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The histone chaperone HIRA complex, consisting of histone cell cycle
regulator (HIRA), Ubinuclein1 (UBN1), and calcineurin binding pro-
tein 1 (CABIN1), deposits histone variant H3.3 to genic regions and
regulates gene expression in various cellular processes, including
cellular senescence. How HIRA-mediated nucleosome assembly of
H3.3–H4 is regulated remains not well understood. Here, we show
that O-linked N-acetylglucosamine (GlcNAc) transferase (OGT), an
enzyme that catalyzes O-GlcNAcylation of serine or threonine resi-
dues, interacts with UBN1, modifies HIRA, and promotes nucleosome
assembly of H3.3. Depletion of OGT or expression of the HIRA S231A
O-GlcNAcylation–deficient mutant compromises formation of the
HIRA–H3.3 complex and H3.3 nucleosome assembly. Importantly,
OGT depletion or expression of the HIRA S231A mutant delays pre-
mature cellular senescence in primary human fibroblasts, whereas
overexpression of OGT accelerates senescence. Taken together, these
results support a model in which OGT modifies HIRA to regulate
HIRA–H3.3 complex formation and H3.3 nucleosome assembly and
reveal the mechanism by which OGT functions in cellular senescence.
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In eukaryotic cells, genetic information (DNA) is packaged into
an organized complex known as chromatin. Chromatin governs

a number of cellular processes, including DNA replication, DNA
repair, and gene transcription. The basic repeating unit of
chromatin is the nucleosome (1), consisting of 147 base pairs of
DNA wrapped around a core histone octamer composed of a
central histone (H3–H4)2 tetramer and two histone H2A-H2B
dimers (2–5). Nucleosome assembly is a key regulatory step in
the establishment and maintenance of distinct chromatin states
(4, 6–8), and deregulation of nucleosome assembly is linked to
aging and cancer (4, 9, 10). Therefore, it is important to deter-
mine how nucleosome assembly pathways are regulated.
In mammalian cells, canonical histone H3.1/H3.2 and histone

H3 variant H3.3 differ by four or five amino acid residues (5) and
are assembled into nucleosomes via either replication-coupled
(H3.1/H3.2) or replication-independent (H3.3) nucleosome as-
sembly pathways orchestrated by distinct histone chaperones. For
instance, along with H4, canonical histone H3.1/H3.2 is deposited
by the histone chaperone CAF-1 during S phase, whereas H3.3 is
assembled into nucleosomes at pericentric and telomeric regions
by DAXX/ATRX, and at genic regions by the HIRA complex
(11–18). In addition to histone chaperones, posttranslational
modifications on newly synthesized histones impact nucleosome
assembly, in part by regulating the interactions between histone
chaperones and their histone cargo. For example, histone H4
acetylation regulates nuclear import of new H3–H4 (14, 19–21).
In budding yeast, acetylation of histone H3 lysine 56, as well as
acetylation at the N terminus of H3, contribute DNA replication-
coupled nucleosome assembly, in part, through promoting the
interaction of histone chaperones and histones (14, 22, 23).
Ubiquitylation of histone H3 by the E3 ubiquitin ligase, Rtt101Mms1

in yeast and Cul4/DDB1 in human cells, promotes the hand off of

H3–H4 from the histone chaperone Asf1 to downstream chap-
erones CAF-1 and HIRA for nucleosome assembly (24). In hu-
mans, phosphorylation of histone H4 serine 47, catalyzed by the
PAK2 kinase, promotes nucleosome assembly of H3.3–H4 by
increasing the binding affinity of HIRA to H3.3–H4 (25).
Therefore, nucleosome assembly is regulated at multiple levels,
which likely impact downstream cellular processes by using his-
tones and histone chaperones.
The HIRA complex, composed of HIRA, Ubinuclein1 (UBN1),

and CABIN1, assembles H3.3 at genic regions, thereby regulating
H3.3 dynamics for different cellular processes (5, 6, 26). For in-
stance, HIRA-mediated H3.3 incorporation at gene promoters
destabilizes nucleosomes and increases nucleosome dynamics for
transcriptional activation and ongoing transcription (15, 27–29).
Conversely, HIRA regulates transcriptional gene silencing in yeast
(25, 30, 31), and the HIRA complex and H3.3 mediate formation
of senescence-associated heterochromatin foci (SAHF) during
oncogene-induced proliferation arrest of primary human fibro-
blasts (32, 33). Thus, the trimeric HIRA complex is an important
chromatin regulator involved in both gene activation and tran-
scriptional silencing (15, 27–29, 34). However, how HIRA
complex-mediated nucleosome assembly of H3.3 is regulated re-
mains unclear.
Cellular senescence represents an irreversible cell prolifera-

