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Modification in the Subcellular Distribution of Alpha4
Phosphoprotein and Sp1 in Rat Lymphoma Cells
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Abstract The mTOR alpha4 phosphoprotein is a prolactin (PRL)-downregulated gene product that is found in the
nucleus of PRL-dependent rat Nb2 lymphoma cells. Alpha4 lacks a nuclear localization signal (NLS) and the mechanism
of its nuclear targeting is unknown. Post-translational modification by O-linked b-N-acetylglucosamine (O-GlcNAc)
moieties has been implicated in the nuclear transport of some proteins, including transcription factor Sp1. The
nucleocytoplasmic enzymes O-b-N-acetylglucosaminyltransferase (OGT) and O-b-N-acetylglucosaminidase (O-
GlcNAcase) adds or removeO-GlcNAc moieties, respectively. IfO-GlcNac moieties contribute to the nuclear targeting
of alpha4, a decrease inO-GlcNAcylation (e.g., by inhibition of OGT)may redistribute alpha4 to the cytosol. The present
study showed that alpha4 and Sp1 were both O-GlcNAcylated in quiescent and PRL-treated Nb2 cells. PRL alone or
PRLþ streptozotocin (STZ; an O-GlcNAcase inhibitor) significantly (P� 0.05) increased the O-GlcNAc/alpha4 ratio
above that in control quiescent cells. However, PRLþ alloxan (ALX; an OGT inhibitor) or ALX alone did not decreaseO-
GlcNAcylation of alpha4 below that of controls and alpha4 remained nuclear. In comparison, PRL (�ALX/STZ) greatly
increased Sp1 protein levels, caused a significant decrease in the GlcNAc/Sp1 ratio (P� 0.05, n¼ 3) as compared to
controls and partially redistributed Sp1 to the cytosol. Finally, a 50% downregulation of OGT gene expression by small
interfering RNA (i.e., siOGT) partially redistributed both alpha4 and Sp1 to the cytosol. The alpha4 protein partner PP2Ac
hadnodetectableO-GlcNAcmoieties and its nuclear distributionwasnot affectedby siOGT. In summary, alpha4andSp1
containedO-GlcNAcmoieties, which contributed to their nuclear targeting in Nb2 cells. J. Cell. Biochem. 96: 579–588,
2005. � 2005 Wiley-Liss, Inc.
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A prolactin (PRL)-downregulated cDNA
encoding alpha4 phosphoprotein was pre-
viously identified by differential display and
screening of a rat Nb2-Sp T-lymphoma cDNA
library [Too, 1997a; Boudreau et al., 2002].
Alpha4 is the mammalian homolog of yeast
Tap42, an essential component of the target-
of-rapamycin (TOR) kinase pathway that
responds to nutrients to regulate translation

initiation in yeast cells [Di Como and Arndt,
1996]. Similarly, the mammalian TOR (mTOR)
kinase pathway responds to mitogens and/or
nutrients to stimulate ribogenesis, translation
initiation, and cell growth [Cutler et al., 1999].
Alpha4, like yeast TAP42, interactswith serine/
threonine phosphatase PP2A and the alpha4-
PP2A interaction is thought to stimulate trans-
lation initiation through effects on p70S6K and/
or the translation repressor protein 4E-BP1
[Nanahoshi et al., 1998; Peterson et al., 1999].

Our full-length rat alpha4 cDNA encoded a
39-kDaproteinwhen expressed as aGST-fusion
protein in bacterial cells but a glycosylated, 45-
kDa alpha4 was detected in the rat PRL-
dependent Nb2 lymphoma cells [Boudreau
et al., 2002]. Surprisingly, subcellular fractio-
nation andwestern analysis showed alpha4 and
its partner, the catalytic subunit of PP2A
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(PP2Ac), predominantly in the nucleus of Nb2
cells. The mechanism by which alpha4 is
targeted to the nucleus is not immediately
evident since the primary sequence of alpha4
lacks any classical or annotated nuclear locali-
zation signal (NLS) [Cokol et al., 2000]. How-
ever, nonpeptidic nuclear-targeting signals
may be provided by post-translationalmodifica-
tions, such as sumoylation [Pichler and Mel-
chior, 2002], O-phosphorylation [Hood and
Silver, 1999] and O-glycosylation [Duverger
et al., 1996]. Nuclear and cytoplasmic proteins
may also be covalently modified by the linkage
of single O-linked b-N-acetylglucosamine
(O-GlcNAc) moieties to specific serine and
threonine residues [Comer and Hart, 1999]. O-
GlcNAc moieties have been implicated in the
nuclear targeting of signal-free neoglycopro-
teins [Duverger et al., 1993, 1995, 1996].
Nuclear transport of the transcriptional regu-
lator c-Myc was impeded by point mutations
of dominant sites of O-GlcNAc modification
[Kamemura and Hart, 2003] and a reduction
of O-GlcNAc incorporation into the microtu-
bule-associated Tau proteins correlated with
a decrease in the nuclear transport of Tau
[Lefebvre et al., 2003].

