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Background: Reg-1� is a small secretory protein overexpressed during the early stages of Alzheimer disease.
Results: Secreted Reg-1� stimulates axon outgrowth, and this paracrine effect is mediated by its receptor EXTL3.
Conclusion: Reg-1� emerges as an important actor in brain plasticity and the regenerative process.
Significance: Learning how Reg-1� regulates the nerve cells is important for understanding its implications in early stages of
Alzheimer disease.

Regenerating islet-derived 1� (Reg-1�)/lithostathine, amem-
ber of a family of secreted proteins containing a C-type lectin
domain, is expressed in various organs and plays a role in pro-
liferation, differentiation, inflammation, and carcinogenesis
of cells of the digestive system. We previously reported that
Reg-1� is overexpressed during the very early stages of
Alzheimer disease, and Reg-1� deposits were detected in the
brain of patients with Alzheimer disease. However, the physio-
logical function of Reg-1� in neural cells remains unknown.
Here, we show that Reg-1� is expressed in neuronal cell lines
(PC12 and Neuro-2a) and in rat primary hippocampal neurons
(E17.5). Reg-1� is mainly localized around the nucleus and at
the membrane of cell bodies and neurites. Transient overex-
pression of Reg-1� or addition of recombinant Reg-1� signifi-
cantly increases the number of cells with longer neurites by
stimulating neurite outgrowth. These effects are abolishedupon
down-regulationofReg-1�by siRNAand following inhibitionof
secreted Reg-1� by antibodies. Moreover, Reg-1� colocalizes
with exostosin tumor-like 3 (EXTL3), its putative receptor, at
the membrane of these cells. Overexpression of EXTL3 in-
creases the effect of recombinant Reg-1� on neurite outgrowth,
and Reg-1� is not effective when EXTL3 overexpression is
down-regulated by shRNA. Our findings indicate that Reg-1�
regulates neurite outgrowth and suggest that this effect is medi-
ated by its receptor EXTL3.

Regenerating islet-derived 1� (Reg-1�)2/pancreatic thread
protein/lithostathine (1) is a small secreted protein that is part

of a large family (2). It was first described as being secreted in
pancreatic juice where it may control the growth of calcium
carbonate crystals (3–5). Reg-1� is expressed in various organs,
is specifically involved in the proliferation and differentiation of
cells in the digestive system, and can act as a paracrine/auto-
crine factor (6, 7).However, it is not knownwhether Reg-1� can
be secreted by nerve cells, although Reg2, another member of
the family, is released by sensory andmotor neurons and can act
on neighboring cells (8, 9).
Kobayashi et al. (10) isolated a Reg receptor, EXTL3, which

mediates the Reg growth signal for �-cell regeneration. EXTL3
is thought to belong to the exostosin tumor (EXT) family
because it shows homology with the C-terminal regions of
EXT2 and EXT1. The N-terminal region of EXTL3, which has
no homology with any other member, contains the mem-
brane-spanning domain and the Reg binding domain.
Although the large majority of studies have been carried out
in pancreatic cells, de la Monte et al. (11) showed that
Reg-1� is also expressed in the central nervous system and
that its expression is developmentally regulated as it is
strongly detected in fetal and infant brain and very low in
normal adult brain. They also suggested that in mature brain
Reg-1� could be associated with neuronal sprouting and
regeneration (11, 12). Moreover, the expression of the Reg
receptor in brain is also developmentally regulated and con-
tributes to brain development (13).
We have already shown that Reg-1� is overexpressed during

the very early stages of Alzheimer disease (AD), and deposits of
this protein have been observed in the brain ofADpatients (14).
Moreover, in AD, elevated Reg-1� expressionmay reflect wide-
spread aberrant neuritic sprouting correlatedwith synaptic dis-
connection and dementia (11, 15, 16). Recently, we have dem-
onstrated that Reg-1� and its receptor EXTL3 are expressed in
the cortical layer and hippocampal formation of Microcebus
murinus brain and that Reg-1� expression increases in aged
and AD-like animals (17). Interestingly, Reg-1� is highly sus-
ceptible to self-proteolysis and generates a C-terminal polypep-
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tide that is largely insoluble at physiological pH and readily
polymerizes into fibrils (18–20).
Thus, as the precise localization and function of Reg-1� and

its capacity to be secreted in the central nervous system have
not yet been determined, we examined the expression, localiza-
tion, and function of Reg-1� in the neuronal cell lines PC12 and
Neuro-2a (N2a) as well as in primary hippocampal cells. Here,
we show that Reg-1� is preferentially localized at the mem-
brane and around the nucleus of neuronal cells. In addition,
Reg-1� is secreted, and it positively regulates neurite outgrowth
through its membrane receptor EXTL3. We thus propose that
Reg-1� is a new neuronal secreted factor that acts at least in
part through its receptor EXTL3.

MATERIALS AND METHODS

Cell Culture

PC12 Cells—The rat pheochromocytoma PC12 cell line was
obtained from the American Type Culture Collection (ATCC,
Manassas, VA). PC12 cells were routinely grown in DMEM
with 2 mM glutamine, 10% horse serum, and 5% heat-inacti-
vated fetal bovine serum (FBS) in tissue culture dishes and pas-
saged once a week. For differentiation in nerve growth factor
(NGF)-containing medium, cells were seeded in 35-mm dishes
or in 6-well plates coatedwith a thin film of collagen type I from
rat tail tendons (Sigma) dissolved in 0.5 M acetic acid, precipi-
tated in an equal volume of ethanol, and dried by evaporation.
Before adding the differentiation culturemedium (DMEMwith
4 mM glutamine and 0.5% FBS), dishes were washed twice with
phosphate-buffered saline (PBS). PC12 cells were seeded in this
low serum medium at a density of �100,000 cells/cm2, and 50
ng/ml NGF (Promega) was added before incubation at 37 °C
with 5%CO2 in humidified air. To evaluate the effect of Reg-1�
on neurite outgrowth, purified human recombinant Reg-1�
(Biovendor, Germany) was added simultaneously at a concen-
tration of 10�7 M.
Neuro-2a Cells—Murine N2a cells were obtained from

