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Abstract The retinoblastoma-susceptibility gene product

(pRB) is a classical tumor suppressor. pRB regulates a

number of cellular processes including proliferation, dif-

ferentiation, and apoptosis. One of the essential mechanisms

by which pRB, and the related p107 and p130 family

members, act is through its interactions with the E2F class of

transcription factors. E2F-1 transcription is necessary for

entry into S-phase during the cell-cycle. pRB binds E2F-1

and represses transcription via recruitment of a histone

deacetylase complex and by preventing co-activator com-

plexes from binding E2F-1. Current dogma suggests that

phosphorylation of pRB during mid- to late-G1 leads to

release of E2F-1 and E2F-1 dependent transcriptional acti-

vation of essential S-phase genes. Here we show that pRB,

and the related p107 protein, are modified by O-linked

b-N-acetylglucosamine (O-GlcNAc) in an in vitro tran-

scription/translation system. Furthermore, we show in vivo

that pRB is more heavily glycosylated in G1 of the cell-cycle

when pRB is known to be in an active, hypophosphorylated

state. Finally, we demonstrate that E2F-1 associated pRB is

modified by O-GlcNAc. These studies suggest that regula-

tion of pRB function(s) may be controlled by dynamic

O-GlcNAc modification, as well as phosphorylation.
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Abbreviations

pRB Retinoblastoma-susceptibility gene product

O-GlcNAc O-linked b-N-acetylglucosamine

ITT In vitro transcription/translation

ECL Enhanced chemiluminescents

WGA Wheat germ agglutinin

RCA Ricinus communis agglutinin

sWGA Succinylated WGA

GlcNAc N-acetylglucosamine

HRP Horseradish peroxidase

p62 Nucleoporin p62

Gal Galactose

Introduction

Knudson proposed the existence of the retinoblastoma-

susceptibility gene in 1971 (Knudson 1971). In the past

15 years, this tumor suppressor and related family mem-

bers, p107 and p130, have been cloned and characterized

[reviewed in (Chau and Wang 2003; Paggi et al. 1996;

Stevaux and Dyson 2002; Zhu et al. 1994)]. All members

of the retinoblastoma-susceptibility gene product (pRB)

family have a characteristic ‘‘pocket domain’’ that is the

site of many protein–protein interactions (Morris and

Dyson 2001). While a variety of cellular processes appear

to be regulated by the pRB family, a key mechanism of

pRB action appears to be transcription factor binding

and repression (Helin 1998). Consistent with the retino-

blastoma-susceptibility gene product (pRB) being a tumor

suppressor, inactivation of pRB is essential for progression

through the G1/S transition of the cell-cycle and, thus,

proliferation (Ewen 1994). In fact, many viral oncoproteins
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bind to pRB and sequester it from its endogenous binding

partners (Helin 1998). One of the most well-characterized

interacting proteins for pRB is E2F-1, a transcription factor

for many essential S-phase genes (Helin 1998). In G1 of

the cell-cycle pRB is bound to E2F-1 and this interaction

prevents co-activator binding (Stevaux and Dyson 2002).

Also, pRB recruits histone deacetylase chromatin remod-

eling complexes, including the mSin3-histone deacetylase

complex (Lai et al. 2001), to further repress transcription.

pRB becomes hyperphosphorylated through a cascade of

cyclin-dependent kinase phosphorylation events in late G1,

and E2F-1 is released to promote transcription of essential

S-phase genes (Bartek et al. 1997). Thus, a key paradigm in

cell-cycle progression and proliferation is that hypo-

phosphorylated pRB is the ‘‘active’’ transcriptional

repressor of E2F-1.

Post-translational modification on serine and threonine

residues of nuclear and cytosolic proteins with O-linked

b-N-acetylglucosamine (O-GlcNAc) is dynamic and

inducible (reviewed in (Hart et al. 2007; Wells et al. 2001).

