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Cell recognition molecule L1 (CD171) plays an important role in neuronal survival, migration, differenti-
ation, neurite outgrowth, myelination, synaptic plasticity and regeneration after injury. Our previous
study has demonstrated that overexpressing L1 enhances cell survival and proliferation of mouse embry-
onic stem cells (ESCs) through promoting the expression of FUT9 and ST3Gal4, which upregulates cell
surface sialylation and fucosylation. In the present study, we examined whether sialylation and fucosy-
lation are involved in ESC differentiation through L1 signaling. RNA interference analysis showed that L1
. enhanced differentiation of ESCs into neurons through the upregulation of FUT9 and ST3Gal4. Further-
ESC (embryonic stem cell) . . . . . . . .
Glycosylation more, blocking the phospholipase Cy.(PLCy) signaling pathway with either a spec1ﬁc. PL.Cy. inhibitor or
PLCY knockdown PLCy reduced the expression levels of both FUT9 and ST3Gal4 mRNAs and inhibited L1-med-
iated neuronal differentiation. These results demonstrate that L1 promotes neuronal differentiation from
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ESCs through the L1-mediated enhancement of FUT9 and ST3Gal4 expression.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Glycosylation is a crucial post- and/or co-translational modifi-
cation for most eukaryotic proteins. Evidence indicates that glycan
structures play important roles in many biological functions since
the glycome contains a tremendous amount of biological informa-
tion [17,7,23]. Defects in glycosylation pathways have frequently
been associated with psychomotor/mental retardation or other
neuropathological symptoms, as observed in most congenital gly-
cosylation diseases [14]. Most cell recognition molecules (CRMs)
are glycoproteins, and the composition of glycans in these proteins
varies with cell type and developmental stage. In contrast, CRMs
influence the glycosylation patterns in cells. CRMs, including L1,
play an important role in neural functions in the central and
peripheral nervous systems of vertebrates [4,24,15]. Mutations in
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L1 lead to various human genetic disorders with prominent ner-
vous system defects [11,19]. In a previous study, we showed that
L1 enhanced neuronal survival and proliferation via the upregu-
lated expression of FUT9 and ST3Gal4, leads to increased cell sur-
face sialylation and fucosylation in mouse ESCs [20,21]. Specific
terminal glycan modifications, including fucosylation and sialyla-
tion, confer unique functional properties to regulate oligosaccha-
rides during ontogeny and cellular differentiation [5,9].
Fucosylated glycans play important roles in a variety of biological
and pathological processes, including tissue development, angio-
genesis, fertilization, selectin-mediated leukocyte-endothelial
adhesion, inflammation, the host immune response and tumor
metastasis [1,25]. Sialic acids are the most abundant terminal
monosaccharides [33,31]. These molecules are expressed as termi-
nal sugars with a shared nine-carbon backbone, which have been
divided into several classes of cell surface and secreted glycan-car-
rying molecules [27]. In addition to providing a negative charge
and hydrophilicity to vertebrate cell surfaces and masking sub-ter-
minal galactose residues from receptor recognition, sialic acids
function as receptors for pathogens and toxins [32]. Sialylation also
plays a crucial role in a variety of cellular functions such as cell
adhesion and regulates the biological stability of glycoproteins
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[10,34]. Previously, we showed that mouse ESCs overexpressing L1
promotes neurite outgrowth, cell survival, and cell migration. ESC
proliferation is inhibited in these cells via knockdown fucosyl-
transferase 9 (FUT9), galactoside 2,6 sialyltransferase (ST6Gall),
and galactoside 2,3 sialyltransferase (ST3Gal4), which are key en-
zymes for sialylation and fucosylation. FUT9 mediates the synthe-
sis of Lewis X (LeX) in the coagulating gland [35]. Sialyl-Lewis X
(sLeX), a major selectin ligand, is expressed on the surfaces of T
and B cells in a differentiation or activation stage-specific manner.
ST3Gal4 is involved in the regulation of sLeX expression during
pre-B cell differentiation [12]. An important neural cell adhesion
molecule, CD24, carries both o2,3-linked sialic acid and Lewis X
on glycans, and binding to L1 is required for the modulation of
CD24-induced neurite outgrowth [22]. It has been reported that
ST3Gal4 and FUT9 mediate the synthesis of GIcNAC. Thus, the func-
tional expression of FUT9 and ST3Gal4 might be closely associated
with cell differentiation.