Reversible O-linked N-acetylglucosaminyla-
tion (O-GlcNAcylation) is catalyzed by the
nucleocytoplasmic enzymes O-b-N-acetylgluco-
saminyltransferase (OGT) and O-b-N-acetyl-
glucosaminidase (O-GlcNAcase), which adds
or removes O-GlcNAc moieties, respectively
[Haltiwanger et al., 1992; Dong and Hart,
1994]. The pancreatic b-cell toxin alloxan
(ALX) and the diabetogenic antibiotic strepto-
zotocin (STZ) havebeenused to inhibitOGTand
O-GlcNAcase activities, respectively, to modify
protein O-GlcNAcylation [Roos et al., 1998;
Konrad et al., 2002]. ALX, an analog of uracil,
inhibits OGT via SH-group oxidation [Miller
et al., 1999; Konrad et al., 2002] but may also
inhibit many cellular reactions involving uri-
dine nucleotides. STZ, a potent alkylating agent
of DNA, stimulates protein O-GlcNAcylation
[Konrad et al., 2000; Liu et al., 2000]. Used
together, ALX blocked STZ-induced glycosyla-
tion of pancreatic b-cell proteins and a known
OGT substrate, nucleoporin p62 [Konrad et al.,
2002]. The sites of O-GlcNAcylation are often
the same or adjacent to sites of serine/threonine
phosphorylation, suggesting that the dyna-
mic interplay between O-GlcNAcylation and
O-phosphorylation regulates protein–protein

interactions [Roos et al., 1997], protein stability
[Han and Kudlow, 1997] and subcellular loca-
lization [Kamemura and Hart, 2003].

Transcription factor Sp1 is known to undergo
O-GlcNAcylation, which blocks Sp1-protein
interactions [Roos et al., 1997] and inhibits
Sp1 transcriptional capability on some promo-
ters [Yang et al., 2001]. Recently,O-GlcNAcyla-
tion of Sp1 by insulin was shown to facilitate
cytosol to nuclear movement of Sp1 [Majumdar
et al., 2003]. Sp1 is involved in the transcrip-
tional activation of many genes, including the
PRL-regulated immediate early gene inter-
feron-regulatory-1 (IRF-1) in Nb2 lymphoma
cells [Book McAlexander and Yu-Lee, 2001].
Unlike PRL downregulation of alpha4 [Bou-
dreau et al., 2002], PRL rapidly increases de
novo biosynthesis of Sp1 and Sp1-DNA-binding
in the Nb2 cells [Too, 1997b].

The present study examined the role of O-
GlcNAc moieties in the nuclear targeting of
alpha4 and Sp1 in Nb2 cells. We showed that
nuclear alpha4 and Sp1 were O-GlcNAcylated
in quiescent cells. PRLalone or PRLþALX/STZ
elevated Sp1 protein levels above that in
quiescent cells, significantly decreased the O-
GlcNAc/Sp1 ratio and resulted in a partial
redistribution of Sp1 from the nucleus to the
cytosol. PRL (�ALX/STZ) did not decrease O-
GlcNAcylation of alpha4below that in quiescent
cells and alpha4 remained nuclear. However,
downregulation of OGT gene expression (to
decreaseO-GlcNAcylation) by small interfering
RNA (siRNA) caused a partial redistribution of
alpha4 and Sp1 to the cytosol.