In several cases, including the transcription factors c-myc

and the estrogen receptor, there appears to be a reciprocal

relationship between O-GlcNAc and serine/threonine

phosphorylation (Cheng and Hart 2001; Chou et al. 1995;

Comer and Hart 2000). Many transcription factors as well

as the basal transcriptional machinery are modified by

O-GlcNAc (Comer and Hart 1999). O-GlcNAc modifica-

tion has been shown to modulate transcriptional activity in

several cases [reviewed in (Comer and Hart 1999)].

O-GlcNAc addition and removal is a dynamic enzyme-

catalyzed event similar to phosphorylation (Iyer and Hart

2003). The O-GlcNAc transferase (OGT), which adds the

modification, associates with specific regions of the cell.

For example, OGT is recruited to promoters by a mSin3A-

histone deacetylase co-repressor complex and necessary for

maximal gene silencing (Yang et al. 2002). At M phase,

OGT is found at the mitotic spindle and the midbody

(Slawson et al. 2005), and increased OGT expression alters

aurora Kinase B and cyclin-dependent kinase 1 signaling in

these areas (Slawson et al. 2008; Wang et al. 2010b). These

data suggest that a subset of OGT is localized to discrete

areas of the cell at different points of the cell cycle, and

potentially O-GlcNAc modifying substrates involved in

transcription and signaling in a spatial and temporal

manner.

Since O-GlcNAc has a yin-yang relationship with

phosphorylation, is involved in transcriptional repression

(Zachara and Hart 2002), and cell cycle control (Slawson

et al. 2005), we decided to investigate pRB for O-GlcNAc

modification. After determining that pRB and p107 were

O-GlcNAc modified in vitro, we examined the in vivo

glycosylation state of early G1-isolated pRB, the form of

pRB known to be hypophosphorylated and actively binding

E2F-1. Here, we show that E2F-1 associated hypo-

phosphorylated pRB is indeed modified by O-GlcNAc.

Experimental procedures

In vitro transcription/translation

The plasmids for pRB (pLitmusRB), p107 (pBSIIKSp107),

and the nucleoporin p62 (pGEMc62) transcription/transla-

tion have been previously described (2,19). In vitro tran-

scription/translation (ITT) in rabbit reticulocyte lysate with

radiolabeled methionine was performed according to the

manufacturers protocol (TNT system, Promega) with time

of reaction varied between 1 and 2.5 h. Where indicated,

the kinase inhibitor staurosporine was added at 60 nM. The

generation of each protein was confirmed by SDS–PAGE

(see inset of Fig. 1 for example).

Wheat germ agglutinin chromatography

In vitro transcription/translation reactions were subjected

to wheat germ agglutinin (WGA) chromatography as pre-

viously described (Roquemore et al. 1994). Radioactivity

in 10% of resulting fractions was quantified by a liquid

scintillation counter. The first two fractions are omitted

from the graphs for scale since the counts are extremely

high due to the presence of free radiolabeled methionine.

A representative experiment is shown in each case (all

experiments were performed in at least triplicate).

Galactosyltransferase labeling

Proteins had their terminal GlcNAc residues capped with

unlabeled or radiolabeled galactose by b-1,4-galactosyl-

transferase as previously described (Roquemore et al. 1994).

Proteins were then subjected to RCA chromatography as

previously described (Roquemore et al. 1994) or separated

by SDS–PAGE and visualized by autoradiography.

Ricinus communis agglutinin chromatography

Fractions previously subjected to galactosyltransferase

labeling were separated by ricinus communis agglutinin

(RCA) chromatography as previously described (Roque-

more et al. 1994). Radioactivity in 10% of resulting frac-

tions was quantified by a liquid scintillation counter.

Cell culture and extracts

HeLa S3 cells and 3T3-L1 preadipocytes were grown in

10% FBS/DMEM and 10% Calf Serum/DMEM, respec-

tively. HeLa S3 cells were arrested in early G1 with 66 lM
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lovastatin for 27 h (Reed et al. 1994). Two days post-

confluent 3T3-L1 preadipocytes were allowed to reenter

the cell cycle synchronously into mitotic clonal expansion

using a differentiation cocktail previously described (Stu-

dent et al. 1980) and harvested at reported times. Extracts

of cells were made in 1% NP-40 in TBS with protease

inhibitors and 10 M PUGNAc [to prevent O-GlcNAc

removal, (Haltiwanger et al. 1998)].

