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Sialidase Neu4 is reported to be dominantly expressed in
the mouse brain, but its functional significance is not fully
understood. We previously demonstrated that sialidase
Neu3, also rich in mouse brain, is up-regulated during neu-
ronal differentiation with involvement in acceleration of neu-
rite formation. To elucidate physiological functions of Neu4,
as well as Neu3, we determined expression during mouse
brain development by quantitative RT-PCR. Expression was
relatively low in the embryonic stage and then rapidly
increased at 3–14 days after birth, whereas Neu3 demon-
strated high levels in the embryonic stage and down-regula-
tion after birth. Murine Neu4 was found to possess two iso-
forms differing in expression levels, developmental pattern,
and enzymatic character. Distinct from the human isoforms,
the murine forms, to a different extent, both catalyzed the
removal of sialic acid from gangliosides as well as glycopro-
teins, and one isoform seemed to act on polysialylated NCAM
efficiently, despite the low activity toward ordinary sub-
strates. In situ hybridization demonstrated Neu4mRNA to be
present mainly in the hippocampus in which NCAM is rich
and decreases after birth. During retinoic acid-induced dif-
ferentiation, Neu4 expression was down-regulated in
Neuro2a cells. Overexpression of Neu4 resulted in suppres-
sion of neurite formation, and its knockdown showed the
acceleration. Thin layer chromatography of the glycolipids
from Neu4-transfected cells showed ganglioside compositions
to be only slightly affected, although lectin blot analysis revealed
increased binding to Ricinus communis agglutinin (RCA) lectin
of a �95-kDa glycoprotein, which decreased with cell differen-
tiation. These results suggest that mouse Neu4 plays an impor-
tant regulatory role in neurite formation, possibly through
desialylation of glycoproteins.

Sialidases catalyze the removal of sialic acid fromnon-reduc-
ing ends of glycoproteins and glycolipids. In mammals, four

types of sialidases have so far been cloned, classified according
to their subcellular localization and enzymatic properties
(abbreviated to Neu1, Neu2, Neu3, and Neu4) (1–3). Studies
have provided strong evidence that these sialidases play crucial
roles in various physiological functions such as cell differentia-
tion, cell growth, and malignant transformation. Among these
sialidases, Neu4 is unique in its tissue expression pattern and
enzymatic properties. In the mouse, it is dominantly expressed
in brain, but its sialidase activity is very weak compared with
other mouse sialidases (4). In contrast, human NEU4 is
expressed not only in brain, but also in liver, kidney, and colon
(5–7). We have demonstrated that NEU4 has two isoforms,
differing in the N-terminal 12-amino acid residues that act as a
mitochondrial-targeting sequence (7). Except for the subcellu-
lar localization, enzymatic properties are very similar. The
short form of NEU4 (NEU4S) suppresses malignancy in colon
cancer cells, mainly through desialylation of some glycopro-
teins, whereas the long formofNEU4 (NEU4L)may be involved
in apoptosis with hydrolysis of ganglioside GD3 in mitochon-
dria (8). Recently, Neu4 knockout mice (Neu4�/�) were gener-
ated for pathological analysis (9). Neu4�/� grew normally with
a normal lifespan and proved fertile, but vacuolization of the
lung and spleen was observed with a lysosomal storage pheno-
type, and the GM1/GD1a ratio was decreased in the brain. The
observations onNeu4�/� are very interesting, but there is some
ambiguity in the available previous reports, because, as men-
tioned above,mouseNeu4 has been reported to haveweak siali-
dase activity in vitro, and its expression is restricted in brain. To
clarify this ambiguity and further understand the physiological
functions of Neu4, we examined expression in the mouse brain
and observed a possible involvement in neural differentiation in
connection with another sialidase, Neu3, which greatly
increases during differentiation of neuroblastoma cells (10, 11)
and causes acceleration of neurite formation (10–13).
In the GenBankTM data base, nucleotide sequences of mouse

Neu4 have been submitted as AY258421 and AK034236. The
former contains a complete coding sequence of 1506 bp, with
two ATGs at positions 1 and 70, and AK034236 encodes only
the second ATG (4). The gene from AY258421 has been
reported to encode Neu4, showing weak sialidase activity, but
there is no information on whether the gene based on
AK034236 encodes Neu4 with sialidase activity toward natural
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substrates. We have now extended our studies to the existence
of different mouse Neu4 isoforms, focusing on their signifi-
cance in neuronal cells by measuring expression levels during
cell differentiation.We present, here, evidence that twomurine
Neu4 isoforms contribute to neurite formation.

