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Eukaryotic RNA polymerase II (RNAPII) is responsible for
the transcription of the protein-coding genes in the cell.
Enormous progress has been made in discovering the protein
activities that are required for transcription to occur, but the
effects of post-translational modifications (PTMs) on RNAPII
transcriptional regulation are much less understood. Most of
our understanding relates to the cyclin-dependent kinases
(CDKs), which appear to act relatively early in transcription.
However, it is becoming apparent that other PTMs play a
crucial role in the transcriptional cycle, and it is doubtful that
any sort of complete understanding of this regulation is
attainable without understanding the spectra of PTMs that
occur on the transcriptional machinery. Among these is O-
GlcNAcylation. Recent experiments have shown that the O-
GlcNAc PTM likely has a prominent role in transcription. This
review will cover the role of the O-GlcNAcylation in RNAPII
transcription during initiation, pausing, and elongation, which
will hopefully be of interest to both O-GlcNAc and RNAPII
transcription researchers.

RNA polymerase II pausing

In the current model of RNAPII-dependent transcription,
RNAPII is recruited to the promoter by other members of the
preinitiation complex (PIC: generally defined as TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, TFIIH, RNAPII, Mediator (1), and pre-
sumably a DNA-binding transcriptional activator as well).
TFIIH helicase activity and ribonucleotides begin initiation by
melting the DNA in the transcriptional start site region (TSS)
(1, 2) giving RNAPII access to the single-stranded DNA to
begin RNA synthesis.

It is now thought that on most genes, instead of RNAPII
residing in a PIC, initiation occurs and RNAPII enters a
transcriptionally engaged, paused state approximately 50 nu-
cleotides downstream of the TSS through interactions with
DRB Sensitivity-Inducing Factor (DSIF) and Negative Elon-
gation Factor (NELF), which misalign the RNAPII active site to
prevent elongation (3–6). Paused RNAPII populations are
apparent in chromatin immunoprecipitation-sequencing
(ChIP-seq) assays directed against RNAPII and with various
nascent RNA-seq approaches (7). These experiments show
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that 20 to 70% of active genes have a paused RNAPII (3).
Release of RNAPII into productive elongation occurs via the
phosphorylation of DSIF and NELF (by CDK9), releasing
NELF while DSIF remains bound to RNAPII as a positive
elongation factor (8) (Fig. 1). PARP-1 also stimulates pause
release via NELF ADP-ribosylation (9). MYC (10), TRIM28
(11–13), PAF (14, 15), FACT (16, 17), CDK7 (18), SIRT6 (19),
U2 snRNP (20), ARID1A (21), and Integrator (22–27) all have
roles in pausing and/or pause release.

The function of a paused RNAPII is not clear. Some have
suggested that it is a rate-limiting step in transcription, while
others suggest that a paused RNAPII is necessary for the rapid
induction of transcription. The former lacks evidence of being
an actual biochemically defined rate-limiting step. Others have
concluded that rapid induction of paused RNAPII is not
experimentally supported either (28). RNAPII pausing is a
regulated step, requiring P-TEFb activity to stimulate pro-
ductive elongation. The entire process through the promoter is
a dynamic one of continuous initiation, pausing, and termi-
nation of those paused polymerases (29–32), and regulation
may target all of these steps, not just pause release.

Since the paused RNAPII is prevalent in so many genes, one
might suggest that it represents the default ground state of a
promoter. Why? Firstly, most promoters exist in this paused
state. Secondly, because NTPs are freely diffusing, one might
expect that as soon as a PIC forms, transcription is initiated
and the RNAPII enters the paused, transcriptionally engaged
state. It is not the PIC itself, but the paused RNAPII population
that responds to tissue-specific and induced transcriptional
activators, such as NF-κB, HIF-1α, and HSF. Additionally,
Levens and colleagues suggested that pausing controls the
level of stochastic noise (variance) in transcription by using
multiple, biochemically distinct kinetic steps (33).