Immunopurification, western blotting,

and lectin blotting

Extracts were pre-cleared for 30 min at 4�C with normal

rabbit and mouse IgG (Santa Cruz) and Protein A/G con-

jugated agarose. Commercially available agarose-conju-

gated antibodies to pRB (Santa Cruz) and E2F-1 (Santa

Cruz) with Protein A/G agarose were added to extracts

overnight with gentle rotation at 4�C. For co-purification

purposes, pelleted proteins were washed four times with

1% NP-40, 0.25% deoxylcholate in TBS and then boiled in

Laemmli buffer. For stringent washing, 0.1% SDS was

added to the wash buffer. Immunopurified proteins were

separated by SDS–PAGE, transferred to PVDF, and

Western blotted with antibodies or lectin blotted by succ-

inylated WGA (sWGA) coupled to horseradish peroxidase

[as described, (Roquemore et al. 1994)] and visualized by

enhanced chemiluminescents (ECL).

Results

In vitro transcribed/translated pRB and p107

are O-GlcNAc modified

As a first step towards investigating the post-translational

status of pRB and p107, radiolabeled proteins were gener-

ated by in vitro transcription/translation (ITT) in rabbit

reticulocyte lysate for 1 h. The known O-GlcNAc modified

protein nucleoporin p62 (p62) was generated as a positive

control(Lubas et al. 1995). All three proteins were bound and

were specifically eluted with free N-acetylglucosamine

(GlcNAc) from the terminal GlcNAc binding lectin WGA-

agarose conjugate (Fig. 1a). If ITT was allowed to continue

for 2.5 h, very little p107, compared to p62, bound the WGA-

agarose column (there was no appreciable effect on pRB;

data not shown). However, inhibition of kinases, using the

Fig. 1 pRB and p107 are O-GlcNAc modified in vitro. pRB, p107,

and nucleoporin p62 (positive control for O-GlcNAc modification)

were in vitro transcribed/translated (ITT) with radiolabeled methio-

nine. a Following 1 h of ITT, lysates containing pRB, p107, or p62

were separated by WGA chromatography and O-GlcNAc modified

proteins specifically eluted with free GlcNAc and counted by liquid

scintillation. Inset is an autoradiogram of 5% of ITT reaction

following SDS–PAGE (Cont. is no plasmid DNA added). pRb full-

length product is marked with a gray arrow while p107 and p62 are

marked in black. b Following 2.5 h of ITT in the presence or absence

of the broad-based kinase inhibitor staurosporine (60nM final

concentration), WGA chromatography and liquid scintillation count-

ing were performed on p107 and p62. c Following 2.5 h of ITT, p107-

or p62-containing lysates had a galactose added to terminal GlcNAc

residues with b-1,4-galactosyltransferase. Extracts were then passed

over the galactose binding lectin RCA and modified proteins eluted

with free galactose and counted by liquid scintillation

O-GlcNAc modified pRB 879
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broad-based kinase inhibitor staurosporine (Juan et al. 1998)

during the ITT significantly increased the amount of

O-GlcNAc modified p107 (Fig. 1b). p62 binding was only

slightly influenced by the presence of staurosporine, sug-

gesting that a reciprocal relationship between glycosylation

and staurosporine-sensitive phosphorylation was occurring

for p107, but not for p62. To further confirm that p107 was

modified by O-GlcNAc, ITT reactions of p107 and p62 were

subjected to galactosyltransferase capping of terminal Glc-

NAc residues with unlabeled galactose, separated via the

terminal galactose binding lectin RCA-agarose, and specif-

ically eluted with galactose (Fig. 1c). Thus both pRB and

p107 are O-GlcNAc modified in vitro and there appears to be

a yin-yang relationship between O-GlcNAc modification

and staurosporine-sensitive phosphorylation of p107.

pRB isolated from HeLa S3 cells is modified

with O-GlcNAc

Having established that pRB was O-GlcNAc modified in

vitro, we next wanted to establish whether pRB was modified

in vivo. pRB immunopurified from pre-cleared lysates of

asynchronous HeLa S3 cells was separated via SDS–PAGE.