EXPERIMENTAL PROCEDURES

Animals and Tissue Preparation—Adult and pregnant
C57BL/6J mice were purchased from Japan CREA (Tokyo,
Japan). For in situ hybridization, adult brains were immediately
fixed in 4% paraformaldehyde at 4 °C for 4 h and then soaked in
30% sucrose/RNase-free PBS2 at 4 °C for 16 h. Brain tissues
were also obtained from embryos at gestational days 18 and
postnatal days at 0, 3, 7, 14, and 49 days. They were pooled from
3–4 embryonic and postnatal mice and kept frozen at �80 °C
until use.
Antibodies—Antibodies for NCAM and polysialylated

NCAM (PSA-NCAM) were obtained from Chemicon Interna-
tional. The antibody for �-tubulin was from Sigma.
Cell Culture—Mouse neuroblastoma Neuro2a cells (Ameri-

can Type Culture Collection: ATCC) and human embryonic
kidney HEK293T cells (a gift from M. Sugai, Kyoto University
School of Medicine, Kyoto, Japan) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% heat-inacti-
vated fetal bovine serum (FBS). Rat pheochromocytoma PC12
cells (ATCC) were maintained in DMEM with 5% inactivated
FBS and 10% inactivated horse serum. PC12 cells were cultured
in collagen-coated dishes.
Identification of Neu4 Isoforms—A set of primers (5�-CGG-

AGCCTGATATTGCTTTAC-3�) and (5�-GTTCTTGCCAG-
TGGCGATTTGC-3�) was prepared based on the nucleotide
sequence (AY258421), and RT-PCR amplifications were per-
formed with mouse brain cDNA under the following condi-
tions; 10 s at 96 °C, 5 s at 58 °C and 4 min at 60 °C for 30 cycles,
preceded by 3 min at 96 °C. The PCR product contained two
isoforms: one having the first and the second ATGs (Neu4a,
longer form) and the other with the second ATG only
(Neu4b, shorter form). After subcloning these products into
the pBluescript vector, DNA sequences were analyzed with
the 3130 Genetic analyzer (Applied Biosystems).
Plasmid DNA and Transfection—To obtain mouse Neu4

cDNA, total RNA was isolated from adult mouse brain with an
RNeasy kit (Qiagen), as recommended by the manufacturer.
First-strand cDNAswere synthesized with oligo-dT primers by
reverse transcription and used as templates for PCR, followed
by PCR for Neu4a with primers of (5�-GTGAATTCACCATG-
GAGACTGGAGCT-3�) and (5�-GTGAATTCTCAAGAGG-
GCCAGCAATGCCC-3�), and for Neu4b with primers of
(5�-GTGAATTCACCATGGGGCCCACGTGTT-3�) and (5�-
GTGAATTCTCAAGAGGGCCAGCAATGCCC-3�). Expres-
sion plasmids forNeu4were constructed by inserting the entire

open reading frame of themouse gene into pcDNA3.1 (Invitro-
gen) (pcDNA-Neu4) or into pCAGGSvector (pCA-Neu4), gen-
erously provided by Dr. Jun-ichi Miyazaki, Osaka University
School of Medicine. The expression plasmid, pCA-Neu4, was
transiently transfected into HEK293T or Neuro2a, and
pcDNA-Neu4 was stably transfected into PC12 cells using
Effectene (Qiagen) as recommended by the manufacturer. Sta-
ble transfectants were selected with G418 (500 �g/ml for PC12
cells). The expression plasmid for ST8 siaIV, �-2,8-sialyltrans-
ferase, was constructed by inserting the entire open reading
frame of the human gene into the pcDNA3.1 vector.
For targeting mouse Neu3, Neu3 siRNAs, number 1 (CCA-

ACUAGCAAGAGGAAGAGGAUUA) and number 2 (CCUG-
AUGAUCUACAGUGAUGACUUU) beginning at nucleotides
997 and 594, respectively, of theNeu3 open reading frame,were
obtained from iGENE (Tsukuba, Japan) and transfected into
Neuro2a cells using Lipofectamine 2000 (Invitrogen). To target
mouse Neu4 for both Neu4a andNeu4b, Neu4 siRNAs number
1 (L-055343-01) and number 2 (GCUCCUACGGAAGGU-
UAU) obtained from Dharmacon RNA Technologies, Inc.
(Lafayette, CO) were used.
Sialidase Activity—The sialidase activity was measured with

various substrates, and released sialic acid was determined by a
modification of the thiobarbituric acid method as described
previously (14). Cells were sonicated in PBS containing 1 mM

EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 10 �g/ml leu-
peptin, and 0.5�g/ml pepstatin, and centrifuged at 1000� g for
10min. The supernatant was then used for themeasurement of
sialidase activity as cell homogenates. A unit of activity was
defined as the amount of enzyme that cleaved 1 nmol of sialic
acid/h from substrates. Protein concentration was determined
by the dye binding assay (Bio-Rad). To assess polysialic acid
degradation, 200 nmol of colominic acid was used as substrate
in the sialidase assay. For degradation of polysialylation on
PSA-NCAM, the reduced level was evaluated byWestern blot-
ting with specific antibodies. As a positive control, cell homo-
genates were incubated with 0.1 �g of Endo-N (Abcys, Paris) at
37 °C for 30 min.
In Situ Hybridization—The selected mouse Neu4 cDNA

fragment (nucleotides 231–638 from the start codon) was
cloned into the Bluescript vector in the correct orientation. To
generate sense and antisense probes, the plasmids were then
linearized by HindIII and XbaI and transcribed by T3 and T7
RNA polymerase, respectively, in the presence of digoxigenin-
labeled UTP (Roche Applied Science). Probes were fragmented
to �150 bp in length by alkaline treatment before use and were
designed to recognize both Neu4a and Neu4b. Hybridization
was performed as described previously (10). Positive signals
were detected by immunoassay with anti-digoxigenin-alka-
line phosphatase conjugates and NBT/X-phosphate as the
substrate.
Quantitative Reverse Transcription-PCR Analysis—Expres-

sion levels of Neu1, Neu2, Neu3, and Neu4 in mouse tissues
were evaluated by quantitative RT-PCR (real-time PCR, Light-
cyclerR, Roche Diagnostics) as described previously (15). Total
RNAwas isolated, and first-strand cDNAs were synthesized by
reverse transcription and used as templates.MouseNeu1 prim-
ers were sense (5�-TTCATCGCCATGAGGAGGTCCA-3�,

2 The abbreviations used are: PBS, phosphate-buffered saline; DMEM, Dul-
becco’s modified Eagle’s medium; FBS, fetal bovine serum; MAM, maackia
amurens mutagen; NCAM, neuronal cell adhesion molecule; NGF, nerve
growth factor; PNA, peanut agglutinin; RCA, Ricinus communis agglutinin;
RT-PCR, reverse transcription polymerase chain reaction; SSA, Sambucus
sieboldiana agglutinin; 4MU-NANA, 4-methylumbelliferyl sialic acid; siRNA,
short interfering RNA; HA, hemagglutinin; ER, endoplasmic reticulum.
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nucleotide 304–325 from start codon) and antisense (5�-AAA-
GGGAATGCCGCTCACTCCA-3�, nucleotides 499–520).
Mouse Neu2 primers were sense (5�-AGGAAGCTACAACG-
AAGCCACA-3�, nucleotides 168–189) and antisense (5�-TTC-
TGAGCAGGGTGCAGTTTCC-3�, nucleotides 545–566).
Mouse Neu3 primers were sense (5�-CTCAGTCAGAGATG-
AGGATGCT-3�, nucleotides 138–159) and antisense (5�-GTG-
AGACATAGTAGGCATAGGC-3�, nucleotides 532–553).
Total mouse Neu4 primers were sense (5�-AGGAGAACGGT-
GCTCTTCCAGA-3�, nucleotides 91–112) and antisense (5�-
GTTCTTGCCAGTGGCGATTTGC-3�, nucleotides 408–
429). Mouse Neu4a primers were sense (5�-GCTGGAGCTC-
CCTTCTGCTTCCA)-3�, nucleotides 10–32) and antisense
(5�-GTTCTTGCCAGTGGCGATTTGC-3�, nucleotides 408–
429). To obtain Neu4b expression, we used Neu4 cDNA as a
standard and calculated values by subtracting Neu4a expres-
sion from total Neu4 expression. Rat Neu3 primers were sense
(5�-TGTCTACCTGGTGTTCAGACGA-3�, nucleotides 159–
180) and antisense (5�-GGAAAGCAGAGAAACCAGCATG-
3�, nucleotides 551–572). Rat Neu4 primers were sense (5�-
TCGGGTACCATCTTCCTCTTCT-3�, nucleotide 364–385)
and antisense (5�-TAGAGAAAGTCTCCATCCACCG-3�,
nucleotide 761–782). To compare the expression levels among
sialidases, standard curves for respective sialidase cDNAs were
generated by serial dilution of the pBluescript vector containing
the gene encoding the entire open reading frame as described
(7, 16). To normalize for sample variation, expression of glyc-
eraldehyde-3-phosphate dehydrogenase was determined as an
internal control.
Neurite Formation—Neuro2a cells were seeded in 6-well

plates at a density of 2� 104/cm2. After overnight incubation in
the DMEMwith 2% FBS, they were exposed for various periods
to 20�Mall-trans-retinoic acid (Sigma). PC12 cells were seeded
in 6-well plates at a density of 1 � 104/cm2 and exposed for
various periods to 50 ng/ml NGF (nerve growth factor) in
DMEM medium without serum. The morphology of the cells
was examined, and photographs were taken at �100 magnifi-
cation. To quantify neuritogenesis, cells bearing neurites at
least 2.0-fold the length of the soma diameter were considered
as differentiated and counted in five randomly chosen fields in
each well. All the cells collected were assayed for Neu3 and
Neu4 mRNA levels by quantitative RT-PCR. Acetylcholine
esterase activity was measured as described (10), and a unit of
activity is defined as 1 nmol of product formed per minute.
Determination of Cellular Sialic Acids—Cells harvested at

