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Abstract Little is known about the impact of O-linked-N-
acetylglucosaminylation (O-GlcNAc) in gametes produc-
tion and developmental processes. Here we investigated
changes in O-GlcNAc, UDP-GlcNAc and O-GlcNAc
transferase (OGT) levels in Xenopus laevis from oogenesis
to embryo hatching. We showed that in comparison to stage
VI, stages I–V oocytes expressed higher levels of O-
GlcNAc correlating changes in OGT expression, but not in
UDP-GlcNAc pools. Upon progesterone stimulation, an O-
GlcNAc level burst occurred during meiotic resumption
long before MPF and Mos-Erk2 pathways activations.
Finally, we observed high levels of O-GlcNAc, UDP-
GlcNAc and OGT during segmentation that decreased
concomitantly at the onset of gastrulation. Nevertheless, no
correlation between the glycosylation, the nucleotide-sugar
and the glycosyltransferase was observed after neurulation.
Our results show that O-GlcNAc is regulated throughout
oogenesis and development within a complex pattern and
suggest that dysfunctions in the dynamics of this glycosyl-
ation could lead to developmental abnormalities.
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Introduction

Cell division, differentiation and migration occurring from
oogenesis to early development are intricate processes that
are spatially and temporally finely controlled. These
processes are orchestrated by many signals brought by
post-translational modifications (PTM). Among these PTM,
O-linked N-acetylglucosaminylation (O-GlcNAc) has been
shown to be crucial in many aspects of the cellular life.
Owing to the plethora of the O-GlcNAc-modified proteins,
deciphering the role of this glycosylation in cell physiology
remains a challenge.

O-GlcNAc is a dynamic PTM that can sometimes
counteract phosphorylation on a same or on a neighbouring
amino-acid. The reversibility of O-GlcNAc is managed
only, by a pair of enzymes that are highly conserved from
Caenorhabditis elegans to human. The O-GlcNAc trans-
ferase (OGT) modifies the target polypeptide chain by
adding the N-acetylglucosamine group from UDP-GlcNAc
[1, 2], while a N-acetylglucosaminidase, named O-GlcNA-
case [3], removes the O-GlcNAc moiety. The sugar-nucleo-
tide UDP-GlcNAc is generated through the hexosamine
biosynthetic pathway (HBP), whose flux directly depends
upon the availability of extracellular glucose. Numerous
families of proteins are affected by O-GlcNAc, including
transcription factors, chaperones, metabolic enzymes,
kinases, phosphatases and architectural proteins. Accumu-
lating literature led to consider this PTM as a modulator of
a wide variety of cell signalling cascades [4]. Recently, it
has been shown that the cellular O-GlcNAc content was
dynamically modified during the mammalian and the
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amphibian cell cycle [5, 6]. In these studies, the authors
showed that OGT overexpression lead to multi-nucleation
and cytokinesis defect [5] and that OGT activity is requested
for G2-M transition in Xenopus oocytes [6]. From these
different studies, the idea that O-GlcNAc could play a
pivotal role in the control of cell division has emerged.

Beyond the description of the O-GlcNAc functionality
during cell division, only a few observations have been so
far gathered on the role of O-GlcNAc during oogenesis and
development. The only data describing O-GlcNAc levels
during the oogenesis process were obtained by Slawson et
al. [7]. Stages-I and II oocytes were reported to express
more O-GlcNAc than stages-III to VI and the decrease in
O-GlcNAc modification was correlated with an increase in
O-GlcNAcase activity. Strikingly, only a few studies
dealing with O-GlcNAc and development have been
reported. Knockouts of OGT have been successfully
performed in C. elegans [8] and in mouse [9, 10].
Knockouts of murine OGT are lethal for embryos and stem
cells [10] and preliminary studies on OGT conditional
knockouts have induced an early death at day 4 or 5 post-
implantation [9]. C. elegans ogt-1 and oga-1 knockouts,
respectively for OGT and O-GlcNAcase, have offered
advantageous opportunities to analyse the effects of O-
GlcNAc content modifications in the insulin-like signalling
cascade. Unfortunately, these models did not provide yet
clues for a role of these enzymes during early embryogen-
esis [8, 11], since no differences in the nuclear accumulation
of five embryonic temporally and spatially regulated
transcription factors (HLH-1, HLH-2, ELT-2, SKN-1 and
LIN-26) were observed between wild type, ogt-1 and oga-1
knockouts [8, 11]. On the contrary, it has been reported that
the transcriptional variants of OGT found in zebrafish
embryos varied at the onset of morphogenetic movements
[12], supporting the idea that OGT is regulated during
embryogenesis and that it is involved in developmental
processes.

