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(DTX1) has been identified as a cytoplasmic downstream
element of the Notch signaling pathway. DTX homologs
share three common domains, namely, the N-terminal
region and the proline-rich and RING-H2 finger motifs
(Kishi et al., 2001). Particularly, the N-terminal region
interacts with NICD. Notch signaling via DTX1 represses
JNK signaling, a pathway regulating OL differentiation,
and cooperates with Wingless signaling (Martinez Arias
et al., 2002). Although several studies imply the exis-
tence of an extracellular ligand that activates Notch/
DTX1 signaling, the putative ligand has not yet been
identified.

F3/contactin is a glycosyl phosphatidylinositol (GPI)-
anchored neural cell adhesion molecule of the immuno-
globulin superfamily (Revest et al., 1999). It is a neuronal
receptor for the oligodendrocyte-related extracellular
matrix glycoprotein tenascin-R via epidermal growth
factor (EGF)-like repeats (Xiao et al., 1996). F3 interacts
in trans with RPTP�/� (receptor protein tyrosine phos-
phatase) to promote neurite outgrowth (Sakurai et al.,
1997) and in cis with RPTP� (Zeng et al., 1999) to trans-
duce extracellular signals to myelination-related Fyn ki-
nase (Umemori et al., 1994). Additionally, F3 colocalizes
and interacts in cis with Caspr/Paranodin and in trans
with glial neurofascin 155 at the paranode (Girault and Figure 1. Notch and F3 Are Binding Partners
Peles, 2002), a key site of axoglial contact for myelina- (A) Cell adhesion assay. OLN cells were labeled with �-Notch1 (a)
tion. F3 null mice exhibit partially disrupted paranodal or �-Notch2 (b). OLN cells were plated on dishes spotted with F3
structure and die by P18 (Berglund et al., 1999), sug- (c and e–i) or CHL1 (d). Cells were untreated or pretreated prior to

plating with �-Notch1 (e) or �-Notch2 (f), preimmune serum (serum)gesting that F3 may be critical for development. In the
(g), or with antigen-depleted �-Notch1 (D-�-Notch1) (h) or �-Notch2present study, we demonstrate that F3 is a physiological
(D-�-Notch2) (i). Dotted lines depict the edges of the protein-Fcligand of Notch and that the signaling via DTX1 promotes
spots. Adherent cells were visualized by staining with Coomassie

OL development. blue. (j) Quantification of OLN cell adherence to F3 substrate and
the effects of blocking antibodies. #, p � 0.05 compared with CHL1;
*, p � 0.05 compared with preimmune serum. Scale bar in (i): 20Results
�m for (a) and (b); 120 �m for (c)–(i).
(B) Cell repulsion assay. mN1- (a) or mock-transfected HeLa cellsNotch Is the Oligodendroglial Surface
(b) were plated on F3-coated dishes. Adherent cells were stained

Binding Partner of F3 with Coomassie Blue. (c) Quantification of HeLa cell adherence to
Axonal F3 congregates at the paranode, a potential site F3 and the effects of blocking antibodies. In some experiments,
for F3 to interact with myelinating glia (Girault and Peles, mN1-transfected HeLa cells were pretreated with �-F3 or �-Notch1,

or with preimmune serum (serum). #, p � 0.05 compared with mock-2002). Notch is a plausible binding partner since its ex-
transfected HeLa cells; *, p � 0.05 compared with preimmune serum.tracellular portion possesses many EGF-like repeats
Scale bar in (b): 15 �m for (a) and (b).(Martinez Arias et al., 2002) and is abundantly expressed
Bar graphs (Aj, Bc) represent the number of adherent cells

on maturing OLs (Lardelli et al., 1994; Wang et al., 1998). (mean � SD).
To investigate this potential interaction, we utilized an
OL cell line OLN-93 (OLN) that was derived from sponta-
neously transformed cells in rat brain glial cultures and fected HeLa cells (Logeat et al., 1998) in cell repulsion

assays (Figure 1B). mN1-transfected HeLa cells wereresembles maturing OLs (Richter-Landsberg and Hein-
rich, 1996). OLN cells no longer express the progenitor repelled from F3 (Figure 1Ba) compared with mock-

transfected HeLa cells (Figure 1Bb). Repulsion was re-cell surface marker A2B5, and are positive for only one
isoform of myelin basic protein (MBP) (�14 kDa), charac- versed by pretreating the cells with F3 or Notch1 anti-

bodies, but not with preimmune serum (Figure 1Bc).teristic of immature OLs. Immunocytochemistry con-
firmed that OLN cells express Notch1 and Notch2 on These studies suggest that Notch interacts with F3.
their surface (Figures 1Aa and 1Ab).

