway appears to constitute a
system capable of sensing nutritional states in metazoans.
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Figure 3 | GlcNAcylation at S112 facilitates ubiquitination at K120 in H2B.
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right), and the reactants were subsequently ubiquitinated by H2B
monoubiquitination ligase. The reaction was performed with the indicated
competitor peptides (0.25 pig ml™") (¢). H2B K120 monoubiquitination was
detected by western blotting (b, bottom; ¢, right) and quantified (b, top; ¢, left).
Error bars, means and s.d. (n = 3).
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The terminal GlcNAc of polysaccharides reportedly serves as a
recognition moiety for E3 monoubiquitination ligase'®. Therefore, we
proposed that H2B S112 GleNAc affected K120 monoubiquitination by
the BRE1A/1B complex'”. Flag-tagged H2B, but not AA or S112A, was
co-immunoprecipitated with BRE1A (Fig. 3a). This association was
observed in the presence of physiological levels of glucose in the media,
and BRE1A was bound to H2B S112 GlcNAc (Supplementary Fig. 17).
We then assessed how the GlcNAcylation of H2B influenced its in vitro
ﬁbiquitination by E1, RAD6A (E2) and the BRE1A/1B complex (E3).
Although H2B K120 could be substantially ubiquitinated only by the
ligaes (Supplementary Fig. 18), GlcNAcylation of H2B promoted sub-
sequent H2B ubiquitination, but not its S112A mutant (Fig. 3b).
Likewise, ubiquitination was significantly attenuated by the presence
of an H2B-S112-GlcNAcylated peptide, but not by cither the un-
modified control peptide or by GlcNAcylated serine (Fig. 3c). On the
basis of these results, we conclude that the GIcNAc moiety at H2B S112
may anchor H2B monoubiquitination ligase.

To illustrate the role of H2B S112 GlcNAc in chromatin regulation,
its location was visualized on fly polytene chromosomes. H2B S112
GIcNAc was detected widely in euchromatin, and, as anticipated, its
signal disappeated in an OGT-disrupted fly, sxc’/sxc” (Supplementary
Fig. 19). H2B S112 GlcNAc overlapped with H3K4 me2 more than
with H3K9 me2 or, H3K27 me3 (Fig. 4a). Similarly, in immunostained
HeLa cells, H2B Sl 12 GlcNAc sites appeared exclusively in 4',6-
dlamldmo 2- phenvhndole (DAPI)-poor areas (Supplementary Fig. 20).

' LETTER
S

Thus, H2B S112 GlcNAc probably accumulates in active chromatin
rather than inactive chromatin.

To determine the precise loci of H2B S112 GlcNAc in HeLa cells, we
performed chromatin immunoprecipitation (ChIP) and high-
throughput sequencing (ChIP-seq). We confirmed ChIP quality by
enrichments of H2B GIcNAc as well as H3K4 me2 and H2B K120
monoubiquitination, but neither H3K9 me2 nor H3K27 me3
(Supplementary Fig. 21). A total of 47,375 peaks were found widely
distributed over the genome (Supplementary Fig. 22). However, H2B
S112 GlcNAc peaked near transcription start sites (TSS), whereas the
distribution decreased at transcription termination sites (TTS)
(Fig. 4b), suggesting that it correlated with transcriptional regulation.
To test this assumption, the activities of genes harbouring H2B S112
GlcNAc near TSS were estimated by microarray analysis (Supplemen-
tary Table 2). The average profiles near TSS significantly correlated
with gene activity (Fig. 4c). Moreover, the expression levels of the 1,299
genes were reliably measured, and 1,021 genes showed high expression
(Supplementary Fig. 23a and Supplementary Table 3b). Moreover,
gene ontology analysis revealed that there was an association of the
genes harbouring H2B S112 GlcNAc to cellular metabolic processes
(Supplementary Fig. 23b and Supplementary Table 3c).

Next, we analysed the genome-wide overlap of H2B S112 GlcNAc
with K120 monoubiquitination. A total of 44,158 peaks of H2B K120
monoubiquitination were detected, and their average profiles near TSS
were similar to those profiles of H2B §112 GlcNAc (Supplementary

Figure 4 \ GlcNAcylated H2B is associated with transcribed genes.