Cyclin-dependent kinases and RNA polymerase II transcription

In terms of post-translational modifications involved in
transcription, research has largely focused on the role of
various kinases and how they regulate initiation and elonga-
tion. These are the cyclin-dependent kinases: CDK7, CDK8,
CDK9, and CDK12/13, all of which phosphorylate serine and
threonine residues (34). CDK7 is part of the TFIIH complex
and phosphorylates the C-terminal domain (CTD) of RNAPII
RPB1 subunit. CDK7 activity is required for proper pausing
(35). CDK9 phosphorylates the CTD, along with DSIF and
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Figure 1. The current model of RNAPII pausing and pause release (3–5). Transcription from the PIC is initiated in the immediate vicinity of the TSS (not
shown). The elongating RNAPII then pauses in the region between +30 and +75 nucleotides downstream of the TSS via interactions with the DSIF
(containing SPT4 and 5) and NELF complexes (subunits A-E). Release of RNAPII into productive elongation is regulated by the P-TEFb complex (containing
the CDK9/cyclin T pair), which phosphorylates both DSIF and NELF. NELF is released while the phospho-DSIF operates as a positive elongation factor. P-TEFb
is thought to be recruited by various DNA binding transcriptional activators. More recently, PARP-1 was shown to play a role in RNAPII release by the ADP-
ribosylation of NELF-E.
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NELF mentioned above. CDK9 has more than 50 substrates,
and it is likely that the other CDKs do as well (36). CDK8 is a
module of the activator-dependent Mediator coactivator
complex (37, 38). CDK12/13 seems to have positive roles in
elongation and has some activity on a CTD substrate (39, 40).

Human RNAPII CTD consists of 52 repeats of the loose
consensus heptad Y1S2P3T4S5P6S7. The 52 repeats are specific
to humans: the fruit fly (D. melanogaster) has 41, and budding
yeast (S. cerevisiae) has 26 (41–44). Human RNAPII CTD is a
remarkably complex intrinsically disordered domain. The first
26 repeats contain 21 repeats of the heptad Y1S2P3T4S5P6S7
(S. cerevisiae has 19) and 5 less-mentioned repeats with
asparagine (N) residues at position 7. Heptads 27 to 52 further
deviate: eight lysine (K), six threonine (T), and one each of
arginine (R), glutamic acid (E), valine (V), and glycine (G) (45).
The 7-heptad repeat is reminiscent of an α-helix and K, R, and
T residues are potentially substrates for methyltransferase (K,
R), or phosphorylation and O-GlcNAcylation (see below) (S,
T). These modifications may then greatly affect the confor-
mational space occupied by the CTD.

The function of the CTD in transcription is under some
debate. CTD deletions in budding yeast and humans are lethal
(46, 47) while severe deletions in humans prevent PIC for-
mation and initiation (48, 49). More recent experiments
indicate that the CTD is not required for post-initiation events
such as pausing (50) although there is disagreement here (51).
In various cell-free systems, the CTD is not required for
transcription (52–54).

CTD phosphorylation occurs immediately after initiation,
predominantly on serine five but more recent data suggests
serine two phosphorylation too (41, 55). Serine five phos-
phorylation is located at the 50 of a gene while serine two
phosphorylation increases towards the 30 end of the gene (56).
These marks are often used to evaluate RNAPII elongation,
but it is not clear whether these phosphorylation events have
any role in pause release and elongation. Threonine four
phosphorylation is perhaps the most interesting of the phos-
phorylated CTD residues, seeming to have gene- and signal-
dependent effects on elongation efficacy (57). Post-
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transcriptionally, the CTD recruits capping enzymes and
splicing factors (58, 59) and it is likely that the CTD is playing a
functional role in these events (60–62). Thus, the CTD may be
a scaffold for recruiting the splicing machinery as part of the
coupling between elongation and splicing.
O-GlcNAcylation enzymes

