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O-GlcNAcylation of serine/threonine residues on target proteins occurs dynamically in postmitotic neurons of the hip-

pocampus and may serve to control both the stability and activity of target proteins. Remarkably, the addition and removal

of the O-GlcNAc posttranslational modifications are catalyzed by a pair of enzymes, the O-GlcNAc transferase (OGT) and

O-GlcNAcase (OGA). More than thousands of proteins are modified by O-GlcNAcylation including epigenetic modifying

enzymes. A critical target of OGT is the polycomb repressive complex 2 (PRC2) containing the histone lysine methyltrans-

ferase EZH2 that mediates trimethylation of lysine 27 on histone H3 (H3K27me3). However, whether OGT and PRC2 ac-

tivity in the hippocampus couple to regulate gene transcription mechanisms during memory consolidation remains

unknown. Here, we found increases in OGT expression and global O-GlcNAcylation levels in dorsal area CA1 of the hip-

pocampus during memory consolidation. Additionally, we observed that OGT exerts control over epigenetic regulation via

EZH2-H3K27me3 during memory consolidation. Blocking O-GlcNAc signaling via RNAi within dorsal area CA1 led to the

global and site-specific loss of activity-dependent epigenetic plasticity at genes regulated by H3K27me3 and impairment of

hippocampus-dependent memory. Together, these findings illustrate a unique epigenetic role of OGT via regulation of

histone methylation mediated by EZH2 during memory consolidation of fear conditioned memories.

The posttranslational attachment of β-N-glucosamine (GlcNAc)
to serine/threonine residues of proteins (O-GlcNAcylation) is
the product of the hexosamine biosynthetic pathway (HBP), which
integrates glucose, amino acid, fatty acid, and nucleotide metabo-
lism to generate the donor substrate uridine diphosphateN-acetyl-
glucosamine (UDP-GlcNAc) (Hart and Akimoto 2009; Yang and
Qian 2017). O-GlcNAc signaling is highly sensitive to various
forms of cellular stress, including heat/cold shock (Kazemi et al.
2010; Yao et al. 2018), hypoxia (Liu et al. 2014), and neuronal exci-
totoxicity (Zhu et al. 2015). Although the O-GlcNAc axis is only
beginning to be described in neuronal alterations, many upstream
kinases important for memory consolidation are known to inter-
sect with signaling to OGT and O-GlcNAcylation, including
CamKII (Erickson et al. 2013), PKA (Xie et al. 2016), PKC (includ-
ing PKC-zeta [Miura et al. 2018]), CREB (Rexach et al. 2012; Xie
et al. 2016), and many others (Hart et al. 2011). As a result,
O-GlcNAcylation has been observed to function as a signal integra-
tor regulating virtually every aspect of cellular function including
transcription, translation, signal transduction, and metabolism.
Consistent with these observations, disruption of OGT signaling
and O-GlcNAcylation processes has been implicated in numerous
neurodegenerative diseases, including epilepsy (Sánchez et al.
2019), Alzheimer’s disease (Xie et al. 2016), and Parkinson’s disease
(Wani et al. 2017).

In contrast to other forms of posttranslational glycosyla-
tion, which occur largely in the endoplasmic reticulum,
O-GlcNAcylation of proteins occurs in the cytoplasm and nucleus
(Comer and Hart 2000; Hart and Akimoto 2009). In the nucleus,
O-GlcNAcylation occurs on numerous target proteins, consistent
with a cellular role as an integrator of signals. In particular, direct

O-GlcNAcylation of histones has been reported in both yeast and
human cells (Sakabe et al. 2010) and observed to facilitate changes
in other epigeneticmarks, such as histonemonoubiquitination on
H2B (Fujiki et al. 2011). Based on these findings, the significance of
direct histone O-GlcNAcylation in manymammalian cell types re-
mains in question (Gagnon et al. 2015).