Due to their large size, their year-around availability and
their ease of manipulation, embryos of Xenopus species
have become a popular model for studying developmental
biology in the last half-century [13]. In anticipation for
fertilization, oocytes achieve two distinct biological pro-
cesses termed oogenesis [14] and oocyte maturation,
respectively [15]. During oogenesis and oocytes growth,
nutrients and stock maternal mRNAs accumulate according
to specific patterns. At the end of oogenesis, fully grown
oocytes, or immature oocytes, are arrested in prophase of
first meiotic division. Upon hormonal stimulation, oocytes
resume meiosis: germinal vesicles break down (GVBD),
chromosomes condense and a meiotic spindle is formed,
which will enable gametes to proceed for genetic material
segregation. Nevertheless, at the end of maturation oocytes
are blocked in metaphase of second meiotic division in

anticipation for fertilization. This maturation process is
dynamically controlled by the M-Phase promoting factor
(MPF, Cdk1-Cyclin B) and by the Mos-Erk2 pathways.
Fertilization of Xenopus eggs initiates a series of rapid and
synchronous cell divisions that, within 6 to 7 h, produce a
‘sphere’, which is called blastula, of approximately 4,000
cells with an internal cavity or blastocoel. Then, morpho-
genetic movements referred as gastrulation organize the
future adult body plan. Thereafter, neurulation begins,
which leads to the differentiation and regional organization
of the nervous system of the embryo. Numerous studies
have precisely described the synchronous cleavages of
blastomeres prior to midblastula transition (MBT) [16], and
the spatiotemporal patterns of cell division during gastru-
lation and neurulation [17].

Though OGT has been cloned in Xenopus species
[Xenopus (Silurana) tropicalis] [18], the patterns of O-
GlcNAc, OGT and UDP-GlcNAc have not been yet
deciphered in amphibians during early embryogenesis. The
aim of the present work is to provide a platform to study the
O-GlcNAc levels in oogenesis, maturation and in the
developmental processes like early cell cycles or morpho-
genetic movements.

Material and methods

Handling of oocytes

Adults Xenopus females were purchased from the Univer-
sity of Rennes I (France). After anesthetizing Xenopus
females by immersion in 1 g l−1 MS222 solution (tricaine
methane sulfonate; Sandoz), ovarian lobes were surgically
removed and placed in ND96 medium (96 mM NaCl,
2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES/
NaOH, pH 7.5). Stages I to VI oocytes were spotted and
taken according to their size and pigmentation [19].
Oocytes were isolated and follicle cells were partially
removed by 1 mg ml−1 collagenase A (Roche Applied
Science) treatment for 30 min followed by a manual
microdissection. Oocytes were stored at 14°C in ND96
medium until experiments.

Germinal vesicle breakdown (GVBD) kinetics experiments

Meiotic resumption was induced by incubating stage VI
oocytes in ND96 medium containing 10 μM of progester-
one (Sigma-Aldrich). All experiments were performed at
19°C. GVBD, which reflects oocyte entry into the matura-
tion process was scored by the appearance of a white spot
at the animal pole of the oocyte. For each time point,
batches of ten oocytes were taken respecting the white spots
ratio and stored at −20°C until biochemical analyses.
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Oocyte activation kinetics experiments

Stage VI oocytes were incubated overnight in ND96
medium containing 10 μM of progesterone. The next day,
metaphase II-arrested oocytes were transferred into ND96
medium containing 1 μM calcium ionophore (A23187,
Sigma-Aldrich). For each time point, batches of 5 activated-
oocytes were taken according to morphological criteria (i.e.,
pigment contraction at the animal pole of the oocyte) and
stored at −20°C until biochemical analyses.

In vitro fertilization (IVF)

To obtain eggs, females were primed with 500 U of human
chorionic gonadotropin (hCG, Sigma-Aldrich). The male
was euthanized, testis were dissected and kept in 0.1X
MBS (Modified Barth’s Saline, 88 mM NaCl, 1 mM KCl,
1 mM MgSO4, 2.5 mM NaHCO3, 10 mM CaCl2, 5 mM
HEPES/NaOH, pH 7.8) medium at 4°C until use. For
fertilization, eggs were harvested by squeezing the abdo-
men of the female, directly transferred into a Petri dish and
a fragment of testis was gently “paint” over the surface of
the eggs. Ten minutes after fertilization, dishes were flood
with 0.1X MBS. Then fertilized eggs were dejellied in 2%
(w/v) cysteine (Sigma-Aldrich) adjusted to pH 8.0 with
NaOH, rinsed three times with 1X MBS and replace in
0.1X MBS. Development of embryos was allowed at 23°C.
Batches of five embryos were taken at different times of
development according to the normal table of Xenopus
laevis (Daudin) [20] and kept at −20°C for biochemical
analyses.