ATCC and maintained in culture medium (Opti-MEM sup-
plemented with 10% FBS) in a humidified incubator under an
atmosphere of 5% CO2 and 95% air at 37 °C. To study neurite
outgrowth, cells were seeded at a density of 100,000 cells/
cm2 in 35-mm dishes or in 6-well plates coated with a thin
film of poly-D-lysine (Sigma), and 10�7 M Reg-1� was added
for 48 h.
Primary Hippocampal Neuronal Cells—Primary cell cul-

tures of neurons were obtained by dissecting the hippocam-
pus of Sprague-Dawley rat embryos at E17.5 (C. E. Depré,
Saint Doulchard, France). Cells were dissociated by enzy-
matic incubation in trypsin and 0.05% EDTA and by
repeated pipetting. Cells were resuspended in Neurobasal
medium with 2% B27, 0.25% 200 mM glutamine, 1% Glu-
tamax, and 1% penicillin/streptomycin (Invitrogen). Cells
were seeded at a density of 50,000 cells/cm2 on glass cover-
slips in 24-well plates previously coated with 10 �g/ml poly-
D-lysine, and purified human recombinant Reg-1� at a dose
of 10�7 M was simultaneously added (in some experiments).
Cells were then cultured at 37 °C for 48 h (2 days in vitro) in
humidified air with 5% of CO2.

Plasmid and Transfections

Full-length human Reg-1� cDNA in pCMV6-XL5 (Gen-
BankTM accession number NM_002909.3; OriGene Technolo-
gies) was subcloned into the peGFP-C3 vector (Clontech) to
produce a fusion protein inwhich theC-terminal end of Reg-1�
is fused with the green fluorescence protein (GFP). Full-length
mouse Reg-1� cDNA (GenBank accession number BC028761;
Open Biosystems) was subcloned into pcDNA3.1 (Clontech).
The full-length humanReg-1� cDNA in pCMV6-XL5was used
as a template to produce by PCR amplification the mutant
Reg-1� form without the 22 amino acids of the peptide signal
(PS) (human Reg-1� �PS). Primers were 5�-GGGTCGACAC-
CATGCAAGAGGCCCAGACA-3� and 5�-GGGGATCCTAG-
TTTTTGAACTTGCAGAC-3� (start and stop codons are
shown in italics) with the SalI and BamHI sites (underlined)
inserted to facilitate cloning. The construct was subcloned in
the pIRES2-eGFP vector (Clontech). Empty peGFP-C3,
pcDNA3.1, and pIRES2-eGFP vectors were used as negative
controls.
2 � 106 PC12 cells were transfected using NucleofectorTM

(Amaxa Biosystems, Cologne, Germany). Cells were spun
down at 900 rpm for 5 min and resuspended in 100 �l of
Nucleofector solution V (Amaxa Biosystems) at room tem-
perature followed by addition of 2 �g of each construct or
empty vector. Mixtures were transferred to a 2-mm electro-
poration cuvette (Amaxa Biosystems) and inserted in the
Nucleofector, and program U-29 was used for transfection.
Immediately after transfection, 500 �l of culture medium
was added to each cuvette, and transfected cells were plated
in collagen-coated 35-mm dishes or 6-well plates with 1 ml
of culture medium/well. Cells were grown for 48 h and then
used forWestern blot or immunocytochemical analysis. N2a
cells were transfected with the same constructs/vectors
using 6 �l of Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.
Freshly dissociated primary hippocampal cells were trans-

fected using Nucleofector following the same protocol used for
PC12 cells but with program G13. Transfected cells were then
seeded on glass coverslips in 24-well plates coated with poly-D-
lysine to study neurite differentiation or in 6-well plates to val-
idate the transfection by Western blot analysis.
To inhibit Reg-1� expression, we used two different siRNAs

that target the following rodents Reg-1� sequences: 5�-GGA
GCA GUG GGU CUC UGU UTT-3� (siRNA1) and 5�-GGU
CUCUGUUUCUCUACA ATT-3� (siRNA2). Both sense and
antisense strands were synthesized by Invitrogen in desalted
form. Transfection of siRNAs was carried out using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Briefly, for each transfection, 500�l ofOpti-MEM
(Invitrogen), 6 �l of Lipofectamine 2000, and 500 pmol of
siRNAs per well were used.
Full-length human EXTL3 cDNA was subcloned into the

pIRES2-eGFP vector (a gift fromDr.Win vanHul). The shRNA
against human EXTL3 and scrambled, non-effective shRNA
(negative control) were cloned in pGFP-V-RS (TG313126, Ori-
Gene Technologies). PC12 cells were transfected with these
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constructs using FuGENE 6 (RocheApplied Science) according
to the manufacturer’s instructions.
Transfected cells were grown for 48 h and then used for

Western blot or immunocytochemical analysis. For Reg-1�
antibody blocking experiments, PC12 and primary neurons

were plated as above, and rabbit anti-Reg-1� antibody was
added to the culture medium when the medium was changed,
respectively, to differentiation culture medium for PC12 and to
Neurobasal with B27 supplement for primary neurons. Neurite
outgrowth was then analyzed.
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Neurite Outgrowth Measurement

Neurite outgrowth was quantified by imaging neurons using
a Zeiss Axiovert microscope and an MRm2 camera system.
Images of five fields per well were taken. Neurite growth was

determined by manually tracing the length of 1) all the neurites
that could be associated with a particular cell body and 2) the lon-
gest neurite per cell for all cells in a field that had an identifiable
neurite and for which the entire neurite arbor could be visualized.