In addition to directly modifying histones and signaling
proteins, OGT interacts with and regulates numerous chromatin
modifying enzymes (CMEs) including the TET family of DNA
hydroxylases (Chen et al. 2013; Dehennaut et al. 2014) and the
H3K27 methyltransferase EZH2 (Chu et al. 2014). Learning-
induced epigenetic changesmediated by both O-GlcNAc signaling
(Lagerlöf andHart 2014;Wanget al. 2016;Yanget al. 2017; Lagerlöf
2018), as well as OGT-regulated CMEs are critical for long-term
memory formation (Jarome and Lubin 2013, 2014); however, the
role of OGT in precipitating learning-induced epigenetic changes
remains unexplored. In the present study, we observed that OGT
is necessary for learning-induced activation of H3K27me3 epige-
neticmarks and thatOGT activity is critical formemory formation.

Results

Fear learning triggers increases in O-GlcNAcylation

and OGT protein levels in the hippocampus
We therefore sought to investigate the role of this critical signaling
pathway in hippocampus-dependent long-termmemory. To ascer-
tain whether the expression of OGT and protein O-GlcNAcylation
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are dynamically regulated during normal memory formation,
we compared hippocampal nuclear lysates from Sprague Dawley
rats after training in contextual fear conditioning, a hippo-
campus-dependent long-termmemory paradigm (Fig. 1A). We ob-
served rapidly increased expression of both OGT and protein
O-GlcNAcylation, as soon as 1 h, in trained animals relative to na-
ive animals, while animals which received a latent inhibition
shock paradigm did not have elevated OGT or O-GlcNAc (Fig.
1B). Similar increases in both OGT and O-GlcNAcylation were ob-
served at 24 h posttraining, suggesting that memory-induced
O-GlcNAc signaling persists through the memory consolidation
process (Fig. 1C).

Ogt knockdown prevents memory-induced global

increases in O-GlcNAcylation
We next sought to examine the necessity of OGT for long-term
memory. To determine whether artificially lowering OGT expres-
sion increases global levels of O-GlcNacylation, we directly infused
Accell siRNAs (Dharmacon) into the dorsal CA1 and collected tis-
sue around the target infusion site for downstream analysis (Fig.
2A). We confirmed infusion into area CA1 with fluorescently la-
beled control siRNAs (Fig. 2B). At 5 d postinfusion, we observed sig-
nificant reductions in both OGT protein expression (Fig. 2C) and
OGT mRNA expression in area CA1 but not in the untargeted
retrosplenial cortex (Fig. 2D). To verify the sufficiency of siRNA in-
fusions to preclude learning-induced increases in OGT and
O-GlcNAc expression, we assayed hippocampal O-GlcNAc and
OGT in siRNA-treated animals after training in CFC (Fig. 2E). We
observed that animals treated with a nontargeting siRNA had ele-
vated levels of hippocampal O-GlcNAc andOGT after CFC training

relative to similarly treated naive controls (Fig. 2F), as observed
above in untreated animals (Fig. 1B). Animals treated with OGT
siRNAs had significantly reduced expression of hippocampal
OGT and O-GlcNAc after training, resembling untrained animals
(Fig. 2F). Nup62 expression, an OGT substrate, was not sig-
nificantly altered during memory consolidation; however, it was
significantly down-regulated after treatment with OGT siRNAs
(Fig. 2F).

Ogt knockdown selectively prevents memory-induced

global and site-specific increases in H3K27me3 levels
Several studies have recently reported interactions between
O-GlcNAc signaling and other histone posttranslational modifica-
tions. Many of these histone marks are known to be important
for hippocampal memory formation (Jarome and Lubin 2014).
Therefore, we next sought to investigate the potential role of
O-GlcNAc signaling on memory-related epigenetic crosstalk. To
determine changes in both memory-relevant changes in bulk
histone PTMs and site-specific epigenetic alterations, we assayed
nuclear histones via both western blots and ChIP-qPCR (Fig. 3A).
We observed global changes in expression of numerous memory-
related histone PTMs after CFC training, including H2BubiK120,
H3K27me3, H3K4me3, and H3K14ac. H3K27me3 was the only
mark assayed that was sensitive to pretreatment with OGT siRNA
(Fig. 3B). To investigate the necessity of OGT for memory-induced
H3K27me3 in vivo in a gene-specific manner, we performed
ChIP-qPCR at numerous gene loci. We observed memory-induced
decreases in promoter H3K27me3 in several memory-relevant
genes, including Bdnf, and Pkc-zeta. These findings are consistent
with previously observed increases in Bdnf and Pkc-zeta transcrip-
tion during memory consolidation, as well as a memory-depen-
dent increase at the promoter of G9a (Fig. 3C). Interestingly,
both memory-dependent increases and decreases in promoter
H3K27me3 were reversed by pretraining knockdown of OGT
(Fig. 3C).