To investigate if F3 could bind to Notch, we first per- F3 Binds to Specific Sites on Notch1
To confirm F3/Notch interaction, rat brain membraneformed cell adhesion assays (Xiao et al., 1996). After

plating, OLN cells adhered readily to F3 substrate (Fig- samples were immunoprecipitated with Notch1 or Notch2
antibodies. Immunoblotting of the precipitates using F3ure 1Ac), but not to CHL1-Fc (CHL1), another neural

cell adhesion molecule (Holm et al., 1996) (Figure 1Ad). antibody showed that they contained F3 (Figure 2Aa).
In a reciprocal assay, an F3 antibody precipitate wasAdhesion was blocked by preincubation with F3 (Figure

1Aj), Notch1, or Notch2 antibodies (Figures 1Ae, 1Af, probed with Notch1 or Notch2 antibodies (Figure 2Ab).
These results indicate that Notch and F3 can form com-and 1Aj), but not with preimmune serum or antigen-

depleted antibodies to Notch1 or Notch2 (Figures 1Ag, plexes.
To identify the specific binding site(s) on Notch1, we1Ah, and 1Ai). We also used murine Notch1 (mN1)-trans-
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tex (not shown). Thus, F3 and Notch1 are unlikely to
complex laterally within lipid rafts. Altogether, these ob-
servations suggest that F3 is a trans binding partner
of Notch.

NICD Translocates to the Nucleus
after Notch Interacts with F3
The immediate consequence of Notch activation is the
release and transport of NICD to the nucleus (Schroeter
et al., 1998). To determine if F3 could effect this, myc-
tagged full-length mouse Notch1 (mNotch1-myc) was
transfected into OLN cells. Cells were treated with differ-
ent proteins and immunolabeled for NICD using NICD
antibody (Logeat et al., 1998). In F3-treated cells, con-
centrated NICD staining was observed in the nuclei (Fig-
ure 3Aa), similar to Jagged1-induced NICD translocation
(Figure 3Ab). BSA failed to trigger this event (Figure 3Ac).
Preincubation with Notch1 EGF antibody (which cross-
reacts with Notch2, not shown) abolished F3-induced

Figure 2. Notch and F3 Associate as a Protein Complex NICD translocation (Figure 3Ad). Brefeldin A and monen-
(A) F3 coimmunoprecipitates with Notch1 or Notch2. (a) Immunopre- sin (not shown), compounds that inhibit the membrane
cipitates from rat brain lysate were prepared using �-Notch1,

insertion of Notch1 (Schroeter et al., 1998), also pre-
�-Notch2, nonimmune IgG, or unconjugated beads, and were

vented NICD translocation. Cell treatment with increas-probed with �-F3. (b) Reciprocal assays used �-F3 to capture the
ing concentrations of F3 or Jagged1 led to a similarprotein complex, followed by immunoblotting with �-Notch1 or

�-Notch2 to detect the binding partner. concentration-dependent increase in nuclear clustering
(B) Subcloning of the Notch1 extracellular domain. (a) Schematic of NICD (Figure 3Ae). OLN cocultured with either F3-
diagram of Notch1 and its subcloned fragments. (b and c) Coomas- or Jagged1- but not mock-transfected CHO cells also
sie Blue staining and �-Notch1 immunoblot of the four fragments, re-

resulted in production of Notch2 intracellular domainspectively.
(ICD) (Figure 3Af). Notch2 ICD antibody was not cross-(C) F3 binds to specific domains of Notch1. (a) The GST-Notch1
reactive with Notch1 ICD (not shown). These resultsextracellular fragments (N1.1, N1.2, N1.3, and N1.4) or GST alone

were used in a GST pull-down assay with rat brain lysate. The demonstrate that F3, like Jagged1, can activate Notch1
precipitates and rat brain lysate (right lane) were probed for F3. (b) and Notch2, leading to subsequent nuclear transloca-
Quantification of mock- and F3-transfected CHO cells adhering to tion of NICD.
culture dishes coated with the four GST fusion fragments or GST
alone. Bars represent the number of adherent cells (mean � SD).
*, p � 0.05 compared with GST. F3 Induces Notch Intramembrane
(D) Lipid raft analysis. F3 was mainly localized to the fifth fraction, Cleavage at the S3 Sitewhile Notch1 was enriched in fractions 9–12. Caspr was used as a