tion arrest state leading to loss of tissue function in mammals
and is linked to organismal aging (35–41). Cellular senescence
was initially used to describe the progressive attrition of chro-
mosomal ends and cellular arrest in cultured human fibroblasts
over time (replicative senescence) (42–45). Cellular senescence
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can also be induced prematurely by cellular stresses, termed
premature cellular senescence. For instance, oncogene activation
in normal human cells leads to premature cellular senescence
(32, 38, 46). Specifically, it has been shown that exogenous ex-
pression of oncogenic Ras or expression of activated MEK in
IMR90 human fibroblasts induces cellular senescence. Senescent
cells characteristically display one large nucleolus with tiny spots
at the nuclear periphery as visualized by DAPI staining, called
SAHF (32, 38). SAHF formation may be largely due to aug-
mented nucleosome density (47). It has been shown that the
HIRA complex incorporates H3.3 during senescence in a replication-
independent manner, and ectopic expression of HIRA or H3.3
induces premature cellular senescence (33, 48). Therefore,
understanding how the HIRA-mediated nucleosome assembly
pathway is regulated will likely provide insight into the regulation
of cellular senescence.
Herein, we describe the first link to our knowledge among the

O-GlcNAcylation of HIRA, nucleosome assembly, and cellular
senescence. We identify O-linked N-acetylglucosamine (GlcNAc)
transferase (OGT) as a binding partner of the HIRA complex by
using mass spectrometry. We show that OGT interacts with UBN1,
modifies HIRA with O-GlcNAc, and impacts the formation of
HIRA–H3.3 complex. Cells expressing a HIRA O-GlcNAcylation
site mutant exhibited defects in formation of HIRA–H3.3 complex
and H3.3 nucleosome assembly. Furthermore, we show that OGT
and HIRA O-GlcNAcylation are involved in cellular senescence.
Together, these studies reveal that HIRA is O-GlcNAcylated, and
this modification regulates HIRA-mediated H3.3 nucleosome as-
sembly and cellular senescence.

Results
OGT Interacts with the HIRA Complex Through UBN1. The HIRA
complex consists of three subunits, HIRA, UBN1, and CABIN1,
and deposits H3.3–H4 at genic regions. To understand how
HIRA-mediated nucleosome assembly is regulated, we estab-
lished HEK293T cell lines stably expressing Flag-tagged HIRA,
purified the HIRA complex from cell extracts, and identified
HIRA-interacting proteins by mass spectrometry. In addition to
the three subunits of the HIRA complex and ASF1a, a histone
chaperone that delivers H3.3–H4 to the HIRA complex (14), we
identified several potential binding partners, including OGT
(Table S1). We chose to focus our studies on OGT, an enzyme
that catalyzes O-GlcNAcylation of serine or threonine residues of
cytoplasmic and nuclear proteins, because OGT had no known
role in nucleosome assembly, a process which uses protein post-
translational modification as a regulatory mechanism. To verify
this interaction, we immunoprecipitated HIRA or OGT from
cells transiently expressing Flag-tagged HIRA or Myc-tagged
OGT. Endogenous OGT coimmunoprecipitated with Flag-HIRA
(Fig. 1A), and endogenous HIRA was associated with Myc-OGT
in the reciprocal immunoprecipitation (Fig. 1B). The physical
interaction of the OGT–HIRA complex was further confirmed by
immunoprecipitation of endogenous HIRA (Fig. 1C). These re-
sults indicate that OGT interacts with the HIRA complex.
The HIRA complex consists of three subunits, HIRA, UBN1,

and CABIN1. To determine which subunit interacted with OGT,
we first used HIRA mutants to define the OGT–HIRA protein–
protein interaction domain in vivo. HIRA contains three domains:
the HIRA A region (residues 1–400) that consists of WD40 re-
peats and interacts with the N terminus of UBN1 (49, 50); the
HIRA B domain (residues 401–500) that interacts with ASF1a
(33, 51, 52); and the HIRA C domain (residues 501–1017) that
binds CABIN1 (28) (Fig. 1D, Top). GFP-tagged wild-type HIRA
or various deletion mutants (HIRA-A only, HIRA-AB domains,
and HIRA-C) were expressed in HEK293T cells and immunopre-
cipitated by using antibodies against GFP. The HIRA A domain,
alone or in combination with the B domain, was sufficient for OGT
binding, whereas the HIRA C domain exhibited a significant re-

duction in OGT binding, indicating that HIRA interacts with OGT
through the HIRA A domain, either directly or indirectly (Fig. 1D).
Because both UBN1 and OGT associate with the same region of