Ogt knockdown regulates EZH2 protein expression levels
Next, we sought to investigate the mechanism by which the
infusion of siRNAs significantly repressed the expression of
H3K27me3. Western blots confirmed that an obligatory compo-
nent of the PRC2, the H3K27me3 methyltransferase EZH2, were
differentially expressed after manipulation of OGT (Fig. 4A,B). As
OGT might act directly either at the level of epigenetic regulation
or posttranslationally on the mature EZH2 protein (Sakabe et al.
2010; Chu et al. 2014), we examined the expression of the Ezh2
mRNA via RT-qPCR to determine if Ezh2 was being transcription-
ally regulated byOGT. Interestingly, Ezh2was not differentially ex-
pressed at themRNA level (Fig. 4C) suggesting that transcription of
Ezh2 mRNA is intact, and that OGT repressed Ezh2 activity by a
posttranscriptional mechanism.

OGT-dependent induction of Ezh2 is necessary for

contextual fear memory
Genetic models have previously demonstrated that forebrain ex-
pression of OGT is necessary for memory formation (Wang et al.
2016). These findings led to our investigation of whether intrahip-
pocampal posttranscriptional knockdown of OGT expression is
sufficient to regulate long-term memory formation (Fig. 5A). We
observed no differences in freezing behavior during CFC training;
however, upon returning animals to the training context after 24 h
we observed a significant decrease in the freezing response of male
rats, indicating impairments in long-term memory (Fig. 5B,C).
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Figure 1. Context fear conditioning leads to persistent up-regulation of
OGT and O-GlcNAcylation in the hippocampus. (A) Schematic of training
paradigm. (B) Quantification and representative images showing in-
creased OGT (n=5 for all groups; One-way ANOVA with Fisher’s exact
test, P=0.0196) and O-GlcNAc (n=5 for all groups, One-way ANOVA
with Fisher’s exact test, P=0.0274) via western blots 1 h after context
fear conditioning but not latent inhibition. (C ) Quantification and repre-
sentative images showing increased OGT (n=4, 5; Student’s t-test, P=
0.0468) and O-GlcNAc (n=5 for all groups; Student’s t-test, P=0.0396)
via western blots 24 h after training in context fear conditioning.
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Materials and Methods

Subjects
Male and/or female Sprague Dawley rats (Harlan) weighing 250–
300 g at the time of arrival were used for all experiments. Rats
were singly housed in plastic cages, had free access to water and
standard chow, and were maintained on a 12 h light–dark cycle.
All procedures were approved by the University of Alabama at
Birmingham Institutional Animal Care and Use Committee and
performed in accordance with the National Institutes of Health
ethical guidelines.

Chromatin immunoprecipitation
Chromatin immunoprecipitations (ChIP) were performed as de-
scribedpreviously (Jaromeet al. 2015;Morse et al. 2015).CA1 tissue
was fixed in phosphate-buffered saline (PBS) with 1% formalde-
hyde for 10 min at 37°C and washed extensively in PBS. Samples
were homogenized in hypotonic buffer (10 mM KCl, 20 mM
HEPES, 1mM,MgCl, 1mMDTT) with protease inhibitors and cen-
trifuged at 1350g for 10 min at 4°C to pellet nuclei. Pellets were re-
suspended in ChIP sonication buffer (1× TE with 1% SDS) with
protease inhibitors and chromatin sheared to 300 bp using 25 cy-
cles on a Bioruptor at high power. Lysates were centrifuged at