MATERIALS AND METHODS

Antibodies and Reagents

Rabbit anti-alpha4 antibody was purified on
Protein A-Sepharose and desalted as previously
described [Boudreau et al., 2002]. The commer-
cial sources of antibodies used were as follows:
mouse anti-O-GlcNAc (CTD110.6) (Covance
Research Products, Inc., Denver, PA); rabbit
anti-Sp1 (sc-59), anti-TFIIB (SI-1), anti-PRLr,
and horse radish peroxidase (HRP)-conjugated-
goat-anti-mouse IgG (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA); donkey anti-rabbit
IgG-HRP conjugate (Amersham Pharmacia
Biotechnology, Baie d’Urfe, Quebec, Canada);
and mouse anti-PP2Ac (Transduction Labora-
tories, Lexington, KY). STZ, ALX, N-acetyl-D-
glucosamine and N-acetyl-D-galactosamine
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were from Sigma-Aldrich Canada Ltd. (Oakville,
Ontario, Canada). Human PRL was a generous
gift from Dr. Robert P.C. Shiu (Department of
Physiology, University of Manitoba).

Cell Culture

Suspension cultures of PRL-dependent rat
Nb2-11C (Nb2) lymphoma cell line were main-
tained at 378C in Fischer’s medium containing
10% fetal bovine serum (FBS) as a source of
lactogens and 10% lactogen-free horse serum
(HS) as previously described [Too et al., 1987].
Confluent Nb2 cells (�1.0� 106 cells/ml) were
made quiescent inmedium containingHS alone
(18–24 h). Quiescent cells were treated for 1 h
with 5 mM STZ or 5 mM ALX or left untreated
(control) before addition of PRL (10 ng/ml). Cell
viability after STZ or ALX treatment for 24 h
were more than 95% and 70%, respectively, as
determined by the Celltiter 96 AQueous non-
radioactive cell proliferation assay (Promega,
Madison, WI).

Immunofluorescent Confocal Microscopy

Alpha4 is abundantly expressed in quiescent
Nb2 cells, therefore, quiescent cells were fixed,
detergent-solubilized and cytospun onto micro-
scope slides for immunofluorescent microscopy
as previously described [Too et al., 2001]. Cells
were double-labeled by sequential incubation
with the first primary antibody (1:10 of 4 mg/ml
anti-alpha4 IgG), the first secondary antibody
(1:50 of AlexaFluor 488 goat anti-rabbit IgG
conjugate), the secondprimary antibody (1:10 of
monoclonal anti-PP2Ac) and, finally, the second
secondary antibody (1:50 ofAlexaFluor 594 goat
anti-mouse IgG conjugate). Each antibody incu-
bationwas performed in the dark for 1 h at room
temperature and separated by 3�PBS washes.
After the final PBS wash, the slides were
mounted in Citifluor-glycerol/PBSAF1 solution
(Marivac Halifax Ltd., Halifax, Nova Scotia,
Canada). Confocal immunofluorescence micro-
scopy was performed at 100�magnification. To
validate the quiescent Nb2 cell morphology,
quiescent cells (�PRL for 24 h) were prepared.
Cell nuclei were visualized by propidium iodide
staining (Annexin-V-Fluos Staining Kit, Boeh-
ringer Mannheim) whereas the cytoplasm was
double-labeled with anti-Cdc5 antibodies fol-
lowed by Alexa-Fluor 488 goat anti-rabbit IgG.
Cdc5 is a transcription factor whose biosynth-
esis is upregulated by PRL [Johnson and Too,
2001].

Subcellular Fractionation

Nb2 cell pellets (�10� 106 cells) were resus-
pended in 100 ml cold lysis buffer containing
150mMNaCl, 50mMTris, 1mMEGTA, 50mM
sodium pyrophosphate, and freshly added pro-
tease inhibitors (1 mM phenylmethylsulphonyl
fluoride; 10 mg/ml each of antipain, leupeptin,
and pepstatin). Cell lysates were processed for
nuclear (800� g pellet, 5 min) and cytosolic
(800� g supernatant) fractions as described
[Dodd et al., 2000]. The nuclear pellet was
resuspended in 100 ml of lysis buffer and
BioRAD protein assays were performed for all
fractions. Proteins (10–20 mg/lane), represent-
ing about 20% of total protein from each
fraction, were electrophoresed on 10% SDS–
PAGE gels and used for Western analysis.