FIGURE 1. Reg-1� is expressed in PC12 and N2a cells as well as in embryonic hippocampal neurons (E17.5; 2 days in vitro). A, total cell protein extracts
(20 �g) from differentiated PC12 cells grown in the presence of 50 ng/ml NGF for 48 h were separated by 15% SDS-PAGE, and Western blot analysis was
performed using a rabbit polyclonal anti-Reg-1� antibody. Molecular weight markers (MW) are indicated on the left. Lane 1, Reg-1� in PC12 cells has an
apparent molecular mass of �20 kDa; lane 2, the specificity of the anti-Reg-1� antibody was tested using purified human recombinant Reg-1�, which shows
an apparent molecular mass of 18 kDa. B, PC12 (lane 1) and N2a (lane 2) cell extracts were separated by 12.5% SDS-PAGE, and Western blot analysis using the
rabbit polyclonal anti-Reg-1� antibody shows three clusters of Reg-1� expression with molecular masses of �70, 35, and 20 kDa (tetramers, dimers, and
monomers of Reg-1�). Molecular weight markers (MW) are indicated on the left. C, immunofluorescence analysis in differentiated PC12 (panels a and e),
N2a (panel b) cells, and hippocampal neurons (panels c, d, and f), which express �3-tubulin (panel c), show that Reg-1� is mainly localized at the plasma
membrane (panels a, b, and d, arrowheads), particularly in growth cones (panels e and f; higher magnifications of the insets in panels a and d) and in the
perinuclear region (panels a, b, and d, arrows). Images were visualized by confocal microscopy (Z-projections of three confocal optical sections; intervals, 0.6
�m). Scale bars, 10 �m. D, immunoblot analysis of membrane (lane 1) and cytoplasm (lane 2) fractions from differentiated PC12 cells using the polyclonal
anti-Reg-1� antibody. Tetramers (T), dimers (D), and monomers (M) of Reg-1� are indicated. Molecular weight markers (MW) are indicated on the left.

FIGURE 2. Overexpression of Reg-1� increases number of PC12 and N2a cells considered as differentiated and secretion of Reg-1�. Total cell
protein extracts obtained from PC12 (A) and N2a (B) cells transfected with control empty vector (pCMV6-XL5) or with Reg-1� (pCMV6-XL5-Reg-1�) were
resolved by SDS-PAGE and analyzed by Western blotting using the polyclonal anti-Reg-1� antibody. Actin was used as a loading control. Histograms (A
and B) show the quantification of Reg-1� relative expression. Quantification of the percentage of undifferentiated (white) and differentiated (i.e. when
neurite length is twice that of the cell body) (black) PC12 (C) and N2a (D) cells shows an increase in the number of cells considered as differentiated upon
overexpression of Reg-1� but not of empty pCMV6-XL5 vector. Asterisks indicate significant differences from controls based on Student’s t test analysis
(**, p � 0.01). E, 20 mg of proteins from freeze-dried culture medium from PC12 cells transfected with control empty vector (pCMV6-XL5) or with Reg-1�
(pCMV6-XL5-Reg-1�) were resolved by SDS-PAGE and analyzed by Western blotting using the polyclonal anti-Reg-1� antibody. Histograms show the
quantification of Reg-1� relative expression.
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Wemeasured thenumber, length, and totaloutput (sumlength)of
only primary neurites. In the hippocampal primary cultures, the
longest neurites analyzed are Tau-positive and Map2-negative
axons. Neuronal processes were analyzed using Axiovision LE 4.4
software and NeuronJ software (distributed as a plug-in for
ImageJ). For each graph, data on neurite length were generated
from at least three independent experiments, and more than 100
cells were counted for each experiment except in the case of the
siRNA experiments where 50 cells were counted per experiment.
Data were analyzed by one-way analysis of variance and post hoc
Student’s t test.

Subcellular Fractionation and Immunoblotting

For cell fractionation into cytoplasmic and nuclear extracts,
PC12 cells were washed twice with PBS, resuspended in lysis
buffer (10 mMHEPES, pH 7.5, 10 mMNaCl, 1 mM EDTA, 1 mM

DTT) with Complete Mini protease inhibitor mixture (Roche

Applied Science) and E64, a cysteine protease inhibitor (1:1000;
Sigma). Cells were allowed to swell on ice for 15 min and then
homogenized with a Dounce homogenizer. The integrity of
nuclei was verified under a light microscope, and the homoge-
nate was layered on 40% sucrose. Nuclei were centrifuged at
2000 rpm for 15 min to collect the nuclei (pellet). Supernatants
were then centrifuged at 13,000 rpm at 4 °C for 30 min to sep-
arate the cytosol (supernatant) and membrane (pellet) frac-
tions. The protein concentrationwas determinedwith the BCA
assay (Pierce). 20 mg of the cytosolic and of the membrane
fractions were loaded for 12.5% SDS-PAGE. For total cellular
protein extracts, cells were scraped in lysis buffer (20 mM Tris,
pH7.5, 100mMNaCl, 0.1%Triton, 1mMEGTA)withComplete
Mini protease inhibitor mixture (Roche Applied Science). The
protein concentration was determined with the BCA assay
(Pierce), and 20 mg of proteins were loaded for 12.5% SDS-
PAGE. To determine whether Reg-1� is secreted by neural

FIGURE 3. Human recombinant Reg-1� increases number of PC12 and N2a cells with longer neurites. A, phase-contrast images of N2a cells in culture. Note
the increase of neurite length 48 h after addition of 10�7

M Reg-1� in the medium (right panel) compared with untreated, control cells (left panel). Scale bars, 10
�m. B, quantification of the percentage of undifferentiated (white) and differentiated (i.e. neurite length is twice that of the cell body) (black) PC12 and N2a cells.
Treatment with 10�7

M recombinant Reg-1� increases the number of cells with longer neurites (black) in comparison with untreated controls. Asterisks indicate
significant differences from controls based on the Student’s t test analysis (*, p � 0.05; **, p � 0.01).