As a prerequisite for activation, Notch undergoes �-secre-positive control to mark lipid raft fractions. H: Total homogenate.
tase-dependent RIP at the S3 site (V1744) (Schroeter et
al., 1998; Huppert et al., 2000). To clarify the nature of
F3-induced cleavage, mNotch1-myc transfected OLNdivided the mouse Notch1 extracellular domain into four

equal-sized fragments termed N1.1, N1.2, N1.3, and cells were preincubated with �-secretase inhibitor and
then treated with F3 or Jagged1. In both cases, no NICDN1.4 (Figure 2Ba) and produced them as recombinant

GST fusion proteins (Figures 2Bb and 2Bc). The Notch1 staining was observed in the nuclei (Figures 3Ba and
3Bb). Moreover, two S3 cleavage mutants, V1744K-mycantibody used in the aforementioned cellular studies

recognized only N1.3 and N1.4. GST pull-down assays and V1744L-myc, which showed reduced proteolysis
and parallel reduction in activity (Schroeter et al., 1998),with rat brain lysates revealed that F3 associated with

N1.1 and N1.3 (Figure 2Ca). To confirm this, F3-trans- were transfected into OLN cells that were then treated
with F3 or Jagged1. Cells showed c-myc immunostain-fected CHO cells (Gennarini et al., 1991) were seeded

onto culture dishes coated with the four GST fusion ing mainly in the cytoplasm and on the cell surface, but
not in the nuclei (Figures 3Bc–3Bf). In immunoprecipi-proteins. Cells bound predominantly to N1.1 and N1.3.

Mock-transfected CHO cells did not bind (Figure 2Cb). tation assays, c-myc antibody precipitates from F3- or
Jagged1-treated V1744K-myc and V1744L-myc trans-
fected OLN cells could only be labeled with NICD anti-F3 and Notch1 Are Not Colocalized in Lipid Rafts

F3 is a surface molecule localized in lipid rafts of OLs body that also recognizes full-length Notch1 (300 kDa)
(Figure 3Bg, upper panel), indicating that these mutant(Krämer et al., 1999). To ascertain whether F3/Notch

interaction could occur in cis in these microdomains, Notch1 molecules remained intact. Only the precipitates
from F3- or Jagged1-treated mNotch1-myc transfectedthey were isolated from P15 rat cerebral cortex. Both

F3 and Caspr were detected in fraction 5 of the sucrose OLN cells showed a reactive band upon probing with
V1744 antibody that solely recognizes NICD releaseddensity gradient as reported (Faivre-Sarrailh et al., 2000),

while Notch1 was found only in fractions 9–12 enriched from S3 (120 kDa) (Figure 3Bg, lower panel). Altogether,
these observations suggest that F3 induces RIP at thein cytoskeleton-associated proteins (Figure 2D). The

same results were obtained using adult rat cerebral cor- Notch1 S3 site.
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Figure 3. NICD Translocation