SDS-PAGE and Western blotting

Proteins (the equivalent of one oocyte or one embryo was
loaded per lane) were run on a 17.5%modified SDS-PAGE—
this kind of gel allows a better discrimination between protein
isoforms of phosphorylation-and electro-blotted onto nitro-
cellulose sheet [21]. Blots were saturated in 5% (w/v) non-
fatty milk in TBS (Tris-buffered saline)-Tween [15 mM Tris/
HCl, 140 mM NaCl, 0.05% (v/v) Tween] for 45 min.
Primary antibodies were incubated overnight at 4°C. Mouse
monoclonal anti-O-GlcNAc (RL-2; Affinity Bioreagents),
rabbit polyclonal anti-OGT (DM-17; Sigma-Aldrich), mouse
monoclonal anti-Erk2 (D-2; Santa Cruz Biotechnologies),
rabbit polyclonal anti-β-catenin (H-102; Santa Cruz Bio-
technologies) and rabbit polyclonal anti-Cyclin B2 (gener-
ously provided by Dr. John Gannon from the ICRF, South
Mimms, UK) antibodies were used at a dilution of 1:1,000.
Rabbit polyclonal anti-actin (I-19; Santa Cruz Biotechnolo-
gies) antibodies were used at a dilution of 1:10,000. Then
nitrocellulose membranes were washed three times for
10 min each in TBS-Tween and incubated with either an

anti-mouse horseradish peroxidase-labeled secondary anti-
body or an anti-rabbit horseradish peroxidase-labeled sec-
ondary antibody (GE healthcare) at a dilution of 1:10,000.
Finally, three washes of 10 min each were performed with
TBS-Tween and the detection was carried out with enhanced
chemiluminescence (GE Healthcare).

UDP-GlcNAc pools measurement by HPAEC (high
performance anion exchange chromatography)

Oocytes or embryos were lysed in 1 ml of hypotonic buffer
(10 mM Tris/HCl, 10 mM NaCl, 15 mM 2-mercaptoethanol,
1 mM MgCl2 and proteases inhibitors, pH 7.2). Fifty
microlitres of 1 M HCl were then added to the lysate and
the mixture was passed through a 1.5 ml Dowex 50WX2-
400 column. The column was washed with 7.5 ml of bi-
permuted water (18 MΩ water). The unbound fraction and
washes were collected on ice and adjusted to pH 8.0 with
500 μl of Tris/HCl 1 M. Of the diluted fraction, 500 μl was
injected using a ProPAC-PA1 column (4×250 mm) on a
Dionex (Jouy en Josas, France) HPLC system. The elution
was achieved as following: Tris/HCl 20 mM, pH 9.2
(solution A) for 1 min; elution gradient for 29 min with
85% of A and 15% NaCl at 2 M (solution B); plateau of
5 min in the same conditions; 10 min elution gradient until
100% of B was reached; plateau at 100% of B for 5 min.
The column was then re-equilibrated in 100% of A. The
flow rate was 0.8 ml min−1. Detection was performed using
a UV–visible spectrophotometric detector (SPD-6AV,
Shimadzu, Champs sur Marne, France) at a wavelength of
256 nm.

Densitometric analyses

Variations of O-GlcNAc contents and OGT expression were
performed by densitometric analyses of Western Blots using
the GeneTools software (File version: 3.07.03; Syngene).

