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O-GlcNAc transferase (OGT) is the distinctive enzyme
responsible for catalyzing O-GlcNAc addition to the serine or
threonine residues of thousands of cytoplasmic and nuclear
proteins involved in such basic cellular processes as DNA
damage repair, RNA splicing, and transcription preinitiation
and initiation complex assembly. However, the molecular
mechanism by which OGT regulates gene transcription re-
mains elusive. Using proximity labeling-based mass spectrom-
etry, here, we searched for functional partners of OGT and
identified interacting protein Dot1L, a conserved and unique
histone methyltransferase known to mediate histone H3 Lys79
methylation, which is required for gene transcription, DNA
damage repair, cell proliferation, and embryo development.
Although this specific interaction with OGT does not regulate
the enzymatic activity of Dot1L, we show that it does facilitate
OGT-dependent histone O-GlcNAcylation. Moreover, we
demonstrate that OGT associates with Dot1L at transcription
start sites and that depleting Dot1L decreases OGT associated
with chromatin globally. Notably, we also show that down-
regulation of Dot1L reduces the levels of histone H2B S112 O-
GlcNAcylation and histone H2B K120 ubiquitination in vivo,
which are associated with gene transcription regulation. Taken
together, these results reveal that O-GlcNAcylation of chro-
matin is dependent on Dot1L.

The unique and essential O-GlcNAc transferase (OGT),
which is comprised of the tetratricopeptide repeat (TPR)
domain and enzymatic catalyze domain (1, 2), is fundamental
for mammalian cell proliferation and survival (3, 4). OGT
positioned in mitochondria, cytoplasm, and nucleus can
glycosylate numerous proteins by catalyzing a single
O-GlcNAc linked to the serine or threonine residues (5–7).
O-GlcNAcylation is implicated in a myriad of fundamental
biological procedures. First, O-GlcNAcylation is presented to
regulate protein stability (8, 9), interaction (10–12), and
localization (13–15). Secondly, numerous studies demon-
strated that O-GlcNAcylation could communicate with
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ubiquitination (16–18), phosphorylation (19–23), methylation
(24), and further impacted cellular processes containing gene
transcription, DNA damage repair, RNA splicing, and protein
translation. Thirdly, aberrant O-GlcNAcylation is usually
correlated with metabolic syndrome (25–27), regulator
dysfunctional (28, 29), various cancer development (30–32),
and types of diseases progression (33–36).

OGT has a crucial role in gene transcriptional regulation.
TBP O-GlcNAcylation impaired its assembly complex with
TAFs and regulated lipid metabolism–related genes (37). The
O-GlcNAcylation of RNA polymerase II on C-terminal domain
(CTD) is required for the preinitiation complex assembled, and
the de O-GlcNAcylated RNA polymerase II on CTD is requisite
for entrance transcription elongation (38, 39). Of note, the
protein TET2 or TET3 recruited OGT to associate with HCF-1
and glycosylated it, which further promotes the gene expression
by stabilizing the H3K4 methyltransferase complex integrity
(40). Additionally, OGT consolidates the gene repression state
by O-GlcNAcylated chromatin silencing regulators (24).

Dot1L (Disruptor of telomeric silencing-1 like), the unique
and conserved H3K79 methyltransferase, methylating lys79 of
histone H3 including mono, di, and trimethylation is distrib-
uted on promoters and transcriptionally active regions (41). It
has been well established that Dot1L is involved in modulating
DNA damage response (42), cell proliferation and senescence
(43–46), cell-fate determination (47), and numerous diseases
and cancers (48–53), directly or indirectly. In addition, Dot1L
is involved in transcription elongation and transcription
initiation. Dot1L was associated with actively transcribing
RNA polymerase II to regulate transcription elongation (54). A
recent study characterized that Dot1L is implicated in the
regulation of transcription initiation by facilitating the
recruitment of transcription initiation factor TFIID and pro-
moting histone H2B K120 ubiquitination (55). Interestingly,
Dot1L could direct cell differentiation and control transcrip-
tion elongation independent of H3K79 methylation (47).

OGT has an indispensable noncatalytic role that is required
for cell proliferation, and OGT glycosylation activity is
required to preserve cell viability (4). However, the funda-
mental question of how OGT and O-GlcNAc regulate gene
expression to maintain cell viability and sustain cell
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Dot1L regulates histone O-GlcNAcylation
proliferation has not been well defined. Therefore, identifying
essential substrates and associated partners of OGT is neces-
sary. Herein, we performed proximity labeling by coupling the
efficient biotin ligase TurboID with OGT in HEK293T cells
and identifying new partners of OGT. We found that Dot1L
and OGT physically interact via the noncatalyze domain, and
Dot1L positively facilitates OGT associated with chromatin to
regulate histone O-GlcNAcylation.
Results

The proximity-dependent method identifies the interacted
proteins of OGT

Several research groups have reported many OGT inter-
action proteins with significant functions in different cells by
proteome microarray (56), affinity purification-based mass
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Figure 1. The proximity-dependent method identifies the interacted pro
fication of proteins associated with OGT. B, structures of human nuclear isoform
constructs. C, Western blots analysis of OGT-TurboID-NLS-Flag overexpression
antibody in the presence or absence of biotin. Asterisks denote OGT and Tu
pulldown by streptavidin beads. E, gene ontology analysis of 676 candidate p
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spectrometry (MS) (57), immunoprecipitation-based MS
(17), and cross-linking-based MS (58). Recently, Branon
et al. (59) reported TurboID-based proximity labeling MS,
performed by fusion target protein with TurboID. This
optimized biotin enzyme can biotinylate interaction proteins
inside the native cellular environment in 10 min and has
been used widely and successfully in interaction proteins
identification.