(A) F3-induced NICD nuclear translocation. mNotch1-myc transfected OLN cells were treated with 11.2 nM F3 (a), Jagged1 (b), BSA (c), or
preincubated with �-Notch1 EGF prior to F3 treatment (d) and then stained with �-NICD. (e) Quantification of cells with nuclear staining of
NICD after treatment with increasing concentrations of F3 and Jagged1. Data are mean � SEM. (f) OLN cells were cultured with Jagged1-,
F3-, or mock-transfected CHO cells, and lysates were immunoprobed with �-Notch1, �-Notch2, and �-tubulin.
(B) F3-induced RIP involves �-secretase at the S3 site. OLN cells were pretreated with 200 �M �-secretase inhibitor, stimulated with F3 (a)
or Jagged1 (b), and stained with �-NICD. After treatment with F3 (c and d) or Jagged1 (e and f), myc-tagged V1744K or V1744L mutant-
transfected OLN cells were immunolabeled for c-myc. (g) �-c-myc immunoprecipitates from OLN cells expressing myc-tagged wild-type
Notch1 or V1744K and V1744L mutants were immunoblotted with �-NICD (which recognizes both the �300 kDa full-length and the �120 kDa
intracellular portion of Notch1) or �-V1744 (which only recognizes NICD after cleavage at the S3 site). Scale bar in (Bf): 15 �m for (Aa)–(Ad)
and (Ba)–(Bf).
(C) Upregulation of Notch1 and Notch2. Total (cytoplasmic plus nuclear) NICD staining intensity was quantified in F3-treated and BSA-treated
mNotch1-myc transfected OLN cells (a). OLN cells cultured alone or with F3-, mock, TAG-1-, or TAX-transfected CHO cells were lysed and
probed with �-Notch1, �-Notch2, and �-Notch3 (b). (c) Real-time PCR assays of Notch mRNA levels in OLN cells treated with 11.2 nM F3,
Jagged1, or PBS. Raw data were normalized to �-actin. Bars are mean � SEM. *, p � 0.05 compared with PBS.
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F3/Notch Interaction Upregulates CNPase staining (Figure 5Bd), compared with Jagged1
(Figures 5Bb, 5Bc, 5Be, and 5Bf) or BSA (not shown)Notch1 and Notch2 Expression

F3, but not BSA, induced a 2-fold increase in nuclear treatment. Quantification of MAG and CNPase fluores-
cence intensities revealed an approximately 300% in-NICD (Figure 3Ca), while there was no noticeable change

in cytoplasmic NICD, suggesting that F3 upregulates crease in MAG and 40% increase in CNPase labeling in
F3- versus Jagged1- or BSA-treated cells (Figure 5Bg).Notch expression. To confirm this, OLN cells were cul-

tured with mock-, F3-, TAG-1-, or TAX-transfected CHO Cell pretreatment with Notch1 EGF antibody prevented
F3-induced increase in MAG and CNPase (Figure 5Bg),cells. TAG-1 and TAX are members of F3 subfamily (Tsio-

tra et al., 1993). Expression of Notch1 and Notch2, but suggesting that Notch is required for this event. In addi-
tion, F3 induced cells to flatten and form a sheet-likenot Notch3, increased when OLN cells were cultured

with F3-transfected CHO cells (Figure 3Cb). Real-time structure (Figure 5Ba). Quantification of the substratum
area covered by cells revealed a 2-fold increase in thatPCR showed that soluble F3 increased Notch1 and

Notch2, but not Notch3 transcripts (Figure 3Cc), while covered by F3-versus Jagged1- or BSA-treated cells
(Figure 5Bh). These findings confirm F3-induced MAGJagged1 only upregulated Notch1, but not Notch2. Thus,

F3/Notch interaction may provide a feedback loop to upregulation.
specifically upregulate Notch1 and Notch2.

MAG Is Upregulated by F3/Notch Interaction
To better understand the involvement of NICD in thisOligodendroglial Processes Alter their

Morphology upon Contact with F3 event, we transiently transfected into OLN cells V5-tagged
dominant-negative Notch1 (dn-N1) or Notch2 (dn-N2)To model the scenario of axoglial contact during myelin-

ation, we studied the morphology of OLN processes (Small et al., 2001), which lack the intracellular regions
but can bind to extracellular ligands. Cells were thenwhen they contact cell surface-expressed F3. Since OLN

cells extend longer processes than primary OLs, they treated with F3 and double stained with V5 and MAG
antibodies. Notably, both dn-N1-V5- (Figure 5Ca) andare ideally suited for observing subtle morphological

changes that occur during contact. F3-transfected CHO dn-N2-V5- (Figure 5Cb) positive cells were poorly la-
beled for MAG. pcDNA4/V5/LacZ (LacZ) was used as acells mimicked the paranodal axonal component. Mock-,