Immunoprecipitation (IP) and Western Analysis

IP and western analysis were carried out as
previously described [Dodd et al., 2000], but
with sparing use of purified anti-alpha4 anti-
bodies (�7 mg/ml for�50� 106 cells) to minimize
the 50-kDa IgG band during immunoblotting
(IB). IB was performed with primary rabbit
anti-a4 (1:300 of 7.34 mg/ml purified IgG in 10%
milk-TTBS), monoclonal anti-PP2Ac (1:5,000),
rabbit anti-Sp1 (1 mg/ml), or monoclonal anti-O-
GlcNAc (1:4,000). HRP-conjugated secondary
antibodies (1:5,000 donkey anti-rabbit IgG or
1:1,250 goat anti-mouse IgG) were used to
detect immunoreactivesignalswithSuperSignal
ULTRA (Pierce, Rockford, IL). For competition
experiments, 25 mM N-acetylglucosamine or
N-acetylgalactosamine were included during
primary antibody incubation.

siRNA Gene Silencing

Nb2 cells (5� 106 cells) in 400 ml of siPORTTM

siRNA electroporation buffer (Ambion, Inc.,
Austin, TX) were placed in 4 mm curvettes
(BioRAD). Predesigned siRNAs (Ambion, Inc)
targeting OGT (ID no. 88214) or glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH)
or the negative control siRNA (200 nM each)
were electroporated into Nb2 cells with a single
pulse of a set voltage (250–350 V) at 960 mF
capacitance, zero resistance and time constants
of �36 ms, using a BioRAD GenePulser II elec-
troporator. Nb2 cells were difficult to electro-
porate with cell viability of 80%–90% at 250 V
and �50% at 300–350 V. Electroporated cells
were resuspended in10ml of 10%FBS-Fischer’s
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medium. After a 48 h recovery period at 378C,
cells were harvested for protein (nuclear and
cytosol fractions) and RNA using Ambion’s
PARISTM Kit. Gene expression was analyzed by
semi-quantitative RT-PCR with GAPDH pri-
mers as previously described [Too et al., 2001].
OGT primers, 50-gtggcggcagtagaagtc-30 (for-
ward) and 50-gccgcaaagcatgtcgat-30 (reverse),
gave a 376-bp PCR product. Proteins (10–20 mg/
lane), �20% of total protein from the nuclear
and cytosolic fractions, were used for Western
analysis.

Statistical Analysis

Analysis of variance was performed using
InStat software program (GraphPad Software,
Inc., San Diego, CA).

RESULTS

Alpha4 is Predominantly Nuclear

We previously showed, by subcellular fractio-
nation and western analysis that alpha4 was
abundantly expressed in quiescent Nb2 cells
and the protein was localized predominantly in
the nucleus [Boudreau et al., 2002]. Quiescent
Nb2 cells have large nuclei with little cytoplasm
(Fig. 1A). Confocal immunofluoresent micro-
scopy confirmed that alpha4 was nuclear in
quiescent cells and showed its partial co-
distribution with nuclear PP2Ac (Fig. 1B).

Alpha4 Is Modified by O-GlcNAc Moieties

The rat Nb2 alpha4 is glycosylated with N-
and/or O-linked polysaccharides [Boudreau
et al., 2002]. We now examined if it also
contained singleO-GlcNAcmoietieswith poten-
tial nuclear targeting action. A computer-based
prediction server (http://www.cbs.dtu.dk/ser-
vices) identified seven serine/threonine resi-
dues in alpha4 that may potentially undergo
O-GlcNAcylation (Table I). To test this predic-
tion, IP/IB analysis was performed. The mono-
clonal anti-O-GlcNAc CTD110.6 antibody
detected O-GlcNAc residues in the Nb2 alpha4
protein (Fig. 2A). The addition of 25 mM
glucosamine competed with antibody binding
whereas an equivalent concentration of galac-
tosamine had no effect (Fig. 2B), thus confirm-
ing antibody specificity.

PP2Ac Has No Detectable O-GlcNAc Moieties

The Nb2 alpha4 interacts with PP2Ac [Bou-
dreau et al., 2002]. The prediction server also
identified a total of five serine/threonine resi-
dues in PP2Ac that may be modified by O-
GlcNAcylation (Table I). Figure 2A showed that
alpha4 co-immunoprecipitated with its protein
partner PP2Ac (36 kDa) but no 36-kDa O-
GlcNAc immunoreactive band was detected,
suggesting that the PP2Ac may not have O-
GlcNAcylated residues. Specific IP of PP2Ac

Fig. 1. Confocalmicroscopy shows nuclear alpha4 and PP2Ac.
A: The thin layer of cytoplasm in quiescent Nb2 cells was
robustly restored within 24 h of PRL treatment. The nuclei were
demarcated by propidum iodide staining (right panels) and the
cytoplasm by PRL-inducible Cdc5 (left panels) as described in

Materials and Methods. B: Quiescent Nb2 cells were double-
labeled with anti-alpha4 (left panel) or anti-PP2Ac (middle
panel) antibodies andwith the appropriateAlexaFluor secondary
antibodies. Merged fluorescence (right panel). Bar, 10 mm.
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also showed no detectable O-GlcNAcylation of
this protein (Fig. 3). However, it is possible that
these moieties, if present on PP2Ac, were not
readily detectable by the CTD110.6 antibody.