O-GlcNAcylation is a common PTM, but its role in tran-
scription has largely been overlooked. O-GlcNAc is essentially
a modified glucose molecule with an acetylated amine added to
the C2 carbon of glucose. Like the CDKs, the O-GlcNAc
transferase (OGT) modifies serine and threonine residues via
hydrolysis of the nucleotide sugar substrate UDP-GlcNAc. O-
GlcNAcylation occurs via OH groups on serine or threonine
residues to form an O-glycosidic linkage with N-acetylglu-
cosamine. Mass spectrometry has identified approximately
4000 O-GlcNAcylated proteins, many of which are involved in
gene regulation (63–66). There are interesting overlaps be-
tween the targets of OGT, CDK9, and PARP-1 (also required
for pause release/elongation (9)) as well as the interactomes of
OGT and OGA, suggesting that there is considerable crosstalk
between these enzymes (see Table 1).

OGT consists of a globular domain containing the active
site and a 13.5 helical tetratricopeptide repeat (TPR) domain.
The TPR helical structure participates in substrate recognition
via interactions with the helical channels (67–69). OGT also
acts as a protease to cleave the Oct-1 coactivator Host Cell
Factor 1 (HCF-1) into its mature form (70). More recently,
noncatalytic functions of OGT were described (71).

The O-GlcNAc aminidase (OGA) removes GlcNAc from
proteins. Its substrate specificity is under debate, and overall,
the regulation of OGT and OGA activity is not well under-
stood [see (72, 73) for an in-depth discussion of these
enzymes].

The hexosamine biosynthetic pathway (HBP) diverts 2 to 5%
of glucose to make UDP-GlcNAc. First, fructose-6-phosphate
is converted to glucosamine by glutamine:fructose-
amidotransferase (GFAT) and glutamine. The glucosamine is



Table 1
Shown in the left column are components of the RNAPII transcriptional machinery that are O-GlcNAcylated

O-GlcNAcylated
Pausing & elongation factors CDK9 substrates PARP substrates OGT interactome

OGA
Interactome

NELFA/CD/E Yes: NELF-E Yes: NELF-B
TAT-SF1 Yes Yes
SPT5 Yes Yes
PARP-1 Yes Yes
SPT6 Yes
FACT Yes Yes Yes
Top1 Yes Yes
Top2B Yes Yes
TRIM28 Yes Yes Yes Yes
CDK9 Yes Yes Yes
BRD4 Yes Yes
CDC73 Yes Yes Yes
RTF1 Yes
PAF1 Yes Yes
Leo1 Yes
RPAP2
HCF-1 Yes
Capping
RMNT Yes
DCP1B

Termination
XRN2 Yes Yes
INTS3/6 Yes
PP2A p65 Yes Yes
PP1

The list is based on mass spectrometry data in (62), CDK9 substrates based on (35), OGT interactome based on (110), PARP substrates based on O-GlcNAcylated members of the
PIC include TFIIE, RPB1, RPB2, TFIIA, p62/TFIIH, RBP7, TFIIB, TFIIF, MED1/4/9/30/15, TAF4/6/10/15, FCP1, CDK7, cyclin H, cyclin K. OGA interactome is from (88).
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acetylated to become N-acetylglucosamine by GlcNAc-6-
phosphate acetyltransferase and acetyl CoA, and then the
GlcNAc-1-phosphate is converted to UDP-GlcNAc by UDP-
GlcNAc pyrophosphorylase and UTP (74). The requirements
for three major metabolites suggest that the intracellular
[UDP-GlcNAc] is an indicator of the nutrient state of the cell
(75). Presumably, then there are functional consequences of
changing UDP-GlcNAc levels.
RNA polymerase II CTD O-GlcNAcylation

Since the 1990s, the formation of PICs has been predicated
on the idea that the hypo-phosphorylated species of RNAPII
(RNAPIIA) is incorporated into the PIC (76). The hyper-
phosphorylated RNAPII (RNAPIIO) is widely considered to
be the elongation-specific species. However, RNAPIIA was
shown to be O-GlcNAcylated as well and thus the ambiguity
arises as to what form of RNAPII is required for PIC formation
(77). Presumably, there are unknown factors establishing this
CTD specificity in nuclear extracts, as this distinction is not
made using highly purified reconstituted systems (54, 78–80).
In any case, there is some justification for re-considering the
identity of the PIC-specific RNAPII species. Is it unphos-
phorylated, hypo-phosphorylated, or O-GlcNAcylated?