Results

O-GlcNAc, OGT and UDP-GlcNAc contents vary
during oogenesis

Stages I-VI oocytes were isolated according to criteria of
size and pigmentation (Fig. 1A). After extraction, proteins
were resolved by SDS-PAGE and analyzed according to
their O-GlcNAc content, OGT and β-catenin expression
and equal loading of the gel was ascertained by an anti-
actin staining (Fig. 1B, representative of four independent
experiments). The data of four experiments were sum-
marized in Fig. 1C for the changes in O-GlcNAc level
and in Fig. 1D for the OGT expression. We observed a high
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and a rather constant O-GlcNAc level from stage I to stage
V oocytes that was followed by a slight decrease of the
glycosylation status at stage VI (Fig. 1B and C). The latter
decrease was partially correlated to the slight decrease in
OGT expression shown for stage VI oocyte when compared
to stages I–IV oocytes (Fig. 1B and D). Note that the OGT
expression increase observed between the oocytes of stage
II and the oocytes of stage III could not be considered as
significant due to the high variability found for the stage III
OGT amount from one experiment to another. No change in
the β-catenin content was observed. For each stage, the
UDP-GlcNAc pool was assayed using high performance
anion exchange chromatography (Fig. 1E) as previously

described [6]. No significant changes in the UDP-GlcNAc
pools were observed between the different stages.

Progesterone-induced meiotic resumption is accompanied
by a fast increase in O-GlcNAc content long before
the mos-erk2 and the MPF pathways activation

Previously, we reported that Xenopus oocyte meiotic
resumption was accompanied with a burst in the O-GlcNAc
content [22], and that OGT inhibition [6] or recombinant
OGT microinjection [23] altered the GVBD progression,
underlying the crucial role of O-GlcNAc in meiotic
resumption. To determine the timely occurrence of O-
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Fig. 1 O-GlcNAc content
decreases during oogenesis. A
Pictures showing the time
course of oogenesis. Stages I to
VI oocytes were taken according
to criteria of size and pigmenta-
tion [19]. B—Oocytes were ho-
mogenized in lysis buffer and
analysed according to their O-
GlcNAc, OGT, β-catenin and
actin contents by Western blot.
Protein mass markers are indi-
cated at the left (kDa). WB
Western blot. C Histogram
showing the O-GlcNAc level
obtained by densitometric anal-
yses of Western blots. Results
correspond to the mean value±
SD of four independent experi-
ments (*P<0.05, **P<0.01,
***P<0.001, respectively, NS
not significative). D Histogram
showing the OGT expression
obtained by densitometric anal-
yses of Western blots. Results
correspond to the mean value±
SD of four independent experi-
ments (*P<0.05, **P<0.01,
***P<0.001 respectively, NS
not significative). E UDP-
GlcNAc pools of the different
stages of oocytes were assessed
by HPAEC. Results correspond
to the mean value±SD of three
independent experiments (*P<
0.05, **P<0.01, ***P<0.001
respectively, NS not
significative)
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GlcNAc increase during meiosis progression, fully-grown
stage VI oocytes (Fig. 2A, left picture) were stimulated
with progesterone. Every 2 h post-progesterone addition,
oocytes were scored for white spot formation, attesting
GVBD (Fig. 2A, right picture). GVBD percentages were
calculated and reported in a histogram (Fig. 2B). For each
time point, batches of ten oocytes were collected respecting
the white spot ratio. The oocytes were lysed and analyzed
by Western blot according to their O-GlcNAc content and
their OGT expression (Fig. 2C, two top panels). Activations
of the Mos-Erk2 and MPF pathways were examined using
an anti-Erk2 antibody and an anti-Cyclin B2 antibody,
respectively (Fig. 2C, two middle panels). The discrimina-
tion between the active form and the non active form of
these two proteins is based on the doublet pattern of both
proteins: the non-phosphorylated lower migrating one is the
inactive form, whereas the upper band is the active
phosphorylated form. The accumulation of β-catenin and
the expression of actin were also examined (Fig. 2C, two
bottom panels). The anti-O-GlcNAc staining showed a
burst of the O-GlcNAc level 2 h after the meiotic
resumption stimulation: at this time, none of the oocytes
exhibited morphological (Fig. 2B) or biochemical (Fig. 2C)
typical changes characteristic of GVBD. In this set of
experiments, the first white spots appeared only 6 h after
progesterone incubation but Erk2 and Cyclin B2 can be
detected in their activated form only 8 h after progesterone
treatment. This O-GlcNAc rise does not seem to be
correlated with an increase in OGT expression since we
did not observe any changes in OGT level during the time
course of the GVBD kinetic. In contrast, β-catenin started
to accumulate 6 h post-progesterone treatment and reach a
maximal expression near 10 h after hormonal stimulation.