Herein, we performed the TurboID-based proximity label-
ing MS method to identify the interacted proteins of OGT in
HEK293T cells. The flow chart is shown in Figure 1A. In the
quest for physiological and specific OGT-interactome, we
constructed OGT-TurboID fusion protein with nuclear
localization signal and Flag tag stable expression HEK293T cell
line (OGT-TurboID-NLS-Flag) by lentivirus packing. More-
over, constructing TurboID fusion with nuclear localization
teins of OGT. A, schematic for the process of the experiments and identi-
protein OGT with TurboID-NLS-Flag fusion and TurboID-NLS-Flag expression
stable HEK293T cell lines and normal HEK293T cells (Mock) by indicated
rboID fusion proteins. D, silver stain of biotinylated nuclear proteins after
roteins in OGT mass spectrometry (MS) results. OGT, O-GlcNAc transferase.
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signal and Flag tag stable expression HEK293T cell line
(TurboID-NLS-Flag) by lentivirus packing as control (Fig. 1B).
Biotinylation was induced by incubating the biotin in cell
culture media. Western blots confirmed the TurboID enzyme
activity and correctly validated the fusion protein expression
(Figs. 1C and S1A). Cells were labeled with biotin for 2 h, and
the nuclei lysate was performed affinity purification by strep-
tavidin beads. Proximity labeling with biotin of OGT-Tur-
boID-NLS-Flag– and TurboID-NLS-Flag–interacted proteins
presented markedly different patterns in sliver stain (Fig. 1D).
Proximity interactors were analyzed by MS, excluding those
proteins in control.

The proteomic results (Table S1, A–C) showed that 676
unique proteins interacted with OGT (Fig. S1B). Among the
676 proteins, there are splicing factors, transcription regula-
tors, chromatin modifiers, and histone modification enzymes.
A webserver OGT-Protein Interaction Network containing
784 high-stringency human OGT interactors was recently re-
ported by Ma et al. (60). Notably, 106 high-stringency OGT
interactors (Table S1D) were included in OGT-TurboID
interactors (Fig. S1C). Several OGT interactors, including
HCFC1, HIRA, RNA polymerase II, and TRIM28, were regu-
lated by O-GlcNAcylation, which has been described previ-
ously (24, 39, 61, 62). Dot1L, the histone methyltransferase
responsible for histone H3 Lys79 H3K79 methylation, was also
B
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Figure 2. Dot1L interacts with OGT. A, Flag-OGT and HA-Dot1L were cotrans
antibody and performing Western blots analysis. Mouse IgG immunoprec
cotransfected in HeLa S3 cells and immunoprecipitated by Flag antibody and p
Dot1L alone, combined with Flag-OGT or GFP-OGT. After 48 h transfection, w
analysis with indicated antibodies. Asterisks denote endogenous OGT protein
HeLa S3 cells were cotransient expressions of GFP-OGT and Flag-Dot1L, respec
cells was subjected to immunoprecipitation with Dot1L antibody (E) and OGT a
O-GlcNAc transferase.
recently reported as a potential OGT interactor but had not
looked further into the functional roles (63). Distinct classifi-
cation within OGT associated proteins showed gene ontology
analysis (Fig. 1E).
Dot1L and OGT interact with each other by noncatalyze
domain

To confirm the interaction between Dot1L and OGT, we
performed coimmunoprecipitation assays with overexpressed
OGT and Dot1L in several cells. We ectopically cotransfected
with HA-tagged Dot1L and Flag-tagged OGT in HEK293T
and HeLa S3 cells, and immunoblotting analysis with the
indicated antibodies showed that Dot1L could be pulled down
OGT successfully (Fig. 2A), and consistent results were
observed in MCF-7 and U87MG cells (Fig. S2A). To verify
whether Dot1L could pull down OGT, we transiently
expressed Flag-Dot1L and HA-OGT in MCF-7, U87MG, and
HeLa S3 cells, then performed immunoprecipitation by the
anti-Flag affinity gel. Immunoblotting analysis confirmed that
OGT was associated with Dot1L (Figs. 2B and S2B). Similarly,
we ectopically expressed HA-Dot1L alone or combined with
Flag-OGT or GFP-OGT in HEK293T cells, then performed
immunoprecipitation by the anti-HA antibody. Flag-OGT or
GFP-OGT was associated with HA-Dot1L in the reciprocal
D

fected in HEK293T cells and HeLa S3 cells and immunoprecipitated by Flag
ipitation served as a negative control. B, HA-OGT and Flag-Dot1L were
erforming Western blots analysis. C, HEK293T cells transient expression HA-
hole-cell lysis was immunoprecipitated with HA antibody and immunoblots
s. D, immunofluorescence staining of OGT and Dot1L in HEK293T cells and
tively. The scale bar represents 10 μm. E and F, nuclear lysis from HEK293T
ntibody (F) and immunoblotting analysis with the indicated antibodies. OGT,
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immunoprecipitation (Fig. 2C). Additionally, endogenous
OGT was coimmunoprecipitated by HA-Dot1L (Fig. 2C).
Immunofluorescent staining suggested a partial colocalization
between Dot1L and OGT when coexpressed GFP-OGT, and
Flag-Dot1L were coexpressed in HEK293T or HeLa S3 cell
lines (Fig. 2D). Indeed, the physical interaction between
Dot1L and OGT was further confirmed by immunoprecipi-
tation at the endogenous protein level in HEK293T cells
(Fig. 2, E and F). These results indicated that Dot1L interacts
with OGT in the nucleus in different cells.