Sp1 Has O-GlcNAc Moieties

Sp1 is known to undergo O-GlcNAcylation
[Roos et al., 1997] and would be a good positive
control to test the CTD110.6 antibody. In Nb2
cells, PRL rapidly induces Sp1 biosynthesis
within 30 min and this is abrogated by cyclo-
heximide [Too, 1997b]. Elevated levels of the
Sp1 protein (95-kDa) was preserved for at least
24 h after PRL treatment [Too, 1997b] andwere
consistently higher in the nucleus than cytosol
(see Fig. 4). The CTD110.6 antibody detected a
number of immunoreactive bands in the Sp1
immunocomplex but there was a distinct
95-kDa band indicating O-GlcNAcylation of
nuclear Sp1 (Fig. 4).

Effects of PRL, STZ, and ALX on
O-GlcNAc Modification of Alpha4

PRL regulation of alpha4 O-GlcNAcylation
was examined with the b-cell toxins, ALX, and

TABLE I. Predicted O-GlcNAc Sites on
Alpha4 and PP2Ac

Sequence
name Residue O-GlcNAc Yin-Yang

Alpha4 34 EPTGS þþ
90 ALTMK þ a

130 PQTKN þþþ
139 NNTAR þþ
142 ARSSM þ
229 EESAC þ a

269 TVSDW þ
PP2Ac 24 QLSES þ a

53 PVTVC þ
238 LVSRA þ
258 VVTIF þ
301 PHVTRR þ a

aYin-Yang indicates the potential for reciprocalO-glycosylation
and O-phosphorylation.

Fig. 2. Nb2 alpha4 contains O-GlcNAc moieties. Total Nb2
cell lysates were prepared from log-phase growing cells
(50� 106 cells per treatment). Cell lysates were used for IP of
alpha4 as described in Materials and Methods. Immunocom-
plexes were resolved by 10% SDS–PAGE and transferred to
nitrocellulose membranes for (A) IB for O-GlcNAc moieties,
alpha4or PP2Ac. Blotswere stripped in between. (B) IB of alpha4
was performed in the presence of 25 mM glucosamine (GlcNac)
or 25 mM galactosamine (GalNac) during incubation with
primary antibody. Molecular weight markers are shown.
Representative of three experiments.

Fig. 3. Nb2 PP2Ac lacks O-GlcNAc moieties. Total Nb2 cell
lysateswere prepared as in Figure 2. IP of PP2Acwas followed by
IB for O-GlcNAc moieties or for PP2Ac. Molecular weight
markers are shown on the left. Representative of two experi-
ments.

Fig. 4. Nuclear Sp1 is O-GlcNAc modified. Quiescent Nb2
cells were given PRL for 24h. Nuclear (Nuc) and cytosolic (Cyt)
fractions were prepared for IP/IB analysis as indicated. IB with
anti-O-GlcNAc was performed, the blots stripped before IB with
anti-Sp1 antibodies.
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STZ, which have been used successfully to
modify protein O-glycosylation [Konrad et al.,
2000, 2002; Liu et al., 2000]. STZ increases
protein O-glycosylation by blocking O-GlcNA-
case activity [Roos et al., 1998] whereas ALX
decreases protein O-glycosylation by inhibiting
OGT [Konrad et al., 2002].