20,000g for 10 min at 4°C to pellet debris
and supernatant collected and DNA con-
tent measured using a Nanodrop spectro-
photometer. Normalized amounts of
DNA were diluted in TE buffer and 2X
RIPA buffer (2× PBS, 1% sodium deoxy-
cholate, 2% NP-40, 0.2% SDS) with 2×
proteasome inhibitors. Samples were add-
ed to Magna ChIP Protein A/G magnetic
beads (Millipore). Immunoprecipitations
were carried out at 4°Covernightwith pri-
mary antibody (H3K27me3) or no anti-
body (control). Immune complexes were
collected and washed with low salt buffer
(20mMTris, pH 8.0, 0.1% SDS, 1%Triton
X-100, 2 mM EDTA, 150 mMNaCl), high
salt buffer (20mMTris, pH 8.1, 0.1% SDS,
1% Triton X-100, 500 mM NaCl, 1 mM
EDTA), LiCl immune complex buffer
(0.25 M LiCl, 10 mM Tris, pH 8.1, 1%
deoxycholic acid, 1% IGEPAL-CA630,
500 mM NaCl, 2 mM EDTA), and twice
with TE buffer. Immune complexes were
extracted in TE containing 1% SDS and
sodium bicarbonate and protein–DNA
cross-links were reverted by heating at
65°C overnight. After proteinase K diges-
tion (100 µg; 2 h at 37°C), DNA was ex-
tracted by phenol/chloroform/isoamyl
alcohol and then ethanol-precipitated.
All DNA samples were subjected to quan-
titative real-time polymerase chain reac-
tion (PCR) using primers specific to the
gene of interest. The cycle threshold
for each amplicon was taken as a per-
centage of the input fraction, enrichment
over background (no antibody control)
was calculated as a fold change of the
control group. For western blot analysis
of ChIP samples, cross-linking was revert-
ed by heating the samples for 5 min at
95°C and normalized amounts of protein
were loaded on sodium dodecyl sul-
fate polyacrylamide gel electrophoresis
(SDS-PAGE) as described in the western
blotting methods below.

Surgery and siRNA infusions
Rats were infused intra-CA1with Accell siRNAs (Dharmacon) as de-
scribed previously (Jarome et al. 2015). Fresh aliquots of Accell
Ezh2 (catalog #E-094880-00-0005), OGT (catalog #E-080125-
00-0005), and nontargeting control (catalog #D-001910-10-05)
siRNA stocks (100 µm) (Dharmacon) were resuspended in Accell
siRNA resuspension buffer to a concentration of ∼4.5 µm on the
dayof surgery. Anontargeting redfluorescent Accell siRNA (catalog
#D-001960-01-05, Dharmacon) was used to confirm targeting of
the CA1 region.

Behavioral procedures
Rats were handled for 3 d followed by 3 d of acclimation to the
transport procedure before the start of behavioral training. Rats
were then trained to a standard contextual fear-conditioning par-
adigm in which three shock presentations (0.6 mA, 2 sec, 120 sec
Intertrial interval) were delivered over a 7 min period in a novel
context. Following the completion of training, rats were returned
to their home cages. Testing occurred the following day and con-
sisted of a 5 min exposure to the training context. All behavior
was recorded and scored by Med Associates software (Freeze
Scan).
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Figure 2. Knockdown of OGT precludes memory-dependent increases in O-GlcNAcylation.
(A) Schematic of intra-CA1 siRNA infusion timeline (B) Fluorescence microscopy images of red-labeled
siRNAs. (C) Quantification and representative images of OGT western blots after siRNA knockdown
(n=4 for all groups; Student’s t-test, P=0.0138) (D) Quantification of OGT mRNA after knockdown
in CA1 ((n=4 for all groups; Student’s t-test, P=0.0016) and retrosplenial cortex (negative control;
n=4 for all groups, P=0.9890) after infusion of siRNA (E) Schematic of intra-CA1 siRNA infusion fol-
lowed by training in contextual fear conditioning (F ) Quantification of OGT, O-GlcNAc, and NUP62
western blots after OGT RNAi and training in context fear conditioning (O-GlcNAc and NUP62: n=
7, 7, 6; One-way ANOVA with Fisher’s exact test, * denotes P<0.05); (OGT: n=6, 6, 5; One-way
ANOVA with Fisher’s exact test, * denotes P<0.05).
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Tissue collection
Animals were decapitated, the brain rapidly removed and immedi-
ately frozen on dry ice. The CA1 region of the dorsal hippocampus
was then dissected using a rat brain matrix (Harvard Apparatus)
and subsequently flash-frozen. Tissue was then subjected to his-
tone extraction, nuclear extraction, RNA extraction or chromatin
immunoprecipitation protocols as described below. In cases where
the tissue was used for both RNA and histone analyses, tissue was
first homogenized in the sucrose buffer described in the histone ex-
traction section and then split into two equal parts. One part was
used for subsequent histone extraction and the other part was
used for RNA extraction. For tissue used for both histone and