A, Polv‘tene stammg with o-H2B S112 GlcNAc (green) and DAPI (blue) along
with o-H3K4me2 (red, top), o-H3K9Ime2 (red, middle) or a-H3K27me3 (red,
bottom). b-e; ChIP-seq analysis of the H2B S112 GlcNAc and K120
monoubiquitination. The distributions of H2B §112 GlcNAc were averaged near
TSS (top) and TTS (bottom) (b). The average profiles of H2B S112 GlcNAc near
TSS were calculated based on the associated gene activities (). Venn diagrams
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showing overlap of the peaks (d, left), and the genes (d, middle) and the
promoter (d, right) harbouring the modifications. The ChIP-seq profile
surrounding the GSK3B gene (e). Arrowhead, position of gPCR primer. f, ChIP-
qPCR validation in the GSK3B promoter. After Glc depletion, the control HeLa
cells (black bar) and the OGT-knockdown cells (white bar) were replenished
with Glc for 24 h. Then, the cells were subjected to ChIP with the indicated
antibody and qPCR analysis. Error bars, means and s.d. (n = 3).
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Fig. 24). Among the H2B K120 monoubiquitination peaks, nearly 10%
(3,974 peaks) overlapped with H2B S112 GlcNAc peaks (Fig. 4d, left),
and this evaluation was confirmed by a sequential ChIP-reChIP assay
(Supplementary Fig. 25). Although 5,778 genes (66.8% of H2B S112
GIcNAc and 84.4% of K120 monoubiquitination) were found at the
same loci (Fig. 4d, middle, and Supplementary Table 3d), 259 genes
were identified when the two peaks were compared only within the
promoters (Fig. 4d, right). The results of the ChIP-seq analysis were
validated by ChIP-quantitative PCR (qPCR) assessment for the gly-
cogen synthase kinase 3p (GSK3B) gene (Fig. 4e, f). These findings
suggest that at several H2B S112 GIcNAc sites, it aids H2B monoubi-
quitination ligase recruitment whereas at others additional or different
factors may be operational.

Here we provide evidence that histone GlcNAcylation is a post-
translational modification correlated with active transcriptional
events, and is responsive to serum glucose levels and/or cellular energy
states in certain cell types (Supplementary Fig. 1). Using an antibody
that specifically recognizes the S112 GIcNAc moiety of endogenous
H2B, H2B was shown to serve as an OGT substrate. We have focused
on the role of H2B S112 GlcNAcylation in gene regulation (Sup-
plementary Fig. 1). Genome-wide analysis revealed that H2B S112
GlcNAc was frequently located near transcribed genes, suggesting that
histone GlcNAcylation facilitates transcription of the genes. This idea
is supported by previous reports that transcriptional output driven by
several transcription factors is co-activated by OGT>'**°. However,
recent papers reported that Drosophila OGT is itself a polycomb group
protein®*', and that many O-GlcNAcylated factors are involved in
transcriptional repression and gene silencing”®. In this respect, it will
be interesting to identify other histone glycosylation sites and invest-
igate their roles in transcriptional repression as well as activation.

METHODS SUMMARY

Plasmids and cell culture. All plasmids were generated with standard protocols
(see Methods). Retrovirus production, infection and sorting of the infected cells
followed previously reported protocols’.

Purification of GIcNAc proteins from chromatin. Chromatin pellets were pre-
pared from HeLa cells as previously described*”. GlcNAc proteins were enriched with
%-0-GlcNAc (RL2) antibody (Abcam) immobilized on Dynabeads (Invitrogen), and
released with GIcNAc-O-serine.

Generation of monoclonal antibody. The synthetic H2B S112 GlcNAc peptide
(CKHAV S(GlcNAc) EGTK) was used to immunize mice. The hybridomas were
selected by enzyme-linked immunosorbent assay (ELISA) and western blotting
analysis.