TABLE 1
Effects of Reg-1� overexpression on neurite outgrowth in PC12 and N2a cells
Total neurite length per cell, longest neurite length, and number of neurites per cell were measured and are expressed as mean � S.E.

Transfection reagent pCMV6-XL5 pCMV6-XL5-Reg-1�

PC12 cells
Total neurite length per cell (�m) 33.5 � 3 30.5 � 3 38.5 � 1.8a
Longest neurite length per cell (�m) 47.8 � 5.6 45.9 � 5 62.1 � 4a
Neurites per cell 1.8 � 0.18 1.7 � 0.19 2 � 0.12

N2a cells
Total neurite length per cell (�m) 22.7 � 1.6 22.9 � 2.5 39.5 � 3.2a
Longest neurite length per cell (�m) 21.1 � 1.3 21.6 � 1.6 30.7 � 1.8a
Neurites per cell 1.04 � 0.04 1.2 � 0.1 1.3 � 0.08

a Indicates significant differences from controls (Student’s t test, p � 0.05).
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cells, we freeze-dried the culture medium before analysis to
concentrate proteins.
For Western blot analysis, SDS-PAGE gels were transferred to

nitrocellulosemembranes (0.22�m;Bio-Rad)by standardelectro-
blotting. Membranes were incubated with primary antibodies at
4 °C overnight and with secondary antibodies at room tempera-
ture for 2 h, and immunolabeling was revealed by chemilumines-
cence reaction using the ECL Western blot detection reagents.
Primary antibodies were rabbit anti-Reg-1� (1:500) (18), rabbit
anti-GFP (TP401, Cliniscience), andmouse anti-�-actin (A54-41,
Sigma-Aldrich). The anti-Reg-1� polyclonal antibody was pro-
duced in rabbits, and its specificity has already been assessed (19).
Secondary antibodies were peroxidase-conjugated donkey anti-
rabbit and anti-mouse IgGs (1:2000; Interchim).

Immunocytochemistry and Microscopy

PC12 cells were grown and induced to differentiate on glass
coverslips coated with rat tail collagen. N2a cells and hip-

pocampal neurons were grown on glass coverslips coated with
poly-D-lysine. Cells were fixed in formaldehyde/PBS for 20min
followed by three washes in PBS. Cells were blocked and per-
meabilized in PBS supplemented with 2% BSA and 0.1% Triton
and then incubated at 4 °C with primary antibodies rabbit anti-
Reg-1�, goat anti-EXTL3 (R&DSystems),mouse anti-�3-tubu-
lin (Sigma), and sheep anti-TGN38 (AbD Serotec) in the
same buffer overnight. Secondary antibodies directed
against rabbit or goat IgGs were conjugated, respectively, to
Alexa Fluor 488 (Invitrogen) and Cy3 (Jackson Immuno-
Research Laboratories). For epifluorescence imaging, cells
were viewed with Leica and Zeiss microscopes, and images
were captured with a camera using the Metamorph and
Axiovision software programs. For confocal imaging, cells
were observed with a Leica TCS4D confocal laser-scanning
microscope (Leica Microsystems, Heidelberg, Germany).
Images were processed using Adobe Photoshop (Adobe Sys-
tems Inc., Mountain View, CA).

FIGURE 4. Recombinant Reg-1� increases outgrowth of PC12 and N2a cells as well as of rat embryonic hippocampal neurons. Total neurite length per
cell (A and D), length of the longest neurite (B, E, and G), and number of neurites (C, F, and H) per cell were measured and are expressed as mean � S.E.
Recombinant Reg-1� (10�7

M) significantly increases the total neurite length (A and D) and longest neurite length (B, E, and G) but does not influence the
number of neurites per cell (C, F, and H). Asterisks indicate significant differences from controls based on the Student’s t test analysis (*, p � 0.05; ***, p � 0.001).
White, control cells; black, Reg-1�-treated cells. Results are representative of three independent experiments.
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RESULTS

Reg-1� Is Expressed in Neuronal Cells—To investigate the
function of Reg-1� in neural cells, we first assessed Reg-1�
expression in rat PC12 cells, which acquire a neuron-like phe-
notype uponNGF stimulation, and inmouseN2a cells, a neural
crest-derived cell line that has been extensively used to study
neuronal differentiation and axonal growth. In these cells,
Reg-1� had an apparentmolecularmass of 18–20 kDa (Fig. 1A,
lane 1), similar to that of purified human recombinant Reg-1�
(Fig. 1A, lane 2). Although the theoretical molecular mass of
Reg-1� is estimated to be 16 kDa, it is known that in SDS-PAGE
gels its apparent molecular mass ranges from 16 to 22 kDa due
to the presence of O-linked glycans (21). Moreover, as
described previously (19), Reg-1� formed dimers (apparent
molecular mass, �35 kDa) and tetramers (apparent molecular

mass, �70 kDa) that remained visible also under denaturing
electrophoresis conditions (12.5% SDS-PAGE) (Fig. 1B).
Immunofluorescence studies in PC12 (Fig. 1C, panels a and e),
in N2a cells (Fig. 1C, panel b), and in hippocampal neurons at 2
days in vitro (Fig. 1C, panels c,d, and f) revealed that Reg-1�was

FIGURE 5. Down-regulation of overexpressed Reg-1� by siRNAs reduces neurite outgrowth in NGF-treated PC12 cells. Transfection of the two anti-
Reg-1� siRNA duplexes (siRNA1, A–C; and siRNA2, D–F) decreased the percentage of cells considered as differentiated (i.e. neurite length is twice that of the cell
body) (A and D, black rectangles), the total neurite length (B and E), and the longest neurite length (C and F) per cell. Asterisks indicate significant differences from
controls (pcDNA3.1-Reg-1�) based on the Student’s t test analysis (**, p � 0.01; ***, p � 0.001). Results are representative of three independent experiments.