OGT modifies the RNAPII CTD and RNAPII is O-
GlcNAcylated across species (77, 81, 82). Recombinant OGT
O-GlcNAcylated the CTD, and OGA removed the O-GlcNAc
modification in vitro (82). Mass spectrometry showed that
both serine two and five residues of the human CTD were O-
GlcNAcylated (83). These were found on CTD repeats 34 and
44. However, Lu and colleagues found that CTD O-GlcNA-
cylation was much more extensive (84). Others have suggested
that both O-GlcNAcylation and phosphorylation can affect
secondary structure (85). Since no O-GlcNAc binding do-
mains/proteins are known it appears more likely that the O-
GlcNAcylation alters a protein’s conformational space or
regulates kinase access to relevant S and T residues/substrates.

In extracts, CTD O-GlcNAcylation is blocked with the OGT
inhibitor ST045849 (82, 86). There is some direct evidence
that CTD phosphorylation and O-GlcNAcylation oppose each
other, as phosphorylation of the CTD with purified TFIIH and
its resident CDK7 will block O-GlcNAcylation by OGT (82),
leading to various models that OGT and TFIIH and other PIC-
associated kinases are together regulating early transcription
events (82). Lastly, biochemical experiments indicated that O-
GlcNAcylated RNAPII (RNAPIIγ) resides in the PIC and that,
upon the addition of ATP, the O-GlcNAc modification is
removed (83). These data, especially that in (83), show that O-
GlcNAcylated RNAPII is a PIC-specific species of RNAPII.
OGT and OGA functions in RNA polymerase II transcription

Early experiments determined that OGT and OGA in-
hibitors (ST045849 and PUGNAc, respectively) (86, 87), added
to an in vitro transcription assay containing HeLa cell nuclear
extracts, blocked transcription in primer extension assays (82).
OGT inhibition with ST045849 added before PIC formation
completely abrogates transcription (88). Overall, these data
indicate that OGT activity is necessary for PIC formation and
early events in transcription, although OGT’s substrates in this
context remain to be determined.

OGA also functions in the transcription process, acting after
OGT (89). The OGA inhibitors PUGNAc and Thiamet G
blocked elongation but had little effect on transcription events
that occurred before +75 (the region that harbors paused
RNAPII) (89). Interestingly, the effects of OGA inhibition are
J. Biol. Chem. (2024) 300(3) 105705 3
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identical to CDK9 inhibition: a complete block in elongation,
suggesting that there are co-dependent regulatory steps in
pause release (89). The addition of recombinant OGA affected
elongation but the effect was the opposite of what occurred
with PUGNAc (44). This is not necessarily a discrepancy, as
the PUGNAc experiment was done using crude nuclear ex-
tracts, while the addbacks of recombinant OGA or a natively
purified OGA complex were assessed using immobilized pro-
moter templates that were isolated after the pulse-labeling
step, washed in high salt, OGA was added back, and tran-
scription was resumed with NTPs. Here, OGA appears to be
acting after approximately +200 in the elongation process (89).
Thus, there is an O-GlcNAcylation requirement during elon-
gation at approximately +200 in the cell-free assays, as both
rOGA (89) and the OGT inhibitor ST045849 arrest RNAPII at
that point (88). OGA was further linked to elongation func-
tions as it was purified as part of a large, 700 kDa complex,
containing several pausing/elongation factors including SPT5
and TRIM28 (89).