To further map the interaction regions between Dot1L and
OGT, several deleted constructs were generated. The Dot1L
consists of the N terminal catalyze and DNA binding region
(residues 1–416) and C domain (residues 416–1537) (Fig. 3A).
A
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D

E F

Figure 3. Dot1L and OGT interact by noncatalyze domain. A, schematic d
containing the enzymatic domain and DNA-binding domain (F1) and Flag-ta
fecting GFP-OGT with full-length Dot1L, Dot1L constructs F1 and Dot1L con
magnetic beads and analysis by Western blots with indicated antibodies. Aste
agram showing the Dot1L partial sequence–deleted fragments including F3,
length Dot1L, or Dot1L split F2, or F3, or F4, or F5, or F6, or F7, respectively
gel and performed immunoblots with indicated antibodies. Asterisks denote end
and TPR4-5 deleted GFP-tagged OGT, TPR6-7 deleted GFP-tagged OGT, and T
with full-length GFP-OGT or TPR4-5 deleted OGT, TPR6-7 deleted OGT, or T
immunoprecipitation and immunoblots with indicated antibodies. OGT, O-Glc
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To determine which subunit region of Dot1L is responsible for
interaction associated with OGT, we performed immunopre-
cipitation and found that the C domain mediated the inter-
action (Figs. 3B and S3A). Further immunoprecipitation of
OGT with truncated-Dot1L F3-F7 (Fig. 3C) implied that res-
idues 416 to 816 in the C domain were responsible for the
interaction of Dot1L with OGT (Fig. 3D). The OGT consists of
the N terminal TPR domain (residues 1–473) and C enzymatic
domain (residues 473–1046), and three TPR internal deleted
truncators of OGT were constructed (Fig. 3E). Immunopre-
cipitation of TPR internal deletion truncated-OGT with full-
length Dot1L showed a significantly decreased binding to
Dot1L when TPR4-7 were deleted, suggesting that the TPR4-7
of OGT was able to mediate the interaction of OGT and
iagram of full-length human Dot1L and Flag-tagged N terminal of Dot1L
gged C terminal of Dot1L-containing residues 416 to 1537 (F2). B, cotrans-
structs F2, in HEK293 cells, respectively. Immunoprecipitated by anti-Flag
risks denote the Flag-tagged Dot1L and Dot1L fragments. C, schematic di-
F4, F5, F6, and F7. D, HEK293T cells transfected HA-OGT together with full-
. Nuclear lysis was subsequently immunoprecipitated by anti-Flag affinity
ogenous OGT proteins. E, schematic diagram shows full-length human OGT,

PR12-13 deleted GFP-tagged OGT. F, HEK293T cells cotransfected HA-Dot1L
PR12-13 deleted OGT, respectively. Nuclear lysis was applied to perform
NAc transferase; TPR, tetratricopeptide repeat.
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Dot1L (Fig. 3F). Collectively, these results suggested that
Dot1L and OGT physically interact with each other by non-
catalyze domain.

Next, we sought to determine whether Dot1L was modified
by OGT. As shown in Fig. S4A, we transiently expressed Flag-
Dot1L combined with OGA inhibitor Thiamet G treated in
HEK293T cells, then performed immunoprecipitation by anti-
Flag antibody. Immunoblotting with anti-O-GlcNAc anti-
bodies showed that Dot1L was O-GlcNAcylated. Moreover,
the O-GlcNAcylation level of Dot1L was increased when
coexpressed the HA-OGT combined with the OGA inhibitor
Thiamet G treated, and the O-GlcNAcylation level of Dot1L
was decreased when coexpressed the Myc-OGA combined
with OGT inhibitor OSMI-1 treated (Fig. S4A). These results
revealed that Dot1L was O-GlcNAcylated. In addition, treating
HEK293T cells with OGA inhibitor Thiamet G and immu-
noprecipitated the endogenous Dot1L using the anti-Dot1L
antibody suggested that Dot1L was O-GlcNAcylated at the
endogenous level, and the O-GlcNAcylation level was
increased when HA-OGT was transiently expressed in
HEK293T cells (Fig. S4B). Collectively, these results indicated
that Dot1L is an O-GlcNAcylated protein.

To address whether O-GlcNAcylation of Dot1L modulates
its protein stability and enzyme activity, treating HEK293T
cells with OGT inhibitor OSMI-1 or OGA inhibitor Thiamet
G displayed a significant effect on the whole cell lysate proteins
O-GlcNAcylation (Fig. S5, A and B) but not for Dot1L’s pro-
tein expression level and catalyze activity (Fig. S5, C–H).
Moreover, HEK293T cells were transfected with siRNA to
knock down OGT, or OGA does markedly decrease the
expression of OGT and OGA (Fig. S6, A–C) but does not
noticeably change the H3K79 methylation level and Dot1L
protein stability (Fig. S6, C–E). These results demonstrate that
although Dot1L was O-GlcNAcylated, inhibition of the enzy-
matic activity or deletion of OGT or OGA had exerted no
distinct influence on Dot1L’s protein level or enzymatic
activity.

Dot1L regulates histone O-GlcNAcylation

To investigate whether Dot1L regulates OGT, treating
HEK293T cells with Dot1L inhibitor EPZ5676 does inhibit
Dot1L enzymatic activity (Fig. S7A) but does not impact the
OGT and OGA protein expression and enzymatic activity on
nuclear proteins, cytoplasm proteins, and histone (Fig. S7,
B–D). Notably, knocking down Dot1L by transfected
HEK293T cells with three independent siRNA showed
significantly reduced mRNA and protein levels of Dot1L
(Fig. 4, A and B). Interestingly, knocking down Dot1L by
siRNA slightly impacted the O-GlcNAcylation of partial nu-
clear proteins (Fig. S8A) but not cytoplasm proteins
(Fig. S8B). Then, the histone was purified and tested for
histone O-GlcNAcylation level in HEK293T cells. Western
blots presented that knockdown Dot1L decreases the level of
histone O-GlcNAcylation (Fig. 4, C and D). Deleting Dot1L
through CRISPR interference technology (CRISPRi) (64) in
HEK293T cells also showed similar effects on histone
O-GlcNAcylation (Fig. 4E). In order to confirm these results,
Dot1L–knocked out K562 cells (Fig. 4F) was applied to check
out the O-GlcNAc level of the nuclear proteins. Immuno-
blotting analyses suggested that removing Dot1L partially
reduces O-GlcNAcylation of nuclear proteins(Fig. S8C), and
histone O-GlcNAcylation levels decreased obviously (Fig. 4, F
and G). Taken together, these results showed that Dot1L
regulates histone O-GlcNAcylation.