subconfluence were washed with PBS and lyophilized. The gly-
colipids were extracted with chloroform/methanol (C/M, 1:1,
v/v), C/M (2:1, v/v), andC/M (1:2, v/v), followed by evaporation
to dryness. Glycolipid extracts (lipid-bound sialic acids) and the
residues after extraction (protein-bound sialic acids) were
treated with 0.1 N H2SO4 at 80 °C for 1 h and assayed for sialic
acid by fluorometric high-performance liquid chromatography
with malononitrile (17).
Lectin Blotting—Lectin blot analyses of SSA (Sambucus

sieboldiana agglutinin), MAM (Maackia amurens mutagen),
PNA (peanut agglutinin), and RCA (Ricinus communis aggluti-
nin, Honen, Tokyo, Japan) were conducted as described previ-
ously (18). Briefly, cell homogenates were resolved on an 8%

SDS-PAGE gel and transferred to polyvinylidene difluoride
membranes. Blots were blockedwith 1% bovine serum albumin
and then incubated with biotinylated lectins. After washing,
lectin-binding molecules were visualized with horseradish per-
oxidase-streptavidin (Vector, Burlingame, CA).
Thin Layer Chromatography—Glycolipids were extracted

fromcells as described elsewhere (19), fractionated by thin layer
chromatography on HPTLC plates (Baker, Phillipsburg, NJ) in
chloroform, methanol, 0.5% CaCl2 (60:40:9, v/v/v), and visual-
ized with orcinol-H2SO4.
Statistical Analysis—Results were expressed as mean � S.D.

All values were compared using the Student’s t test or the
Welch’s t test.

RESULTS

Identification and Characterization of Two Forms of Mouse
Neu4—Mouse Neu4 was first identified using the brain cDNA
by Comelli et al. (4) (AY258421), and transfection of the cDNA
exhibited only a weak sialidase activity. On the other hand,
other sequences including AK034236 submitted in Gen-
BankTM show the shortage of N-terminal 23 amino acids,
although its information about enzymatic properties is unavail-
able. We then investigated whether the two forms are actually
expressed. After PCR amplification of the sequence containing
the first and the secondATG, two PCR products of 497 and 413
bp were obtained using two different mouse brain cDNAs (Fig.
1a). Sequence analysis revealed that the former contained the
two ATGs (Neu4a, long form) and the latter only the second
ATG (Neu4b, short form), indicating that mouse Neu4 pos-
sesses two splicing variants (Fig. 1, b and c). We also confirmed
exon/intron boundaries at the 5�-site of the first ATG of the
long form, consistent with the boundary prediction (Splice-
view). The length of intron between the first exon and the sec-
ond exon was 7740 nucleotides.
Neu4a was found to contain an additional 23 amino acid

residues at the N terminus, compared with Neu4b. PSORT II
sever analysis predicted no targeting signals with the additional
23 amino acids, in contrast to theN terminus of humanNEU4L
that acts as a mitochondrial-targeting signal (7). To examine
whether these Neu4 isoforms, Neu4a and Neu4b, encode siali-
dases, the genes were transfected into HEK293T cells. Immu-
noblotting revealed expression of a C-terminal HA-tagged
55.0-kDa protein for Neu4a and a 53.3-kDa protein for Neu4b,
as expected by calculation of molecular masses (Fig. 2a). Co-
transfection of a luciferase vector showed similar expression
levels of the two isoforms, irrespective of the presence or
absence of the HA tag (data not shown). However, taggedNeu4
expression plasmids yielded lower sialidase activity in the trans-
fected cells than those without the HA tag (a decrease in the
activity by �30–50%). The Neu4 plasmids without HA tag,
therefore, were employed for all experiments except immuno-
detection of the isoform proteins. Neu4b showed a remarkable
increase of sialidase activity to GD3, whereas Neu4a showed
only a slight increase relative to mock transfectants (Fig. 2b),
consistent with the previous report (4). In the substrate speci-
ficity studies using cell homogenates (Fig. 2c), Neu4bwas found
to act on glycolipids and glycoproteins as well as 4MU-sialic
acid (4-methylumbelliferyl sialic acid), which is similar to
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human NEU4 but in contrast to
Neu1 andNeu3. Like humanNEU4,
Neu4b removed sialic acids from
bovine submaxillary mucin. Neu4a
also reacted with these substrates
although the hydrolytic rate was
low. We then studied sialo-glyco-
conjugates having �-2,8-sialyl link-
ages as the substrates, including
colominic acids (�-2,8-sialic acid
polymer) and PSA-NCAM. With
colominic acids, both Neu4 iso-
forms showed a low but significant
activity (1.5 and 2.9 units/mg pro-
tein for Neu4a and Neu4b, respec-
tively). In comparison with the
activities toward GD3, the value
with colominic acids divided by that
with GD3 was 6.7-fold higher for
Neu4a than that for Neu4b, indicat-
ing much more efficient hydrolysis
of colominic acids by Neu4a. To
produce PSA-NCAM, known to be
involved in cell differentiation and
cell attachment, ST8 siaIV,�-2,8-si-
alyltransferase, was introduced into
Neuro2a cells. ST8 siaIV synthe-
sized PSA on NCAM, and the treat-