Following transfer, gels were either Western blotted with an

antibody to pRB or lectin blotted with succinylated WGA

(sWGA) coupled to horseradish peroxidase to detect the

O-GlcNAc modification (Fig. 2). Ovalbumin was used as a

positive control, and sWGA binding to ovalbumin, but not to

pRB, was lost upon PNGaseF treatment indicating that pRB

is not N-linked glycosylated (data not shown).

pRB is more heavily glycosylated in G1

of the cell cycle

We then wanted to investigate whether a reciprocal rela-

tionship between phosphorylation and O-GlcNAc modifica-

tion existed for pRB. Since it is well established that pRB is

in a hypophosphorylated state in G1 of the cell-cycle (8), we

compared the O-GlcNAc modification of pRB in G1 arrested

versus asynchronous growing cells. Logarithmically growing

HeLa cells were allowed to continue growing asynchro-

nously or were arrested in G1 of the cell-cycle by treatment

with lovastatin, a HMGCoA reductase inhibitor (Reed et al.

1994; Sinensky et al. 1990). pRB was immunopurified with a

mouse monoclonal antibody coupled to agarose, and non-

specific mouse IgG with protein A/G agarose was used as a

negative control. Following stringent washing, the resulting

proteins were subjected to galactose capping of terminal

GlcNAc residues using galactosyltransferase and radiola-

beled UDP-Galactose. Equal amounts of pRB, as judged by

Western blotting, from each sample were separated by

SDS–PAGE and visualized by autoradiography (Fig. 3).

pRB was more heavily O-GlcNAc modified when isolated

from G1 arrested cells compared to asynchronous cells.

E2F-1 associated pRB is modified by O-GlcNAc

During G1 of the cell cycle hypophosphorylated pRB binds

and represses the transcription factor E2F-1 (7). Thus, based

on our previous results, we wanted to determine if E2F-1

associated pRB is O-GlcNAc modified. 3T3-L1 preadipo-

cytes were harvested in the early G1 phase of the cell cycle

during the first round of mitotic clonal expansion. E2F-1 was

immunopurified and proteins separated by SDS–PAGE.

Co-purifying pRB was detected by Western blotting, and the

presence of O-GlcNAc on E2F-1- associated pRB was

detected by sWGA-HRP lectin blotting (Fig. 4). Thus,

active, hypophosphorylated, hyperglycosylated pRB is

bound to E2F-1 during early G1 of the cell cycle.

Discussion

We chose to investigate the possibility that the retino-

blastoma-susceptibility gene product (pRB) was O-GlcNAc

Fig. 2 pRB is O-GlcNAc modified in vivo. In duplicate, pRB from

pre-cleared lysates of HeLa S3 cells was immunopurified and

separated by SDS–PAGE. Following transfer, pRB was detected by

Western blotting and the presence of the O-GlcNAc modification by

lectin blotting with O-GlcNAc specific sWGA coupled to HRP Fig. 3 pRB is more heavily O-GlcNAc modified in G1 of the cell-

cycle. pRB from pre-cleared lysates of HeLa S3 arrested in G1 with

lovastatin or growing asynchronously was immunopurified. Equal

amounts of pRB, as well as the antibody alone, were subjected to

radioactive galactose capping of the O-GlcNAc modification via

b-1,4-galactosyltransferase, separated by SDS–PAGE, and Western

blotted with an anti-pRB antibody or visualized by autoradiography
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modified for several reasons. First, it had been demonstrated

by others that p53, another tumor suppressor, is O-GlcNAc

modified (Shaw et al. 1996). Second, O-GlcNAc modifica-

tion has been shown to be involved in repressing transcrip-

tion in some systems (Comer and Hart 1999) and pRB

represses E2F-1 mediated transcription (Stevaux and Dyson

2002). Third, alterations in O-GlcNAc levels alter cell cycle

progression (Slawson et al. 2005). Next, pRB is known to be

active when it is hypophosphorylated (Kaelin 1999), and

several proteins have been shown to have a reciprocal rela-

tionship between their modification with O-GlcNAc and

phosphate (Comer and Hart 2000; Wang et al. 2008, 2010b).