In the present study, we examined whether L1 regulates ESC
differentiation through the upregulated expression of FUT9 and
ST3Gal4. We have shown that L1 indeed enhances ESC differentia-
tion into neurons. Down-regulating the expression of FUT9 and
ST3Gal4 in ESCs by RNA interference inhibits this differentiation.
Furthermore, blocking the phospholipase Cy (PLCy) signaling path-
way using either a specific PLCy inhibitor or knockdown PLCy de-
creases the expression of FUT9 and ST3Gal4 and inhibits L1-
enhanced neuronal differentiation.

2. Experimental procedures
2.1. Antibodies, lectins and inhibitors

Polyclonal goat anti-mouse, rat and human FUT9 antibodies and
polyclonal goat anti-mouse, rat and human ST3Gal4 antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Polyclonal mouse anti-B-actin antibody was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Rabbit polyclonal anti-mouse,
rat and human PLCy antibody was purchased from Cell Signaling
Technology Inc. (Danvers, MA, USA). L3, L4 and L5 antibodies were
produced as previously described [6,16,29,30]. Biotinylated lectins
and Texas Red avidin D were purchased from Vector Laboratories,
Inc. (Burlingame, CA, USA). Rat anti-mouse IgM microbeads and
LS+ positive selection columns were purchased from Miltenyi
Biotec Inc. (Bergisch Gladbach, Germany). R-Phycoerythin (R-PE)-
conjugated mouse anti-rat monoclonal antibody, PerCP-CY5.5-con-
jugated rat anti-mouse IgM monoclonal antibody and R-PE-conju-
gated rat anti-mouse IgM monoclonal antibody were purchased
from BD Biosciences (Franklin Lakes, NJ, USA). Leukemia inhibitory
factor (LIF) was purchased from Chemicon International (Temecu-
la, CA, USA). The phospholipase Cy (PLCy) inhibitor (U73122) and
extracellular signal-regulated protein kinase (Erk) inhibitor (ERK
Inhibitor II, FR180204) were purchased from Calbiochem (San
Diego, CA, USA). The phosphoinositide-3 kinase (PI3 K) inhibitor
(LY294002) and protein kinase A inhibitor (KT5720) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell culture

Murine embryonic stem cells (ESCs) stably transfected with L1
(L1-ESCs) and their non-transfected counterparts have been previ-
ously described [2]. These cells were maintained in ES-DMEM sup-
plemented with 15% ES-FBS (Invitrogen), 1X non-essential amino
acids, 20 mM t-glutamine, 0.1 mM 2-mercaptoethanol, 0.5 U/mL
penicillin and 0.5 U/mL streptomycin. Undifferentiated ES cells
were cultured on mitomycin C-treated murine embryonic fibro-
blasts (MEFs) in the presence of 1000 U/mL leukemia inhibitory

factor (LIF; Chemicon). The ES cells were passaged every 2 or
3 days using 0.05% trypsin/0.04% EDTA for 2-3 min at 37 °C. The
maintenance of undifferentiated ES cells (stage 1), embryoid body
(EB) formation (stage 2), selection of nestin-positive cells (stage 3),
and expansion of nestin-positive neural precursor cells (stage 4)
have been previously described [18,26]. To induce differentiation,
basic FGF (FGF-2) (stage 5) was omitted.