Deletion of Dot1L attenuates OGT associated with chromatin

Since Dot1L positively modulates histone O-GlcNAcylation
independent of its activity, we hypothesized that Dot1L might
regulate histone O-GlcNAcylation by affecting the distribution
of OGT or OGA in nuclear. We isolated cytoplasm and nu-
clear fraction from HEK293T cells treated with siRNA tar-
geting Dot1L or not and noted that there is no noticeable
change in OGT’s and OGA’s protein levels (Fig. 5A). Consis-
tently, similar results were observed from K562 cells in the
presence and absence of Dot1L (Fig. S9A). To confirm whether
Dot1L regulates OGT associated with chromatin, we per-
formed the chromatin-binding assay as described previously
(57). Deleting Dot1L in HEK293T cells decreased chromatin
binding of OGT (Fig. 5, B and C). Similarly, the amount of
OGT on chromatin also decreased when knocked out Dot1L
in K562 cells (Fig. 5, D and E). These results suggest that
abolishing Dot1L does not affect the amount of OGT and
OGA in nuclear and cytoplasm but impedes OGT recruitment
to chromatin.

To further verify our results, we established a Dox-
induced-Flag-H3 expression cell line in HEK293T cells
(Fig. S10A). Inducing Flag-tagged H3 expression with Dox
and then performing immunoprecipitation by transfecting
the cells with siRNA to delete Dot1L causes the decrease of
OGT on chromatin (Figs. S10B and 5F). Collectively, these
findings imply that Dot1L as a scaffold protein of OGT and
Dot1L deleting would attenuate OGT associated with chro-
matin, and this results in a decreased O-GlcNAcylation of
histone.

Ablation of Dot1L decreases H2B S112 O-GlcNAcylation and
H2B K120 ubiquitination

Results presented above implied that Dot1L positively
regulates OGT associated with chromatin and affects histone
O-GlcNAcylation. It has been described that H2B S112
O-GlcNAcylation distributes in euchromatic areas widely, and
O-GlcNAcylation of histone H2B facilitates its mono-
ubiquitylation (16). Here, we detect the level of H2B S112
O-GlcNAcylation and H2B K120 ubiquitination simulta-
neously upon Dot1L deletion with siRNA in HEK293T cells.
Western blots with specified antibodies suggest that deleting
Dot1L led to the reduction of H2B S112 O-GlcNAcylation and
H2B K120 ubiquitination levels (Fig. 6, A–C). To further
identify our results, operating CRISPRi to delete Dot1L in
HEK293T cells showed that abolishment of Dot1L caused the
decrease of H2B S112 O-GlcNAcylation and H2B K120
ubiquitination levels (Fig. 6, D–F). Similarly, the results
observed in Dot1L knocked out in K562 cells paralleled the
J. Biol. Chem. (2022) 298(7) 102115 5
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Figure 4. Dot1L regulates histoneO-GlcNAcylation. A, HEK293T cells were transfectedwith three independent siRNA targeted Dot1L and siNC as a negative
control. Quantification of the relative mRNA levels of Dot1L was carried out. Results were normalized to the expression of the gene encoding ACTB and were
quantified by the change-in-threshold method (ΔΔCT). Mean ± SEM, unpaired two-tailed t test, n = 3 biological replicates. B, Western blots analysis of Dot1L
protein and H3K79me2 levels of A. C, deleting Dot1L in HEK293T cells with siRNA and isolating the histone. Immunoblots analysis of whole histone O-
GlcNAcylation with indicated antibodies. D, quantification of (C). Mean ± SEM, unpaired two-tailed t test, n = 3 biological replicates. E, HEK293T cells
cotransfected with dCas9-ZIM3 and gRNA targeted the Dot1L gene promoter region to knock down Dot1L and purify the histone. Western blots detected the
Dot1L, H3K79me, and histoneO-GlcNAc levels with indicated antibodies. F, Dot1L was knocked out in K562 cells. Immunoblots analysis of Dot1L and H3K79me
with indicated antibodies. Purifying histone in Dot1L knocked out K562 cells and detected the histone O-GlcNAcylation with indicated antibodies. G, quan-
tification of (F). Mean ± SEM, unpaired two-tailed t test, n = 3 biological replicates. Data information: **p < 0.01, ***p < 0.001, ****p < 10−4 (Student’s t test).

Dot1L regulates histone O-GlcNAcylation
results in Dot1L knock down 293T cells, and both indicate that
Dot1L regulates histone H2B S112 O-GlcNAcylation and H2B
K120 ubiquitination (Fig. 6, G–I). These results directly sup-
ported that Dot1L recruited OGT to chromatin to enhance
histone H2B S112 O-GlcNAcylation and promote H2B K120
ubiquitination.
OGT is corecruited with DOT1L in HEK293T cell chromatin

Dot1L facilitates OGT associates with chromatin, which
prompts us to deem that Dot1L may help OGT mediate partial
substrates selected and assist OGT in regulating specific gene
expression in a particular environment. To investigate this,
immunoprecipitation with chromatin in HEK293T cells
showed that Dot1L and OGT are coassociation with chro-
matin (Fig. 7A).