HIRA, we tested whether the HIRA–OGT interaction was medi-
ated by UBN1. We performed immunoprecipitation assays by using
wild-type UBN1 and a UBN1 mutant lacking the HIRA-binding
domain (NHRD; amino acids 41–77) (Fig. 1E, Top). Wild-type
UBN1 coprecipitated with OGT (Fig. 1E). In addition, whereas
OGT bound to the UBN1 NHRD deletion mutant, neither HIRA
nor CABIN1 did. This result suggests that the association of OGT
with the HIRA complex is likely mediated by UBN1. Consistent
with this interpretation, recombinant GST-OGT pulled down
UBN1 from Sf9 cell extracts expressing UBN1 or coexpressing

Fig. 1. OGT interacts with the HIRA complex. (A) Exogenously expressed
HIRA associates with endogenous OGT. Exogenously expressed Flag-HIRA
(e-HIRA) was immunoprecipitated (IP) with Flag M2 beads from 293T cells,
and proteins at input and IP samples were analyzed by Western blotting. EV,
empty vector. (B) Exogenously expressed OGT (e-OGT) associates with en-
dogenous HIRA. The experiment was performed as described in A except
that Myc-OGT was immunoprecipitated with antibodies against the Myc
epitope. (C) Endogenous HIRA associates with endogenous OGT. HIRA was
immunoprecipitated with antibodies against HIRA and proteins in input, and
IP were analyzed by Western blotting using the indicated Abs. (D) OGT in-
teracts with the A domain of HIRA. GFP-tagged full length or different do-
mains of HIRA (A, AB, and C, Upper) were expressed in 293T cells. Total
lysates were subject to IP with antibodies against GFP, followed by Western
blotting using the indicated Abs. White arrows indicates GFP-tagged full
length or different domains of HIRA. (E) UBN1 mediates the OGT–HIRA in-
teractions. GFP-tagged, full-length UBN1 or a UBN1 mutant deficient in HIRA
binding was expressed in 293T cells and immunoprecipitated by antibodies
against GFP. (F) OGT interacts with UBN1 in vitro. Full-length HIS-HIRA and
Flag-UBN1 were expressed alone or in combination in Sf9 insect cells and
were tested for the ability to bind recombinant GST-OGT. GST-OGT bound
proteins were pulled down and were analyzed byWestern blotting using the
indicated antibodies. GST-REGα, a mammalian proteasome binding protein,
was used as a negative control.
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UBN1-HIRA, but not from extracts expressing HIRA alone in
vitro (Fig. 1F). Therefore, our results suggest that OGT is a
binding partner of the HIRA complex and associates with HIRA,
most likely through UBN1.

OGT Is Required for de Novo Deposition of H3.3. HIRA mediates
H3.3–H4 nucleosome assembly at both active and poised genes.
To explore the biological implication of the physical interaction
between OGT and the HIRA complex, we tested whether OGT
is involved in H3.3–H4 nucleosome assembly in human cells.
Briefly, we used HeLa cells expressing H3.3 tagged with SNAP,
a mutant form of O6-guanine nucleotide alkyltransferase that
covalently reacts with benzyl-guanine (BG). After chasing exist-
ing H3.3-SNAP with a cell-permeable, nonfluorescent BG de-
rivative, we labeled newly synthesized H3.3-SNAP with TMR
(tetramethylrhodamine)-BG and detected newly synthesized
H3.3-SNAP by either quantifying the fluorescence intensity of
individual cells or analyzing H3.3-SNAP chromatin incorpora-
tion by using chromatin fractionation assays. In this way, we were
able to monitor the deposition of newly synthesized H3.3. Two
different small hairpin RNAs (shRNAs) (Fig. S1A) were used to
deplete OGT in H3.3-SNAP–tagged HeLa cell lines (53). Analysis
of the fluorescence intensity of individual cells revealed that de-
pletion of OGT, like that of HIRA, resulted in a marked reduction
in H3.3 deposition (approximately 40%) compared with control
cells (Fig. 2 A and B). Consistently, depletion of OGT led to a
significant decrease in H3.3 incorporation into chromatin com-
pared with control cells (Fig. 2 C and D) based on analysis of
chromatin-bound new H3.3-SNAP. In contrast, depletion of

OGT had little effect on de novo H3.1 deposition (Fig. S1 B–E),
suggesting that OGT is specifically required for efficient de-
position of new H3.3. To confirm these results, we performed
rescue experiments by transiently overexpressing OGT from an
shRNA-resistant plasmid in OGT-depleted cells (Table S2).
OGT expression rescued the H3.3 deposition defects in OGT-
depleted cells as monitored by H3.3 deposition in individual cells
(Fig. 2 E and F) and H3.3 incorporation into chromatin using the
chromatin binding assay (Fig. 2 G and H). Taken together, these
results indicate that OGT is required for the efficient deposition
of new H3.3 in human cells.
Using a chromatin immunoprecipitation (ChIP) assay, we

have shown that HIRA is important for H3.3 occupancy at the
transcription terminal site of TM4SF1, but not the transcription
starting site of TRIM42, which is marked by H3.1 (54). Depletion
of OGT resulted in a significant reduction in H3.3 occupancy at
TM4SF1 compared with control cells (Fig. 2I). This result pro-
vides additional support for the idea that OGT regulates the
HIRA-dependent deposition of newly synthesized H3.3.