In vitro OGT and monoubiquitination assays. Flag-OGT, Flag-El, and Flag-
BRE1A/BRE1B were purified by baculoviral systems, whereas histones and
6 X His-RADG6A were prepared from bacteria as previously reported'”*. H2B
was incubated with OGT or H2B monoubiquitination ligases in vitro, and its
modification was detected by western blotting as previously reported®?.
ChIP-seq and ChIP-qPCR. ChIP and ChIP-seq library construction was per-
formed as previously described***, and the libraries were sequenced to 50 base
pairs (bp) with Hiseq2000 (Illumina). The fragments of interest in the libraries
were quantified with specific promoter sets (Methods) by qPCR.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Plasmids and retroviruses. Complementary DNAs (cDNAs) of N-terminally
Flag-tagged H2B and its mutant were subcloned into pcDNA3 (Invitrogen). A
series of H2B point mutants were subcloned into the pET3 vector (Novagen).
shRNA sequences targeting hOGT (5'-GCACATAGCAATCTGGCTTCC-3')
and Renilla luciferase (5'-TGCGTTGCTAGTACCAAC-3', as a control) were
inserted into the pSTREN-RetroQ-ZsGreen vector (Clontech). For retroviral pro-
duction, the constructed shRNA vectors were transfected into PLAT-A cells. The
virus contained in the medium was used for infection.

Generation of stable cell lines. To generate OGT-KD cells by retroviral infection,
10° cells were plated in 60 mm culture dishes, treated with 3 ml of retroviral
cocktail (1 ml of the prepared retroviral solution plus 2 ml of DMEM with 10%
FBS and 8 g mI™" polybrene), then cultured for another 48 h. A FACSVantage
(BD) sorter was used to isolate the retrovirally transduced, enhanced green fluor-
escent protein (eGFP)-positive cells, as previously described”. To generate the cells
stably expressing Flag-tagged constructs, HeLa cells were transfected with the
pcDNA vectors encoding the Flag-tagged H2B or the AA mutant. The cells con-
taining the integrated vectors were selected by exposure to 0.5 mg ml™" G418.
Generation of monoclonal antibody. H2B S112 GlcNAc peptide (CKHAV
S(GlcNAc) EGTK) was synthesized (MBL Institute) and used as an antigen
(Operon Biotechnologies). The hybridomas were briefly screened using ELISA
with the GlcNAc peptide, and ﬁnaHy selected by immunoblot analysis with the in
vitro GlcNAcylated H2B.

Antibodies. Antibodies were obtained as follows: o-Flag M2 agarose (Sigma),
o-H2A, o-H2B, o-H3, o-H4 (Abcam), o-H2B K120 monoubiquitination
(Upstate), a-GlcNAc (RL2 or CTD110.6) (Abcam), 2-OGT (Sigma), o-Flag
(Sigma) and «-RNF20/BRE1A (Bethyl).

Purification and identification of GIcNAc proteins. The %-O-GIcNAc-
immobilized beads were prepared with 15 ug #-O-GlcNAc (RL2) antibody and
0.5 ml of Dynabeads M-280 sheep o-mouse IgG (Invitrogen) according to the
manufacturer’s instructions. Chromatin extracts from HeLa cells (0.5 g protein)
were prepared essentially as previously described®. In brief, the chromatin pellet,
which consisted of residual material from the nuclear extract preparation with
buffers supplemented with 1 mM streptozotocin (STZ), was re-suspended with
micrococcal nuclease (MNase) buffer (20mM Tris-HClL, 1 mM CaCl,, 2mM
MgCl,, 0.1M KCl, 0.1% (v/v) Triton-X, 0.3M sucrose, 1mM DTT, 1 mM
benzamidine, 0.2 mM PMSF, 1 mM STZ, pH 7.9). After addition of 3 Uml™"
MNase, the samples were incubated for 30 min at room temperature with con-
tinuous homogenization and the reaction was stopped by adding 5 mM EGTA and
5mM EDTA. After centrifugation at 2,000¢ for 30 min at 4 °C, the supernatant
(chromatin extract) was used for the following purification steps. The chromatin
extracts were passed through a WGA agarose column (Vector). The flow-through
fraction was further mixed with -O-GlcNAc-immobilized beads and rotated for
8h at 4 °C. After three washes with buffer D (20 mM Tris-HCI, 0.2 mM EDTA,
5mM MgCl,, 0.1 M KCl, 0.05% (v/v) NP-40, 10% (v/v) glycerol, 1mM DTT,
I'mM benzamidine, 0.2 mM PMSF, 1 mM STZ, pH 7.9), glycoproteins were eluted
twice with buffer D plus 0.4 mgml™" GleNAc-O-serine (MBL) (elutions 1 and 2)
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and finally with 0.1 M glycine-HCl (pH2.0) (elution 3). Eluted proteins were
desalted by methanol-chloroform precipitation, digested with trypsin (Promega)
then loaded on the automated LC-MS/MS system, which was assembled with
Zaplous nano-LC (AMR) plumbed with a reverse-phase C18 electrospray ioniza-
tion (ESI) column (LC assist) and a Fiinigan LTQ ion-trap mass spectrometer
(Thermo). The LC-MS/MS data were processed using Thermo BioWorks
(Thermo) and SEQUEST (Thermo) for protein identification. The list of the iden-
tified proteins was further analysed by using the ‘gene functional classification tool’
in DAVID bioinformatics resources 6.7 (http://david.abec.nciferf.gov/).
Recombinant proteins. Preparation of recombinant proteins was performed as
previously reported””. Recombinant Flag-OGT, Flag-E1, Flag-BREIA/B com-
plexes were isolated by baculovirus expression and immunoprecipitation-based
purification with o-Flag M2 agarose (Sigma). Recombinant 6 X His-RAD6A was
expressed in bacteria and partly isolated with a HIS-Select Nickel Affinity Gel
(Sigma). The eluate was diluted 1:20 with BCO (20 mM HEPES, 0.2 mM EDTA,
10% (v/v) glycerol, pH 7.9), and fractionated with a Resource Q column (GE
Healthcare) using a linear gradient (0-0.5 M KCI) method. Preparation of recom-
binant Xenopus histone H2B and its mutants was performed as previously
described”*.