FIGURE 1. Identification of murine Neu4 isoforms. a, amplification of the fragment of murine Neu4 isoforms by RT-PCR. cDNAs obtained from different
mouse brain tissues (1 and 2) were used, and PCR products were subjected to agarose electrophoresis. An upper band (Neu4a) and lower band (Neu4b) were
obtained. b, nucleotide sequence of Neu4 isoforms containing the first and second ATGs. Nucleotide sequences of PCR products in a were analyzed. The upper
sequence (Neu4a) possessed an additional exon with 84 bases compared with the lower sequence (Neu4b). The arrow indicates the boundary of the exon/intron.
The square shows the first methionine in each sequence. c, splicing structure of murine Neu4. White bar, non-coding region; black bar, coding region.

FIGURE 2. Expression of the murine Neu4 sialidase. a, immunoblotting of the two isoforms of the HA-tagged
Neu4 protein. Expression plasmids encoding HA-tagged Neu4a and Neu4b were transfected into HEK293T cells,
and homogenates were subjected to SDS-PAGE and immunoblotted with anti-HA antibody. Transfection efficiency
was adjusted using the luciferase vector as a control. Bands for 55 kDa and 53.5 kDa were obtained for Neu4a and
Neu4b, respectively. b, sialidase activity in the transfected cells using GD3 as the substrate. c, substrate specificity of
Neu4b expressed in HEK293T cells. Sialidase activity toward various sialic acid-containing glycoconjugates was
examined using cell homogenates. d, PSA-NCAM change in Neu4-transfected cells. Neuro2a cells were co-trans-
fected with ST8siaIV and Neu4 genes. PSA-NCAM, NCAM, and tubulin were assessed by immunoblotting.
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ment with Endo-N, as a positive control, decreased PSA. Inter-
estingly, consistent with the results with colominic acids,
co-transfection of the Neu4 gene with ST8 siaIV revealed
Neu4a to effectively remove sialic acids from PSA-NCAM (Fig.
2d), even though possessing only slight activity toward GD3
andGM3, as described above. As the protein amount forNeu4a
expressed by the transfection was almost equivalent to that for
Neu4b, efficient hydrolysis of PSA by Neu4a indicates that
PSA-NCAM is possibly one of natural substrates for Neu4a.
With regard to subcellular localization, we found the Neu4

isoforms on intracellular membranes in Neuro2a cells trans-
fected with C-terminal HA-tagged Neu4a and Neu4b by indi-
rect immunofluorescence microscopy. Co-localization studies
with organelle markers including anti-LAMP1 for lysosomes,
Mitotracker for mitochondria, anti-calnexin for ER, anti-EEA
for early endosomes, and anti-58K Golgi protein for Golgi did
not show clear results (data not shown), although Neu4a and
Neu4b seemed to partly co-localize with calnexin. It is uncer-
tain whether this partial co-localization in ER is physiological,
because Neu4 does not have an N-terminal signal sequence,
and, furthermore, it may be as a result of the improper folding
caused by overexpression. There is no typical GPI-anchor con-
sensus sequence in mouse Neu4, but a potential C-terminal
cleavage site does exist (4), suggesting that like human NEU4S,
mouse Neu4 is an intracellular membrane protein.
Neu4 Expression during Mouse Brain Development—The

expression level of Neu4was then determined in various tissues
of the mouse by RT-PCR. Levels were high in adult brain as
previously reported with Northern blot analysis (4). However,
Neu4 expression was also evident in other tissues, especially in
kidney and lung (Fig. 3a). The expression ratio of Neu4b rela-
tive to total Neu4was about 0.9 in tissues (Fig. 3b), although the
ratiowas less than 0.75 in the embryonic stage of brain (Fig. 3d).
Evaluation during brain development using standard plasmids,
in comparisonwith three other sialidases, indicated the expres-
sion level of Neu4 to be almost the same as those of Neu2 and
Neu3 but lower than that of Neu1 (Fig. 3, c and e). The total
Neu4 expression level was found to be relatively low in the late
embryonic stage and postnatal 3 days, and then showed a rapid
increase at postnatal 7 days (Fig. 3c), reaching a maximum at
day 14 and then a decrease. These results are not contradictory
with other reports in which Neu4 was drastically increased at
postnatal 10 days (20). The ratio of Neu4a to total Neu4 showed
a gradual increase during development (Fig. 3d).With regard to
other sialidases, the expression patterns in mouse brain were
similar to our previous report on rat (16) and another onmouse
brain (21). Neu1 showed a slight increase after birth and then
decreased and remained steady (Fig. 3e). Neu2 expression was
moderately increased after birth, whereas Neu3 expression
showed a sharp decrease at postnatal day 7, in contrast toNeu4.
These results suggest that Neu4 may play a role in brain devel-
opment in contrast to Neu3. Next, we observed spatial localiza-
tion of Neu4mRNA inmouse brain by in situ hybridization. As
our attempts to prepare two distinct RNA probes for Neu4
isoforms were unsuccessful because the length of the nucleo-
tide difference was too small (69 nucleotides), total Neu4
expression was estimated. Positive signals were mainly in the
hippocampus (Fig. 3f) and weak. Significant signals in Purkinje

