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Abstract

O-GlcNAcylation is a reversible post-translational protein modification that regulates fundamental

cellular processes including immune responses and autoimmunity. Previously, we showed that

hyperglycemia increases O-GlcNAcylation of the transcription factor, nuclear factor kappaB c-

Rel at serine residue 350 and enhances the transcription of the c-Rel-dependent proautoimmune

cytokines interleukin-2, interferon gamma and granulocyte macrophage colony stimulating factor

in T cells. c-Rel also plays a critical role in the transcriptional regulation of forkhead box P3

(FOXP3)—the master transcription factor that governs development and function of Treg cells.

Here we show that the regulatory effect of c-Rel O-GlcNAcylation is gene-dependent, and in

contrast to its role in enhancing the expression of proautoimmune cytokines, it suppresses the

expression of FOXP3. Hyperglycemia-induced O-GlcNAcylation-dependent suppression of FOXP3

expression was found in vivo in two mouse models of autoimmune diabetes; streptozotocin-

induced diabetes and spontaneous diabetes in nonobese diabetic mice. Mechanistically, we show

that both hyperglycemia-induced and chemically enhanced cellular O-GlcNAcylation decreases c-

Rel binding at the FOXP3 promoter and negatively regulates FOXP3 expression. Mutation of the

O-GlcNAcylation site in c-Rel, (serine 350 to alanine), augments T cell receptor-induced FOXP3

expression and resists the O-GlcNAcylation-dependent repression of FOXP3 expression. This

study reveals c-Rel S350 O-GlcNAcylation as a novel molecular mechanism inversely regulating

immunosuppressive FOXP3 expression and proautoimmune gene expression in autoimmune

diabetes with potential therapeutic implications.
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Introduction

O-GlcNAcylation is a post-translational modification, which
involves the enzymatic addition of an N-acetylglucosamine (GlcNAc)
monosaccharide subunit to serine and threonine residues (Hart
2019). O-GlcNAcylation is a highly dynamic process that regulates
protein-DNA and protein–protein interactions, transcription,
translation and cellular functions. This modification has been
identified on over 4000 proteins to date and can occur both in
the cytoplasm and in the nucleus (Ma and Hart 2014). A unique
feature of O-GlcNAcylation, compared with other post-translational
modifications such as phosphorylation and ubiquitination, is that this
process is catalyzed by a single set of conserved enzymes: O-GlcNAc
transferase (OGT), which mediates addition, and O-GlcNAcase
(OGA), which removes the modification (Hart et al. 2007; Hart
and Akimoto 2009). Little is currently understood about the precise
mechanisms that govern targeting of O-GlcNAcylation, but it has
been widely speculated that adaptor/scaffold proteins direct OGT
and OGA to their specific target residues (Hart et al. 2007; Janetzko
and Walker 2014; Ma and Hart 2014). GlcNAc is a normal product
of glucose metabolism with system-wide O-GlcNAcylation levels
rising during conditions of hyperglycemia such as that in type 1
diabetes (Dennis et al. 2011; Levi et al. 2012; Makino et al. 2015).

Type 1 diabetes or autoimmune diabetes is a condition character-
ized by T cell mediated destruction of pancreatic β cells leading to
failed insulin production and loss of blood glucose control (Melen-
dez-Ramirez et al. 2010; Atkinson 2012). Though the overt symp-
toms of type 1 diabetes have been clearly identified, the underlying
molecular mechanisms governing the autoimmune T cell activation
and β cell destruction remain less clearly defined (Mathis et al. 2001;
Gomez-Tourino et al. 2016). It has been demonstrated that activated
CD4+ T cell in the pancreas drives a CD8+ cytotoxic T cell response
that directly mediates β cell death (Arif et al. 2004; Coppieters
et al. 2012). As in many T cell immune responses, this inflammatory
cascade can be held in check by the activity of both resident and
infiltrating FOXP3+ T regulatory (Treg) cells whose function is to
suppress cytokine production and promote T cell anergy and/or death
(Hull et al. 2017; Yu et al. 2018). Many of these T cell and Treg
cell functions are controlled by the nuclear factor kappaB (NF-κB)
family of transcription factors, which drives the expression of a large
array of autoimmune and inflammatory genes (Oh and Ghosh 2013;
Sun et al. 2013; Gerondakis et al. 2014). The NF-κB family is made
up of five subunits—RelA, RelB, c-Rel, p105/p50 and p100/p52—
that combinatorially form functional dimers capable of translocating
into the nucleus and binding DNA (Ghosh et al. 1998). The c-
Rel subunit in particular has been shown to be critical for T cell
effector function (Hilliard et al. 2002; Visekruna et al. 2012). c-Rel
is the predominant member of the NF-κB family activated following
ligation of the T cell receptor (TCR) and controls the expression of
several genes that regulate T cell activation and function (Liou et al.
1999; Rao et al. 2003; Bunting et al. 2007; Gilmore and Gerondakis
2011; Ramakrishnan et al. 2016). c-Rel has also been shown to be
essential for the development of natural Treg cells, as it is required for
expression of forkhead box P3 (FOXP3), the key transcription factor
necessary for the development and function of Treg cells (Isomura
et al. 2009; Grinberg-Bleyer et al. 2017).

The transcription of FOXP3 is dependent on multiple noncoding
regulatory elements and multiple transcription factors binding to
the 5′ regulatory region of FOXP3 gene (Lee and Lee 2018). It
has a promoter region, and four conserved noncoding sequences
(CNS0, CNS1, CNS2 and CNS3) located using comparative genomic

alignment. The most recently discovered of the four conserved
sequences is CNS0, which is located 5′ to the promoter and it is
identified as a super enhancer element in an intron of a nearby gene
(Kitagawa et al. 2017). The promoter, CNS1 and CNS2 are located
within the first intron (Zheng et al. 2010), whereas CNS3 is located
just after exon 1 (Zheng et al. 2010). c-Rel has been shown to bind
to multiple regions within the FOXP3 promoter in T cells, two of
which overlaps with the nuclear factor of activated T cells (NFAT)
sites and another region near the transcription start site (Long et al.
2009; Ruan et al. 2009; Zheng et al. 2010). Additionally, c-Rel has
been identified as an integral transcription factor in promoting the
development of natural or thymic Treg cells (nTregs) and peripheral
Tregs through binding conserved κB sites in the CNS3 region (Zheng
et al. 2010).

c-Rel’s potential to regulate both T cell functions and Treg cell
development poses it as a critical player in the molecular patho-
genesis of T cell-mediated autoimmune conditions. Previously, we
generated a c-Rel deficient nonobese diabetic (NOD) mouse model
and showed the role of c-Rel in the development of autoimmune
diabetes (Ramakrishnan et al. 2016). We found that c-Rel deficiency
resulted in accelerated diabetes development in NOD mice, which
was rescued by the supplementation of c-Rel competent Treg cells
(Ramakrishnan et al. 2016). Our previous work also identified
that c-Rel is modified by O-GlcNAcylation at serine residue 350
(Ramakrishnan et al. 2013). We found that hyperglycemia-induced
and chemically enhanced O-GlcNAcylation of c-Rel at serine 350
increases the DNA binding capacity of c-Rel at CD28 responsive
element (CD28RE), which is conserved in the promoters of key
CD4+ T helper 1 (Th1) cytokines genes such as interleukin-2 (IL-
2), interferon gamma (IFNG) and granulocyte macrophage colony
stimulating factor (GM-CSF) (Ramakrishnan et al. 2013). Chemical
inhibition of O-GlcNAcylation, or mutation of serine 350 to alanine,
blocked the DNA binding of c-Rel at CD28RE and significantly
decreased the expression of Th1 cytokine genes in T cells (Ramakr-
ishnan et al. 2013).