Since the O-GlcNAc level increased long before the
activation of the Mos-Erk2 and the MPF pathways, we
hypothesized that its up-regulation coincides with the early
events of meiotic resumption. The two first hours following
hormonal stimulation by progesterone, batches of oocytes
were taken every 10 min and analyzed as described above
(Fig. 2D). Western blots presented in Fig. 2D are
representative of four independent experiments. The aver-
ages and the standard deviations of the different values
obtained for these four independent experiments were
calculated and represented in two histograms: Fig. 2E for
O-GlcNAc changes and Fig. 2F for OGT expression. We
observed a statistically significant increase in O-GlcNAc
content 40 min after progesterone stimulation (Fig. 2D and
E). O-GlcNAc increased progressively until 80 min and
then remained at a constant level. Even if there is no
significant difference in OGT expression when we com-
pared time 0 to time 120 min (Fig. 2D and F), slight
variations can be detected during this time laps, which are
concomitant with the O-GlcNAc profile: OGT expression

increased between 0 and 90 min and slightly decreased
thereafter. These results underline a potential role for O-
GlcNAc glycosylation in the initiation of the meiotic
resumption.

O-GlcNAc level is kept high and constant during oocyte
activation

At the end of the maturation process, eggs are arrested at
the metaphase of the second meiotic division in anticipation
for fertilization. The interaction between the sperm and the
egg membrane provokes a rise in the intracellular calcium,
which is responsible of egg activation [24]. The calcium
wave releases the egg from metaphase II arrest and is
characterized by both inactivation of the MPF and the Mos-
Erk2 pathways mainly due to Cyclin and Mos proteolysis
by the ubiquitin–proteasome pathway [25, 26]. Ca2+-
increasing agents mimic the fertilization calcium wave,
thereby activating eggs metabolism and ending meiosis. To
investigate the O-GlcNAc dynamics upon egg activation,
metaphase II-arrested oocyte were stimulated with the
calcium ionophore A23187. Eggs exhibiting typical mor-
phological sign of activation (pigments contraction at eggs
apex; Fig. 3A, right), were taken every 5 min and analyzed
according to their O-GlcNAc content, OGT expression, β-
catenin accumulation as described above (Fig. 3B). Acti-
vation process triggering was ensured by checking the Erk2
and the Cyclin B2 status. We observed a degradation of
Cyclin B2 15 min post calcium ionophore stimulation
followed by a newly synthesis of the protein 30 min after
metaphase II released (Fig. 3B, see the arrow heads on the
anti-Cyclin B2 staining) and an inactivation of Erk2 30 min
post-release. These results are consistent with previous
reports [27]. Except slight variations for some O-GlcNAc
proteins, both O-GlcNAc level and OGT expression
remained high and constant during the time course of the
experiment as well as β-catenin stability. Thus, calcium
induced-egg activation is not accompanied with any
significant changes in O-GlcNAc level or OGT expression.

O-GlcNAc dynamics during early embryogenesis

Next we studied O-GlcNAc level changes accompanying
Xenopus early embryogenesis. After fertilization, embryos
were taken off at different stages of the embryogenesis
process from the cortical rotation until hatching according
to the Normal Table of Daudin (Fig. 4A) [20]. More
precisely, the glycosylation levels were examined during
early cleavages (Fig. 4A, stages 1–6), late segmentation
(Fig. 4A, stages 7–9), gastrulation (Fig. 4A, stages 10–
11.5), neurulation (Fig. 4A, stages 12.5–21) and beginning
of the organogenesis before (Fig. 4A, stages 22–25) and
after the hatching of the embryo (Fig. 4A, stages 25–28).

Glycoconj J (2009) 26:301–311 305



After lysis of the embryos, proteins were resolved on SDS-
PAGE and analyzed according to their O-GlcNAc content,
OGT expression and β-catenin accumulation (Fig. 4B). β-
catenin was used here as a marker for embryogenesis
progression. Indeed, as it has been intensively described
[28], accumulation of β-catenin was observed along with
blastomere cleavages during segmentation process (Fig. 4B,
stages 1–9). From gastrulation to hatching, embryos
exhibited high amounts of the protein. An accumulation
of its fragments of proteolysis were revealed on Western
blot as lower migrating bands. The results presented in
Fig. 4B are representative of five independent experiments.
These different experiments were summarized in Fig. 4C
for changes in the O-GlcNAc level and in Fig. 4D for the
OGT expression. We have also determined the UDP-
GlcNAc levels for three independent experiments as
described in Fig. 1 (Fig. 4E). From the histograms and
Western blots analyses, one can observe that the O-
GlcNAc level was very high during the early cleavages and
the segmentation of the embryos (Fig. 4B and C, stages 1–
9). This O-GlcNAc rate is correlated with an increasing
expression of OGT between stage 1 and 9 (Fig. 4B and D),
but also with a slight increasing amount of UDP-GlcNAc
(Fig. 4E). At the onset of gastrulation, O-GlcNAc, OGT
and UDP-GlcNAc significantly dropped. Thereafter, O-
GlcNAc content continued to diminish until the mid-
neurula (Fig. 4C, compare stage 11.5–12 with 15–17), but
no correlation was found with the OGT expression
(Fig. 4D) and the UDP-GlcNAc level (Fig. 4E), this latter
UDP-GlcNAc level staying relatively low until stage 28.
Finally, O-GlcNAc level only re-increased at the late
neurula and remained high even after the hatching of the
embryo.