TAG-1-, and TAX-transfected CHO cells were used as vector control (Figure 5Cc). Moreover, OLN cells trans-
fected with myc-tagged V1744K (Figure 5Cd) and V1744Lcontrols. Remarkably, most OLN processes terminated

upon contact with F3-transfected CHO cells and flat- (Figure 5Ce) were treated with F3 and double stained
for c-myc and MAG. In either case, F3 failed to upregu-tened to form a cytoplasmic sheet spreading over the

surface of CHO cells, as if in an attempt to envelop the late MAG in c-myc-positive cells. Quantification of MAG
fluorescence intensity confirmed that Notch1 or Notch2cell (Figures 4A–4K). But this was not observed with

mock- (Figures 4L and 4M), TAG-1- (Figures 4N and 4O), dysfunction, in other words, the absence of NICD, abol-
ished F3-induced MAG upregulation (Figure 5Cj), sug-or TAX-transfected (Figures 4P and 4Q) CHO cells. While

approximately 80% of extending processes halted upon gesting that NICD is required for MAG expression.
We further investigated the inductive role of F3 in thisreaching F3-transfected CHO cells, with other CHO cells

the proportion was only 20% (Figure 4R). These results event by introducing into OLN cells V5-tagged constitu-
tive-active Notch1 (caN1) (Figures 5Cf and 5Cg) andsuggest that a signal inducing the morphological change

is presented to the oligodendroglial processes when F3 Notch2 (caN2) (Figures 5Ch and 5Ci), which lack the
extracellular domains and are ligand-independently ac-is encountered.
tive (Small et al., 2001). That is, even in the absence of
F3, NICD is generated and translocates to the nucleus.F3, but Not Jagged1, Upregulates MAG
In OLN cells, caN1 (Figure 6Ac) and caN2 (not shown)To explore how the morphological change described
transactivated Hes1 in luciferase reporter assays. Immu-above could relate to F3/Notch signaling, we investi-
nolabeling showed that V5-positive cells were faintlygated the expression of myelin-associated glycoprotein
stained for MAG (Figure 5Cj). Given that Jagged1 also(MAG), a mature OL marker, in the aforementioned co-
induces NICD release, but does not increase MAG ex-cultures. Parental and transfected CHO cells did not ex-
pression, these results demonstrate that MAG upregula-press Delta, Jagged1, and Jagged2 (Figure 5Aa). Mem-
tion requires F3-induced NICD.brane extracts of cocultured cells were immunoblotted

for MAG. The constitutive level of MAG in OLN cells was
very low, if not undetectable. However, when OLN cells F3/Notch-Induced MAG Upregulation

Is Independent of Hes1were cultured with F3-transfected CHO cells, MAG was
upregulated (Figure 5Ab). F3-transfected CHO cells do A prominent feature of Notch signaling is the expression

of Hes genes in an oscillatory manner (Hirata et al.,not express MAG (not shown). In real-time PCR, primary
OLs plated upon F3 substrate showed approximately 2002). We thus quantified Hes1 mRNA levels in OLN

cells using real-time PCR. Nonphysiological treatmentsixteen-fold increase in MAG transcripts versus cells
seeded on BSA (Figure 5Ac). OLN cells showed a similar of cells with 2 mM EDTA (Rand et al., 2000) triggered a

sharp increase in Hes1 mRNA during the first two hoursefficiency of MAG upregulation (not shown).
Furthermore, mNotch1-myc transfected OLN cells and a return to basal level by three hours (Figure 6Aa),

reflecting the exquisite regulation of endogenous Hes1were immunolabeled for MAG and 2�, 3�-cyclic nucleo-
tide 3�-phosphodiesterase (CNPase), an OL-specific an- expression (Dale and Maroto, 2003). However, F3, Jag-

ged1, or BSA treatment did not significantly alter thetigen. Treatment with soluble F3 resulted in a remarkable
increase in MAG staining (Figure 5Ba) and enhanced baseline oscillating levels of endogenous Hes1 tran-
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Figure 4. OLN Cellular Processes Halt and Alter their Morphology upon Contact with F3-Transfected CHO Cells

Cellular processes (arrows in [A] and [B]) of OLN cells extend toward F3-transfected CHO cell somata and upon contact with them, terminate
and elaborate a flattened cytoplasmic sheet that envelops the cell body. This phenomenon is indicated by asterisks (*).
(A) Both OLN and F3-transfected CHO cells were prestained with PKH26 red fluorescent dye.
(B) The bright-field micrograph corresponding to (A).
(C, F and I) OLN cells were prestained with PKH26 red fluorescent dye.
(D, G, and J) Both OLN cells and F3-transfected CHO cells were stained for c-myc (green).
(E, H, and K) Merged images of (C) and (D), (F) and (G), and (I) and (J), respectively.
(L–Q) In the control systems, cellular processes (arrowheads) of OLN cells extend past transfected CHO cell bodies. (L) and (M), (N) and (O),
and (P) and (Q) are corresponding PKH26 red fluorescent and bright-field micrographs of cocultures of OLN cells with mock- (L and M), TAX-
(N and O) and TAG-1- (P and Q) transfected CHO cells.
(R) Quantification of OLN cellular processes extending past transfected CHO cell bodies in the cocultures. Data are mean � SD. *, p � 0.01
compared with controls. Scale bar in (Q): 25 �m for (A), (B), and (L–Q) and 15 �m for (C)–(K).