cells were found in the cerebellum, but not the cerebral cortex
(data not shown).
Down-regulation of Neu4 during Neuro2a Cell Differ-

entiation—Sialidases have been implicated in neuronal cell dif-
ferentiation (10–13, 22, 23). To clarify the significance of the

FIGURE 3. Neu4 expression in murine tissues. a, expression levels of Neu4
gene in murine tissues, as estimated by quantitative RT-PCR. The expression
of �-actin was also examined as an internal reference. b, relative expression of
the short form (Neu4b) compared with the total Neu4 level is shown.
c, expression profile of the Neu4 gene in developing mouse brain determined
by quantitative RT-PCR. E18, embryonic day 18; P0, P3, P7, P14, and P49, post-
natal days 0, 3, 7, 14, and 49. Total Neu4 mRNA levels were expressed relative
to the P49 mouse value. d, ratios of Neu4b to total Neu4 during the brain
development. e, relative Neu1, Neu2, and Neu3 levels in the developing brain
mouse. The data given are mean values from three experiments � S.D. In c
and e, quantities of the transcripts encoding Neu4 and other murine siali-
dases were determined by standard curves obtained from plasmids contain-
ing respective sialidase cDNAs as described under “Experimental Proce-
dures.” The values are based on the assumption that the efficiency in PCR is
apparently comparable among these sialidase genes. f, frozen parasaggital
sections of a C57BL/6J mouse brain were hybridized with digoxigenin-la-
beled Neu4 antisense and sense RNAs. Note positive signals in the
hippocampus.
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developmental change of Neu4
expression in mouse brain, mouse
neuroblastoma Neuro2a cells were
employed, because regulation of
axonal growth by Neu3 was previ-
ously reported (10–13, 23). During
retinoic acid-induced cell differen-
tiation, the proportion of cells bear-
ing neurites rose to 50% over 72 h,
and theNeu3mRNA level increased
2.8-fold, while the total Neu4 level
decreased to 10% of the value for
non-differentiated cells (Fig. 4, a
and b). As Neuro2a cells were found
to dominantly express Neu4b but
lessNeu4a (only less than 1%of total
Neu4) in either untreated or differ-
entiated cells, Neu4b may be essen-
tially involved in the differentiation.
5-Bromodeoxyuridine also caused
the decrease of the Neu4 expression
level during differentiation (data
not shown).
Suppression of Neurite Forma-

tion by Neu4—To further eluci-
date the function of Neu4 in neu-
rite formation, Neuro2a cells were
transiently transfected with the
expression plasmids (PCA-Neu4a,
Neu4b, or Neu3) or with the
siRNAs. The Neu3 gene was used
as the positive control that en-
hances neurite formation. After
24 h of transfection, differentia-
tion was induced by 20 �M all-
trans-retinoic acid treatment, and
cells bearing neurites were as-
sessed thereafter (Fig. 4, c– e). As
shown in the photographs (Fig.
4c), cells treated with retinoic acid
for 48 h bore neurites in mock- and
Neu3 transfectants but not in
Neu4b transfectants. After retinoic
acid stimulation, neurite formation
was significantly increased with
Neu3 transfectants (200 units/mg
protein towardGD3), but decreased
with Neu3 siRNA-transfected cells
(75.1 and 73.0% suppression in the
mRNA level with nos. 1 and 2 Neu3
siRNAs, respectively) (Fig. 4d).
When Neu4b-transfected cells showing an increase in sialidase
activity (104.9 units/mg protein towardGD3)were treatedwith
retinoic acid, neurites were statistically low, compared with
mock transfectants (3.9 units/mg protein) of which 70% bore
neurites by 3 days (Fig. 4e, left panel). On the other hand,
Neu4b-silencing cells (83.9 and 70.8% suppression in Neu4
mRNA level with nos. 1 and 2 Neu4 siRNAs, respectively)