Discussion

External development in amphibians and fishes offers the
unique opportunity to directly monitor morphological and
biochemical events occurring during embryogenesis, relat-
ed to proliferation, differentiation and migration. In this
study we took advantage of the African clawed frog
Xenopus laevis model to assess the levels of O-GlcNAc,
UDP-GlcNAc and OGT expression from oogenesis to early
embryogenesis.

Among the plethora of PTM regulating signaling path-
ways, addition and removal of O-GlcNAc on target proteins
have emerged as a key regulation feature of nuclear and
cytoplasmic proteins fates. The functions of O-GlcNAc
have been partially explored during gametogenesis in the
sole model of amphibian [6, 7, 22, 29], but strikingly, this
model has not been extensively exploited. Yet a few years
ago, the works of Fang and Miller [29] have stressed the

potential role of O-GlcNAc in the cell cycle progression.
These authors have capped O-GlcNAc moieties by micro-
injecting galactosyltransferase into the cytoplasm of Xen-
opus oocytes, blocking both O-GlcNAc removal and
O-GlcNAc-mediated lectin-like interactions. This approach
led to the observation that O-GlcNAc removal blockade
was toxic for cell cycle progression, especially at the G2/M
phase transition; in return it has limited effect in immature
oocytes. These results strengthened the importance of O-
GlcNAcase in the removal of O-GlcNAc residues that are
necessary for the progression of the cell cycle. Unfortu-
nately, at this moment no antibody raised against the
Xenopus O-GlcNAcase is available limiting the study of the
hydrolase. On the same model, Slawson et al. [7] described
higher levels of O-GlcNAc in stages I–II oocytes in
comparison to the stages III–IV, that they correlated to an
increase of the O-GlcNAcase activity. While for some
experiments the anti-O-GlcNAc profiles we have obtained
were close to the profile reported by these authors, we
failed to detect any statistically significant changes between
oocytes from stages I to V. Nevertheless, we observed a

Fig. 2 Progesterone-induced meiotic resumption is accompanied by a
fast increase in O-GlcNAc content. A The left picture represents a
fully grown stage VI oocyte, namely immature oocyte. Upon
progesterone stimulation, immature oocyte resumes meiosis. This
phenomenon is first characterized by the germinal vesicle breakdown
(GVBD), which leads to the appearance of a white spot at the animal
pole of the oocyte indicated by WS (right picture). B Meiotic
resumption was induced by progesterone treatment. Every 2 h post-
progesterone stimulation, oocytes were observed and white spots
corresponding to GVBD oocytes were counted. The histogram shows
the percentage of GVBD during the time course of oocyte maturation
of one representative experiment. Oocytes were picked up respecting
the white spots ratio for further biochemical analyses. C For each time
point, oocytes were homogenized in lysis buffer and analysed
according to their O-GlcNAc, OGT, β-catenin and actin contents by
Western blot. Activation of the Mos-Erk2 and MPF pathways were
also assessed using respectively an anti-Erk2 and an anti-Cyclin B2
antibody. Arrows heads at the right of the figure indicate the
phosphorylated (phospho) and the non-phosphorylated (non-phospho)
forms of CyclinB2 and Erk2. Protein mass markers are indicated at the
left (kDa).WB Western blot, Pg progesterone. Results are representa-
tive of four independent experiments. D Stage VI oocytes were
stimulated with progesterone and picked up every 10 min until 2 h.
During this laps time, no morphological sign of GVBD were
observed. A batch of ten GVBD oocytes was also taken 12 h post-
progesterone treatment and served as a maturation positive control
(right of the figure). Oocytes were analysed according to their O-
GlcNAc, OGT and actin contents by Western blots. Protein mass
markers are indicated at the left (kDa).WB Western blot, Pg
progesterone. E Histogram showing the O-GlcNAc level obtained by
densitometric analyses of Western blots. Results correspond to the
mean value±SD of five independent experiments (*P<0.05, **P<
0.01, ***P<0.001 respectively, NS not significative). F Histogram
showing the OGT expression obtained by densitometric analyses of
Western blots. Results correspond to the mean value±SD of five
independent experiments (*P<0.05, **P<0.01, ***P<0.001 respec-
tively, NS not significative)