2.3. Flow cytometry analysis

Cell surface carbohydrate expression was assessed through
indirect immunofluorescence detection using flow cytometry on
a FACSCalibur (Becton-Dickinson, San Jose, USA) equipped with
an argon laser, with a 488-nm emission wavelength. CellQuest
Pro software (Becton-Dickinson) was used for cell acquisition
and analysis. The embryonic stem cells were prepared and cultured
as described above. The cells were digested with 0.05% trypsin/
0.04% EDTA and washed twice with PBS (Gibco, Long Island,
USA). A single cell suspension was prepared in PBS containing
10% FBS at a concentration of 107 cells/mL for indirect antibody
labeling. The antibody labeling was conducted in 4 ml sterile tubes
(Falcon, Becton-Dickson). Briefly, 50 ul of the cell suspension
(5 x 10° cells) was aliquoted into 4-ml sterile centrifuge tubes (Fal-
con) and incubated with primary antibodies (1 pg) against the 14
carbohydrates and lectins in PBS containing 10% FBS for 30 min
at 4 °C in the darkness. The cells were washed 3 times with cold
PBS and subsequently incubated with a secondary antibody conju-
gated to either R-phycoerythin or Peridinin chlorophyll protein (R-
PE or Per-CP, 1 pg) in 50 pl of PBS containing 10% FBS for 30 min at
4 °C in darkness. The cells were washed three times with chilled
PBS, fixed in PBS containing 1% formaldehyde (Sigma) and main-
tained at 4 °C in the darkness before flow cytometric analysis.
Approximately 10* cells from each tube were acquired for analysis.
Unstained cells and cells stained with secondary antibody alone
were used as controls for auto-fluorescence.

2.4. RT-PCR analysis

Total RNA was isolated from the cells using Trizol (Invitrogen),
and reverse transcription and RT-PCR were conducted with Taq
polymerase using standard protocols (Boehringer-Mannheim, Indi-
anapolis, IN, USA). The cycling parameters were implemented as
follows: denaturation at 94 °C for 30 s, annealing at 58-61 °C for
1 min, depending on the primer, and elongation at 72 °C for
1 min (according to the description of primers). The number of cy-
cles varied between 25 and 35, depending on the mRNA abun-
dance. The identity of the PCR products was confirmed through
sequencing. The relative quantitative analysis was normalized to
the endogenous control glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). The following primer sequences (forward and re-
verse) were used: GAPDH (forward: TACTTATGCCGATGTCGTTGT,
reverse: CCAGCCTCGTCCCGTAGA); FUT9 (forward: ATCCAAGTG-
CCTTATGGCTTCT, reverse: TGCTCAGGGTTCCAGTTACTCA); ST3Gal4
(forward: TAAAGAGCCTCGAGTGTCGTCG, reverse: CCGACTCAG-
GATAGAAGAGACGTAT).

2.5. Western blot analysis

The cells were harvested and lysed in RIPA buffer (1% Triton X-
100, 150 mM Nacl, 25 mM Tris, pH 7.5, 0.5% sodium deoxycholate,
0.1% SDS, 5 mM pyrophosphate, and 50 mM NaF). Samples contain-
ing equal amounts of protein were resolved using SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes (Milli-
pore), followed by incubation with primary antibodies (anti-FucT-
IX antibody, anti-St3Gal-IV antibody, anti-PLCy antibody) and
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secondary antibodies and chemiluminescent detection using the
ECL kit (Amersham Biosciences, Pittsburgh, PA, USA).

2.6. Immunocytochemical staining

Immunocytochemical staining was performed using standard
protocols. The cells were fixed in 4% paraformaldehyde for
30 min at room temperature, washed once with phosphate buf-
fered saline (PBS), pH 7.3, and washed twice with antibody dil-
uents (0.2% BSA and 0.1% Triton X-100 in PBS). Subsequently,
the cells were incubated with 5% BSA for 30 min and primary
antibodies overnight at 4 °C, followed by washing and incuba-
tion with TRITC-labeled secondary antibodies (Santa Cruz Bio-
technology) for 1h at room temperature. Cell type-specific
markers, monoclonal mouse anti B-tubulin III (Tuj1) antibody
(1:400; Santa Cruz Biotechnology) and polyclonal rabbit anti-
GAFP antibody (1:400; Dako, Carpinteria, CA), and anti-MAG
antibody (myelin-associated-glycoprotein, 1:400; Santa Cruz Bio-
technology) were used. The coverslips were counterstained for
10 min at room temperature using DAPI (50 pg/mL; Sigma-
Aldrich).

2.7. Statistical analysis
To determine the total cell numbers, the cells were counter-

stained with DAPI, and the ratio of cell type-specific, marker-posi-
tive DAPI* cells was calculated. At least 200 DAPI" cells were

nestin

DAPI nestin/DAPI

B-Tub/DAPI
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counted on every coverslip. The data were analyzed using Graph-
Pad Prism 5 software. All data were expressed as mean + S.E.M.
Statistical evaluations were achieved by one-way analysis of vari-
ance and Student’s t test. Differences were considered to be signif-
icant when p < 0.05.