Thus, we hypothesized that if pRB was modified by

O-GlcNAc then it might be O-GlcNAc modified in a

cell-cycle dependent manner. Further, we hypothesized that

E2F-1 associated pRB might in fact be modified with

O-GlcNAc. Finally, we hypothesized that O-GlcNAc might

modulate the cleavage of pRB by Caspase-3 (Chau et al.

2002) since there is compelling evidence for O-GlcNAc

playing a role in apoptosis [reviewed in (Wells et al. 2003)].

As a first step towards testing our hypotheses, we

expressed pRB and the related p107 protein in an in vitro

transcription/translation rabbit reticulocyte lysate system.

This system contains O-GlcNAc transferase activity and

has been used previously to identify O-GlcNAc modified

proteins (Roquemore et al. 1994). In the absence of

microsomes, the ITT system is incapable of complex gly-

cosylation. Thus, the binding of the translated proteins to

WGA-agarose (Fig. 1a) is strong evidence for O-GlcNAc

modification. Interestingly, initial experiments were con-

ducted for 2.5 h of ITT, and only a very small fraction of

p107 appeared to be O-GlcNAc modified (Fig. 1b in the

absence of staurosporine). Several experiments were con-

ducted to address this result. First, ITT incubation times

were adjusted showing that 1 h gave optimal O-GlcNAc

modification (Fig. 1a and data not shown). Second, ITT

was performed in the presence of staurosporine (Fig. 1b), a

broad-based kinase inhibitor that blocks pRB phosphory-

lation (Juan et al. 1998), since O-GlcNAc and phosphor-

ylation can compete for the same serine/threonine residues

on certain proteins (Hanover 2001). Inhibition of stauro-

sporine-sensitive kinases enhanced the O-GlcNAc modifi-

cation of p107 but had little effect on the positive control

for glycosylation, nucleoporin p62 (Fig. 1b). This suggests

a reciprocal relationship between phosphorylation and

glycosylation on p107, but the molecular mechanism of

this relationship remains to be elucidated. Finally, since

WGA prefers to bind proteins with multiple terminal

GlcNAc residues, we galactose-capped the O-GlcNAc

post-translational modification on p107 and p62 and per-

formed RCA chromatography to demonstrate the presence

of O-GlcNAc on p107 (Fig. 1c).

Having demonstrated that pRB (and p107) is glycosyl-

ated in vitro, we sought to determine if pRB was O-GlcNAc

modified in vivo. First, we immunopurified pRB from HeLa

S3 cells and performed sWGA lectin chromatography to

demonstrate that pRB was O-GlcNAc modified (Fig. 2).

Furthermore, PNGaseF treatment, which removes complex

N-glycosylation, had no effect on WGA binding (data not

shown). Interestingly, we have previously developed an

O-GlcNAc specific IgM antibody (Comer et al. 2001) but

were unable to detect an immunoreactive pRB band with this

antibody or with a recently developed O-GlcNAc specific

IgG antibody (Teo et al. 2010; data not shown). This sug-

gests to us that there may be some peptide specificity in the

developed O-GlcNAc antibodies.

pRB is known to be phosphorylated in a cell-cycle

dependent manner (Ewen 1994); thus, we examined whe-

ther pRB might be O-GlcNAc modified in a reciprocal

manner. We demonstrated that pRB is hyperglycosylated in

G1 cell-cycle arrested HeLa S3 cells compared with pRB

from asynchronous growing cells as analyzed by radioac-

tive galactose capping of the O-GlcNAc sugar (Fig. 3).

Galactose-labeling of pRB also serves as further proof that

pRB is indeed O-GlcNAc modified. Since pRB is in a

hypophosphorylated state in G1 (Ewen 1994), we conclude

that there is a reciprocal cell-cycle dependent relationship

between phosphorylation and O-GlcNAc modification of

pRB.