In this study, because c-Rel has been shown to be critical for the
expression of FOXP3 in T cells (Kim et al. 2007; Isomura et al. 2009;
Long et al. 2009; Visekruna et al. 2010; Grigoriadis et al. 2011;
Schuster et al. 2019), we studied how c-Rel O-GlcNAcylation affects
FOXP3 expression. We provide in vitro, in vivo and detailed mech-
anistic studies to show that, unlike the positive regulatory action of
c-Rel O-GlcNAcylation in Th1 proautoimmune cytokine expression,
c-Rel negatively regulates FOXP3 expression. This suggests a dual,
but reciprocal, role of serine 350 O-GlcNAcylation in transcriptional
regulation by c-Rel in T cells.

Results

Enhanced O-GlcNAcylation reduces FOXP3 expression

in T cells

Our prior study discovered the critical role of c-Rel S350
O-GlcNAcylation in enhancing TCR-induced expression of
c-Rel-dependent proautoimmune genes, IL-2, IFNG and GM-CSF
(Ramakrishnan et al. 2013). c-Rel has been shown to be critical for
the expression of the transcription factor FOXP3, which regulates
the development and function of immunosuppressive Treg cells. The
role of O-GlcNAcylation in FOXP3 expression remains unknown.
Here, we investigated the role of enhanced O-GlcNAcylation in
the transcriptional control of FOXP3 expression. We chose the
Treg-like cell line MT-2 with substantial expression of FOXP3 gene
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(Hamano et al. 2015). Because MT-2 cells do not express the CD3
receptor (Hamano et al. 2015), we used phorbol 12-myristate 13-
acetate (PMA) and Ionomycin, termed (PMA/Ion) for stimulation,
which bypass T cell surface receptors to activate PKC and
downstream NF-κB (Chatila et al. 1989). We treated MT-2 cells
with PMA/Ion and Thiamet-G (—a chemical inhibitor of the enzyme
OGA) to enhance global O-GlcNAcylation (Yuzwa et al. 2008), and
examined FOXP3 and IFNG expressions by quantitative polymerase
chain reaction (qPCR). We observed a significant decrease in FOXP3
expression and a significant increase in IFNG expression under
enhanced O-GlcNAcylation conditions (Figure 1A), suggesting an
inverse regulatory role of O-GlcNAcylation at FOXP3 and IFNG
promoters. We confirmed that the effect of Thiamet-G on gene
expression was indeed mediated through OGA inhibition by genetic
knockdown of OGA. We found that a lentiviral sh-OGA suppressed
PMA/Ion-induced FOXP3 and enhanced IFNG expressions in
MT-2 cells (Figure 1B). We also validated efficient suppression
of OGA by western blotting (Figure 1C). To further validate this
dual regulatory role of O-GlcNAcylation in gene expression, we
also studied EL4 cells, a murine thymoma cell line known to
express FOXP3 following TCR stimulation (Tone et al. 2008). We
found that enhancing cellular O-GlcNAcylation by pretreatment
of EL4 cells with Thiamet-G resulted in substantially diminished
FOXP3 expression compared with TCR stimulation alone using
anti-CD3 and anti-CD28 antibodies (Figure 1D, left). Consistent
with our prior findings (Ramakrishnan et al. 2013), inhibition of
OGA following Thiamet-G treatment significantly increased IFNG
expression (Figure 1D, right). This inverse regulatory effect of O-
GlcNAcylation was also found in EL4 cells stimulated with PMA/Ion
and Thiamet-G (Figure 1E). Similar to MT-2 cells (Figure 1B and C),
genetic suppression of OGA in EL4 cells using sh-OGA (Figure 1F),
also showed significant decrease in FOXP3 expression and increase
in IFNG expression (Figure 1G).

c-Rel O-GlcNAcylation suppresses transcriptional

activity at the FOXP3 promoter

To obtain direct evidence that the O-GlcNAcylation-mediated sup-
pression of FOXP3 was due to c-Rel O-GlcNAcylation, first we
utilized previously generated Jurkat T cells inducibly expressing wild-
type or S350A mutant c-Rel (Ramakrishnan et al. 2013). We found
that the S350A mutant c-Rel expressing cells showed higher basal
and CD3/CD28-induced FOXP3 expression compared with wild-
type cells (Figure 2A, left), while their TCR-induced IL-2 expression
was entirely compromised (Figure 2A, right), despite equivalent levels
of wild-type and mutant c-Rel (Figure 2B). Although initial studies
on TCR-induced FOXP3 expression relied on Jurkat cells (Kim
et al. 2007; Long et al. 2009; Dominguez-Villar et al. 2012), they
exhibit diminutive transcriptional activation of FOXP3. Therefore,
we studied transcriptional activation of FOXP3 in Treg like MT-2
cells. We transiently expressed wild-type and S350A mutant c-Rel
with the luciferase reporter under CD28RE or FOXP3 promoter in
MT-2 cells and examined PMA/Ion-induced reporter gene activity.
We found that PMA/Ion stimulation enhanced CD28RE-dependent
luciferase activity in MT-2 cells and that the addition of Thiamet-
G, which increases global O-GlcNAcylation, further enhanced the
PMA/Ion-induced luciferase activation (Figure 2C). Although the
expression of wild-type c-Rel enhanced PMA/Ion-induced Thiamet-
G-mediated luciferase activation, expression of S350A mutant c-
Rel completely compromised the Thiamet-G-induced enhancement in
CD28RE-dependent luciferase activation (Figure 2C). This suggests

that c-Rel O-GlcNAcylation is critical in MT-2 cells to achieve peak
CD28RE-dependent transcription. We also examined the effect of
wild-type and S350A mutant c-Rel on FOXP3 promoter activity
using a luciferase reporter gene assay (Zheng et al. 2010). Consistent
with the O-GlcNAcylation-mediated decrease in FOXP3 expression
(Figure 1), addition of Thiamet-G decreased the PMA/Ion-induced
wild-type c-Rel-mediated transcriptional activation at FOXP3 pro-
moter. Mutation of S350 in c-Rel enhanced its potential to trans-
activate FOXP3 promoter, which was further augmented following
Thiamet-G treatment (Figure 2D).