To systematically study the regulation between Dot1L and
OGT on chromatin, we performed Dot1L and OGT Cut&Tag
experiments together with high-throughput sequencing in
HEK293T cells in the absence or presence of Dot1L (Fig. 7B).
We first performed peak calling to check our data quality by
comparing and analyzing Dot1L and OGT gene distributions
and potential target genes (Table S2). Genome-wide analysis
with spearman correlation heatmap revealed that OGT and
6 J. Biol. Chem. (2022) 298(7) 102115
Dot1L are positively correlated with each other (Fig. 7C).
Further gene distribution analysis suggested that 53.36% of
Dot1L peaks were distributed in the promoter, 22.18% in the
intron, 21.43% in intergenic, 1.17% in TTS, and 0.78% in exon
(Fig. 7D). The proportion of OGT peaks was 54.79% distrib-
uted in the promoter, 1.49% in the intron, 20.56% in intergenic,
1.32% in TTS, and 0.62% in exon (Fig. 7E). Moreover, we
detected the Cut&Tag signals at the transcription start site of
the representative genes CKS1B, ANAPC15, and EIF5A
(Fig. 7F). Consistent with the above, the meta-analysis also
evidently displayed that OGT and Dot1L binding sites are
globally concordant, mainly near the transcription start
site(Fig. S11, A and B). Notably, an unexpected abundance of
gene promoter–associated overlap for OGT and Dot1L
(Fig. 7G) and comparable gene ontology analysis given by
OGT and Dot1L (Fig. S12, A and B) reflected that potential
regulation between OGT and Dot1L might exist. Therefore,
we supposed that Dot1L might generally modulate OGT. To
test the possibility, we performed Cut&Tag with HEK293T
cells upon Dot1L knock down. Strikingly, we observed that
depletion of Dot1L markedly reduced OGT associated with
chromatin globally (Fig. 7H). Collectively, these results illus-
trated that OGT and Dot1L are coassociated with chromatin,
distributed in identical patterns, and tightly correlated. Dot1L
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Figure 5. Deletion of Dot1L attenuates OGT associated with chromatin. A, transfecting three independent siRNA target Dot1L in HEK293T cells, siNC as a
negative control. Performing nucleocytoplasmic separation and detecting the nuclear protein levels and the cytoplasm protein levels of OGT and OGA,
respectively, by Western blots with indicated antibodies. B, HEK293T cells expressing negative control siRNA or siRNA target Dot1L performed a chromatin-
binding assay to define the chromatin-associated OGT in 100 mM NaCl, 300 mM NaCl, and 0.2 N HCl, respectively. GAPDH, PALB2, and histone H3 were
applied to the markers in these three different fractions. C, quantification of (B). Mean ± SEM, unpaired two-tailed t test, n = 3 biological replicates. D,
operating chromatin-binding assay in the Dot1L-deleted K562 cells and control cells to detect the chromatin-associated OGT upon the deletion of Dot1L or
not. E, quantification of (D). Mean ± SEM, unpaired two-tailed t test, n = 3 biological replicates. F, Dox-inducible Flag-tagged H3 stable expression HEK293T
cell lines were induced Flag-H3 expression. Cells were then treated with two independent siRNA to delete Dot1L and siNC as a negative control. Isolation of
chromatin and subsequently performed immunoprecipitation with anti-Flag affinity gel to detect the histone-associated OGT by Western blots. Data in-
formation: **p < 0.01, ***p < 0.001, ns not significant (Student’s t test). OGT, O-GlcNAc transferase.
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generally regulated the association of OGT with gene
promoters.
Discussion

In this study, we have provided evidence in vivo that Dot1L
forms complex with OGT and OGT recruited to chromatin
partially depending on it. Mechanistically, the abolishment of
Dot1L results in a decrease of histone O-GlcNAcylation,
including histone H2B S112 O-GlcNAcylation. In addition,
depletion of Dot1L also decreased histone H2B K120 ubiq-
uitination levels. Notably, histone H2B S112 O-GlcNAcylation
promotes H2B K120 ubiquitination, which is imperative for
gene transcription (16). It has been well established that Dot1L
activity is stimulated by histone H2B K120 ubiquitination (65,
66). Significantly, we found that Dot1L deletion would atten-
uate OGT access to chromatin globally, which implied that
Dot1L might assist OGT to direct its substrate and target OGT
to regulate gene expression. Here, we proposed a possible
working model (Fig. 8) and speculated that there might be a
positive feedback regulation loop in Dot1L, which recruits
OGT associated with promoting histone O-GlcNAcylation
and regulating gene transcription.
OGT may regulate gene transcription in a partner protein-
dependent manner

TET2 enhances histone O-GlcNAcylation by facilitating
OGT associated with chromatin (57), and AMPK negatively
modulates histone H2B O-GlcNAcylation through phosphor-
ylating OGT and further suppress OGT binding to chromatin
(21). However, the protein mSin3A recruits OGT to interact
with HDAC and glycosylates it, further silencing gene
expression (67). The protein HCF-1, the most well-known
OGT interactor, recruits OGT to modify PGC-1a, which en-
hances PGC-1a stability to facilitate gluconeogenesis (17). In
addition, OGT interacts and O-GlcNAcylates HCF-1, priming
the interaction of HCF-1 with ChREBP, and the O-GlcNA-
cylation of ChREBP is positively related to its transcriptional
activity (12). CEMIP (cell migration-inducing and hyaluronan-
binding protein) is the partner of OGT that promotes colo-
rectal cancer metastasis (14). These examples proposed that
J. Biol. Chem. (2022) 298(7) 102115 7



A B C

D E F

G H I

Figure 6. Dot1L modulates H2B S112 O-GlcNAcylation and H2B K120 Ubiquitination in an OGT-dependent manner. A, deleting Dot1L in HEK293T
cells and purification of histone, then analyzing the H2B S112 O-GlcNAcylation levels and the H2B K120 ubiquitination levels by Western blots with
indicated antibodies. B, quantification of the relative H2B S112 O-GlcNAcylation level of (A). Mean ± SEM, unpaired two-tailed t test, n = 3 biological
replicates. C, quantification of the relative H2B K120 ubiquitination level of (A). Mean ± SEM, unpaired two-tailed t test, n = 3 biological replicates. D,
inhibition of Dot1L in HEK293T cells and purification of histone, then analysis of the H2B S112 O-GlcNAcylation levels and the H2B K120 ubiquitination levels
by Western blots with indicated antibodies. E, quantification of the relative H2B S112 O-GlcNAcylation level of (D). Mean ± SEM, unpaired two-tailed t test,
n = 3 biological replicates. F, quantification of the relative H2B K120 ubiquitination level of (D). Mean ± SEM, unpaired two-tailed t test, n = 3 biological
replicates. G, Dot1L knocked out K562 cells to purify histone and analyze the H2B S112 O-GlcNAcylation levels and the H2B K120 ubiquitination levels by
Western blots with indicated antibodies. H, quantification of the relative H2B S112 O-GlcNAcylation level of (G). Mean ± SEM, unpaired two-tailed t test, n =
3 biological replicates. I, quantification of the relative H2B K120 ubiquitination level of (G). Mean ± SEM, unpaired two-tailed t test, n = 3 biological replicates.
Data information: *p ≤ 0.05, **p < 0.01, ***p < 0.001, ****p < 10−4 (Student’s t test). OGT, O-GlcNAc transferase.