showed enhancement of neurite formation (Fig. 4e, right
panel), indicating that suppression of Neu4b possibly leads to
increasing neurites. Neu4a transfection resulting in a slight
increase of sialidase activity (9.0 units/mg toward GD3) did not
cause significant suppression of neurite formation compared
withmock transfectants, although it was confirmed byWestern
blotting that transfection efficiency for Neu4a was almost the
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same as that for Neu4b in Neuro2a cells (data not shown).
Under these conditions, acetylcholine esterase activity was
decreased by Neu4b overexpression and increased by the
knockdown compared with the control, concomitantly with
these changes in neurites (Fig. 4f). Endogenous Neu3 and Neu4
mRNA levels were not altered by transfection of the Neu4 and
Neu3, respectively. Suppression of neurite formation by Neu4
transfection was confirmed in rat pheochromocytoma PC12
cells with undetectable Neu4 expression. The cells underwent
differentiation uponNGF treatment, and the endogenousNeu3
level increased 4.2-fold compared with non-differentiated cells
after 96 h, while the proportion of cells bearing neurites rose to
60% (data not shown). Some 85 and 75% of the mock transfec-
tants, mock nos. 1 and 2, with activity 1.4 and 0.8 units/mg
protein, respectively, showed neurite formation at 96 h after
NGF stimulation, whereas Neu4b stable transfectants, Neu4
nos. 1 and 2, having 25.6 and 20.0 units/mg protein, respec-
tively, showed suppression of NGF-stimulated neurite forma-
tion to levels of 13 and 15%, respectively (Fig. 4g). The suppres-
sion was not caused by cell damage on Neu4b transfection,
because therewas nodifference betweenMock andNeu4 trans-
fectants in cell growth assessed by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays (data not
shown). These results clearly indicate thatmouseNeu4b acts as
a suppressor in neurite formation, in direct contrast to the stim-
ulation observed with Neu3.
Changes in Glycosylation by Neu4 Transfection—To obtain

the molecular basis for actions of Neu4 on neurite formation
described above, we assessed changes in cellular sialic acid con-
tents and qualitative changes in cellular glycolipids and glyco-
proteins by thin layer chromatography and lectin blotting,
respectively. Lipid-bound sialic acids in 106 cells were deter-
mined to be 0.82 and 0.74 nmol, whereas protein-bound sialic
acids were 1.08 and 0.85 nmol in mock and Neu4b transfec-
tants. No significant changes were observed with Neu4a trans-
fectants. When the glycolipids from Neuro2a cells were sub-
jected to thin layer chromatography, there was little change
between mock- and Neu4-transfected cells (Fig. 5a). Among
SSA, MAM, RCA, and PNA lectins, RCA demonstrated clearly
increased binding to a 95-kDa glycoprotein onNeu4b transfec-
tion, indicating Neu4b cleaves sialic acids from Gal-�1-4-Glc-
NAc (Fig. 5b). Furthermore, the RCA lectin binding of the
95-kDa molecule was decreased by retinoic acid-induced dif-
ferentiation after 3 days (Fig. 5c). There was no difference in the
protein levels in this area between Neu4 transfectants and the
mock cells, when the two-dimensional electrophoresis gel was

silver-stained. These results suggest that desialylation of a
95-kDa glycoprotein may contribute to suppression of Neu4b-
mediated cell differentiation, although identification of the
core protein is necessary for further understanding.

DISCUSSION

In the present study, we demonstrated that murine Neu4
possesses two isoforms differing in enzymatic properties and
expression pattern. In particular, a dominantly expressing iso-
form, Neu4b, seems to play an essential role in negative regula-
tion of neurite formation. Comelli et al. (4) reported that
murine Neu4 is dominantly expressed in brain, and a cDNA
cloned from the brain encoded a protein with low sialidase
activity. We found that Neu4 is expressed not only in brain but
also in other mouse tissues including lung and spleen, sites
shown by Seyrantepe et al. (9) to exhibit vacuolization in Neu4
knockout mice. We also showed that murine Neu4 possesses
two splicing variants. The shorter form (Neu4b) expresses suf-