Finally, a note describing the differences in the transcrip-
tion assays used. The primer extension assay used in (82) is
less informative in that it simply detects a predetermined
length of transcribed RNA but gives no information on the
Figure 2. Example pulse-chase assay and O-GlcNAc ChIP-seq data. A, the rep
and rGUA. The right lane shows the chase step, where excess unlabeled CT
originating from the pulsed RNAs. B and C, ChIP-seq experiments show a larg
proximal promoter region and colocalization of OGA and the SPT5 elongation
from (89) under CC-BY licenses.
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entire population of transcribed RNAs. Since the primer
extension assay does not detect shorter RNAs, it is of little
use given that most active promoters harbor a paused
RNAPII. The pulse-chase transcription assay used in (89, 90)
was a powerful improvement over the primer extension assay.
In a pulse-chase assay, PICs are formed as usual, simply by
mixing the nuclear extract with promoter DNA and the
necessary buffers. Transcription is initiated with a short pulse
of a small amount (�1 μM) of 32P-CTP and non-radioactive
rGUA (0.5 mM) for 30 s. Then an excess of non-radioactive
CTP (3 mM) is added as the chase step (90, 91) (Fig. 2A). The
short pulse allows one to follow those RNAs that initiated
during that time and the chase shows the behavior of those
labeled RNAs without having to consider later initiation
events that might occur (because the 32P-CTP is diluted with
nonradioactive CTP). The researcher can then discriminate
between initiation, pausing, termination, and productive
elongation events, all physiologically relevant transcription
events. In general, cell-free transcription systems are very
useful, as the indirect effects in experiments in vivo (pertur-
bations of splicing or translation, for example) are not part of
the transcription assay. Thus, various secondary effects are
excluded.
resentative pulse-chase assay. The left lane shows a 30 s pulse using 32P-CTP
P was added for 5 min. One can clearly see the increasing RNA lengths
e concentration of O-GlcNAc colocalizing with paused RNA pol II (B) in the
factor with paused RNA pol II (C). A, was reproduced from (88) and (B and C)
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Distribution of O-GlcNAc, OGT, and OGA on promoters in vivo

Numerous studies have shown that the O-GlcNAcylation
machinery localized to the TSS in vivo and significantly
overlapped the paused RNAPII population. This is true for O-
GlcNAc itself, OGT, and OGA in humans, mice, Drosophila,
and Caenorhabditis elegans (81, 89, 92–94). The location of
the O-GlcNAcylation machinery is no different than for
known pausing and elongation factors such as DSIF, NELF,
PAF, Integrator, SPT5, and P-TEFb. Thus, the colocalization of
OGT, OGA, and O-GlcNAc along with paused RNAPII at the
50 end of genes suggests O-GlcNAcylation requirements at
that time (Fig. 2B).

Effects of genetic ablation of OGT and OGA on RNA
polymerase II transcription

OGT and OGA are found in higher metazoans, such as
Drosophila, C. elegans, mice, and humans. In mice, the OGT
gene resides on the X-chromosome, and an OGT knockout
was embryonic lethal (95). OGA deletions show perinatal
lethality (96). Thus, both OGT and OGA play essential roles in
metazoan biology.

In C. elegans, approximately 40% of genes had both O-
GlcNAc and RNAPII peaks at the promoters. An OGT cata-
lytic mutant showed a complete absence of O-GlcNAc pro-
moter peaks, while an OGA catalytic mutant did not show any
changes (92). The authors also noted a lack of complete
concordance of the O-GlcNAc peak (�100 bp upstream of the
TSS) and RNAPII (centered on the TSS). However, RNAPII
density at the TSS increased with the OGA mutant. Approx-
imately equal numbers of genes were up- and down-regulated
in both mutants (at the RNA level). Interestingly, the OGA
mutant showed increased levels of O-GlcNAc at promoters,
indicating that OGT and OGA were working in concert to
stabilize O-GlcNAc levels (81). However, under either starved
or fed conditions, O-GlcNAc promoter levels did not change,
suggesting that promoter O-GlcNAcylation was buffered.
Furthermore, the OGT mutant showed an increase in the
phosphoserine two RNAPII CTD levels, which is associated
with elongation, but here the increase was near the TSS. This
is consistent with the idea that CTD O-GlcNAcylation hinders
phosphorylation of those same residues (82). As such these
might be aberrant phosphorylation events. In a human B-cell
line, shRNA targeted ablation of OGT showed a 20 to 60%
reduction in expression of several B-cell-specific genes, along
with reductions in RNAPII, O-GlcNAc, and phosphoserine
five CTD (82, 83). This is the same result seen with the OGT
inhibitor in vitro: loss of RNAPII in the PIC (83).