3. Results
3.1. L1 promotes neuronal differentiation of ESCs

To determine whether L1 affects ESC differentiation, the neuro-
nal differentiation of ESCs and L1-ESCs cells was performed. Cell
type-specific markers, nestin for undifferentiated neural precursor
cells, B-tubulin for neurons, GFAP for astrocytes and MAG for oligo-
dendrocytes, were used for immunocytochemical staining. At fifth
days after the cells were seeded onto PLL substrate in the presence
of growth factors, most of the cells were nestin-positive (96 + 1.2%)
(1:400; Santa Cruz Biotechnology) (Fig. 1A). 5 days later, when L1-
ESCs were maintained without bFGF, the number of B-tubulin-po-
sitive neurons was increased by 28.5 + 9.5% compared with non-
transfected wild-type stem cell-derived neurons (Fig. 1B). The per-
centage of GFAP-positive astrocytes was reduced by 10.7 + 3.6%
(Fig. 1C). The overall percentage of MAG-positive L1-ESCs
(2.7 £0.7%) was not significantly changed compared with wild-
type ESCs (Fig. 1D). These data demonstrate that L1 promotes neu-
ronal differentiation of ESCs.
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Fig. 1. L1 promotes embryonic stem cell (ESC) differentiation into neurons. After 4 days expansion of neural precursor cells, most of the precursor cells remained nestin-
positive (A). After inducing differentiation through growth factor withdrawal, the percentages of B-tubulin-positive cells (B), GFAP-positive cells (C) and MAG-positive cells
(D) were determined in L1-ESCs (L1) and wild type parental ESCs (WT). Number of differentiated cells was quantified (E). Scale bar, 100 pum. Data are presented as the mean

values + SEM. *p < 0.05 (n = 3); **p <0.001 (n=3).



408 Y. Li et al./ Biochemical and Biophysical Research Communications 440 (2013) 405-412

A 150

=
= & T
.%1001 1 1
w
@
Q.
>
@
& X
©
5 X
%- x
50
£ x
o X
L 3
I o 5 o o &>
=3 &VYQ@"‘ VOFT RV
B150
4
-5 T A
S 100 1 .
2 N
o 7 i
(=N
3
o
2
s
k=]
Z
<] X
ESO X
] X
[&]
" S Lo & O
.,,e@oq, AP N

Il Control
[ siFUT9

=

Il Control
[ siST3Ga4

>
S

O v s
Vo & & &

Fig. 2. Glycosylation patterns on the cell surface of L1-ESCs and L1-ESCs after the knockdown of FUT9 and ST3Gal4 expression. L1-ESCs were assayed through flow cytometry
after knockdown of FUT9 and ST3Gal4 using a panel of carbohydrate surface markers, including lectins and antibodies against carbohydrates. (A) The quantitative results
showed that the expression of carbohydrates recognized with UEAI and the L5 antibody were significantly reduced in L1-ESCs transfected with FUT9 shRNA compared to
control cells (L1-ESCs). (B) The quantitative results showed that the expression of carbohydrates recognized with MAA was significantly reduced in L1-ESCs transfected with
ST3Gal4 shRNA compared with control cells (L1-ESCs). Data are presented as the mean values + SEM. ***p <0.001 (n = 3).

3.2. L1 modulates the expression of specific carbohydrates on the cell
surface of ESCs

In a previous study, we have shown that L1 modulates the
expression of specific carbohydrates on the cell surface of ESCs
[20]. In the present study, carbohydrate expression on the surface
of L1-ESCs and L1-ESCs transfected with FUT9 and ST3Gal4 shRNA
was analyzed through flow cytometry, and the patterns of cell sur-
face glycosylation were compared. This analysis showed that both
UEAI and L5 were significantly down-regulated by FUT9 shRNA,
and MAA was significantly down-regulated by ST3Gal4 shRNA in
L1-ESCs (Fig. 2). These results demonstrate that L1 modulates the
expression of UEAI L5 and MAA on the surface of ESCs via the reg-
ulation of the expression of FUT9 and ST3Gal4.