OGT Regulates the Integrity of the HIRA–H3.3 Complex. To under-
stand how OGT regulates H3.3 deposition, we asked whether
OGT was required for the efficient association of H3.3–H4 with
its chaperones. GFP-tagged H3.3 was purified from 293T cells
with or without OGT depletion, and copurified proteins were
detected by Western blot (Fig. 3A). Consistent with published
reports, histone chaperones, ASF1a, Daxx, and HIRA, but not
CAF-1 (p60), copurified with H3.3 (15). Interestingly, less HIRA
and UBN1 copurified with H3.3 in OGT-depleted cells than in

Fig. 2. OGT is required for de novo deposition of histone H3.3. (A–D) OGT depletion compromised the deposition of newly synthesized H3.3. OGT1 was
depleted from H3.3-SNAP–tagged HeLa cells. After old H3.3-SNAP was blocked by using a nonfluorescent blocker, new H3.3-SNAP was marked with TMR-
STAR and visualized by using a fluorescence microscopy (A). The SNAP-TMR signaling intensity was quantified and reported as mean ± SEM of three ex-
periments (B; *P < 0.05; **P < 0.01). Depletion of HIRA was used as a control. (C and D) Deposition of new H3.3 was monitored by a chromatin fractionation
assay. New H3.3-SNAP proteins on chromatin were detected by using a Typhoon FLA 7000 (C, Top), and total proteins detected by IRDye Blue Protein Stain
(C, Bottom). (D) The relative SNAP intensity of H3.3-SNAP over total proteins was calculated and reported as the mean ± SEM of three independent ex-
periments. (E–H) Expression of shRNA-resistant OGT rescues H3.3 deposition defect caused by OGT depletion. (E) Representative images. (F) Quantification of
the SNAP-H3 intensity from three independent experiments (mean ± SEM, *P < 0.05). (G and H) Deposition of new H3.3 was monitored by using the
chromatin fractionation assay shown in G. Results from three independent experiments were shown in H (mean ± SEM, *P < 0.05; **P < 0.01). (I) Depletion of
OGT results in reduced H3.3 occupancy at an H3.3 enriched gene locus. H3.3-Flag ChIP was performed in cells with or without OGT depletion and ChIP DNA
was analyzed by real-time PCR. Results from three independent experiments were shown (mean ± SEM, *P < 0.05). I, Bottom shows the OGT knockdown
efficiency. (Scale bars: 20 μm.)
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control cells (Fig. 3A), whereas depletion of OGT had little effect
on the association of H3.3 with Asf1a and Daxx.
Next, we analyzed how depletion of OGT affected the integrity

of the HIRA complex by immunoprecipitating Flag-HIRA from
OGT-depleted or not targeting control cells. Less UBN1, CABIN1,
and H3.3 copurified with HIRA in OGT-depleted cells compared
with control cells (Fig. 3B). These results suggest that OGT is re-
quired for the formation of the HIRA–H3.3 complex.

HIRA O-GlcNAcylation Is Important for the Integrity of the HIRA–H3.3
Complex. OGT catalyzes the addition of N-acetylglucosamine to
serine or threonine of a target protein. We therefore asked whether

OGT modified HIRA and UBN1, two key components of the
HIRA complex. GFP-tagged HIRA was immunoprecipitated un-
der denaturing conditions in the presence of exogenously expressed
Myc-tagged OGT, and precipitated proteins were analyzed by
Western blot. We found that both HIRA and UBN1 were
O-GlcNAcylated (Fig. 3C and Fig. S2 A and B). Next, we used
mass spectrometry and identified four amino acid residues (S231,
S425, S593, and S878) of HIRA and five amino acids (T861, S866,
T989, S999, and S1003) of UBN1 that were likely O-GlcNAcy-
lated (Fig. 3D and Fig. S2C). These results indicate that HIRA
and UBN1 are likely modified with O-GlcNAc in vivo. In addition,
we estimated that O-GlcNAc–modified HIRA was ∼4% of un-
modified HIRA under conditions when OGT was overexpressed
(Fig. S2D). It is likely that a small fraction of HIRA will also be
modified by OGT under normal cellular conditions, potentially
suggesting that this modification is transient and may have a
regulatory role.
To determine which potential O-GlcNAcylated residue(s) of