We also studied the effect of c-Rel S350A mutation in the expres-
sion of FOXP3 messenger RNA (mRNA) by qPCR. We expressed
FLAG tagged wild-type c-Rel and S350A mutant c-Rel by lentivi-
ral transduction in MT-2 cells and confirmed the expressions by
anti-FLAG western blotting (Figure 2E). We treated the cells with
PMA/Ion and found that the treatment increased FOXP3 expression
in control and wild-type c-Rel expressing MT-2 cells and concurrent
Thiamet-G treatment significantly decreased their FOXP3 expres-
sion. Interestingly, MT-2 cells expressing S350A mutant c-Rel showed
substantial increase in PMA/Ion-induced FOXP3 expression, and
treatment with Thiamet-G, showed only modest effect in suppressing
FOXP3 expression (Figure 2F, left). This is in contrast to IFNG
expression, where control and wild-type c-Rel expressing MT-2 cells
showed a dramatic increase in IFNG expression over the S350A
mutant expressing cells when co-treated with Thiamet-G (Figure 2F,
right). To confirm that O-GlcNAcylation-dependent FOXP3 suppres-
sion is specifically regulated by O-GlcNAcylated c-Rel in primary
T cells, we transiently expressed wild-type or S350A c-Rel in pri-
mary CD4+ T cells and assessed basal and TCR-induced FOXP3
expression. We found that S350A expressing primary CD4+ T cells
exhibited increased FOXP3 expression, both basally and following
TCR activation in comparison to cells expressing wild-type c-Rel
illuminating the key role for c-Rel O-GlcNAcylation in suppressing
FOXP3 expression (Figure 2G). These results show that c-Rel O-
GlcNAcylation negatively regulates FOXP3 promoter activation and
it has inverse transcriptional regulatory roles at CD28RE and FOXP3
CNS3 promoter regions.

Hyperglycemia-induced O-GlcNAcylation reduces

FOXP3 expression in primary T cells in vitro and in vivo

To gain insight into the physiological significance of the O-
GlcNAcylation-dependent suppression of FOXP3 expression, we
studied the phenomenon in primary CD4+ T cells isolated from
mice. CD4+ T cells were purified from spleen by magnetic sorting
and subjected to TCR stimulation under physiological glucose
(5 mM) and hyperglycemic conditions (30 mM) as well as high
O-GlcNAcylation (100 μM PUGNAc—a chemical inhibitor of
OGA) (Haltiwanger et al. 1998) conditions. We found that both
hyperglycemia and the PUGNAc treatment, both of which enhance
cellular O-GlcNAcylation, resulted in greatly reduced FOXP3
expression (Figure 3A). We used c-Rel knockout cells as a control
for decreased FOXP3 expression, and as previously shown (Isomura
et al. 2009; Visekruna et al. 2010) found greatly decreased FOXP3
expression in c-Rel deficient primary CD4+ T cells. To exclude
the possible transient effects of acute high glucose treatment, we
acclimatized the cells with high glucose for 48 h or longer and
then studied its effect on FOXP3 expression. Similar to short-
term high glucose treatment and OGA inhibition (Figure 3A), long-
term high glucose treatment also significantly suppressed FOXP3
expression in primary CD4+ T cells (Figure 3B). To study the in
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Fig. 1. Increased O-GlcNAcylation reduces FOXP3 expression, (A) MT-2 cells (3 × 106) were treated with 50 μM Thiamet-G overnight in 6 cm plates and stimulated

with 50 ng/mL PMA and 250 ng/mL Ionomycin for additional 18 h. Samples were then analyzed by qPCR to determine the abundance of indicated mRNAs relative

to that of TFR. (B) MT-2 (3.0 × 106) were infected with lentivirus encoding human or mouse shOGA, respectively, or the control virus. Transduced cells were

selected with 2 μg/mL puromycin for 48 h and then treated and gene expression was studied as in (A). (C) Suppression of O-GlcNAcase in MT-2 cells analyzed

via western blotting. Transiently overexpressed OGA in HEK 293 T cells was used as a positive control to authenticate anti-OGA antibody and OGA detection.

(D) EL4 thymoma cells (1 × 106) were treated with 50 μM Thiamet-G overnight in 6-well plates either uncoated or coated with 2 μg/mL anti-CD3 and anti-CD28

antibodies for 8 h. (E) EL4 thymoma cells were treated as in (D) and stimulated with 50 ng/mL PMA and 250 ng/mL Ionomycin for 18 h. (F–G) EL4 cells (3.0x106)

were transduced with shOGA or control virus as in (B). (F) Suppression of OGA was assessed by western blotting. Transiently overexpressed OGA in HEK 293 T

cells was used as a positive control to authenticate anti-OGA antibody and OGA detection. (G) Transduced EL4 thymoma cells were treated as in (E). (D, E, G)

Samples were analyzed by qPCR to determine the abundance of indicated mRNAs relative to that of Ubiquitin Conjugating Enzyme E2 D2 (UBE2D2). Data are

representative of three independent experiments, each performed in triplicates, presented as mean ± standard error of mean (SEM) (n = 3). P values were

obtained by unpaired student t-test; ∗∗∗∗ P < 0.0001, ∗∗∗ P < 0.001, ∗#x002A; P < 0.01 and ∗ P < 0.05.
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Fig. 2. c-Rel S350 O-GlcNAcylation reduces FOXP3 expression, (A) Jurkat T-REx cells (1 × 106) were treated with 1 μg/mL doxycycline for 20 h to induce the

expression of FLAG-tagged wild-type or S350A c-Rel. Cells were stimulated in 6-well plates coated with 2 μg/mL anti-CD3 and anti-CD28 antibodies for 3 h.

Samples were then analyzed by qPCR to determine the abundance of indicated mRNAs relative to that of TFR. (B) Jurkat T-REx cells were treated with doxycycline

as in (A) and FLAG-tagged wild-type or S350A c-Rel expression were examined by western blotting. (C and D) MT-2 cells (5 × 106) were electroporated with

CD28RE (C) or FOXP3 CNS3 promoter (D) containing luciferase reporter plasmids and FLAG-tagged wild-type or S350A c-Rel as indicated. Twenty-four hours

following transfection, cells were stimulated as indicated with 50 ng/mL PMA, 250 ng/mL Ionomycin and 50 μM Thiamet-G for an additional 24 h. Luciferase

activity was assessed using dual luciferase assay system and values are presented as fold induction over luciferase vector alone-transfected sample. Data are

representative of three independent experiments each done in triplicates and are presented as mean ± SEM. P values were obtained by unpaired student t-

test. Ns—nonsignificant. Data in bar graphs are technical triplicates representative of three independent experiments. Bottom panels show western blotting of

luciferase lysates probed for FLAG c-Rel expression. Ns—non specific. (E and F) MT-2 cells (5 × 106) were electroporated with plasmids containing empty vector,

FLAG-tagged Wildtype c-Rel or FLAG-tagged S350A c-Rel. (E) Representative blot showing expression of FLAG-tagged wild-type or S350A c-Rel in electroporated

MT-2 cell lysates. (F) Cells were stimulated 24 h post electroporation, with 50 ng/mL PMA and 250 ng/mL Ionomycin for 18 h. Samples were then analyzed by

qPCR to determine the abundance of indicated mRNAs relative to that of Transferrin Receptor (TFR). (G) CD4+ T cells were isolated from c-Rel knockout C57BL/6J

mice and 7.0 × 106 cells per condition were nucleofected with plasmids containing either empty vector, wild-type c-Rel, or S350A c-Rel. After 20 h, cells were

stimulated with 2 μg/mL each of plate bound anti-CD3 and anti-CD28 antibodies for 6 h. Samples were then analyzed by qPCR to determine the abundance of