3.3. Down-regulating the expression of FUT9 and ST3Gal4 in ESCs
blocks L1-induced neuronal differentiation

To examine whether changes in fucosylation and sialylation
contribute to the L1-mediated neuronal differentiation of ESCs,

we examined the differentiation of L1-ESCs into neurons, astro-
cytes and oligodendrocytes using cell type-specific markers after
knocking down FUT9 and ST3Gal4 through RNA interference. Wes-
tern blots showed that the expression of either FUT9 or ST3Gal4 in
L1-ESCs was significantly reduced through RNA interference com-
pared with that in the control ESCs (Fig. 3A). Ten days after ESC
induction into the neural lineage, the cells were cultured for 5 days
in the presence of bFGF and subsequently cultured for another
5 days after the bFGF was removed. The percentage of B-tubulin-
positive neurons was 31.3+8.2% and 26.7 £7.0% lower after
knockdown with FUT9 shRNA or ST3Gal4 shRNA, respectively, as
compared with the control cells (Fig. 3B). The percentage of
GFAP-positive astrocytes increased by 17.3 +4.5% and 22.3 +5.9%
after knockdown with FUT9 shRNA or ST3Gal4 shRNA, respec-
tively, as compared with the control cells (Fig. 3B). The percentage
of MAG-positive oligodendrocytes was not influenced after trans-
fection with these shRNAs (Fig. 3B). To confirm shRNA target spec-
ificity, we performed a rescue experiment after transiently
transfecting the cells with a vector encoding an altered mRNA
resistant to shRNA silencing. The effects of RNAi on FUT9 or
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Fig. 3. Expression of FUT9 and ST3Gal4 is reduced after transfection with FUT9 and ST3Gal4 shRNA plasmids and knockdown of FUT9 and ST3Gal4 reduces L1-mediated
neuronal differentiation. (A) Undifferentiated L1-ESCs were transfected with empty plasmid (control), FUT9 or ST3Gal4 shRNA or their rescue vector. The cells were seeded at
0 h, transfected with shRNA at 24 h. The cells were collected and analyzed at 96 h. (B) Undifferentiated L1-ESCs and WT-ESCs were transfected with empty plasmid (control)
or FUT9 and ST3Gal4 shRNA and seeded on coverslips. The cells were assayed through immunocytochemical staining for B-tubulin-positive, GFAP-positive and MAG-positive
cells. Number of differentiated cells was quantified (B and C). Data are presented as the mean values + SEM. **p < 0.01 (n = 3); **p <0.001 (n=3).

ST3Gal4 expression were reversed in this rescue experiment,
showing that FUT9 or ST3Gal4 expression was restored (Fig. 3A)
in the knockdown cells. The percentage of B-tubulin-positive neu-
rons was 28.3 * 6.7-fold and 18.7 * 4.4-fold higher in cells transfec-
ted with rescue vector compared with the cells transfected with
FUT9 or ST3Gal4 shRNA, respectively (Fig. 3B). The percentage of
GFAP-positive astrocytes was reduced by 17.3+4.1% and
21.3 £5.1% after transfection with the rescue vector compared
with cells transfected with FUT9 or ST3Gal4 shRNA, respectively
(Fig. 3B). The percentage of MAG-positive oligodendrocytes was
not influenced after transfection with the rescue vectors (Fig. 3B).
The effects of knocking down FUT9 and ST3Gal4 in parental ES cells
(WT-ESC) were investigated to explain the mechanism underlying
L1-mediated neuronal differentiation of ESCs associated with
changes in fucosylation and sialylation. No significant changes
were detected in B-tubulin-positive neurons or GFAP-positive
astrocytes after transfection with FUT9 or ST3Gal4 shRNA, respec-
tively, compared with control cells (Fig. 3C). MAG-positive oligo-
dendrocytes were also not influenced after transfection with
these shRNAs (Fig. 3C). Together, these results demonstrate that
fucosylation and sialylation contribute to the L1-induced neuronal
differentiation of ESCs.