Dot1L regulates histone O-GlcNAcylation
the partner proteins of OGT, assisting it targets and modifying
other substrates that facilitate or disrupt fundamental gene
expression in some cellular processes. Numerous studies dis-
played here prompt us to speculate that the partner proteins of
OGT may associate it with a distinct chromatin regulation
complex to target different types of gene expression in specific
cellular states.

Therefore, we supposed that Dot1L, as a new scaffold pro-
tein of OGT, might regulate the association of OGT with other
chromatin modulators to target different genes toward the
cellular state. Dot1L may assist OGT to connect basal
8 J. Biol. Chem. (2022) 298(7) 102115
transcription factors or transcription machinery to regulate the
transcription complex assembled and transcription cycle.
Moreover, Dot1L may direct OGT attach super elongation
complex to regulate transcription elongation.
Partner proteins may help OGT to achieve substrate selection
in large part

The process that OGT catalyzes countless substrates is
transient in the cellular environment, which impedes the
researcher from identifying and validating these interactors.
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Figure 7. Dot1L assists OGT target chromatin and regulates OGT access to chromatin. A, ChIP-Western blots show the coassociation of Dot1L and OGT
on chromatin in HEK293T cells. B, transfecting siRNA to knock down Dot1L in HEK293T cells, siNC as a negative control. C, spearman correlation analysis of
OGT and Dot1L Cut&Tag revealed that OGT and Dot1L are positively correlated with each other. D and E, genomic distribution of Dot1L (D) and OGT (E)
Cut&Tag peaks show similar binding patterns with significant fractions mapped to gene promoters. F, genome browser tracks of Cut&Tag coverage at
representative gene CKS1B, ANAPC15, and EIF5A. G, Venn diagrams of genomic association between OGT and Dot1L, implying general and functional
relationships between them. H, metagene analysis of OGT Cut&Tag signals at the TSS in response to Dot1L deleted in HEK293T cells. OGT, O-GlcNAc
transferase; TSS, transcription start site.

Dot1L regulates histone O-GlcNAcylation
How OGT glycosylates thousands of substrates and regulates
gene expression remains fully inclusive. Substantial studies
have endeavored to define several potential mechanisms of
OGT substrate selection and gene regulation. Early research
involved in structure has proved that the TPR domain of OGT
is intimated with substrate selectivity (68–70). Extensive ef-
forts to the OGT interactome attract us to believe that OGT
glycosylated proteins by directly regulating the TPR domain
(71, 72). Additional works pointed out that posttranslational
modifications in TPR also determine its selectivity. Indeed,
O-GlcNAcylation of nuclear isoform OGT and short isoform
OGT in the TPR domain considerably alters the interactome
(73). Similarly, phosphorated by AMPK at threonine 444
negatively restrains OGT associated with chromatin (21). In
addition, crosstalk with other posttranslational modifications
shaped the substrate selection and established the platform for
J. Biol. Chem. (2022) 298(7) 102115 9
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Figure 8. A working Model for OGT regulates histone O-GlcNAcylation
in a Dot1L-dependent manner. Dot1L physical associates with OGT and
assists OGT target to chromatin (step1), promoting OGT access to histone
and enhancing histone O-GlcNAcylation including histone H2B S112 O-
GlcNAcylation (step2). Next, GlcNAcylation of histone H2B in the S112 site
facilitates histone H2B K120 monoubiquitylation, which was supposed to be
positively correlated with transcriptional elongation (step3). It has been well
demonstrated that H2B K120 monoubiquitylation stimulates Dot1L activity,
which methylates histone H3K79, a hallmark of most actively transcribed
genes (step4). Therefore, we proposed that Dot1L recruits OGT to chromatin
coordinated with GlcNAcylation, ubiquitination, and methylation to
modulate gene transcription. We speculated that there might be a positive
feedback regulation loop in certain cellular states. OGT, O-GlcNAc
transferase.

Dot1L regulates histone O-GlcNAcylation
gene expression regulation. OGT was recruited to methylated
promoters and O-GlcNAcylated multiple chromatin modifiers,
which is a prerequisite for silencing of gene expression (24).

Directing the OGT to substrates with the help of a scaffold
partner may also help to elucidate it. Indeed, depleting the
protein MYPT1 decreases partial protein O-GlcNAcylation,
and coexpression of the protein Sp1 with OGT prompts more
glycosylated bacterial proteins confirming that MYPT1 and
Sp1 are the partner proteins assisting OGT in substrate se-
lection (71, 74). Hence, partner proteins of OGT probably play
a vital role in mediating OGT substrate selection and the
regulation of gene expression. To insulate the fundamental
mechanism of OGT in selecting the substrates and regulating
gene expression, future research focused on identifying more
new scaffold proteins of OGT, especially chromatin partners,
would be beneficial to understand.

Experimental procedures

Cell lines and cell culture

HEK293T cells, HeLa S3 cells, MCF-7 cells, U87MG cells,
K562 cells, and THP-1 cells were cultured with Dulbecco’s
modified Eagle’s media (Gibco, C11995500BT) or Roswell Park
Memorial Institute 1640 Medium (Gibco, C11875500BT)
supplemented with 10% fetal bovine serum (Gibco, 10099141)
and 1× penicillin-streptomycin (Gibco, 15140122) at 5% CO2
at 37 �C. Mycoplasma was detected in all cell lines.

Reagent treatment

HEK293T cells were treated by PUGNAc (Sigma, A7229) or
OSMI-1 (Abcam, ab235455) 48 h with the concentration of 10
10 J. Biol. Chem. (2022) 298(7) 102115
μM, 25 μM, 50 μM to inhibit the enzyme activity of OGA or
OGT, respectively. To inhibit Dot1L activity in HEK293T cells,
a final concentration of 20 μM EPZ5676 (Selleck, S7079) or 20
μM SGC0946 (Selleck, S7062) was added. Two microgram/
milliliter Doxycycline Hyclate (Yeasen, 60204ES03) was
treated in Dox-induced Flag-H3 293T stable cell line to induce
Flag-tagged H3 expression.