FOXP3 mRNA relative to that of Transferrin Receptor (TFR). (A, F, G) Data are representative of three independent experiments, each performed in triplicates,

presented as mean ± SEM (n = 3). P values were obtained by unpaired student t-test; ∗∗∗ P < 0.001, ∗∗ P < 0.01 ∗ P < 0.05.
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Fig. 3. c-Rel O-GlcNAcylation reduces FOXP3 expression in primary T cells. (A) CD4+ T cells (1.5 × 106/condition) isolated from wild-type or c-Rel KO C57BL/6J

mice were cultured for 6 h in either low-glucose media (5 mM glucose), low-glucose plus 100 μM PUGNAc or high-glucose (30 mM glucose) conditions. Cells

were stimulated in 6-well plates coated with 2 μg/mL anti-CD3 and anti-CD28 antibodies for 6 h. (B) CD4+ T cells from wild-type or c-Rel KO C57BL/6J mice

were cultured for 48 h in low or high glucose media and stimulated as in (A). (C) CD4+ T cells were isolated from normal glycemic or hyperglycemic (diabetic)

NOD mice, and plated on 6-well plates at 1.5 × 106 cells/well either uncoated or coated with 2 μg/mL anti-CD3 and anti-CD28 antibodies for 6 h. (D) Whole

splenocytes were isolated from control or STZ-treated mice and immediately processed for cDNA. (E) CD4+ T cells were isolated from C57BL/6 mice following

9 weeks of Streptozotocin treatment and immediately processed for cDNA. (F) CD4+ T cells were isolated from normal glycemic or hyperglycemic NOD mice,

and immediately processed for cDNA. (A–F) Samples were analyzed by qPCR in triplicates to determine the abundance of FOXP3 mRNA relative to that of

Ubiquitin Conjugating Enzyme E2 D2 (UBE2D2). Data are presented as mean ± SEM (A–E n = 3, F n = 6). P values were obtained by unpaired student t-test; ∗∗∗∗
P < 0.0001, ∗∗∗ P < 0.001, ∗∗ P < 0.01, ∗ P < 0.05.

vivo role of hyperglycemia-induced enhanced O-GlcNAcylation
on FOXP3 suppression, first we utilized the streptozotocin (STZ)-
induced diabetic mouse model. We assessed FOXP3 transcript levels
in CD4+ T cells under pathological hyperglycemic conditions of STZ-
diabetic mice and found that diabetic CD4+ T cells exhibited greatly
diminished FOXP3 expression following ex vivo TCR stimulation
(Figure 3C). This decrease in FOXP3 expression was recapitulated in
freshly isolated splenocytes (Figure 3D) and CD4+ T cells (Figure 3E)
from STZ-induced diabetic mice compared with normoglycemic
controls.

To determine if the CD4+ T cells isolated from a spontaneous
type 1 diabetes model also had reduced FOXP3 expression, we
examined the NOD mouse model. These mice have multiple muta-
tions that result in the spontaneous lymphocyte infiltration into
the pancreatic islets, and autoimmune destruction of the insulin-
producing β cells (Wicker et al. 1987). Previously, we have shown
that knockout of c-Rel on a NOD background results in over 80%
reduction in FOXP3 expression and Treg cell numbers in NOD c-
Rel−/− mice (Ramakrishnan et al. 2016). We isolated CD4+ T cells
from NOD mice and processed for RNA without any culturing
or stimulation. We observed that the endogenous FOXP3 expres-
sion in hyperglycemic c-Rel NOD mice was 3-fold lower compared
with cells from normoglycemic NOD mice, suggesting that hyper-

glycemia suppressed FOXP3 transcription in diabetic NOD mice
(Figure 3F).

Enhancement of c-Rel O-GlcNAcylation in diabetic

mice correlates with reduction in FOXP3+ T cells

To study whether decreased FOXP3 transcription is translated to
decrease in FOXP3+ T cells in vivo, we examined CD4+ FOXP3+
cells in diabetic NOD and STZ-treated mice. First, we compared
FOXP3+ splenic Treg cells in age-matched normoglycemic (90–
120 mg/dL) and hyperglycemic (500–600 mg/dL) NOD mice
and found a statistically significant reduction in FOXP3+ cell
numbers in hyperglycemic mice compared with normal glycemic
mice (Figure 4A). We also utilized the STZ-induced diabetic mouse
model to examine suppression of FOXP3+ cell numbers under
hyperglycemic conditions. STZ-treated mice showing non-fasting
blood glucose (NFBG) > 250 mg/dL were scored as diabetic.
Mice were injected with insulin (Humulin—NPH, Eli Lilly and Co,
Cambridge, MA, USA) thrice-weekly at 20 U/Kg starting 3 days
post STZ-treatment to prevent catabolic weight loss. Similar to
hyperglycemic NOD mice, we found a reduction in FOXP3+ splenic
T cell numbers in the STZ-treated diabetic mice compared with
control mice both at 4 and 9 weeks after STZ treatment (Figure 4B).
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Fig. 4. c-Rel O-GlcNAcylation is increased and Treg numbers are reduced in diabetic mice. (A) Splenocytes from normal or diabetic NOD mice were isolated and

stained with anti-CD4 and anti-FOXP3 antibodies and analyzed by Flow Cytometry (n = 6) (B) Splenocytes from Control or C57BL/6 mice treated with STZ for

4 weeks (left) or 9 weeks (right) were isolated and stained as in (A). (C) Splenocytes were isolated from control or 9 weeks STZ-treated C57BL/6 mice were lysed,

and c-Rel was immunoprecipitated from 25 to 30 × 106 cells. The O-GlcNAcylation state of c-Rel was probed using the anti-O-GlcNAc antibody RL2 and compared

with measured mouse blood sugar: Mouse 1 = 130 mg/dL, Mouse 2 = 128 mg/dL, Mouse 3 = 157 mg/dL, Mouse 4 = 144 mg/dL, Mouse 5 = 509 mg/dL, Mouse

6 = 565 mg/dL, Mouse 7 = 531 mg/dL, Mouse 8 = 520 mg/dL, Mouse 9 = 479 mg/dL, Mouse 10 = 151 mg/dL, Mouse 11 = 129 mg/dL, Mouse 12 = 522 mg/dL,

Mouse 13 = 511 mg/dL and Mouse 14 = 408 mg/dL. Bottom panel shows total c-Rel in the immunoprecipitates. ns—non specific. (D) Authenticity of anti-c-Rel

antibody was validated using total lysates of control and c-Rel KO fibroblasts.

In order to confirm that c-Rel is O-GlcNAcylated during diabetes,
we harvested the spleens from STZ-diabetic and nondiabetic controls
at 9 weeks post development of diabetes. Single-cell suspensions of
spleens were lysed and subjected to c-Rel Immunoprecipitation and
probed with an anti-O-GlcNAc antibody. We observed enhanced c-
Rel O-GlcNAcylation in the majority of the spleens of diabetic mice
compared with nondiabetic mice (Figure 4C). The authenticity of c-
Rel detection using anti-c-Rel antibody was confirmed using wild
type and c-Rel KO cell lysates (Figure 4D). These data demonstrate
that c-Rel O-GlcNAcylation is heightened during the pathological
setting of type 1 diabetes, which correlates with decrease in FOXP3
expression and CD4+ FOXP3+ Treg cell numbers.