3.4. The up-regulated expression of FUT9 and ST3Gal4 in L1-ESCs
depends on the activation of phospholipase Cy signal pathways

To further elucidate the mechanism by which L1 up-regulates
fucosylation and sialylation in the neuronal differentiation of ESCs,
we blocked L1-activated intracellular signal transduction path-
ways using specific inhibitors, and determined the mRNA level of

FUT9 and ST3Gal4. Then the effects of FUT9 and ST3Gal4 on the
neuronal differentiation of ESCs were observed. The treatment of
L1-ESCs with the phospholipase Cy (PLCy) inhibitor U73122 re-
duced the mRNA expression of FUT9 and ST3Gal4 (Fig. 4A.a). In
contrast, treatment with the phosphoinositide-3 kinase (PI3 K)
(LY294002), a protein kinase A (KT5720) and extracellular signal-
regulated protein kinase (Erk) (FR180204) inhibitors did not affect
FUT9 and ST3Gal4 mRNA expression in L1-ESCs (Fig. 4A.a). Further,
the generation of B-tubulin IlI-positive neurons from L1-ESCs trea-
ted with the PLCy inhibitor U73122 was reduced by 14.0 + 4.4%
compared with control cells (Fig. 4A.b). The generation of GFAP-po-
sitive astrocytes from L1-ESCs treated with PLCy inhibitor U73122
was enhanced by 11.7+3.6% compared with control ESCs
(Fig. 4A.b). However, the generation of B-tubulin-positive neurons
and GFAP-positive astrocytes from L1-ESCs treated with phospho-
inositide-3 kinase (PI3 K) (LY294002), protein kinase A (KT5720)
and extracellular signal-regulated protein kinase (Erk)
(FR180204) inhibitors was not affected. Moreover, the percentage
of MAG-positive oligodendrocytes was not influenced after treat-
ment with these inhibitors (Fig. 4A.b). Furthermore, we used
shRNA directed against PLCy to repeat aforementioned experi-
ments. PLCy knockdown reduced FUT9 and ST3Gal4 expression
in mRNA and protein level (Fig. 4B). The generation of B-tubulin-
positive neurons from L1-ESCs treated with PLCy shRNA was re-
duced by 34.3 £ 6.9% compared with control cells (Fig. 4B.d). The
generation of GFAP-positive astrocytes from L1-ESCs treated with
the PLCy shRNA was enhanced 19.1 # 3.8-fold in L1-ESCs compared
with that in control ESCs (Fig. 4B.d). The percentage of MAG-posi-
tive oligodendrocytes was not influenced after treatment with
PLCy shRNA (Fig. 4B.d). Altogether, these data demonstrate that
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Fig. 4. L1 affects FUT9 and ST3Gal4 expression via phospholipase Cy intracellular signaling mediators, and the L1-mediated neuronal differentiation of ESCs depends on
phospholipase Cy. (A) During neuronal differentiation, L1-ESCs were treated with the inhibitors for PI3 K (LY294002, 16.5 uM), PLCy (U73122, 10.5 uM), PKA (KT5720,
280 nM) or Erk (FR180204, 50 uM) for 24 h, respectively. The levels of FUT9 and ST3Gal4 mRNA level were subsequently analyzed through RT-PCR (a). Undifferentiated L1-
ESCs were seeded on coverslips and assayed for differentiation after growth factor withdrawal in the presence of inhibitors (same as above). Twenty-four hours after the
addition of the inhibitors, immunocytochemical analysis was performed for p-tubulin-positive, GFAP-positive and MAG-positive cells. Number of differentiated cells was
quantified (b). (B) During neuronal differentiation, L1-ESCs were transfected with empty vector and PLCy shRNA, respectively. After 48 h, the cells were treated with RIPA
buffer, and total protein was obtained. Western blot analysis was used to detect the expression of PLCy (a). Both mRNA and protein expression of ST3Gal4 and FUT9 were
detected through RT-PCR and Western blot after L1-ESCs were transfected with PLCy shRNA (b, c). Undifferentiated L1-ESCs were transfected with empty plasmid (control) or
PLCy shRNA and seeded on coverslips. The cells were assayed through immunocytochemical analysis for B-tubulin-positive, GFAP-positive and MAG-positive cells. Number of
differentiated cells was quantified (d). Data are presented as the mean values + SEM. *p <0.05 (n = 3); **p <0.01 (n=3); **p <0.001 (n=3).

L1 regulates fucosylation and sialylation via a PLCy-dependent
pathway in the promotion of the neuronal differentiation of ESCs.