ChIP analyses, dorsal CA1 hemispheres
were dissected and placed into separate
tubes. One hemisphere was used for his-
tone extractions and the other for ChIP
to account for possible laterality effects.
The left or right hemisphere that was
used for each procedure (histones or
ChIP) was counterbalanced for all groups.

Western blots
Histones were extracted using previously
published protocols (Jarome et al. 2015).
Briefly, samples were homogenized in
sucrose buffer (320 mM) with protease
and phosphatase inhibitors. Homoge-
nized samples were centrifuged at 7700g
for 1 min and the supernatant collected.
This supernatantwas used for the analysis
of OGT and proteinO-GlcNAcylation lev-
els. The resulting pellet was resuspended
in 0.4N sulfuric acid and incubated for
30 min on ice, followed by centrifuge at
max speed for 10 min. The supernatant
was collected and trichloroacetic acid
with 4 mg/mL deoxycholic acid was add-
ed. Samples were incubated for 30min on
ice, centrifuged, andhistones collected by
acetone drying. All protein samples were
normalized using the Biorad Bradford
protein assay.

RT-qPCR
RNA and DNA were extracted from area
CA1 using the Qiagen Allprep Kit. RNA
(200 ng) was converted to cDNA using
the iScript cDNA synthesis kit (Biorad)
and reverse transcriptase-polymerase
chain reaction (RT-PCR) amplifications
for OGT and Ezh2 were performed on
the CFX96 real-time PCR system
(Biorad). RT-qPCR amplifications were
performed at 95°C for 3 min, 50 repeats
of 95°C for 10 sec followed by 62.6°C for
30 sec, 95°C for 1 min, 55°C for 1 min
and finally held at 4°C. Quantification
was performed relative to Gapdh; all
datawere analyzed using the comparative
Ct method.

Antibodies
Antibodies used for western blotting in-
cludeH2BubiK120 (1:1000,Cell Signaling
#5546), H2B (1:1000, Cell Signaling #123
64),H3K4me3 (1:500,Millipore#04-745),
H3K9me2 (1:500, Millipore #07-441),
H3K27me3 (1:1000, Millipore #07-449),
H3ac (1:1000, Millipore #06-599), H3
(1:1000, Abcam #ab1791), and Actin
(1:1000, Abcam #ab1801). For ChIP stud-

ies, H3K27me3 antibodies were used at a concentration of 5 µg per
sample.

Statistical analyses
Statistical outlierswere determined as those that fell twomore stan-
dard deviations above/below the groupmean andwere determined
using the Outlier function in Prism software. For molecular data
(PCR, westerns), outliers were removed from the final analysis on
a case-by-case basis (i.e., based on individual primers, antibodies,
etc). For behavioral data, if an animal was an outlier during either
training or testing, theywere removed fromboth analyses since the
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two measures are not independent. All data are presented as the
group average with the standard error of the mean and were ana-
lyzed using analysis of variance (ANOVA) and Fisher least signifi-
cant difference (LSD) post-hoc tests or pairwise t-tests as
indicated in the figure legends.