Hyper-O-GlcNAcylation reduces c-Rel binding

to the FOXP3 promoter in vitro and in vivo

Our previous findings demonstrated that O-GlcNAcylation enhanced
DNA binding of c-Rel to the CD28RE (Ramakrishnan et al. 2013).
Based on this, we hypothesized that diminished FOXP3 expression

under hyperglycemia and enhanced O-GlcNAcylation was due to
decreased binding of O-GlcNAcylated c-Rel to the FOXP3 pro-
moter. We studied the c-Rel binding site in the FOXP3 promoter
(CBS-FP) before the transcription start site (TSS) and three κB-sites,
κB2, κB1 and κB3, in the CNS3 region (schematic in Figure 5A
and Supplementary Figure 1) for c-Rel binding at normal and hyper
O-GlcNAcylation conditions (Zheng et al. 2010).

For the biochemical characterization of O-GlcNAcylated c-Rel
binding to the FOXP3 promoter, we used Treg like MT-2 cells that
express FOXP3 at high levels (Chen et al. 2006; Hamano et al.
2015). To assess how hyperglycemia and enhanced O-GlcNAcylation
impacts c-Rel binding at the consensus NF-κB sequences in the
FOXP3 promoter, we performed oligonucleotide pulldown assays
using biotinylated minimal FOXP3 promoter regions. We found that
hyperglycemia (treatment with 30 mM glucose, overnight) greatly
decreased binding of c-Rel to all the sequences studied, CBS-FP
and κB1, κB2, κB3 sites, following stimulation of MT-2 cells with
PMA/Ion (Figure 5B, top panels). We did not find binding of NF-κB
RelA subunit to CBS-FP and κB2 sites (Figure 5B, middle panels).

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab001#supplementary-data
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Fig. 5. Hyper-O-GlcNAcylation reduces binding of c-Rel to FOXP3 promoter and enhancer elements. (A) Schematic representation of selected NF-κB binding sites

and an NFAT binding site in the FOXP3 promoter and CNS3 region. The numbers below shows the locations of the promoter and CNS3 regions and binding sites

examined (B) MT-2 cells were cultured in low (11 mM) or high glucose (30 mM) medium overnight and then treated with 50 ng/mL PMA and 250 ng/mL Ionomycin

for 60 min. (C). MT2 cells were cultured in either low or high glucose medium for 48 h and then stimulated as in (B). (B, C) Nuclear and cytoplasmic extracts were

prepared and 100 μg of nuclear proteins per sample was utilized in an in vitro pulldown assay using the indicated biotinylated oligonucleotides. The precipitated

proteins as well as nuclear extracts as input controls were separated in SDS/PAGE gel and probed for c-Rel, RelA, and p50. (D–E) MT-2 cells (10 × 106) were

pretreated overnight with Thiamet-G and then stimulated for 60 min with 50 ng/mL PMA and 250 ng/mL Ionomycin. Chromatin Immunoprecipitation was then

carried out using anti-c-Rel antibody or nonspecific mouse IgG. The eluted chromatin was then analyzed by qPCR for the enrichment of indicated regions in

anti-c-Rel precipitate compared with IgG precipitate as a control.

Though hyperglycemia showed no effect on c-Rel nuclear translo-
cation (Figure 5B, top panel, nuclear input), we found substantial
increase in RelA nuclear translocation under hyperglycemic condition
and PMA/Ion treatment further enhanced it (Figure 5B, middle panel,

nuclear input). RelA showed modest binding to κB1 site that was
completely abolished at high glucose and PMA/Ion treatment and
its binding to κB3 region was found enhanced under hyperglycemic
condition with minimal effect of hyperglycemia on PMA/Ion-induced
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RelA binding to κB3 site (Figure 5B, middle panels). We also found
that hyperglycemia reduced binding of p50 at the CBS-FP and
κB2 sites, suggesting the involvement of c-Rel: p50 heterodimers in
driving FOXP3 expression in MT-2 cells through these sites. Both
hyperglycemia and PMA/Ion treatment conditions decreased p50
binding to κB1 and κB3 sites, suggesting possible removal of the
repressive p50 homodimers or p50/c-Rel heterodimers from these
sites (Figure 5B, bottom panels). We also studied the binding of c-
Rel to the FOXP3 promoters after acclimatizing the cells to hyper-
glycemic conditions for 48 h. Here we focused on DNA binding
of c-Rel and studied two c-Rel binding sites (CBS-FP and κB2),
where we saw predominantly c-Rel: p50 binding with no p65, by the
oligonucleotide pull-down assay. Similar to overnight high glucose
treatment, treatment of the cells with high glucose for 48 h also
showed decreased c-Rel and p50 binding to these promoter sites
(Figure 5C), further confirming hyperglycemia-induced suppression
of c-Rel-dependent FOXP3 expression.

To further validate the differential c-Rel-DNA binding observed
in the oligonucleotide pull-down assays under physiologically
relevant endogenous conditions, we performed chromatin immuno-
precipitation (ChIP) assays. We used an anti-c-Rel antibody as we
described recently (de Jesus and Ramakrishnan 2020), to study
binding of c-Rel to the FOXP3 promoter. Similar to oligonucleotide
pulldown assays (Figure 5B and C), we found significant increase in
PMA/Ion-induced c-Rel binding to all the four sites, κB1, κB2, κB3
and CBS-FP in ChIP assays (Figure 5D). Enhancement of global
O-GlcNAcylation induced by Thiamet-G treatment significantly
decreased PMA/Ion-induced c-Rel binding at all the sites studied
(Figure 5D). Interestingly, NFAT site, which has been shown to bind
to c-Rel (Ruan et al. 2009), while showing enrichment in PMA/Ion-
induced c-Rel binding, showed no effect of Thiamet-G treatment,
suggesting that c-Rel binding at this region is likely independent of
O-GlcNAcylation (Figure 5E).

Mutation of the O-GlcNAcylation site S350 in c-Rel

prevents its O-GlcNAcylation-mediated reduction

in FOXP3 promoter binding

To confirm that O-GlcNAcylation-mediated reduction of c-Rel
binding to the FOXP3 promoter is indeed due to c-Rel S350
O-GlcNAcylation, we performed ChIP assays using MT-2 cells
expressing FLAG-tagged wild-type or S350A mutant c-Rel. MT-2
cells were transduced with lentivirus expressing wild-type or S350A
c-Rel and their expression in transduced cells were confirmed by
western blotting (Figure 6A). Transduced cells were treated with
PMA/Ion and Thiamet-G and ChIP was performed using an anti-
FLAG antibody.