4. Discussion

Glycans have increasingly been recognized as important players
in cell-cell interactions. In the nervous system, diverse functions,
which depend on cell recognition, are mediated through distinct
carbohydrate structures. For instance, the neural cell adhesion
molecule (NCAM), which is expressed in all nervous system cell
types, carries functionally important glycan structures and pro-
motes neuron-neuron and neuron-glia adhesion via homophilic
and heterophilic interactions with other cell adhesion and extra-
cellular matrix molecules [8]. In a previous study, we demon-
strated that the expression of both fucose and sialic acid on the
cell surface is increased in L1-ES cells, in L1 enhanced neuronal
survival; and promoted the proliferation of ESCs. These findings
suggested that changes in the specific pattern of glycosylation
might be an important event for the regulation of the neuronal dif-
ferentiation of ESCs. Consistent with this notion, using a murine
ESC line constitutively expressing L1 at all stages of neural differ-

entiation, we have confirmed that L1 enhanced neuronal differen-
tiation and inhibited astrocytic differentiation. This effect can be
blocked through the shRNA knockdown of FUT9 and ST3Gal4,
which mediate fucosylation and sialylation on the surface of ESCs.
Therefore, we hypothesized that L1-mediated fucosylation and
sialylation are also involved in the L1-dependent regulation of
the neuronal differentiation of ESCs.

Several intracellular signal pathways, including PLCy-, PI3 K-,
Erk- and PKA dependent pathways, are activated by L1 [36,3]. To
clarify which of these pathways is responsible for L1-mediated
ESC differentiation through the regulation of cell surface glycosyl-
ation, we applied several inhibitors of different intracellular signal-
ing mediators to block the signal transduction pathways. We
observed that U73122, a PLCy inhibitor, reduced the expression
of FUT9 and ST3Gal4 and inhibited the L1-enhanced neuronal dif-
ferentiation of ESCs, indicating that PLCy activation is the upstream
event to regulate the expression of FUT9 and ST3Gal4. Indeed, we
have found that L1 mediates the expression of FUT9 and ST3Gal4
and subsequently increases cell fucosylation and sialylation
through a common PLCy-dependent pathway.

However, the molecular mechanisms by which fucosylation and
sialylation affect the neuronal differentiation of ESCs remain
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elusive. Cell recognition molecules on the cell surface are not only
donors, but also acceptors, of carbohydrates. These carbohydrates
mediate interactions between recognition molecules in cis or trans,
thereby modulating the functions as cell surface receptors and sig-
nal transducers [14]. L1 functions via homophilic or heterophilic
interactions between L1 and other molecules such as CD24, inte-
grins and CRMs. These carbohydrate-carrying molecules interact
with recognition molecules through their glycan structures. Sev-
eral molecular mechanisms might be involved in the L1-mediated
neuronal differentiation of ESCs through the regulation of fucosyla-
tion and sialylation. We have shown that L1 regulates sialylation
and fucosylation at the cell surface through L1-L1 trans-interac-
tions [20]. L1 at the cell surface is not only a donor, but also an
acceptor of certain carbohydrates, thereby forming complexes be-
tween apposing partner cell surfaces through trans-interactions
[24]. Second, L1 has a binding motif for o2,3-sialyl residues in a
single homologous sequence [13,22]. Galactoside 2, 3 sialyltrans-
ferase (ST3Gal4) is involved in the synthesis of a2,3-sialyl glycans.
It has been reported that expression of Lewis X is controlled
through the expression of Fuc-TIX (the FUT9 gene product) [28].
CD24, an important neural cell adhesion molecule, interacts with
L1 via its o2,3-sialyl and Lewis X glycans. Both o2,3-linked sialic
acid and Lewis X on CD24 glycans are required for the regulation
of CD24-induced neurite outgrowth [22]. Third, sialic acid is the
most abundant terminal monosaccharide on the eukaryotic cell
surface, and this molecule participates in a variety of cellular
functions.

In summary, these results suggest that L1 upregulates the
expression of FUT9 and ST3Gal4 via the activation of the PLCy sig-
nal pathway to increase fucosylation and sialylation. This cellular
event might further enhance the homophilic or heterophilic inter-
actions between L1 and other CRMs in cis or trans to promote the
ESC differentiation into neurons.
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