Possible role of O-GlcNAc in phase transitions and
biomolecular condensates

Biochemistry typically uses relatively dilute solutions of
proteins, nucleic acids, and other relevant molecules.
Furthermore, the classic approaches of transcriptional
biochemistry and the fractionation of nuclear extracts to
identify the relevant transcriptional machinery are implicitly
focused on higher-affinity interactions and identifying a set of
factors that transcribe efficiently and synthesize high levels of
RNA.

In contrast, in vivo the cytoplasm and nucleus are very
concentrated, dense environments of macromolecules
(�200 mg/ml). These crowded environments display anoma-
lous diffusion and kinetics, and weak protein-protein in-
teractions become quite significant (97). Weakly interacting
proteins likely have important roles to play in vivo. It is these
weaker interactions that are thought to promote phase tran-
sitions of proteins, DNA, and RNA, and contribute to the
dense nuclear environment.

In vitro, the resulting phase condensates exist as a concen-
trated, dense phase, along with a second dilute phase (98–100).
In vivo, condensates are thought to establish functionally
demarcated areas, such as paraspeckles, nucleoli, and Cajal
bodies (101). However, it has been difficult to positively identify
transcriptionally relevant condensates in vivo in other cases,
while in vitro, although high concentrations of recombinant
proteins can be forced to undergo a phase transition, their
functional relevance is not clear. A physiologically relevant
biochemical system would be very useful in bridging this gap.

A recent report found quite unexpectedly that HeLa cell
nuclear extracts underwent a phase transition when mixed with
promoter DNA, forming transcriptionally active biomolecular
condensates (88). These condensates were very dense, approx-
imately 100 mg/ml, and contained many factors necessary for
transcription. Furthermore, the addition of the OGT inhibitor
ST045849 to the nuclear extract before promoter DNA blocked
condensate formation and transcription. These experiments
and others showed that proper transcription in the nuclear
extract was physically connected to the condensate: disruption
of the condensate meant the disruption of transcription (88).
Unexpectedly, these condensates contained proteins such as
FUS, NONO, and SFPQ as well as OGT, which are not normally
considered functionally relevant in the classic description of a
PIC but which are required for membrane-less organelle for-
mation in vivo (102). These data suggest that the definition of a
“PIC” needs revision to one that ismore physiologically relevant.
Lastly, these data raise the interesting possibility that O-
GlcNAcylation contributes to a phase transition/condensate
formation (103), perhaps by blocking the ionic effects of phos-
phorylation, creating a less hydrophilic local environment be-
tween proteins, or inducing allosteric conformational changes.
In vitro and In vivo caveats

The difficulty in understanding O-GlcNAc function is that
many proteins are phosphorylated on the same serine/threonine
residues that are O-GlcNAcylated such that phosphorylation
andO-GlcNAcylation of a residue are mutually exclusive. Thus,
mutation of a serine/threonine residue eliminates the possibility
of both modifications and makes the discerning function of
either modification nearly impossible. Biochemical systems can
get around this somewhat by focusing on specific functions and
using catalytic inhibitors to assess blocks in these modifications.
The drawback of these systems is that inhibitors block the
modification of all targets.
J. Biol. Chem. (2024) 300(3) 105705 5
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Second, in general, it is difficult to interpret in vivo ablation
experiments since the window of depletion is many hours. In
other words, as with most in vivo perturbations, one observes
the sum of direct and indirect effects on any cellular or
organismal system. Such in vivo perturbations generate a
phenotype. As such, a targeted ablation or inhibition cannot be
causally assigned directly to a particular outcome. Even the
more recent degron-based ablations do not eliminate indirect
effects, especially those of catalytic activities or those that
affect catalytic activities.