HIRA were functionally relevant, we mutated each residue (S231,
S425, S543, and S876) to alanine, expressed each HIRA mutant
tagged with GFP in 293T cells, and analyzed how each mutation
affected GlcNAcylation. Mutations at S231 and S876 consistently
exhibited the most dramatic effect on HIRA GlcNAcylation,
suggesting that these sites are modified in cells (Fig. 3E and Fig.
S3A). Less UBN1 copurified with HIRA S231A mutant than wild-
type HIRA. Furthermore, both HIRA S231A and S876A mutants
also exhibited reduced association with H3 compared with HIRA,
whereas two other HIRA mutants (S425A and S543A) had
no apparent effect on the formation of the HIRA–H3.3 com-
plex (Fig. 3E and Fig. S3 B and C). These results indicate that
O-GlcNAcylation of HIRA impacts the interaction of the HIRA
complex with H3.3, and to a lesser extent, the interaction of the
HIRA subunit with UBN1.
We also tested how mutating potential UBN1 O-GlcNAcyla-

tion sites affected O-GlcNAcylation and formation of the HIRA–
H3.3 complex. Because the five residues (T861, S866, T989, S999,
and S1003) are close, we made two deletion mutants (from T861
to S866, Δ1, and from T989 to S1003, Δ2) and tested how these
two deletion mutants affected the O-GlcNAcylation of UBN1
and its interaction with H3–H4. As shown in Fig. S3D. UBN1
O-GlcNAcylation was reduced in both deletion mutants.
However, these deletion mutants did not show notable effects
on UBN1 association with HIRA, CABIN1, or histone H3,
suggesting that UBN1 O-GlcNAcylation is dispensable for
the HIRA complex and H3 interaction and likely has other
functions.

HIRA O-GlcNAcylation Affects de Novo Deposition of H3.3. The HIRA
complex regulates H3.3 deposition, and depletion of HIRA results
in reduced deposition of new H3.3–H4. To investigate whether
HIRA O-GlcNAcylation affects H3.3 deposition, we performed
complementation experiments by expressing WT HIRA and the
O-GlcNAcylation HIRA mutant (S231A) in HeLa cells depleted
of HIRA, and analyzed deposition of H3.3 in individual cells using
immunofluorescence (Fig. 4 A and B) and in cell populations
using chromatin fractionation (Fig. 4 C and D). By both assays, we
observed that depletion of HIRA led to a reduction in H3.3
deposition. Expression of shRNA-resistant wild-type HIRA,
but not the HIRA S231A mutant, rescued the effect of HIRA
depletion on H3.3 deposition (Fig. 4). Because wild-type HIRA
and HIRA S231A mutant were expressed at a similar level (Fig.
4C), the inability of the HIRA S231A mutant to rescue nucleo-
some assembly defects is likely due to reduced O-GlcNAcylation
and compromised ability to form the HIRA–H3.3 complex. These
experiments suggest that the O-GlcNAc modification of HIRA is
required for the efficient incorporation of histones H3.3–H4 into
chromatin.