Antibodies

The following antibodies were used in this study: Mouse
anti-O-GlcNAc (CTD110.6, Cell Signaling Technology,
#9875), Mouse anti-O-GlcNAc (CTD110.6, Santa Cruz
Biotechnology, #sc-59623), Rabbit anti-OGT (Proteintech,
#11576-2-AP), Mouse anti-OGT (Proteintech, #66823-1-Ig),
Rabbit anti-OGT (Abcam, #ab96718), Rabbit anti-OGA (Pro-
teintech, #14711-1-AP), Rabbit anti-Dot1L (Cell Signaling
Technology, #77087), Rabbit anti-Dot1L (ZEN BIO, #R26940),
Rabbit anti-H3K79me (Abcam, #ab177185), Rabbit anti-
H3K79me1 (Abclonal, #A2367), Rabbit anti-H3K79me2
(Abclonal, #A2368), Rabbit anti-H3K79me2 (Abcam,
#ab3594), Rabbit anti-H3K79me3 (Abclonal, #A2369), Rabbit
anti-ACTB (Abclonal, #AC026), Rabbit anti-GAPDH (Abclo-
nal, #A19056), Mouse anti-Tubulin (Santa Cruz Biotech-
nology, #sc-5274), Rabbit anti-PALB2 (Abclonal, #A8373),
Streptavidin-HRP (Proteintech, #SA00001-0), Rabbit anti-H3
(Abclonal, #A2352), Rabbit anti-H2B (Proteintech, #15857-1-
AP), Rabbit anti-GFP (Proteintech, #50430-2-AP), Mouse
anti-Flag(Sigma, #F1804), Mouse anti-Flag M2 Affinity Gel
(Sigma, #A2220), Mouse anti-Flag M2 Magnetic Beads (Sigma,
#M8823), Mouse anti-HA (Abclonal, #AE008), Rabbit anti-
H2BS112G (Abcam, #ab130951), Mouse anti-H2BK120Ub
(Active Motif, #39624), Rabbit IgG (Abcam, ab171870),
Alexa Fluor 594-conjugated Goat Anti-Rabbit IgG (Abclonal,
AS039), Rabbit anti-Myc (Proteintech, # 16286-1-AP), and
Alpaca anti-mouse IgG (NBbiolab, #NBI02H).

Plasmid, transfection, and stable cell line generation

OGT, OGA, and Dot1L coding region were amplified by the
Q5 Hot Start High-Fidelity DNA polymerase (NEB, #M0515 L)
and then cloned into the pLenti CMV GFP Puro vector
(Addgene #17448) with restriction enzymes BamHI and SalI to
produce the plasmid by Gibson assembly. Similarly, the
truncated-Dot1L and truncated-OGT were created. The
TurboID-coding region was amplified from the V5-TurboID-
NES_pCDNA3 vector (Addgene #107169), and then fusion
constructs with OGT and cloned into the pLenti CMV GFP
Puro vector by Gibson assembly. The dCas9 and ZIM3 coding
regions were amplified from the pLX303-ZIM3-KRAB-dCas9
vector (Addgene #154472) and cloned into the pLenti CMV
GFP Puro vector by Gibson assembly. gRNA sequence target
Dot1L promoter was synthesized and cloned into the pLX-
sgRNA vector (Addgene #50662). DNA and siRNA were
transfected with lipofectamine 2000 (Invitrogen, 11668019)
and lipofectamine RNAiMAX (Invitrogen, 13778150), respec-
tively, according to manufacturer’s instruction. Lentivirus was
produced by transiently cotransfecting interesting constructs,
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pMD2.G (Addgene #12259) and PSPAX2 (Addgene #12260),
at the ratio of 2:2:1 in HEK293T cells. Stable cell lines were
generated by lentivirus infection.

Coimmunoprecipitation, Western blots, and histone
purification

Cells were lysed with precold IP buffer (25 mM Tris pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol, 1×
protease inhibitor cocktail) and incubated with indicated an-
tibodies rotating at 4 �C for 12 h, and 50 μl protein magnetic
beads were added to each sample rotating at 4 �C for an
additional 2.5 h. The beads were washed by cell lysis buffer
three times and the proteins were eluted by 5× SDS loading
buffer with a 10 min biol. SDS-PAGE analysis was carried out
with indicated antibodies. For immunoblots only, cells were
lysed with precold cell lysis buffer (50 mM Tris pH 8.0,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deox-
ycholate, 0.1% SDS, 1× protease inhibitor cocktail) and quali-
fying the protein by BCA and analysis by SDS-PAGE with
indicated antibodies. For histone purification, cells were lysed
with precold hypotonic lysis buffer (10 mM Tris pH 8.0, 1 mM
KCl, 1.5 mM MgCl2, and 1 mM DTT) and incubated for
30 min rotating at 4 �C, and lysis the intact nuclei with 0.4 N
H2SO4 overnight at 4 �C and precipitate the histone by TCA.
Analysis of the histone was carried out by Coomassie blue
staining and Western blots.

RNAi, CRISPRi, and RT-qPCR

For gene knock down with siRNA, cells were transfected with
indicated siRNA and harvested at 72 h after transfection. Total
RNA was extracted with TRIzol reagent (Invitrogen, 10296010)
in accordance with the manufacturer’s instructions. Comple-
mentary DNA was synthesized by using cDNA Synthesis kit
(Yeasen, 11123ES10) following manufacturer’s directions.
Quantitative real-time PCR was performed by using Hieff qPCR
SYBR Green Master Mix (Yeasen, 11211ES03) on the BioRad
CFX96 following manufacturer’s protocols. For performing
CRISPRi, cells were cotransfected with the vector of expression
dcas9-zim3 and sgRNA-targeted Dot1L promoter and subse-
quently detected by Western blots with indicated antibodies.
The siRNA oligonucleotide sequences (purchased from Gene-
Pharma) targeted OGT, OGA, and Dot1L which are as follows:
siDot1L1 = a + b, siDot1L2 = c + d, and siDot1L3 = e + f.