Immunoprecipitated alpha4, whether in con-
trol or PRL-treated cells, contained O-GlcNAc
moieties (Fig. 5A). In the presence of PRL
(�STZ), the O-GlcNAc/alpha4 ratio was signifi-
cantly (P� 0.05) increased above controls
whereas all other treatments had no significant
effect (Fig. 5B). If O-GlcNAc moieties contrib-
uted to the nuclear targeting of alpha4, a
decrease in O-GlcNAcylation might redistri-
bute alpha4 to the cytosol. Since the O-
GlcNAcylated alpha4 was already nuclear in
control quiescent cells, a reduction of alpha4 O-
GlcNAcylation would have to be achieved by
othermeans (see below). Elevation of proteinO-
GlcNAcylation, for example, by using a more
potent O-GlcNAcase inhibitor such O-(2-acet-
amido-2-deoxy-D-glucopyranosylidene)amino-
N-phenylcarbamate (PUGNAc), was not further
investigated.

PRL (�STZ or ALX) Decreases
O-GlcNAc Modification of Sp1

The effects of STZ and ALX on Sp1
O-GlcNAcylationwere next examined. Immuno-
precipitated Sp1 in quiescent Nb2 cells (con-
trols) or cells treated with PRL showed positive
O-GlcNAc immunoreactivity (Fig. 6A). In all
treatment groups with PRL for 24 h, the Sp1
protein level was substantially increased above
controls (Fig. 6A, upper panel) and densito-
metric analysis revealed a significant decrease
in the O-GlcNAc/Sp1 ratio (P� 0.05, n¼ 3) as
compared to controls (Fig. 6B). In the absence of
PRL, STZ alone increased the O-GlcNAc mod-
ification of Sp1 above controls but ALX had no
significant effect (Fig. 6B). Since thePRLþALX
treatment decreased the O-GlcNAc/Sp1 ratio it
might be expected to redistribute Sp1 to the
cytosol, and this was further investigated.

Effects of O-GlcNAc Modification on the
Subcellular Distribution of Alpha4 and Sp1

Nb2 cells were treated with PRL and/or ALX
to inhibit OGT activity. Figure 7 showed
nuclear localization of Sp1 in control Nb2 cells
or cells given PRL�ALX for 3 h. At 24 h,
however, PRL or PRLþALX caused a partial
redistribution of Sp1 from the nucleus to the

Fig. 5. Effects of PRL, STZ, and ALX on alpha4 O-GlcNAcyla-
tion. Quiescent Nb2 cells were treated with PRL (P; 10 ng/ml),
STZ (S; 5 mM), and/or ALX (Al; 5 mM) for 24 h or left un-
treated (Con). In (A), IP/IB was performed as indicated. In
(B), immunoreactive bands were densitometrically scanned and
the ratio of O-GlcNAc/alpha4 plotted. Mean� standard devia-
tion (SD) of three independent experiments, absence of bar is due
to small SD between experiments. *, significantly increased
above controls, P�0.05 (n¼ 3).

Fig. 6. PRL (�STZ/ALX) decreases O-GlcNAc/Sp1 ratio.
Quiescent Nb2 cells were treated with PRL, STZ (S), and/or
ALX (Al) for 24 h. Control cells (Con) were left untreated. A: IP/IB
of Sp1 or O-GlcNAc moieties were as indicated. B: Immunor-
eactive bands were scanned and the ratio of O-GlcNAc/Sp1
plotted. Mean� SD of three independent experiments, absence
of bars was due to small SD between experiments. Significantly
decreased below (*) or increased above (þ) controls, P�0.05
(n¼3).

584 Dauphinee et al.



cytosol. This effect might be due to the overall
decrease in the O-GlcNAc/Sp1 ratio (Fig. 6),
suggesting that a decrease in O-GlcNAcylation
impeded Sp1 nuclear transport at 24 h. In
contrast, there was no detectable nuclear-to-
cytosol redistribution of alpha4 at 3 or 24 h,
which was expected as PRL�ALX did not
decrease O-GlcNAcylation of alpha4 below
control levels (Fig. 5).

Downregulation of OGT Partially Redistributes
Alpha4 and Sp1 to the Cytoplasm

RNA interference (RNAi) ofOGTgeneexpres-
sion could potentially decrease protein O-
GlcNAcylation and redistribute glycosylated
nuclear proteins, including alpha4, to the
cytosol. In the positive control, siRNAs target-
ing GAPDH (siGDH), electroporated at 300 V,
decreased GAPDH mRNA levels by �70% as
compared to the negative siRNA control
(Fig. 8A). siOGT were similarly electroporated
into Nb2 cells but at varying voltages to achieve
a significant gene knock-down without cell
death. Semi-quantitative RT-PCR was per-
formed to measure levels of the OGT and
GAPDH transcripts, the latter serving as a
control. A decrease inOGTmRNA levels by only
30%–50% was achieved when electroporation
was performedat 300 and350V (Fig. 8A, lanes 2
and 3). siOGT was not electroporated at higher
voltages since Nb2 cell viability decreased to
less than 50% above 350 V (data not shown).
When OGT mRNA was decreased by 50%
(350 V), there was a partial redistribution of
alpha4 and Sp1 into the cytosol (Fig. 8B),
suggesting thatO-GlcNAcmoieties contributed
to the nuclear distribution of both proteins. In