TABLE 2
Silencing of endogenous Reg-1� by siRNA decreases number of PC12
and N2a cells considered as differentiated
Quantification of the percentage of undifferentiated and differentiated (i.e. neurite
length is twice that of the cell body) PC12 and N2a cells after down-regulation of
endogenous Reg-1� by siRNA2. Data are expressed as mean � S.E.

PC12 cells N2a cells
Control siRNA Control siRNA

Undifferentiated cells (%) 88 � 4.5 95 � 9 91 � 4.5 95 � 2.3
Differentiated cells (%) 12 � 3.8 5 � 2a 9 � 2.2 5 � 1.2a

a Indicates significant differences from control cells (Student’s t test, p � 0.05).
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mainly localized along the plasmamembrane and slightly in the
cytosol. Expression was stronger in the perinuclear region (Fig.
1C, panels a, b, and d, arrows) and in neurite membranes, par-

ticularly in growth cones (Fig. 1C, panels a, b, and d, arrow-
heads; panels e and f are higher magnifications of the insets in a
and d). Subcellular fractionation confirmed that Reg-1� was

FIGURE 6. Western blot and immunofluorescence analysis of PC12 cells that overexpress Reg-1� and of untransfected neighboring cells. A, PC12 cells
were transfected with empty pCMV6-XL5 (lanes 1 and 2) or peGFP (lanes 3 and 4) vector or Reg-1�-GFP (lanes 5 and 6) (see “Materials and Methods”). Cell lysates
were collected 48 h after transfection and immunoblotted with the anti-GFP antibody to determine the transfection efficacy. Molecular weight markers (MW)
are indicated on the left. B, GFP immunostaining shows that PC12 cells that overexpress Reg-1�-GFP have longer neurites (panel c, arrows) than GFP-transfected
cells (panel a, arrow). Panels b and d show the concentric circles around transfected cells (dotted arrows) every 100 �m (0 –100 and 100 –200 �m). Scale bars, 10
�M. C, quantification of the percentage of undifferentiated (white) and differentiated (i.e. neurite length is twice that of the cell body) (black) cells shows an
increase of the number of PC12 cells considered as differentiated when they overexpress Reg-1�-GFP and also of the number of their neighboring cells
considered as differentiated in comparison with control, peGFP-transfected cells. Asterisks indicate significant differences from controls following Student’s t
test analysis (**, p � 0.01). D, quantification of the percentage of undifferentiated (white) and differentiated (i.e. neurite length is twice that of the cell body)
(black) cells shows that overexpression of the mutant Reg-1� �PS-pIRESeGFP, which lacks the signal peptide, has no effect on the differentiation of transfected
PC12 cells and of neighboring cells. ns, no significant differences from controls (Student’s t test).
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mainly localized in themembrane fraction (Fig. 1D, lane 1) with
a smaller portion in the cytosolic fraction (Fig. 1D, lane 2). The
specificity of the polyclonal anti-Reg-1� antibody was assessed
previously (17, 19), and it does not cross-react with othermem-
bers of the family or with neuronal thread protein (11).
Reg-1� Increases Number of Cells with Longer Neurites by

Stimulating Neurite Outgrowth—To investigate the potential
effects of Reg-1� on neuronal growth, we transiently trans-
fected PC12 and N2a cells with human full-length Reg-1� and
then investigated the effects of Reg-1� overexpression. These
cells are considered to be differentiated when neurite length is
twice that of the cell body. Reg-1� expression was increased by
40% in PC12 (Fig. 2A) and by 35% in N2a (Fig. 2B) cells without
modification of �-actin expression when compared with con-
trols (cells transfected with empty pCMV6-XL5 vector).
Reg-1� overexpression significantly increased the number of
cells with neurites longer than two cell diameters (about 4-fold)
(Fig. 2, C and D, black rectangles) as well as the total neurite
length and longest neurite length per cell without modification
of the number of neurites per cell (Table 1). Transfection of
empty vector or of transfection reagent alone (Amaxa andLipo-
fectamine) did not have any effect. As Reg-1� is described as a
secreted protein in the digestive tract, we then verified whether
Reg-1� was secreted by neuronal cells. Our data show (Fig. 2E)
that this is the case and that Reg-1� secretion is increased upon
transfection, suggesting that Reg-1� could act as an extracellu-
lar factor.
To test this hypothesis, we incubated PC12, N2a, and pri-

mary hippocampal cells with 10�7 M human recombinant
Reg-1� for 48 h and assessed its effect on neurite elongation.
The concentration usedwas chosen based on studies in pancre-
atic cell lines by Kobayashi et al. (10) and on personal data (data
not shown). The duration of treatment corresponded to the
time needed to observe neurite outgrowth in NGF-treated
PC12 cells and in N2a cells grown on poly-D-lysine. As with
overexpression of Reg-1�, addition of Reg-1� clearly increased
the number of cells with longer neurites (Fig. 3A for N2a cells).
Quantitative analysis of the effects of recombinant Reg-1� (Fig.
3B) showed a 2- and 6-fold increase in the percentage of PC12
(left panel) and N2a (right panel) cells with longer neurites in
comparison with untreated controls. To describe in detail the
positive effect of Reg-1� on neurite outgrowth, the total neurite
length, length of the longest neurite, and number of neurites
per cell were quantified in PC12 (Fig. 4, A–C) and N2a (Fig. 4,
D–F) cells. In primary hippocampal neurons, wemeasured spe-
cifically the length of the longest neurite, which represents the
axon in this experimental condition, and the number of neu-
rites per cell (Fig. 4, G andH). Both the total neurite length per

cell and the length of the longest neurite were increased in
Reg-1�-treated cells in comparison with untreated cells (Fig. 4,
A, B, D, E, and G). Conversely, recombinant Reg-1� did not
modify the number of neurites per cell relative to control,
untreated cells (Fig. 4, C, F, and H).
Down-regulation of Reg-1� Expression Decreases Number of