FIGURE 4. The regulatory role of Neu4 in neurite formation during retinoic acid-induced differentiation. a, neurite formation during retinoic acid
stimulation of Neuro2a cells. Cells were cultured in medium containing 20 �M retinoic acid, and cells bearing neurites at least 2.0-fold the length of the soma
diameter were counted at the times indicated. b, quantitative assessment of endogenous Neu3 and Neu4 mRNA in Neuro2a cells. After retinoic acid stimula-
tion, cells were harvested for RNA preparation and estimation of mRNA expression by quantitative RT-PCR. White bars, Neu3 mRNA; black bars, Neu4 mRNA.
c, photographs of Neuro2a cells treated with retinoic acid for 48 h at �100 magnification. Upper left, vector transfectant; upper right, Neu4 transfectant; lower
left, Neu3 transfectant. d, positive regulatory role of Neu3 in neurite formation. Neuro2a cells transiently transfected with Neu3 (left panel) or with the siRNAs
(right panel), and the cells bearing neuritis were counted during retinoic acid treatment. White bar, control cells; black bar, Neu3 or the siRNA transfectants.
e, negative regulatory role of Neu4 in neurite formation. Neuro2a cells were transiently transfected with Neu4b (left panel) or with Neu4 siRNAs (right panel) and
observed for neurite formation. White bar, control cells; black bar, Neu4b or Neu4 siRNA transfectants. f, acetylcholine esterase activity at 72 h in Neuro2a cells
after retinoic acid stimulation. White bar, control cells; gray bar, Neu4b, or Neu4 siRNA transfectants. In d–f, *, p � 0.05, and **, p � 0.01 compared with the
vector. The data given are mean values from three experiments � S.D. p values were evaluated by the Student’s t test. g, suppression of neurite formation in
Neu4 stable transfectants of PC12 cells. Two independent positive clones (Neu4b#1, Neu4b#2) and empty vector-transfected (Mock#1, Mock#2) clones of PC12
cells were cultured in medium containing NGF, and cells bearing neurites were counted as described above. White bar, Mock#1 cells; Light gray bar, Mock#2
cells; Black and gray bars, Neu4b#1 and Neu4b#2 cells, respectively. **, p � 0.01 compared with the Mock.

FIGURE 5. Analysis of glycoproteins and glycolipids of Neu4-transfected
cells. a, glycolipids were extracted from Neu4-transfected Neuro2a cells, sub-
jected to thin layer chromatography, and visualized with orcinol-H2SO4.
b, glycoproteins of Neuro2a cells were analyzed by lectin blotting with PNA or
RCA and compared with those of vector transfectants. Numbers indicate
molecular sizes of the standard markers. The arrow indicates the “95-kDa
protein.” c, lectin blotting of the 95-kDa protein with RCA, with or without 3
days of retinoic acid stimulation of Neuro2a cells.
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ficient sialidase activity toward various substrates, but the long
one (Neu4a), particularly highly expressed in the brain, shows
weak sialidase activity as Comelli et al. (4) reported. We do not
know the reason for the low activity of Neu4a compared with
Neu4b. From the predicted three-dimensional structure of
humanNEU4, the 23 N terminus amino acid residues in Neu4a
are not likely to be related to the active site (24). Despite the low
activity toward ordinary substrates easily cleavable by Neu4b,
interestingly, Neu4a was able to hydrolyze colominic acids and
polysialylated NCAM more efficiently than Neu4b. In situ
hybridization showedNeu4mRNA in hippocampus (Fig. 3f), in
which polysialylatedNCAMis known to be rich and to decrease
after birth. As Neu4 expression increases at this period, Neu4,
especially Neu4a, may participate in the decrease. It should be
noted here that the mouse Neu4 isoforms are different from
those of human NEU4, which exhibit similar enzymatic prop-
erties but distinct subcellular localization, as we previously
reported (7).
During mouse brain development, Neu4 mRNA levels

appear to be quite low in the embryonic stage, becoming up-
regulated in the postnatal period, just as Neu3 mRNA is down-
regulated. We previously observed that hippocampus neurons
have enhanced axonal growth with increases in Neu3 expres-
sion, and this can be suppressed with NeuAc2en, a Neu3 inhib-
itor (12). Furthermore, neuroblastomaNeuro2a and NB-1 cells
similarly show axonal growth upon Neu3 up-regulation (10,
11). Directly contrasting with Neu3, Neu4 is down-regulated
with neuronal differentiation. Neu4b overexpression caused
actual suppression of neurite formation. In addition to hydrol-
ysis of PSA-NCAM, desialylation of 95-kDa glycoprotein, as
reflected by increases in RCA binding in Neu4b-transfected
cells, may also be important events during cell differentiation.
Although an attempt was made to identify the 95-kDa core
protein by RCA affinity column and two-dimensional electro-
phoresis, it was unsuccessful because of its low expression. Sey-
rantepe et al. (9) described detection of Neu4 in scattered cells
similar to microglia cells in adult mouse brain and suggested
that their migration might be related to Neu4 expression
because of the decrease of the GM1/GD1a ratio observed in
Neu4�/� mouse. Therefore, ganglioside modulation by Neu4
could occur in vivo and affect neuronal functions simulta-
neously with desialylation of glycoproteins. Inconsistent with
our present and previous observations, Neu3 knockdown in
Neuro2a cells was recently described to induce axonal differen-
tiation induced by retinoic acid (23). We observed here that
Neu3 knockdown decreased and its overexpression enhanced
neurite formation in the same cells shown in Fig. 4. When two
different siRNAs forNeu3 knockdownwere used to exclude the
possibility of the off-targeting effect, their introduction resulted
in a significant decrease in neurite formation. Detailed investi-
gations should solve the inconsistency between the reports.
Taken together, Neu4 expression dynamically changed during
mouse brain development, and the sialidase possibly plays a

regulatory role for neuronal function together with Neu3
through desialylation of gangliosides and glycoproteins.
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