Thirdly, OGT and OGA protein levels are co-regulated
in vivo: a decrease in one causes a decrease in the other
(104–106) so it is impossible to comfortably interpret any sort
of ablation or inhibitor experiments in vivo. Note that this is
not an issue in the cell-free transcription system.

Lastly, catalytic inhibition is not the same as targeted abla-
tion. A small molecule catalytic inhibitor is not expected to
disrupt protein-protein interactions or disassemble a large
(OGT-containing) complex. An ablation (by shRNA for
example) likely perturbs any protein-protein interactions
involving the target as well as any catalytic and non-catalytic
functions. An ablation is far more deleterious than a catalytic
inhibitor.

Conclusions

The data thus far point to a role for O-GlcNAcylation in the
regulation of RNAPII-dependent transcription, specifically
during PIC formation and elongation. O-GlcNAcylated
Figure 3. A hypothetical model of OGT and OGA function in transcription
RNAPII CTD and other factors to prevent their phosphorylation. (Note that th
systems and likely do not represent the in vivo or nuclear extract complex
phosphorylation early in the initiation process. III. The pausing machinery (such
phosphorylation by P-TEFb (CDK9) to promote RNAPII pause release and elon
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RNAPII is the PIC-specific species. OGT inhibition with
ST045849 blocked PIC formation and formation of tran-
scriptionally active (pre-initiation) condensates, while OGA
inhibition with PUGNAc and Thiamet G blocks elongation
in vitro. shRNA ablation of OGT reduced RNAPII and O-
GlcNAc levels at promoters in vivo. The colocalization in vivo
of O-GlcNAc, OGT, and OGA at promoters with a paused
RNAPII also suggests that these enzymes play a role in early
transcription events. Consistent with this idea is that many of
the pausing and elongation factors are O-GlcNAcylated (Ta-
ble 1). These data suggest that OGT and OGA are dynamically
regulating initiation, pausing, and elongation, perhaps acting
as an ultrasensitive switch (107–109) (Fig. 3). Lastly, OGT
hydrolysis of UDP-GlcNAc releases 8.8 kcal/mol of energy
(110), which may be used to drive other reactions in the PIC. A
model of the function of OGT and OGA is discussed in
Figure 3.

The number of O-GlcNAcylated substrates likely will not
permit any simple answers to the role of OGT and OGA in
RNAPII transcription. Serine/threonine residues are often
phosphorylated or O-GlcNAcylated, compounding the prob-
lem. However, the discovery of an O-GlcNAc-dependent
in vitro transcription system offers unique inroads into
examining OGT and OGA functions and other PTMs in
transcription. It is likely that other approaches to the problems
imposed by OGT and OGA will be needed to achieve a more
complete understanding of O-GlcNAcylation in transcrip-
tional regulation.
initiation and pausing. I. OGT acts during PIC formation to O-GlcNAcylate
e PIC components shown here are based on highly purified reconstituted
ity of a promoter.) II. OGA acts on the O-GlcNAcylated CTD to permit its
as DSIF and NELF) is likely O-GlcNAcylated. OGA removes the O-GlcNAc for
gation.
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Data availability

All data are contained within this paper.
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NTPs, nucleotide triphosphates; OGA, O-GlcNAc aminidase; O-
GlcNAc, N-acetylglucosamine; OGT, O-GlcNAc transferase; PIC,
preinitiation complex; PTM, post-translational modification; PAF,
RNA polymerase II associated factor; PARP-1, poly-ADP ribose
polymerase; P-TEFb, positive transcription elongation factor b;
PUGNAc, O-(2-Acetamido-2-deoxy-D-glucopyranosylidenamino)
N-phenylcarbamate; RNAPII, RNA polymerase II; SFPQ, splicing
factor proline and glutamine rich; shRNA, short hairpin RNA;
SIRT6, sirtuin 6; snRNP, small nuclear ribonucleoprotein; SPT5,
suppressor of Ty 5; TRIM28, tripartite motif containing 28; TPR,
tetratricopeptide repeat; TSS, transcriptional start site; UDP-
GlcNAc, uridine diphosphate-N-acetylglucosamine.
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