b

306 Glycoconj J (2009) 26:301–311



drop in the O-GlcNAc level in stage VI compared to stage
V. This drop was neither related to a decrease in OGT
expression nor in the UDP-GlcNAc levels since both did
not exhibit major changes between stages V and VI. This
O-GlcNAc decrease might be rather related to an increase
in the O-GlcNAcase activity, as previously proposed [7].
Once oogenesis is achieved, stage VI oocytes resume
maturation process upon hormonal stimulation by proges-
terone. In this context, we previously reported that oocyte
GVBD or M-phase entry was accompanied by an increase

in O-GlcNAc level and that OGT inhibitors prevented
meiosis progression. In contrast, inhibiting the HBP rate-
limiting enzyme glutamine: fructose-6-phosphate amido-
transferase (GFAT) with azaserine or DON, failed to
interfere with the GVBD kinetics [6]. The ineffectiveness
of these two inhibitors was explained by the assay of the
UDP-GlcNAc pools of immature and matured oocytes that
revealed that the nucleotide-sugar concentration was un-
changed during the meiotic resumption. Thus, oocytes run
on a preexisting UDP-GlcNAc pool during GVBD. Since
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meiotic progression does not depend upon UDP-GlcNAc
changes, we further looked at OGT expression during
GVBD time course experiments. We observed that the burst
in the O-GlcNAc level preceded by several hours the
activation of both the MPF and the Mos-Erk2 pathways and
that this O-GlcNAc increase did not correlate with changes
in OGT expression. Then, we attempted to determine the
precise dynamics of the O-GlcNAc variation at the early
steps of meiotic resumption. A significant change in O-
GlcNAc content was observed about 40 to 50 min
following progesterone addition, whereas a transient and
slight peak of OGT expression was observed. One can
hypothesize that this O-GlcNAc increase could be linked
to the early events of meiotic resumption, one of them
being a reduction in cAMP leading to PKA inactivation
[30]. PKA has been shown to inhibit GFAT by modifying
the Ser205 [31]. Such PKA inhibition could be one way to
increase the O-GlcNAc levels in oocyte. But as previously
discussed, we have demonstrated that the inhibition of
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Fig. 3 The O-GlcNAc level stays high and constant during oocyte
activation. Metaphase II-arrested oocyte activation was stimulated by
the calcium ionophore addition. Oocytes which presented morpholog-
ical sign of activation were taken every 5 min after stimulation until
60 min for biochemical analyses. A Pictures showing a metaphase II-
arrested oocyte (left picture) versus an activated one (right picture)
with typical contracted pigments at the animal pole of the oocyte. B
For each time point, oocytes were homogenized in lysis buffer and
analysed according to their O-GlcNAc, OGT, β-catenin and actin

contents by Western blots. The level of activity of the Mos-Erk2 and
MPF pathways were also assessed using an anti-Erk2 and an anti-
cyclin B2 antibody, respectively. White arrowheads at the right of the
figure indicate the phosphorylated (phospho) and non-phosphorylated
(non-phospho) forms of CyclinB2 and Erk2. The black arrowheads
point out the time of inactivation and the re-synthesis of Cyclin B2
and the inactivation of Erk2. Protein mass markers are indicated at the
left (kDa). WB Western blot

Fig. 4 O-GlcNAc level fluctuates all along early embryogenesis. A
Pictures representing the different developmental stages according to
the Normal Table of Xenopus laevis (Daudin) that were analysed in
this study. B For each developmental stage showed above, embryos
were homogenized in lysis buffer and analysed according to their O-
GlcNAc, OGT, β-catenin and actin contents by Western blots. Results
are representative of five independent experiments. C Histogram
showing the O-GlcNAc level obtained by densitometric analyses of
Western blots. Results correspond to the mean value±SD of three to
five independent experiments (*P<0.05, **P<0.01, ***P<0.001,
respectively, NS not significative). D Histogram showing the OGT
expression obtained by densitometric analyses of Western blots.
Results correspond to the mean value±SD of three to five independent
experiments (*P<0.05, **P<0.01, ***P<0.001, respectively, NS, not
significative). E—UDP-GlcNAc pools of the different stages of
oocytes were assessed by HPAEC. Results correspond to the mean
value±SD of three independent experiments (*P<0.05, **P<0.01,
***P<0.001, respectively, NS not significative)
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GFAT was inefficient in our attempts to block the meiotic
resumption [6]. Another event occurring within the first
hours following hormonal stimulation is the activation of
the poly-adenylation machinery, which permits the transla-
tion of key-proteins like Mos and Cyclin B [32, 33]. Even if
only a few papers described the implication of O-GlcNAc
in the translational processes, the hypothesis that O-
GlcNAc would control both the poly-adenylation and/or
the translation machinery should not be not discarded [34].