contrast, the predominantly nuclear distribu-
tion of PP2Ac was unchanged in controls and
siOGT-treated cells (Fig. 8B).

DISCUSSION

Alpha4 and Sp1 localize predominantly in the
nucleus of rat Nb2 lymphoma cells but neither
protein has a classical NLS or any identifiable
non-classical nuclear-targeting motifs. O-
GlcNAcylation may serve as a nonpeptidic
nuclear-targeting signal [Duverger et al.,
1996]. The present study demonstrated that
alpha4 was post-translationally modified by O-
GlcNAc moieties in quiescent and PRL-stimu-
lated Nb2 cells. If O-GlcNAc moieties played a
role in the nuclear targeting of alpha4, then a
reduction in O-GlcNAc modification might be
expected to inhibit nuclear transport of alpha4.

Fig. 7. Subcellular distribution of alpha4 and Sp1. Quiescent
Nb2 cells were treated with PRL (P; 10 ng/ml) and/or ALX (Al;
5 mM) for 3 or 24 h. Cell lysates were subcellular fractionated as
described inMaterials andMethods. For each nuclear fraction, a
fixed protein concentration of 20 mg/lane was used for SDS–
PAGE and its percentage of the total nuclear protein was noted.
The same percentage of the total cytosol protein was used for
each corresponding cytosolic fraction. Western analyses for Sp1
and alpha4were performed. Fraction integrity was confirmed by
TFIIB (nuclear) and PRLr (non-nuclear).

Fig. 8. Downregulation of OGT partially redistributes alpha4
and Sp1 to the cytosol. Nb2 cells were electroporated with 200
nM siOGT at (1) 250, (2) 300, or (3) 350 V, or 200 nM GAPDH
siRNA (siGDH) or 200 nMnegative siRNA control (Con) at 300V
(see Materials and Methods). (A) RT-PCR of OGT and GDH
expression (upper panel). Plots of OGT/GDH and GDH/OGT
ratios from densitometric scans (lower panel). (B) Western
analysis of nuclear (N) and cytosolic (C) fractions after electro-
poration of siOGT at 300 (siOGT2) or 350 (siOGT3) V or the
negative siRNA control at 300 V. Representative of 2 or 3
experiments, each in triplicates.
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ALX, the OGT inhibitor, was not effective in
decreasing the O-GlcNAc/alpha4 ratio below
that of controls and alpha4 remained nuclear.
However, siRNA silencing of OGT gene expres-
sion (by�50%)wasable to partially redistribute
alpha4 to the cytosol, suggesting that the O-
GlcNAc moieties contributed to the nuclear
targeting of alpha4. There is also the possibility
that the nuclear transport of alpha4 arises from
its interaction with a nuclear-targeted protein
partner. Others andwe have shown that alpha4
interacts with PP2Ac [Chen et al., 1998;
Boudreau et al., 2002]. Nuclear and/or cytoplas-
mic forms of PP2Ac have been observed at
different phases of the cell cycle [Turowski et al.,
1995], clearly demonstrating that PP2Ac can
shuttle between the nucleus and cytosol. The
present study showed no detectable O-GlcNAc
moieties on PP2Ac and there was no obvious
effect of siOGT on the subcellular distribution of
PP2Ac, indicating that nuclear PP2Ac itselfwas
not directly due to these moieties.

O-GlcNAcylationmay occur reciprocally with
O-phosphorylation to regulate nuclear trans-
port of proteins. For example, Tau proteins that
werehyperphosphorylatedbutwitha reciprocal
reduction in O-GlcNAcylation showed reduced
nuclear transport [Lefebvre et al., 2003]. There
may not be a reciprocal relationship betweenO-
GlcNAcylation and O-phosphorylation for
alpha4. Table I shows that these two distinct
modifications involve different serine/threonine
residues on alpha4, with the exception of two
weak O-GlcNAcylation sites on T90 and S229.