Discussion

Protein O-GlcNAcylation functions as an intersection of cell sig-
naling pathways, integrating and controlling diverse aspects of cel-
lular function. While mechanisms of crosstalk between OGT and
epigenetic mechanisms have been reported, the relevance of hip-
pocampal OGT expression and OGT-dependent epigenetic regula-
tion for memory formation have yet to be explored. In the present
manuscript, we used in vivo posttranscriptional knockdown of
OGT via RNAi to investigate the role of hippocampal O-GlcNAc
signaling in regulatory control of neuroepigenetic mechanisms.
Our group and others have previously reported that expression
of the H3K27me3 methyltransferase Ezh2 is critical for perfor-
mance in hippocampus-dependent memory tasks. In these exper-
iments, we observed that OGT expression is necessary for
memory-induced changes in global and site-specific H3K27me3,
and that disruption of OGT similarly impairs performance on con-
textual fear conditioning. The observations that OGT regulates

Ezh2 expression (Fig. 4) and H3K27me3 in vivo (Fig. 3) are largely
consistent with previous molecular characterizations of an
OGT-EZH2 interaction carried out in cultured human cells (Chu
et al. 2014); however, we did not observe O-GlcNAcylation effects
on expression of H3K9 acetylation/methylation or H3K4methyla-
tion in vivo, as has been previously reported in cultured cells
(Zhang et al. 2011).

In the present study, we observed impaired performance in
contextual fear conditioning after reducing O-GlcNAcylation via
knockdown of OGT. While the present study has achieved
some degree of temporal specificity over genetic models, an impor-
tant consideration given the important developmental roles of
OGT (Howerton et al. 2013), future studies should achieve both
greater temporal control and cell-type specificity. Furthermore,
the reliance of specific histonemethylationmodifications on a sin-
gle writer and eraser enzyme, suggests that feedback mechanisms
exist that are sensitive to theflux ofO-GlcNAcylation. For example,
published evidence suggests that feedback mechanisms might in-
volve miR-101 (Jiang et al. 2019), which targets both OGT and
EZH2. While we did not observe a change in abundance of the
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sary for hippocampus-dependent memory formation. (A) Schematic of
intra-CA1 Ogt siRNA infusion followed by contextual fear condition-
ing. (B) Performance of male rats in training phase (n=6, 7; P=
0.1673) and testing phase (n=6, P=0.0057) of contextual fear con-
ditioning after Ogt knockdown. (C ) Performance of unsynchronized
female rats in training phase (n=7, 9; P=0.8516) and testing
phase (n=7; P=0.0610) of contextual fear conditioning after Ogt
knockdown.
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Ezh2 transcript in vivo, evidence from published work suggests
that miRNA-mediated posttranscriptional silencing mediates ho-
meostatic control over Ezh2 protein abundance, and more-
over, that direct O-GlcNAcylation of EZH2 increases protein
stability and mediate increased H3K27me3 (Chu et al. 2014).
Nonetheless, our studies confirm a dynamic role for OGT in the
regulation of repressive histone lysine methylation during memo-
ry formation.

In sum, the present study and other studies in this field are
at the beginning stages. As a critical hub in multiple signaling
cascades, OGT has been observed to impact numerous memory-
relevant signalingmechanisms and likely has amultivalent impact
on memory formation. For example, while evidence from the ex-
periments described here suggests that global OGT expression is
necessary for long-term memory formation, the activity-induced
inhibitory O-GlcNAcylation of CREB at S40 has been reported
to act as a molecular brake on both short and long-term memory
(Rexach et al. 2012). Thus, in moving forward it will be critical
to consider and continue to elucidate the complexities of
O-GlcNAcylation in cell signaling.

Importantly, our findings identify another major epigenetic
transcriptional mechanism that can be manipulated to rescue
or mitigate memory dysfunction associated with numerous
neurological disorders. For example, memory deficits are common
in patients with epilepsy, especially temporal lobe epilepsy, where
memory-related brain structures such as the hippocampus
are directly involved in the processes of epileptogenesis (Tramoni-
Negre et al. 2017). We have recently reported that
O-GlcNAcylation and OGT expression are depleted in the hippo-
campi of the kainate temporal lobe epilepsy rat model, as well as
in human patients with temporal lobe epilepsy (Sánchez et al.
2019). Thus, the idea of OGT signaling as a therapeutic target,mer-
its further discussion, as does the impact ofO-GlcNAcmodification
on epigenetic regulation of gene transcription and hippocampus-
dependent long-termmemory formation.
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