Fig. 3. OGT modifies HIRA and O-GlcNAcylation of HIRA regulates the in-
tegrity of HIRA-H3.3 complex in vivo. (A) OGT depletion results in reduced
association of HIRA with H3.3. HEK293T cells stably expressing GFP-tagged
histone H3.3 (GFP-H3.3) were transduced with viruses for nontarget (NT) or
shRNA against OGT. GFP-H3.3 was purified by using antibodies against GFP
and copurified proteins were analyzed by Western blot. (B) OGT depletion
leads to reduced association of HIRA with UBN1. Stably expressed Flag-HIRA
from nontargeting control (NT) or OGT depleted cells (shOGT) was immu-
noprecipitated (IP) with Flag M2 beads in 293T cells and input and IP proteins
were analyzed by Western blotting using the indicated Abs. (C) HIRA is
O-GlcNAcylated. GFP-tagged HIRA were expressed in 293T cells with or
without expression of Myc-tagged OGT. GFP-HIRA was immunoprecipitated,
and proteins in IP and input were analyzed by Western blot. Black and white
arrowheads on the O-GlcNAc blot denote the expected HIRA and OGT mo-
lecular masses, respectively. Kilodaltons (kDa) are a measure of molecular
mass. (D) Identification of potential O-GlcNAcylation sites of HIRA. GFP-HIRA
was purified as described in C and subjected to nano-flow liquid chroma-
tography electrospray tandem mass spectrometry. (E ) Mutations at a
putative O-GlcNAcylation residue of HIRA affect O-GlcNAcylation and the
integrity of the HIRA–H3.3 complex. GFP-tagged full length HIRA (WT) or single
mutant HIRA (S231A, S425A, S543A, and S876A) were expressed in 293T cells and
immunoprecipitated by antibodies against GFP.
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OGT Is Involved in Cellular Senescence. HIRA-mediated deposition
of H3.3 regulates chromatin dynamics in senescent cells and is, in
part, responsible for the formation of SAHF (29, 33, 48). SAHF,
in turn, repress the transcription of proliferation-related genes,
including Cyclin A, minichromosome maintenance complex 6
(MCM6), and PCNA, thereby maintaining permanent cell-cycle
arrest in senescent cells (32, 55). In addition to SAHF formation,
the cellular transition from proliferation to senescence is marked
by increased expression of the cell cycle inhibitor p16INK4A and
enhanced staining with SA β-gal. To determine whether OGT
has a role in senescence, we first monitored p16INK4A and OGT
expression in primary human IMR90 fibroblasts undergoing
premature senescence induced by oncogenic Ras expression.
IMR90 cells with OGT depletion (shRNA targeting OGT,
shOGT) were transduced with an H-RasV12 overexpression con-
struct under the control of the estrogen promoter. After trans-
duction and selection, cells were treated with 4-hydroxytamoxifen
(4OHT) to induce H-RasV12 expression and, thereby, trigger cel-
lular senescence. Lysates were prepared from cells between 0 and
6 d after selection, and p16INK4A expression was examined by
Western blot (Fig. 5A). As expected, p16INK4A increased with
increased expression of oncogenic Ras. Importantly, depletion of

OGT compromised the accumulation of p16INK4A compared with
control cells. We also observed that OGT expression increased
with H-RasV12 induction (Fig. 5A). These results suggest that
OGT is required for oncogene-induced cellular senescence.
Next, we investigated whether ectopic expression of OGT was

sufficient to drive cellular senescence in the absence of activated
oncogenic Ras signaling. Early-passage IMR90 fibroblasts were
transduced with a lentivirus encoding an empty vector or a vector
expressing wild-type OGT. To monitor senescence, we analyzed
p16INK4A expression, SA β-gal staining, SAHF formation,
and incorporation of the deoxyribonucleotide precursor EdU
(5-ethynyl-2′-deoxyuridine) as an indicator of cell proliferation.
Ectopic expression of OGT (e-OGT) resulted in increased ex-
pression of p16 (Fig. 5B), with a concomitant reduction in the
levels of the E2F-target genes MCM6 and PCNA. In addition,
OGT overexpression resulted in an increase in the percentage of
SA–β-gal positive cells on day 6 compared with controls (Fig. 5 C
and D). Finally, at day 6 after OGT overexpression, the per-
centage of EdU-positive cells was dramatically reduced com-
pared with control cells, with a concomitant increase in the
percentage of cells with SAHF as monitored by DAPI staining
(Fig. 5 E and F and Fig. S4A). In summary, these results strongly
support the notion that OGT regulates cellular senescence.
Next, we explored whether mutation at HIRA O-GlcNAcylation

is important in cellular senescence. To test this idea, early-passage
IMR90 fibroblasts were transduced with a lentivirus encoding an
empty vector, wild-type HIRA (e-HIRA), or HIRA S231A mutant
(e-S231A), and cell senescence was monitored by examining
p16INK4A expression (Fig. S4C), EdU incorporation, and SAHF
formation. Cells expressing e-HIRA showed increased p16INK4A

expression at 8 d after transduction compared with day 2 (Fig. S4C).
HIRA overexpression also resulted in a decrease in proliferation and
a dramatic increase in the number of cells with SAHF (Fig. 5G and
H and Fig. S4B). Compared with wild-type HIRA, overexpression of
the HIRA S231A mutant led to reduced expression of p16INK4A,
increased proliferation, and reduced SAHF formation at the same
time points. Taken together, these results strongly support the idea
that HIRA O-GlcNAcylation is important for HIRA’s ability to
promote SAHF formation and regulate cellular senescence.