Cells Considered as Differentiated—To confirm the specificity
of the effects of Reg-1�, we down-regulated Reg-1� in PC12
cells by using two siRNA duplexes (siRNA1 and siRNA2). The
two duplexes used induced a decrease of Reg-1� content. As
illustrated in PC12 cells co-transfected with siRNA2 and
pcDNA3.1-Reg-1� (supplemental Fig. S1, A and B), Reg-1�
expression was decreased by 40 and 60% in comparison
with cells that were transfected, respectively, with control
pcDNA3.1 or pcDNA3.1-Reg-1� alone. Co-transfection of
Reg-1� and siRNA1 (Fig. 5, A–C) or siRNA2 (Fig. 5, D–F)
decreased the number of cells with longer neurites by 80% (Fig.
5, A and D, black rectangles) as well as the total neurite length
(by 40%with siRNA1 and 75%with siRNA2; Fig. 5,B and E) and
longest neurite length (by 40% for siRNA1 and siRNA2; Fig. 5,C
and F). As the duplex siRNA2was slightly more effective, it was
used to down-regulate the expression of endogenous Reg-1�.
Silencing of endogenous Reg-1�, which was confirmed in hip-
pocampal neurons byWestern blot analysis (supplemental Fig.
S1, C and D), significantly decreased the number of differenti-
ated cells (Table 2). Moreover, in hippocampal neurons, siRNA2
induced a significant decrease of the longest neurite length when
comparedwithcontrolcells (siRNA2,52�2.7�m;control, 62.8�
4�m; *, p� 0.05) withoutmodification of the number of neurites
per cell (siRNA2, 3.7 � 0.08; control, 3.6 � 0.1).
Reg-1� Acts as Paracrine Factor on Neurite Outgrowth—To

identify the transfected cells and to determine whether Reg-1�
could act as a paracrine factor, we transiently transfected hip-
pocampal neurons and PC12 and N2a cells with C-terminal
GFP-tagged Reg-1� or GFP alone. GFP-tagged Reg-1� was
detected with an anti-GFP antibody (Fig. 6A). As illustrated for
the PC12 cell line, Reg-1�-GFP-positive cells displayed longer
neurites than control cells (GFP alone) (Fig. 6B, arrows). Quan-
titative analysis of total neurite length, longest neurite length,
and number of neurites per cell in GFP-positive cells confirmed
that Reg-1� overexpression, but not GFP alone, specifically
increased neurite length in neuronal cells (Table 3).
To verify whether secreted Reg-1� couldmodify the number

of cells with longer neurites also in neighboring untransfected
cells, we drew concentric circles around transfected PC12 cells
(0–100 and 100–200 �m) (Fig. 6B, panels b and d, dotted
arrows) in which GFP-positive cells were not present and mea-
sured the percentage of PC12 cells considered as differentiated.

TABLE 3
Effects of GFP-tagged Reg-1� overexpression on neurite outgrowth in PC12 and N2a cells and hippocampal neurons
Total neurite length per cell, longest neurite length, and number of neurites per cell were measured and are expressed as mean � S.E.

PC12 cells N2a cells Hippocampal neurons
peGFP Reg1-�-GFP peGFP Reg1-�-GFP peGFP Reg1-�-GFP

Total neurite length per cell (�m) 74.9 � 15 128.5 � 18a 27.6 � 4 40.2 � 3a
Longest neurite length per cell (�m) 47.8 � 4 69.5 � 10a 17.8 � 1,6 26.8 � 2b 68 � 6 90.2 � 5a
Neurites per cell 2.7 � 0.6 3.1 � 0.5 1.3 � 0.1 1.5 � 0.1 3.8 � 0.1 3.7 � 0.08

a Indicates significant differences from control cells (Student’s t test analysis, p � 0.05).
b Indicates significant differences from control cells (Student’s t test analysis, p � 0.01).
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The percentage of untransfected cells with longer neurites
within the concentric circles around Reg-1�-GFP-transfected
cells was higher than that of untransfected cells within the con-

centric circles around GFP-transfected cells (Fig. 6C). More-
over, when we overexpressed the human Reg-1� �PS-pIRES2-
eGFP mutant, which lacks the signal peptide, the effect on

FIGURE 7. Anti-Reg-1� polyclonal antibody blocks effects of secreted and recombinant Reg-1� on hippocampal neurite outgrowth. A, immunofluo-
rescence analysis of hippocampal neurons stained by �3-tubulin shows that the anti-Reg-1� antibody (10�6

M) (panels b and d) hinders neurite elongation
when compared with control cells (untreated) (panel a) and with cells incubated with 10�7

M recombinant Reg-1� (panel c). Scale bar, 10 �m. B and C, the
anti-Reg-1� antibody (10�6

M) significantly decreases the effect of secreted (B, left panel) and recombinant (B, right panel) Reg-1� on the longest neurite length
but does not influence the number of neurites per cell (C). Asterisks indicate significant differences (Student’s t test; *, p � 0.05; ***, p � 0.001). White, control
cells (no antibody); black, Reg-1� antibody-treated cells. Results are representative of three independent experiments.

TABLE 4
Effects of Reg-1�-pIRES2-eGFP and Reg-1��PS-pIRES2-eGFP mutant overexpression on neurite outgrowth of transfected and neighboring,
untransfected PC12 cells
Total neurite length per cell, longest neurite length, and number of neurites per cell were measured and are expressed as mean � S.E.