Consistent with c-Rel ChIP (Figure 5D), we found no significant
difference in FLAG-tagged wild-type c-Rel binding to the NFAT
binding region following Thiamet-G treatment. The non-O-
GlcNAcylatable S350A mutant c-Rel also showed no significant
change in binding at the NFAT region both at basal and enhanced
O-GlcNAcylation conditions, further suggesting that c-Rel binds to
NFAT region independent of its O-GlcNAcylation status (Figure 6B).
Enhanced O-GlcNAcylation induced by Thiamet-G addition caused
a dramatic reduction in wild-type c-Rel binding to the CBS-FP site in
the FOXP3 promoter, as well as to the κB2, κB1 and κB3 sites in the
CNS3 region (Figure 6C). Non-O-GlcNAcylatable S350A mutant
c-Rel S350A showed enhanced PMA/Ion-induced binding to the
CBS-FP and κB2 sites. Addition of Thiamet-G showed a partial
decrease in c-Rel S350A DNA binding, however, this decreased

level of FOXP3 was comparable to the maximum level induced in
wild-type c-Rel expressing cells (Figure 6C). We did not observe
any suppressive effect of Thiamet-G addition on c-Rel S350A
binding to the FOXP3 promoter’s κB1 or κB3 sites (Figure 6C).
These results suggest that suppressive effect of enhanced O-
GlcNAcylation on FOXP3 expression is mediated through c-Rel
S350 O-GlcNAcylation. This identifies S350 O-GlcNAcylation of
c-Rel as a novel mechanism that suppresses FOXP3 transcription
under hyperglycemic and hyper O-GlcNAcylation conditions such
as that in the diabetic mouse models studied here. Collectively, these
data support our hypothesis that c-Rel S350 O-GlcNAcylation plays
a dual inverse role in regulating T cell transcription by positively
regulating proautoimmune gene expression and negatively regulating
FOXP3 expression (Figure 6D, Schematic model).

Discussion

In this study, we discovered the novel negative regulatory role of c-Rel
O-GlcNAcylation in the transcriptional control of FOXP3 expres-
sion in T cells. We found that hyperglycemic conditions enhance
c-Rel S350 O-GlcNAcylation, which inhibits the binding of c-Rel
to the FOXP3 promoter, leading to decreased FOXP3 expression.
Supporting the pathophysiological relevance of these findings, we
found decreased FOXP3 expression in two murine models of type
1 diabetes: chemically induced diabetes using STZ and the sponta-
neous diabetes in NOD mice, with reduced frequencies of FOXP3+
CD4+ T cells. Corroborating the direct role of c-Rel S350 O-
GlcNAcylation in decreasing FOXP3 expression, our studies using
non-O-GlcNAcylatable S350A mutant c-Rel showed no suppressive
effect on FOXP3 expression even after treatment with Thiamet-G to
enhance global O-GlcNAcylation.

Current literature on the subject of FOXP3 expression and Treg
cell populations in type 1 diabetes models is incongruent. Some
studies have observed no alteration of Treg cell numbers or FOXP3
expression in diabetes (Zavattari et al. 2004; Brusko et al. 2007;
Mellanby et al. 2007), whereas others have noted a correlation
between reduced FOXP3+ Treg cells numbers and diabetic progres-
sion in newly diagnosed children, latent type 1 diabetes in adults
and cyclophosphamide-induced diabetic mice (Brode et al. 2006;
Yang et al. 2006; Ryba-Stanislawowska et al. 2013; Aghili et al.
2015; Viisanen et al. 2019). Others have even noted elevation of
Treg cell numbers in longer term diabetic studies (Zhen et al. 2012;
Ryba-Stanislawowska et al. 2013). Despite the discrepancy in FOXP3
expression, in general, these studies are in agreement that the Treg
cells present in the diabetic animals and patients show reduced
suppressive function. Moreover, deficiency of FOXP3 resulting from
its direct deletion (Chen et al. 2005) or through deletion of c-Rel
(Ramakrishnan et al. 2016), results in enhanced diabetes incidence
in animal models. Consistent with this suppressive role of FOXP3
expressing Treg cells in autoimmune diabetes, our data also show
a substantial decrease in FOXP3 expression and Treg cell numbers
in two mouse models of diabetes (Figures 3 and 4). Combined with
our previous study (Ramakrishnan et al. 2013), it appears that O-
GlcNAcylation of c-Rel may promote type 1 diabetes progression by:
1) enhancing proautoimmune cytokine production in conventional
CD4+ T cells and 2) suppressing FOXP3 expression and development
of Treg cells. Thus, this study uncovers a dual but inverse regulatory
role of c-Rel O-GlcNAcylation that may lead to the acceleration of
autoimmunity in type 1 diabetes, by augmenting autoreactive T cell
function and diminishing FOXP3 expression and Treg cell function.
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Fig. 6. Unmodified c-Rel preferentially binds to FOXP3 promoter and enhancer elements (A–C) MT-2 cells (10 × 106) were infected with virus expression FLAG-

tagged wild-type or FLAG-tagged S350A c-Rel (A) Expression of FLAG tagged c-Rel was examined by western blotting. (B and C) Forty-eight hours post

transduction, cells were treated with 50 ng/mL PMA, 250 ng/mL Ionomycin and Thiamet-G as indicated in figure for 20 h. Chromatin Immunoprecipitation

was then carried out using the M2 FLAG antibody and nonspecific mouse IgG. The eluted chromatin was then analyzed by qPCR for the enrichment of indicated

regions in anti-c-Rel precipitate compared with IgG precipitate as a control. (D) Schematic model describing c-Rel O-GlcNAcylation-dependent dual regulation of

T cell-dependent autoimmune gene expression in diabetes. Left. Genetic and environmental triggers result in autoimmune destruction of pancreatic β-cells and

the development of hyperglycemia, which enhances hexosamine biosynthetic pathway, UDP-GlcNAc levels and O-GlcNAcylation. Right. Non-O-GlcNAcylated

c-Rel-mediated transcription results in chromatin remodeling and gene expression at the FOXP3 and CD28RE gene loci. O-GlcNAcylation of c-Rel at S350 reduces

FOXP3 induction, and highly induces CD28RE-dependent proautoimmune gene expression, that may promote autoimmunity.

This shows the intricacy of hyperglycemia-induced O-GlcNAcylation
in the transcriptional control in a gene-dependent manner and links
O-GlcNAcylation to the regulation of pathological signaling in the
context of hyperglycemia.

This seminal study on the biochemistry and mechanism involving
c-Rel O-GlcNAcylation in FOXP3 expression was mainly performed
on mature T cells. However, it is plausible that O-GlcNAcylation
may differentially impact c-Rel function in different T cell popula-
tions; i.e. developing thymocytes vs. naïve CD4+ T cells vs. antigen
activated CD4+ T cells. In line with this, it has been shown that O-
GlcNAcylation plays a role in T cell development and arrest of O-
GlcNAc cycling decreases number of thymocytes (all sub populations;

double negative, double positive and single positive) in a stem cell spe-
cific OGA knockout mouse model (Abramowitz and Hanover 2018;
Abramowitz et al. 2019). Additional evidence for the complexity and
context of O-GlcNAcylation comes from a study that discovered O-
GlcNAcylation of the FOXP3 protein itself led to its stabilization (Liu
et al. 2019). Thus, it is possible that heightened O-GlcNAcylation
may initially augment Treg cell function by stabilizing preformed
FOXP3 protein; yet eventually lead to a state of pathologically
decreased Treg cells through the transcriptional repression of FOXP3
gene. It has also been shown that O-GlcNAcylation is essential for
FOXP3 expression and inducible Treg cell differentiation in a rat
model of autoimmune hepatitis (Hao et al. 2018). This warrants
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further comprehensive studies to dissect both transcriptional and
translational regulation of FOXP3 expression by O-GlcNAcylation,
especially in isolated naïve and inducible Treg cells as well as using
transgenic mouse expressing S350A c-Rel.