From fertilization to early organogenesis, three successive
phases may be discriminate correlatively toO-GlcNAc, UDP-
GlcNAc levels and OGT expression: (1) from fertilization to
the onset of gastrulation, (2) from gastrulation to the
beginning of closure of the neural tube (stage 15–17) and
finally (3) from stage 17 up to stage 28. β-catenin, which is
essential for the dorsal determination of Xenopus embryos
[28, 35], was used in our set of experiments as a marker for
embryogenesis progression. β-catenin does not accumulate
in immature oocytes while being phosphorylated by GSK-3β
and then degraded; its accumulation appeared to be
dependent upon O-GlcNAc [22]. Because both GSK-3β
and β-catenin are substrates for OGT [22, 36], a role for
OGT in the accumulation of the dorsal determinant of the
embryo is hypothesised. Here we observed that UDP-
GlcNAc and O-GlcNAc levels remained high during
segmentation, which is consistent with an active role for O-
GlcNAc in proliferation and cell cycle regulation mecha-
nisms [4–6, 23]. Interestingly, we observed a decrease of
O-GlcNAc content and a decrease in OGT expression at the
onset of gastrulation, a step at which cytoskeletal arrange-
ments driven by rapid cell divisions are not compatible with
those needed for morphogenesis [37]. If inhibitory phos-
phorylation of MPF is considered as a key regulation to
postpone mitosis to favor gastrulation, down-regulation of O-
GlcNAc levels might also emerge as a key event for
morphogenetic movements at gastrulation. Concomitantly
to O-GlcNAc level and OGT expression decreases, we
observed a drop in the UDP-GlcNAc pool. This drop might
be due to the beginning of glycolysis, starting at the onset of
gastrulation [38, 39]. Indeed, once entered into the cell,
glucose is immediately phosphorylated into glucose-6-
phosphate that in turn is isomerized into fructose-6-
phosphate. This latter could then either enter the glycolysis
to produce ATP or could be directed through the HBP for
forming UDP-GlcNAc. The ATP production is crucial for
cell migration, which requests cell shape rearrangements: the
drop in O-GlcNAc level observed at the onset of gastrulation
could be then driven by the need of glucose to produce
energy. A role for O-GlcNAc variation in development has
been also suspected in the zebrafish [12], in which six
variants for zOGT (var1-6) were found and shown to be
regulated at the mRNA level during embryogenesis: var1
and 2 mRNAs disappeared at the shield stage, whereas var3

and 4 mRNA were reported to increase at this stage, where
the morphogenetic movements of epiboly begins. mRNAs
levels of var5 and 6 remained quite constant throughout
the embryogenesis. Unfortunately, no O-GlcNAc activity
measurements have been performed in this model that would
have given an insight in the role of this shift of zOGT
expression at the onset of gastrulation. While mechanisms
underlying the morphogenetic movements may differ from
zebrafish to amphibian, both models suggest a role for O-
GlcNAc regulating enzymes at the onset of gastrulation.

Finally, an increase in O-GlcNAc was observed at the
beginning of the neural tube closure (stage 17), correlated
with an increase in UDP-GlcNAc, while no significant
changes in OGT expression were found from stage 17 to
28. Further works are requested to determine the localiza-
tion of OGT, as well as O-GlcNAcase, since O-GlcNAc
levels, OGT and O-GlcNAcase expressions may exhibit
organ-specific patterns. Special attention may be focused on
neural tissues, since O-GlcNAc is highly expressed in such
tissues and that perturbations in this glycosylation have
been linked to neurodegenerative disorders [40].

This study provides a platform to decipher the functions
of O-GlcNAc in the developmental processes and suggest
unsuspected and specific functions for O-GlcNAc regulat-
ing proteins during embryonic events like cell migration
occurring especially during gastrulation or cell differentia-
tion associated with organogenesis.
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