PC12 cells pIRES2-eGFP
0–100

�m
100–200

�m Reg-1�-pIRES2-eGFP
0–100

�m
100–200

�m Reg-1��PSpIRES2-eGFP
0–100

�m
100–200

�m

Total neurite length
per cell (�m)

40 � 4.5 38.9 � 2 38.1 � 4.4 57 � 3.7a 52.8 � 3.1b 37.8 � 2.3 37.1 � 2.6 35.7 � 2.3 34 � 3.1

Longest neurite length
per cell (�m)

26.4 � 1.5 26.1 � 0.8 25.2 � 2.3 38.5 � 1.8a 35.8 � 1.6a 27.1 � 1.5 25 � 1.1 25.1 � 1.4 22.6 � 1.5

Neurites per cell 1.7 � 0.1 1.7 � 0.07 1.8 � 0.1 1.7 � 0.1 1.72 � 0.08 1.8 � 0.1 1.7 � 0.1 1.73 � 0.1 1.72 � 0.1
a Indicates significant differences from control cells transfected with pIRES2-eGFP vector alone (Student’s t test, p � 0.001).
b Indicates significant differences from control cells transfected with pIRES2-eGFP vector alone (Student’s t test, p � 0.01).
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neurite outgrowth of untransfected cells within the concentric
circles around transfected cells was lost (Fig. 6D). Finally, quan-
titative analysis showed that Reg-1�-pIRES2-eGFP increased
the total neurite length and longest neurite length of trans-
fected and neighboring untransfected PC12 cells in comparison
with control pIRES2-eGFP, whereas no effect was observed
with the Reg-1� �PS-pIRES2-eGFP mutant (Table 4). To con-
firm the role of secretedReg-1� in neurite elongation, we inhib-
ited secreted Reg-1� with the anti-Reg-1� polyclonal antibody.
We first determined that 10�6 M anti-Reg-1� antibody was the
dose needed to efficiently inhibit neurite outgrowth in PC12
cells (supplemental Table S1). At this concentration, the anti-
Reg-1� polyclonal antibody blocked the effects of both physio-
logically secreted Reg-1� and recombinant Reg-1� on neurite
outgrowth also in hippocampal neurons (Fig. 7). All these data
demonstrate that secreted Reg-1� stimulates neurite elonga-
tion and acts as a paracrine factor.
Reg-1� Stimulates Neurite Elongation through Its Membrane

Receptor EXTL3—To determine whether secreted Reg-1�
could act through its putative membrane receptor EXTL3, we
first analyzed EXTL3 expression by immunofluorescence.
EXTL3 was mainly localized in the Golgi apparatus (Fig. 8A,
lower panels, arrow) but colocalized with Reg-1� at the plasma
membrane in cell bodies and neurites of PC12 cells (Fig. 8A,
upper panels, Merge, arrows) and of �3-tubulin-positive hip-
pocampal neurons (Fig. 8B, upper panels,Merge, arrows).
To investigate the involvement of the Reg-Reg receptor sig-

naling system, we overexpressed EXTL3 in PC12 cells. Overex-
pression of EXTL3 alone (pIRES-EXTL3) did not modify the
number of cells with longer neurites (Fig. 8C, black rectangles).
However, addition of recombinant Reg-1� in such cultures
increased by 2-fold the number of cells considered as differen-
tiated only in EXTL3-overexpressing cells (Fig. 8C, pIRES-
EXTL3 � Reg-1� and pIRES � Reg-1�, black rectangles), sug-
gesting that the effects of Reg-1� on neurite outgrowth are
mediated through its receptor.
To confirm the specificity of this effect, we then transiently

transfected PC12 cells with pIRES-EXTL3 alone or together
with anti-EXTL3 shRNA (pIRES-EXTL3 � shRNA) or scram-
bled shRNA (pIRES-EXTL3 � scramble) and incubated cells
with 10�7 M human recombinant Reg-1�. Co-transfection of
EXTL3 and shRNA (Fig. 8D) decreased significantly the num-
ber of cells with longer neurites (black rectangles) induced by
Reg-1�. Moreover, down-regulation of endogenous EXTL3 by
shRNA significantly decreased the percentage of cells with lon-

ger neurites induced by Reg-1� when compared with control
non-effective shRNA (Fig. 8E). Specifically, EXTL3 silencing
significantly decreased total neurite outgrowth (effective
shRNA � Reg-1�, 21.7 � 2.3 versus scrambled, ineffective
shRNA � Reg-1�, 31.4 � 2.3; **, p � 0.01; Student’s t test
analysis) without modifying the number of neurites per cell.

DISCUSSION

Reg-1� is involved in proliferation and differentiation of
liver, pancreatic, gastric, and intestinal cells (6, 22) and has been
associated with differentiation/dedifferentiation of pancreatic
acinar cells without any effect on cell proliferation (23, 24).
Here, we used primary embryonic hippocampal neurons
(E17.5; 2 days in vitro) and two cell lines (PC12 cells, which are
derived from a rat pheochromocytoma and reversibly respond
to NGF by induction of the neuronal phenotype, and N2a,
which are derived from a neuroblastoma and belong to a neural
lineage) to investigate the expression, localization, and func-
tions of Reg-1� in nerve cells. We first show that Reg-1� is
expressed in neuronal cells with perinuclear localization and a
particularly strong expression at the membrane of the cell bod-
ies and along neurites as reported recently for neurons fromM.
murinus brain (17). We then demonstrate that neurite out-
growth is stimulated by Reg-1� overexpression or addition of
recombinant Reg-1�, and it is reduced when Reg-1� is down-
regulated by siRNA. Reg-1� increased the percentage of cells
with longer neuriteswithout affecting themeannumber of neu-
rites per cell and the number of primary neurite branching
points as already demonstrated for Reg2, another member of
this superfamily (supplemental Table S2). Therefore, we think
that the effects of Reg-1� on neurite outgrowth might be
restricted to the stimulation of elongation of small, pre-existing
processes. Moreover, the results obtained in PC12 cells suggest
that the effect on neurite elongation could probably be due to
promotion of NGF-mediated differentiation as already demon-
strated for other secreted proteins, such as the amyloid protein
precursor (25). These data strongly suggest that Reg-1� stimu-
lates differentiation only in cells that are already determined as
neuronal cells.
We then show that Reg-1�, a member of a multifunctional