Sp1 is a well-known nuclear protein that is
post-translationallymodified byO-GlcNAcmoi-
eties [Roos et al., 1997; Haltiwanger et al.,
1998]. The C-terminal region of Sp1 is required
to target it to the nucleus of HeLa cells
[Kuwahara et al., 1999]. This region contains a
zinc-finger DNA-binding domain [Kuwahara
and Coleman, 1990], purported to be responsi-
ble for the nuclear transport of Sp1 [Kuwahara
et al., 2000]. The C-terminus of Sp1 also
contains a dominant O-GlcNAcylation site
[Roos et al., 1997] and O-GlcNAcylation of Sp1
by insulin was shown to facilitate cytosol to
nuclear movement of Sp1 [Majumdar et al.,
2003]. Our studies confirmed O-GlcNAcylation
of Sp1. In Nb2 cells, PRL elevation of Sp1
protein levels was accompanied by a reduction
in the O-GlcNAc modification of this nuclear
protein.PRL�ALXsignificantlydecreased, but
did not abolish, the overall O-GlcNAcylation of

Sp1 and caused apartial redistribution of Sp1 in
the cytosol at 24 h. Furthermore, siRNA silen-
cing of OGT gene expression (by �50%) also
resulted in an equal distribution of Sp1 in the
Nb2 nucleus and cytosol, providing additional
evidence that O-GlcNAcylation facilitated Sp1
nuclear tranport.O-GlcNAcmodification of Sp1
was reported to inhibit its hydrophobic interac-
tions with other transcription factors, thereby
preventing proper assembly on the DNA tem-
plate and, ultimately, repressing Sp1 transcrip-
tional activity [Roos et al., 1997; Yang et al.,
2001]. PRL activation of the immediate early
IRF-1 gene requires the constitutive interaction
of Sp1 with the IRF-1 promoter [Book McAlex-
ander and Yu-Lee, 2001]. The abundant
increase in Sp1 protein levels by PRL and the
resulting reduction in the O-GlcNAc/Sp1 ratio
may have a dual function, that is, to facilitate
Sp1 interaction with other components of the
transcriptional machinery at the IRF-1 promo-
ter but also act as a negative regulator of Sp1
action by reducing its nuclear transport.

There is increasing evidence that post-trans-
lational modification by O-GlcNAcylation plays
a role in the regulation of signal transduction
pathways. An increase in O-GlcNAcylation,
resulting from exogenous glucosamine or by
PUGNac-inhibition of O-GlcNAc removal, was
shown to increase the activities of several
critical signaling intermediates (i.e., the small
GTPase Rac, p42/44, and p38 MAP kinases)
involved in the regulation of chemotactic signal
transduction and motility in neutrophils
[Kneass andMarchase, 2005].O-GlcNAcylation
has also been shown to modulate protein
phosphorylation and expression of essential
and conserved cell signaling pathways. The X-
linked OGT gene is necessary for embryonic
stem cell viability but by conditional mutagen-
esis in vivo, OGT gene mutation in somatic cell
types such as thymocytes, neurons, and fibro-
blasts, was shown to result in the loss of O-
GlcNAc and causes T-cell apoptosis, neuronal
Tau hyperphosphorylation, and fibroblast
growth arrest with altered expression of c-Fos,
c-Jun, c-Myc, Sp1, and p27 [O’Donnell et al.,
2004]. The mTOR alpha4 and Sp1 are PRL-
regulated gene products. PRL regulation of O-
GlcNAcylation of alpha4 and Sp1 reveals an
additional role for PRL in the post-translational
modification of its target proteins in distinct
signaling cascades to facilitate PRL action in
the Nb2 lymphoma cells.
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In summary, both alpha4 and Sp1 are O-
GlcNAcylated and located in the nucleus of
quiescent Nb2 cells. PRL (�ALX) reduced Sp1
O-GlcNAcylation below that of quiescent cells
and caused a partial redistribution of Sp1 in the
cytosol. PRL (�ALX) did not reduce O-GlcNA-
cylation of alpha4 below that of quiescent cells
and alpha4 remained in the nucleus. However,
siRNA silencing of OGT gene expression (by
�50%)partially redistributedalpha4andSp1 to
the cytosol. PP2Ac had no detectableO-GlcNAc
moieties and its nuclear distribution was not
affected by siOGT.
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