Discussion
Here, we report a previously uncharacterized association be-
tween the histone H3.3–H4 chaperone HIRA and a key cell
sensor protein OGT. By mass spectrometry, we identified OGT
as a binding partner of the HIRA complex, and we show that
OGT associates with HIRA, most likely through UBN1. De-
pletion of OGT leads to reduced deposition of newly synthesized
H3.3 onto chromatin and compromises the integrity of the
HIRA–H3.3 complex. Furthermore, mutations at S231, a poten-
tial GlcNAcylation site on HIRA, result in similar defects in nu-
cleosome assembly as OGT depletion. Importantly, depletion of
OGT compromises oncogenic stress-induced premature senes-
cence. In contrast, overexpression of OGT or HIRA promotes
cellular senescence in human fibroblasts, whereas overexpression
of HIRA S231A does not efficiently promote premature cellular
senescence. Therefore, these results support a model whereby
OGT binds and modifies HIRA and promotes HIRA-mediated
nucleosome assembly of H3.3–H4 and cellular senescence.

OGT Regulates HIRA-Mediated Nucleosome Assembly of H3.3–H4.
Histone variant H3.3 is assembled into nucleosomes at distinct
chromatin domains in a replication-independent process (11–18).
In addition, histone H3.3 is mutated in high-grade pediatric brain
tumors, chondroblastoma, and giant cell tumors (56–58). There-
fore, it is important to determine how nucleosome assembly of
H3.3 is regulated. In this work, we present the following lines of
evidence supporting the idea that OGT O-GlcNAcylates HIRA
and regulates HIRA-mediated H3.3–H4 nucleosome assembly.

Fig. 4. HIRA S231A mutant exhibits defects in de novo histone H3.3 de-
position. (A and B) Exogenously expressed HIRA, but not HIRA S231A mutant,
rescues the H3.3 defect caused by HIRA depletion. Endogenous HIRA was
depleted from HeLa cells expressing H3.3-SNAP, and HIRA or HIRA S231A
mutant was reexpressed. The effect of H3.3 deposition was monitored at
individual cells by using microscopy. (A) Representative DAPI and H3.3-SNAP
staining images. EV, empty vector. (Scale bar: 20 μm.) (B) Quantification of
H3.3-SNAP staining intensity at individual cells (mean ± SEM, **P < 0.01, n = 3
biological replicates). (C and D) HIRA S231A mutant fails to complement H3.3
deposition defects as detected by chromatin fractionation assays. The ex-
periments were performed as described above except that chromatin frac-
tionation assays were used to monitor H3.3 deposition. Proteins in chromatin
fractions were analyzed. C, Top shows analysis of HIRA depletion and ex-
pression of exogenous wild type HIRA (e-WT) or HIRA S231A mutant
(e-S231A). H3.3-SNAP florescence was detected by phosphoImager (C, Mid-
dle) and total proteins by SYPRO Ruby staining (C, Bottom). Relative TMR
intensity was calculated by normalizing H3.3-SNAP signals against whole
protein levels (D, mean ± SEM, **P < 0.01, n = 3 biological replicates).
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First, we show that OGT interacts with the HIRA histone
chaperone complex, most likely through the UBN1 subunit of
the HIRA complex. Second, OGT is required for the efficient
deposition of H3.3. Third, OGT O-GlcNAcylates both HIRA and
UBN1, and mutations at a putative HIRA O-GlcNAcylated
residue compromise H3.3–H4 nucleosome assembly. Together,
these results support the idea that OGT regulates HIRA-mediated
nucleosome assembly.
How does OGT regulate HIRA-mediated nucleosome as-

sembly? One possibility is that O-GlcNAc modification of HIRA
influences the expression of the HIRA complex. However, unlike
depletion of HIRA complex subunits that affects the stability of
other subunits (28, 49), depletion of OGT does not affect the
expression of three HIRA subunits (Fig. 3 A and B). In addition,
UBN1 and CABIN1 protein levels are not affected by mutation
of HIRA O-GlcNAcylation sites (Fig. 3E). This result suggests
that the role of OGT in nucleosome assembly is most likely not
due to its impact on the expression of the HIRA complex
components UBN1 and CABIN1. Instead, we observed that de-
pletion of OGT compromises the formation of the HIRA–H3.3
complex (Fig. 3B). In addition, blocking HIRA O-GlcNAcylation

at S231 dramatically reduced HIRA–H3.3 binding and overall
HIRA O-GlcNAcylation (Fig. 3E). Because S231 of HIRA
resides in the HIRA–UBN1 interaction domain, it is possible
that O-GlcNAcylation of this residue directly mediates the
interaction of UBN1-HIRA in cells. Alternatively, O-GlcNAc is a
bulkier posttranslational modification that has the potential to
induce conformational changes. Thus, O-GlcNAcylation of HIRA
by OGT in vivo enables HIRA–UBN1–CABIN1–H3.3 complex
formation, which in turn regulates H3.3 nucleosome assembly.