In vitro GlcNAcylation assay (autoradiographic analysis). Recombinant Flag—
OGT protein (0.5 pg) was incubated with 0.5 pg of recombinant histone and 0.2 mM
(0.2 uCi) UDP-[’H]|GIcNAc (PerkinElmer) in a 25 ul reaction (50 mM Tris-HCI,
12.5mM MgCl,, 1 mM DTT, pH 7.5) for 24 h at 37 °C. The reaction was resolved
with SDS-PAGE, blotted onto a polyvinylidene difluoride (PVDF) membrane, then
subjected to autoradiography after spraying EN*'HANCE (NEN Lifescience).

In vitro GlcNAcylation assay (MS analysis). Recombinant histones (1 pg) or
recombinant histone octamers assembled in vitro (1 pg) were GlcNAcylated by
recombinant Flag-OGT in 25l reactions (50mM Tris-HCl, 2mM UDP-
GleNAc, 12.5mM MgCl,, 1 mM DTT, pH 7.5) for 24 h at 37 °C. The reactions
were directly subjected to a nano-LC ESI-TOF mass spectrometer system, which
was assembled with a 1100 nanoLC (Agilent) plumbed with a ZORBAX 300SB-
C18 column (Agilent) and micrOTOF (Bruker). Or, the reactions were digested
with trypsin (Promega) and subjected to purification of glycopeptides with an MB-
LAC WGA kit (Bruker). The enriched glycopeptides were loaded on the nano-LC
ESI-ETD ion-trap mass-spectrometer system, which was assembled with the
Agilent HP1200 Nano (Agilent) plumbed with ZORBAX 300SB-C18 (Agilent)
and amaZon ETD (Bruker).

In vitro monoubiquitination assay. GlcNAcylated histones (1 pig) were ubiquiti-
nated with the E1 (0.1 pg), RAD6 (0.2 pg), BRE1 complex (0.5 pg), ubiquitin (3 pig)
in 50mM Tris (pH7.9), 5 mM MgCl,, 4 mM ATP at 37 °C for 24 h.

ChIP-seq and ChIP-qPCR. ChIP and ChIP-seq libraries were constructed as
previously described***”. For ChIP-seq analysis, the libraries were sequenced to
50bp with Hiseq2000 (Illumina). For ChIP-qPCR analysis, the fragments of
interest in the libraries were quantified with Thermal Cycler TP800 (TAKARA)
and SYBR Premix Ex Taq II (Takara). The qPCR primer sets for the GSK3B gene
were 5'-TGCAAGCTCTCAGACGCTAA-3" and 5'-CTCATTTCTCATGGGCG
TTT-3".

©2011 Macmillan Publishers Limited. All rights reserved