family of secreted proteins, is a new neuronal secreted factor.
Indeed, overexpression of Reg-1� increases the secretion of
Reg-1� in the medium, and recombinant Reg-1� stimulates
neurite length. Moreover, the effect of Reg-1� on neurite out-
growth was lost when a Reg-1� mutant deleted of the signal

FIGURE 8. EXTL3 is expressed in PC12 cells and hippocampal neurons and mediates Reg-1� effect on neurite elongation. A and B, immunofluorescence
analysis in PC12 cells considered as differentiated (A, upper panels) and hippocampal neurons (B, upper panels) shows that Reg-1� (green) colocalizes at the
plasma membrane with EXTL3 (red) (Merge, arrows). EXTL3 (red) (A and B, lower panels) is also expressed in the Golgi apparatus and colocalizes with TGN38
(green), a specific marker of the Golgi apparatus (Merge, arrows). Images were visualized by confocal microscopy (Z-projections of three confocal optical
sections; intervals, 0.6 �m). Scale bar, 10 �m. C, quantification shows that the increase in the percentage of cells with longer neurites (black rectangles) is
significantly higher when recombinant Reg-1� is added to the medium of cells that overexpress EXTL3 (pIRES-EXTL3 � Reg-1�) rather than empty vector
(pIRES � Reg-1�). Overexpression of EXTL3 alone (pIRES-EXTL3) does not modify the percentage of cells with longer neurites when compared with overex-
pression of empty vector (pIRES). D, quantitative analysis of undifferentiated (white) and differentiated (i.e. neurite length is twice that of the cell body) (black)
PC12 cells shows that Reg-1� is less effective when EXTL3 is down-regulated (pIRES-EXTL3 � shRNA) as the percentage of cells considered as differentiated is
significantly lower in these cells than in PC12 cells that overexpress EXTL3 (pIRES-EXTL3) or in cells co-transfected with EXTL3 and a control shRNA (pIRES-
EXTL3 � scramble). Asterisks indicate significant differences (Student’s t test; *, p � 0.05; **, p � 0.01). E, quantification shows that the increase in the percentage
of cells with longer neurites (black rectangles) is significantly lower when recombinant Reg-1� is added to the medium of cells when endogenous EXTL3 is
down-regulated (shRNAEXTL3 � Reg-1� versus shRNAscramble � Reg-1�). Down-regulation of EXTL3 alone (shRNAEXTL3) induces a slight decrease of the
percentage of cells with longer neurites when compared with transfection of a non-effective shRNA (shRNAscramble). Asterisks indicate significant differences
(Student’s t test; *, p � 0.05).
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peptide that is required for the secretion of the protein was
overexpressed. Similarly, addition of an anti-Reg-1� antibody
to the medium abolished the effect of secreted Reg-1� on neu-
rite outgrowth. These results indicate that Reg-1� acts as a para-
crine factor on neuronal elongation as demonstrated previously
for Reg2. Reg2 is a neurotrophic factor involved in the survival of
motor and sensory neurons after axon damage. Similarly to Reg-
1�, it presents a subcellular localization and acts on the same
(autocrine) or on neighboring (paracrine) cells (8, 9).
The presence of specific membrane receptors for these

secreted proteins is suggested because biological effects were
observed after addition of purified Reg proteins to the culture
medium or after systemic administration to animals (26).
Kobayashi et al. (10) identified EXTL3 as the Reg-1� receptor
involved in the regulation of pancreatic �-cells for maintaining
the �-cell mass. However, EXTL3 is also expressed in other
tissues, such as brain, suggesting the possible involvement of
Reg-Reg receptor signaling in a variety of cell types other than
pancreatic �-cells. In mouse embryos, EXTL3 mRNA is
expressed in both the central and peripheral nervous system
from E11.5 to E16.5, and its expression is developmentally reg-
ulated and contributes to brain development (13). InM. muri-
nus, Reg-1� and its receptor EXTL3 are localized in the same
pyramidal neurons of the hippocampus (17). Here, we show
that Reg-1� co-localizes with EXTL3 at the cell membrane of
neuronal cells, and we demonstrate that the effects of Reg-1�
on neurite elongation are mediated at least in part through this
receptor. We are now trying to identify other membrane
Reg-1� receptors that may be involved in the effect of Reg-1�.
Because EXTL3 is also involved in the biosynthesis of heparan
sulfate, whichmediates crucial steps during brain development,
such as neurogenesis, neurite outgrowth, and axonal pathfind-
ing (27), Reg-1� binding to EXTL3 could alter heparan sulfate
maturation and consequentlymodulate adhesion to extracellu-
lar matrix factors and neurite outgrowth.
In conclusion, secreted Reg-1� emerges as an important

actor in neurite elongation. The increase of Reg-1� at the very
early stages of AD (14) and its lower expression inAD-like, aged
mouse lemurs in comparison with healthy elderly animals (17)
support the hypothesis of an early role of Reg-1� in brain plas-
ticity and the regenerative process and suggest that Reg-1� and
its receptor may be clinically important targets in neurodegen-
erative diseases.
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