The Role of HIRA O-GlcNAcylation and OGT in Cellular Senescence.
Recent studies show that changes in OGT and O-GlcNAc of
nucleocytoplasmic proteins are linked to aging-associated diseases
such as Alzheimer’s (59–61). In rodent models, O-GlcNAc levels
increase in multiple aged tissues (62). However, the molecular
basis of the function of OGT in aging has not been clearly elu-
cidated. In this study, we present the following lines of evidence
indicating that O-GlcNAcylation of HIRA by OGT may regulate
cellular senescence. We observed that the level of OGT in-
creases during cell senescence induced by oncogenic Ras.
Moreover, depletion of OGT in human primary fibroblasts

Fig. 5. OGT is involved in cellular senescence. (A) OGT is required for oncogene-induced senescence. OGT was depleted by using shOGT from IMR90 cells with
or without expression of H-RasV12 under control of 4OHT. The level of p16INK4A was analyzed by Western blotting. (B–F) Overexpression of OGT results in
increased cellular senescence and reduced cell proliferation. (B) Analysis of p16INK4a, MCM6, and PCNA by Western blotting using lysates from IMR90 cells
without (empty vector, e-Tsin) and with overexpression of OGT (e-OGT). α-Tubulin was used as a loading control. (C) IMR90 cells in the absence or presence of
OGT overexpression were stained for SA-β-gal activity followed by DAPI staining. (D) Quantification of percentage cells with SA-β-gal staining (mean ± SEM,
**P < 0.01, n = 3 biological replicates). (E) Confocal microscopy imaging of DAPI and EdU (red) staining of IMR90 cells. (F) Percentage of SAHF-positive cells
(DAPI-dense foci, right) or cells with EdU staining (Left) was calculated (mean ± SEM, *P < 0.05, **P < 0.01, n = 3 biological replicates). (G and H) Over-
expression of HIRA, but not HIRA S231 mutant promotes cellular senescence. (G) Representative images of DAPI, EdU (red), and HA (green) images obtained
using confocal microscopy were shown. (H) Quantification of EdU and SAHF positive cells at the indicated time postselection (mean ± SEM, *P < 0.05, **P <
0.01, n = 3 biological replicates). (Scale bars: C, 50 μm; E and G, 10 μm.)
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compromises premature cellular senescence, whereas over-
expression of OGT promotes cellular senescence and SAHF
formation. In senescent cells, SAHF formation is largely due
to augmented nucleosome density, and these changes to nu-
clear architecture are specific to the senescent state (47).
Therefore, our results strongly support a function for OGT in
cellular senescence. Given that OGT promotes the deposition
of H3.3 through HIRA O-GlcNAcylation, and expression of a
HIRA mutant deficient in O-GlcNAcylation compromises the
ability of HIRA to promote senescence, OGT’s role in se-
nescence is likely at least in part mediated through its role in
H3.3 deposition.
Although OGT is known to modify a variety of cytosolic

substrates, accumulating evidence indicates that OGT also has a
role in chromatin regulation. For instance, OGT is essential for
PcG repression of homeotic genes (63, 64). Moreover, OGT
modifies Ezh2, the catalytic subunit of PRC2 complex (65).
Recently, it has been shown that OGT interacts with the Ten-
Eleven-Translocation (TET) enzymes, which catalyze DNA
demethylation (66). The OGT–TET interaction affects H2B
O-GlcNAcylation and HCF1. HCF1 is a component of the SET1/
COMPASS complex, and HCF1 O-GlcNAcylation is important
for the SET1 complex integrity (67). Our studies reveal a pre-
viously unidentified role for OGT in chromatin dynamics and
cellular senescence. Future studies should focus on how this
modification of HIRA affects H3.3 incorporation/nucleosome
assembly in various biological contexts and how misregulation of
OGT and nucleosome assembly may promote aging and/or the
development of human disease.

Materials and Methods
SI Materials and Methods provides a detailed discussion of the materials and
methods used in this study.

Cell Culture. HEK293T (ATCC), HeLa, and IMR90 (ATCC) cells were maintained
according to standard protocols. Information of stable cell line and cell
transfections are described in SI Materials and Methods.

HIRA Protein Complex Purification. HIRA were purified by tandem immuno-
precipitation as outlined in SI Materials and Methods.

Immunoprecipitation and Western Blotting. A detailed protocol is provided in
SI Materials and Methods.

In Vitro GST-Pulldown Assays. Recombinant GST-OGT fusion protein was
purified by using glutathione agarose beads and used for pull down assays as
described in SI Materials and Methods.

H3-SNAP Staining and Chromatin Immunoprecipitation Assay and Real-Time
PCR. These assays were performed as described in SI Materials and Meth-
ods. Primer sets used for ChIP-PCR are listed in Table S1.

Immunofluorescence and Senescence Assays. A detailed protocol is provided in
SI Materials and Methods.
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