Augmented T cell function serves as the core driver of a range
of autoimmune and autoinflammatory diseases (Skapenko et al.
2005; Bluestone et al. 2015; Moulton and Tsokos 2015). Enhanced
global O-GlcNAcylation leads to sustained activation of RAR-related
orphan receptor γ t variant (RORγ t) at the IL-17 gene promoter
(Machacek et al. 2019) and increases NF-κB activity at IL-2, GMCSF
and IFNG promoters in T cells (Ramakrishnan et al. 2013). Under-
standing such novel molecular mechanisms that regulate T cell-
mediated autoimmunity is critical for developing new targeted ther-
apies for type 1 diabetes for which the etiology is variant and diffuse
at the population level (Maahs et al. 2010). Identifying common
molecular mechanisms such as hyperglycemia induced enhanced
c-Rel O-GlcNAcylation that occurs across the different etiologies
represents an important step forward in finding new therapies for
type 1 diabetes because eliminating the initial stimuli triggering the
disease will likely prove difficult, if not impossible. Our previous
study showing that c-Rel O-GlcNAcylation increases its binding to
the promoters containing a CD28RE (Ramakrishnan et al. 2013)
and this study showing that it suppresses c-Rel binding to FOXP3
promoter both in vitro and in vivo, reveals c-Rel O-GlcNAcylation
as a unique molecular mechanism involved in both positive and
negative regulation of c-Rel function. These data suggest that ther-
apies targeting c-Rel O-GlcNAcylation may reduce autoimmune
signaling and simultaneously enhance Treg cell function, ameliorating
autoimmunity.

The findings of this study were focused on autoimmune diabetes
as a model due to the link between hyperglycemia, enhanced global
O-GlcNAcylation, augmented CD4+ T cell function and suppressed
FOXP3 expression. It would be interesting to explore the role of c-
Rel O-GlcNAcylation in other diseases involving hyperglycemia, such
as type 2 diabetes and obesity, which may show that c-Rel S350
O-GlcNAcylation is a hyperglycemic condition-dependent, unified
regulatory mechanism controlling transcription in T lymphocytes.
Understanding such disease-specific molecular mechanism is critical
to develop specific therapeutic agents mitigating side effects that may
arise from global targeting of c-Rel.

Material and methods

Cells

Jurkat, EL4 and MT-2 cells were grown in RPMI media supplemented
with 100 U/mL penicillin/streptomycin, 4 mM l-glutamine and 10%
serum II plus (Sigma Aldrich, St. Louis, MO, USA). Primary CD4+
T Cells were treated in RPMI media supplemented with 100 U/mL
penicillin/streptomycin, 4 mM l-glutamine and 10% fetal bovine
serum (Sigma Aldrich, St. Louis, MO, USA).

Plasmids

The cDNAs for human wild-type c-Rel and the S350A mutant c-Rel
with N-terminal FLAG tag were cloned into the pcDNA4 vector for
transient expression. The S350A mutation was generated by PCR-
based site-directed mutagenesis. The mammalian expression vector
for human OGA, pRK5-myc-OGA, was kindly provided by Dr. Ger-
ald W. Hart. The FOXP3 luciferase reporter construct was generously
gifted by Alexander Rudensky’s lab (Zheng et al. 2010). Wild-type
FLAG-c-Rel and S350A FLAG-c-Rel were cloned in pLM vector for

lentiviral expression. Lentiviral expression plasmids encoding shRNA
against OGA in pLKO.1 vector backbone was purchased from Sigma
Aldrich, St. Louis, MO, USA (TRCN0000134040 for human OGA
and TRCN0000248909 for mouse OGA).

Reagents and antibodies

Transfection of primary CD4+ T Cells was performed using a Nucle-
ofector device (Lonza, Basel, Switzerland). Protein A and protein G
agarose beads used for immunoprecipitation and Neutravidin beads
for oligo pulldown were obtained from Thermo Fisher Scientific.
Anti-O-linked N-acetylglucosamine antibodies, clone RL2, was pur-
chased from Abcam, Cambridge, MA, USA and clone CTD110.6 was
from Bio Legend, San Diego, CA, USA. Antibodies against RelA,
p50 and PLCγ 1 were obtained from Santa Cruz Biotechnology,
Dallas, Texas, USA. Flow cytometry antibodies against mouse CD4
and FOXP3, intracellular permeabilizing and staining kit and anti
c-Rel antibody were obtained from BioLegend. Anti-FLAG M2 anti-
body, anti-OGA, Thiamet-G, PMA and Ionomycin were from Sigma.
PUGNAc was from Toronto Research Chemicals, Ontario, Canada.

Mice

The c-Rel knockout mouse line in C57BL/6 background was kindly
provided by H.C. Liou (Weill Medical College of Cornell University,
New York). C57BL/6J mice were from a colony maintained in-house.
c-Rel NOD mice were generated and kept as described previously
(Ramakrishnan et al. 2016). Mice were housed and handled in
accordance with the National Institutes of Health (NIH) guidelines
under protocols approved by the Institutional Animal Care and Use
Committee.

Chemically induced diabetes mouse model

C57BL/6J mice were intraperitoneally (i.p.) injected with STZ
(60 mg/kg) for 5 consecutive days after 6 hours fast each day. Insulin
(Humulin—NPH, Eli Lilly and Co, Cambridge, MA, USA) treatments
were performed at 20 U/kg 3 times a week for the duration of the
study. Blood glucose was monitored for overt diabetes by tail vein
puncture and sugar measurement was made using a glucometer. At
the end of 2 months, mice were euthanized and splenocytes were
collected for RNA analysis and flow cytometry.

Magnetic cell sorting

Total CD4+ T cells were purified from spleens of control and diabetic
mice using L3T4 CD4 microbeads (Miltenyi Biotec, Auburn, CA,
USA) following manufacturer’s instructions.

T cell stimulations

MT-2, Jurkat and EL4 cells were stimulated using 50 ng/mL PMA
and 250 ng/mL Ionomycin at indicated time points. Jurkat, EL4 and
purified primary CD4+ T cells were stimulated with 2 μg/mL anti-
CD3 and anti-CD28 antibodies (BioLegend, San Diego, CA, USA)
coated on Corning Costar six well plates.

Quantitative real time PCR

Total RNA was isolated from cells using the DNAaway RNA
miniprep kit (Bio Basic, Markham, ON, Canada). RNA yields
were quantified by NanoDrop spectrophotometer and 1 μg of total
RNA was converted to cDNA using the High Capacity Reverse
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Transcription kit (Applied Biosystems, Foster City, CA, USA). qPCR
was performed with cDNA corresponding to ∼20–30 ng of RNA
using Taqman gene expression assays (Thermo Fisher Scientific,
Waltham, MA, USA). Experimental triplicate samples were run
for biological replicates (n = 3) for all stimulation conditions.
Gene expression was quantified as fold induction over control, and
all values were normalized to the housekeeping genes transferrin
receptor (TFR) for human samples or Ubiquitin Conjugating Enzyme
E2 D2 (UBE2D2) for mouse samples.