Immunofluorescence staining

HEK293T cells and HeLa S3 cells were cotransfected with
GFP-OGT and Flag-Dot1L, and after 12 h, transfection cells
were seeded on Poly-L-Lysine-coated coverslips in a 24-well
culture plate. The following 24 h, cells were washed three
times by 1× PBS and fixed with 4% paraformaldehyde at room
temperature for 10 min. The cells were washed three times with
1× PBS and the cells were permeated by 1%Triton X-100 in PBS
for 15 min at room temperature and blocking the cells with 5%
bovine serum albumin and 0.5% Tween in PBS for 1 h at room
temperature. Incubating cells with the Flag antibody (Sigma,
F1804), washing three times with 1× TBST, and then incubating
with Alexa Fluor conjugated secondary antibodies (Abclonal,
AS039) andwashing three timeswith 1×TBST.TheNuclei were
then stained with 8 μg/ml diamidino-2-phenylindole (Thermo,
D1306) for 10 min at room temperature. After three times
washing by 1× TBST, the slides were detected by a Leica SP8
confocal laser scanning microscope (Leica).

Proximity-labeling MS

The stable OGT-TurboID-NLS-Flag cell line and stable
TurboID-NLS-Flag cell line were incubated with 500 uM
biotin, 5 mM MgCl2, and 1 mM ATP for 2 h. The cells were
harvested and washed with precold 1× PBS three times and
cytoplasm fraction was removed and the nuclei were lysed by
Lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 5% glycerol,
1× protease inhibitor cocktail). To maximum reduce the
nonspecific proteins, block the streptavidin C1 beads (Thermo,
65002) with HEK293T nuclei fraction protein lysis and incu-
bate the nuclei lysis with 200 μl of each sample of the strep-
tavidin C1 beads with a rotator at 4 �C overnight. Then
washing three times with Lysis buffer, one time with 1 M KCl,
two times with buffer A (2 M NaCl, 10 mM Tris pH 7.5), two
times with buffer B (2 M Urea, 10 mM Tris pH 8.0), one time
with 0.1 M Na2CO3, one time with 10% SDS, and three times
with Lysis buffer. For further analysis, 20% of the beads were
eluted by 5X SDS loading buffer with a 10 min biol and then
performing sliver stain assay, and 80% of the beads were used
for MS analysis.

Chromatin isolation and chromatin-binding assay

For chromatin isolation, cells were washed with pre-cold
1× PBS three times, lysis by Cytoplasmic lysis buffer (0.15%
NP-40, 10 mM Tris-HCl pH 7.0, 150 mM NaCl) was carried
out, then the cell lysate was layered onto sucrose buffer
(10 mM Tris–HCl pH 7.0, 150 mM NaCl, 25% sucrose), the
cytoplasm was removed and the nuclei were washed with
Nuclei wash buffer (0.1% Triton X-100, 1 mM EDTA, in
1× PBS) three times, the nuclei were resuspended with
Glycerol buffer (20 mM Tris pH 7.5, 75 mM NaCl, 0.5 mM
EDTA, 50% glycerol, 0.85 mM DTT), then mixing with the
same volume of nuclei lysis buffer (1% NP-40, 20 mM Hepes
pH 7.5, 300 mM NaCl, 1 M urea, 0.2 mM EDTA, 1 mM
DTT), and the supernatant was removed completely. The
chromatin was resuspended and subsequent analysis was
performed. For the chromatin-binding assay, cell pellets were
lysed with NETN100 buffer (50 mM Tris–HCl, pH 7.4, 2 mM
EDTA and 100 mM NaCl). After centrifugation, the super-
natants were named 100 mM NaCl samples. The insoluble
pellets were collected, washed with ice-cold PBS, and incu-
bated with 400 ml NETN300 buffer (50 mM Tris–HCl, pH
7.4, 2 mM EDTA and 300 mM NaCl) on ice. After centri-
fugation, the supernatants were named 300 mM NaCl sam-
ples. The remaining pellets were washed twice with ice-cold
PBS and then treated with 200 ml 0.2 N HCl. The superna-
tants were neutralized with 200 ml Tris–HCl, pH 8.8 and
named as 0.2 N HCl fractions. All fractions were
J. Biol. Chem. (2022) 298(7) 102115 11
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subsequently performed SDS-PAGE and analysis by Western
blots with indicated antibodies.

Cut&Tag and data analysis

Cut&Tag experiments were performed at the endogenous
protein level with Hieff In-Situ DNA Binding Profiling Library
Prep Kit (Yeasen, 12598ES48) following the manufacturer’s
protocols. Briefly, for each sample, 5 × 104 HEK293T cells
were harvested and washed three times by PBS, resuspended
the cells with cell wash buffer gently, and incubated with the
concanavalin A coated magnetic beads previously washed by
ConA bind buffer. Then, concanavalin A beads coupled cells
were collected and incubated with primary antibody Rabbit
IgG (Abcam, ab171870) or Dot1L (CST, 77087) or OGT
(Proteintech, 11576-2-AP) at 4 �C overnight. Incubate the
secondary antibody with the concanavalin A beads coupled
cells at room temperature for 1 h. The ConA beads coupled
cells were collected and the pA/G-Transposome Mix was
added. And standard tagmentation and amplification were
performed. Amplified DNA libraries were purified and shipped
for next-generation sequencing. Cut&Tag data analysis was
performed as described previously (75).

Data availability

All data are available upon request. Sequences of siRNAs,
guide RNAs, and primer oligonucleotides are provided in the
“Primer and Sequence Table” in supporting information. The
Cut&Tag data generated in this study are available in the NCBI
Gene Expression Omnibus repository under accession number
GSE200059 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE200059).
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