Since it is the active, hypophosphorylated form of pRB

that binds and represses E2F-1 during G1 of the cell-cycle

(Slansky and Farnham 1996), we investigated whether

E2F-1 associated pRB is O-GlcNAc modified. In order to

synchronize cells at G0 and then release them into the cell-

cycle we chose to use the well-established 3T3-L1 prea-

dipocyte cell line (Student et al. 1980; Tang et al. 2003).

Upon reaching confluence, the preadipocytes exit the cell

cycle but reenter in a synchronous manner upon treatment

with a differentiation cocktail of methylisobutylxanthine,

Fig. 4 E2F-1 associated pRB is O-GlcNAc modified. E2F-1 was

immunopurified from 3T3-L1 preadipocytes with an antibody to E2F-

1, as well as normal rabbit IgG as a negative control, in early G1 (4 h)

of the cell-cycle, and the resulting proteins separated by SDS–PAGE.

Following transfer, the presence of co-purifying pRB was detected by

Western blotting and O-GlcNAc modified pRB was detected by lectin

blotting with sWGA coupled to HRP

O-GlcNAc modified pRB 881
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dexamethasone, and insulin for two rounds of mitotic

clonal expansion before differentiation into adipocytes

(Tang et al. 2003). E2F-1 was immunopurified from the

preadipocytes 4 h (early G1 of the cell-cycle, (Tang et al.

2003)) following reentry into the cell cycle and the pres-

ence of co-purifying O-GlcNAc modified pRB was

detected by sWGA lectin chromatography (Fig. 4). Thus,

O-GlcNAc modified pRB is co-purifying with E2F-1.

These data set the groundwork for future investigations

into the role of O-GlcNAc on pRB and other family

members. Determining the sites of modification should

allow for mutagenesis studies to determine if the O-GlcNAc

modification is necessary for the pRB-E2F-1 association.

Further, pRB is clearly involved in multiple cellular pro-

cesses beyond G1/S cell-cycle control including apoptosis

and differentiation (Chau and Wang 2003; De Luca et al.

1996; Herwig and Strauss 1997; Stevaux and Dyson 2002).

In an attempt to address the role of O-GlcNAc modification

of pRB in apoptosis, we examined the previously docu-

mented cleavage of pRB by caspase-3 in vitro (Dou and An

1998). Following ITT, pRB was separated into two pools:

that which did not bind WGA (hypoglycosylated) and that

which did and was specifically eluted by free GlcNAc

(hyperglycosylated). Both pools were compared for the

efficiency by which Caspase-3, an executioner protease in

apoptosis (Dou and An 1998), could cleave the protein and

no differences were found in catalytic efficiency (data not

shown, analysis carried out with O-GlcNAcase as positive

control as previously described by Butkinaree et al. 2008).

This experiment was especially relevant since we have

previously demonstrated that O-GlcNAcase, the enzyme

that removes O-GlcNAc from nucleocytoplasmic proteins,

is an efficient substrate for Caspase-3 (Butkinaree et al.

2008; Wells et al. 2002a) and there is existing indirect

evidence for O-GlcNAc playing a role in apoptosis

[reviewed in (Wells et al. 2003)]. It remains to be deter-

mined if there is an in vivo consequence of O-GlcNAc

modification of pRB in regard to apoptosis.

Given that the hypophosphorylated, hyperglycosylated

form of pRB occurs when the protein is active in repressing

E2F-1 mediated transcription, it seems likely that this

enigmatic post-translational modification is modulating the

function(s) of pRB. Also, since p107 O-GlcNAc modifi-

cation and staurosporine-sensitive phosphorylation appear

to be reciprocal in vitro, investigation of the role of

O-GlcNAc in modulating the entire family of pRB-related

proteins appears warranted. Determining the role that

O-GlcNAc plays in modulating the activities of pRB and

other family members is an area of current and future

research and should be facilitated by the site-mapping

strategies that have been recently developed by our group

and others (Chalkley and Burlingame 2003; Chalkley et al.

2009; Greis et al. 1996; Haynes and Aebersold 2000;

Khidekel et al. 2003, 2007; Wang et al. 2010a; Wells et al.

2002b).
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