Electroporation

MT-2 cells were suspended in plain RPMI medium with pcDNA4
empty vector, or vector encoding FLAG tagged wild-type c-Rel or
S350A c-Rel. Cells were transfected by electroporation using Bio-Rad
Electroporator set without resistance at 200v, and 960 μF.

Lentiviral production and transduction

Lentiviral packaging plasmids pMD2.G, psPAX2 and pLM vectors
containing either wild-type FLAG-c-Rel or S350A FLAG-c-Rel, or
pLKO.1 vectors containing mouse or human shOGA were transfected
into HEK293 cells. After 48 h, supernatants were harvested and
filtered using a 0.45 μM syringe filter. The virus was concentrated
from 60 mL of supernatant by ultracentrifugation (16,500 RPM,
4◦C, 90 min) and resuspended in 600 μL of PBS. MT-2 or EL4 cells
were seeded at 1.5 million per well in a six well plate and spinfected
with 100 μL/well of lentivirus in the presence of 10 μg/mL polybrene
(2500 RPM, 30◦C, 90 min). For shOGA transduction of MT-2 and
EL4 cells, 48 h after infection, cells were selected with 2 μg/mL
puromycin for 48 h. Suppression of O-GlcNAcase was confirmed via
western blotting.

Immunoprecipitation and western blotting

Cells were lysed in a rotator at 4◦C for 30 min in the lysis buffer
(1.0% Triton-X100, 20 mM HEPES [pH 7.6], 0.1% SDS, 0.5%
Sodium deoxycholate, 150 mM NaCl, 1 mM EDTA and complete
protease inhibitor cocktail). Immunoprecipitation was carried out
at 4◦C for 2–3 hours using anti-c-Rel antibody. For western blot
analysis, cell lysates as well as immunoprecipitates were resolved
through 9% SDS–PAGE gels. Proteins from the gel were transferred
onto nitrocellulose membranes, probed using relevant antibodies and
visualized by enhanced chemiluminescence assay.

Oligonucleotide pulldown assay

Oligonucleotide pulldown assays were performed as previously
described (Ramakrishnan et al. 2013). In brief, annealed, biotinylated
oligos of key c-Rel binding sites within the FOXP3 promoter (CBS-
FP) and CNS3 region (κB2, κB1 and κB3), were used to isolate active,
DNA-binding NF-κB dimers from nuclear lysates using neutravidin
beads (Thermo Fisher Scientific, Waltham, MA, USA). The following
primer pairs were used:

CBS-FP: Fwd/Bio5′-TCC ACA CCG TAC AGC GTG GTT TTT
CTT CTC GGT ATA AAA GCA AAG TTG TTT TT-3′

Rev/5′-AAA AAC AAC TTT GCT TTT ATA CCG AGA AGA
AAA ACC ACG CTG TAC GGT GTG GA-3′

κB1: Fwd/Bio5′-TCA CCC CAC CTG GGC CAA GCC TGC
TGC AGG ACA GGG CA-3′

Rev/5′-TGC CCT GTC CTG CAG CAG GCT TGG CCC AGG
TGG GGT GA-3′

κB2: Fwd/Bio5′-CTT TCA GAT GGT TCC AAG GAG TTT GGA
CAC CAG GGA CAC TGG CCT ACA C-3′

Rev/5′-GTG TAG GCC AGT GTC CCT GGT GTC CAA ACT
CCT TGG AAC CAT CTG AAA G-3′

κB3: Fwd/Bio5′-ATT CAG CTT CTG AGA AAC CCA GTC AGA
AAG GGA CGT CCC AAC AGA CAG TG-3′

Rev/5′-CAC TGT CTG TTG GGA CGT CCC TTT CTG ACT
GGG TTT CTC AGA AGC TGA AT-3′

Chromatin immunoprecipitations

MT-2 cells were plated at 10 × 106 cells in 75 cm2 flasks per
stimulus condition, and left untreated or treated with Thiamet-G
and PMA/Ionomycin. Cells were pelleted and washed with warm
PBS, then resuspended with 2 mM disuccinimidyl glutarate in PBS
(+MgCl2) for cross-linking proteins in a 50 mL conical tube on a
rocker for 45 min at room temperature. Cells were then washed with
warm PBS and incubated for 15 min at room temperature in 1%
formaldehyde for cross-linking DNA. Formaldehyde was quenched
with 2.5 M glycine for 5 min. Cells were washed with PBS and
pelleted at 2000 RPM for 5 min at 4◦C. Cells were lysed in Farnham
cell membrane lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5%
NP-40, with protease inhibitors) for 15 min, and nuclear pellets were
spun down at 10,000 RPM for 10 min at 4◦C. The nuclear pellets
were resuspended in 100 μL of RIPA buffer and chromatin was
sheared at 4◦C in a Sonicator® 3000 Ultrasonic Liquid Processor
for 80 cycles of 8 s on and 40 s off at output 5. Magnetic beads
were washed in 5 mg/mL BSA in PBS for blocking by pelleting beads
using a magnetic block five times, and then incubated with 1 μg
of c-Rel antibody per sample in an end-over-end rotator at 4◦C
overnight. Sonicated supernatants and antibody-coupled magnetic
beads were incubated in an end-over-end rotator at 4◦C overnight.
Beads were pelleted and then washed with 1 mL LiCl IP wash buffer
containing 10 mM Tris, pH 8.1, 0.25 M LiCl, 1% IGEPAL-CA 630,
1% Deoxycholic Acid and 1 mM EDTA, five times for 10 min at 4◦C.
Beads were then washed once with 1 mL TE buffer and resuspended
in 200 μL IP elution buffer, and incubated on a heated shaker at
65◦C at 900 RPM overnight. Extraction of DNA was performed
using phenol/CHCl3/isoamyl alcohol and purified using Qiagen PCR
Cleanup Kit. Quantitative RT-PCR was then performed on the eluates
to amplify parts of the FOXP3 promoter. The following primer pairs
were used:

NFAT: Fwd/5′-TTT CCC ATC CAC ACA TAG AG-3′
Rev/5′-AGA GGT GAG AGG TAT CAA TG-3′
CBS-FP: Fwd/5′-TGG ATT ATT AGA AGA GAG AGG TC-3′
Rev/5′-GAG AGC AGG GAC ACT CAC C-3′
κB2: Fwd/5′-AAG AGG CCC TAT GAA GCA GC-3′
Rev/5′-TCC TAG AAT CTC AAA ACC ACA-3′
κB1: Fwd/5′-GGG TCC CAG TAT CTG TGG AG-3′
Rev/5′-AGA GGG CAG ATA CCC CAC CC-3′
κB3: Fwd/5′-GTG TCC CAG AAA CAT CCC CC-3′
Rev/5′-GGA TGG CCT GAC TCA GCA AA-3′

Supplementary data

Supplementary data for this article is available online at http://glycob.
oxfordjournals.org/.
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