scription at short (the first three hours) or long (12 and downstream element, DTX1, in this event using myc-
tagged wild-type DTX1 (Yamamoto et al., 2001) and its24 hr) times after treatment (Figure 6Aa).

To investigate whether F3-induced MAG upregulation two deletion mutants, HA-tagged DTX1 mutant (DTX1-D1),
containing amino acids 1–411 (Yamamoto et al., 2001),relates to constitutive level of Hes1 protein, Hes1 anti-

sense oligonucleotides (Kabos et al., 2002) were used to and Flag-tagged DTX1 mutant (DTX1-D2), containing
amino acids 1–242 (Izon et al., 2002) (Figure 6Ba). Theblock basal Hes1 protein expression in OLN cells (Figure

6Ab). MAG upregulation was not influenced by this treat- two mutants lack the Ring-H2 finger motif, which con-
tributes to DTX1 oligomerization, an essential step forment or control sense oligonucleotides (Figures 6Ad,

6Ae, and 6Ag). DTX1 functioning (Matsuno et al., 2002). As previously
observed (Yamamoto et al., 2001), Hes1 luciferase re-Furthermore, we transfected OLN cells with dominant-

negative RBP-J-myc (dn-RBP-J-myc), bearing a muta- porter assay showed that overexpressed DTX1 inhibited
the transactivation of Hes1 by caN1 (Figure 6Bb), whiletion of lysine 218 to histidine, which abolishes effective

high affinity binding to Hes1 promoter region (Kato et both DTX1-D1 and DTX1-D2 restored Hes1 response to
caN1 (Figure 6Bb). After transfection, OLN cells wereal., 1997). Hes1 luciferase reporter assay showed that

the mutant prevented Hes1 activation by caN1 (Figure treated with F3 and double labeled for MAG and corre-
sponding tags. Overexpression of DTX1 had no effect6Ac). After transfection, cells were treated with F3 and

double labeled for c-myc and MAG. c-myc positive cells on F3-induced MAG upregulation (Figures 6Bc–6Be and
6Bl). Interestingly, MAG upregulation was abolished inshowed the same level of MAG as neighboring nontrans-

fected cells (Figures 6Af and 6Ag). These results indicate the HA-positive or Flag-positive cells (Figures 6Bf–6Bl).
These observations strongly suggest that F3/Notch-that MAG upregulation triggered by F3/Notch signaling

is independent of endogenous Hes1 expression. induced MAG upregulation involves DTX1.

F3/Notch Signaling Pathway via DTX1 PromotesF3/Notch-Induced MAG Upregulation
Involves DTX1 OPC Differentiation into OLs

The Jagged1/Notch signaling pathway inhibits OPC dif-Given that F3-induced MAG upregulation does not in-
volve Hes1, we investigated the role of another Notch ferentiation into OLs (Wang et al., 1998). To explore
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Figure 5. MAG Is Upregulated by F3/Notch Interaction

(A) MAG is upregulated by F3. CHO cells and transfected derivatives do not express classic ligands of Notch, Delta, Jagged1, and Jagged2
(a). Lysates of rat brain, OLN alone and the indicated cocultured cells were probed with �-MAG (upper panel) or �-�-tubulin (bottom panel)
(b). (c) Measured by real-time PCR, MAG mRNA in primary OLs is elevated significantly by F3 versus BSA treatment. The raw data were
normalized to GAPDH using comparative CT method.
(B) F3, but not Jagged1, upregulates MAG. mNotch1-myc transfected OLN cells were treated with 11.2 nM F3-Fc (a and d) or Jagged1 (b, c,
e, and f) and labeled using �-MAG (a and b) or �-CNPase (d and e). The arrows in (b) and (e) indicate the cell bodies, which can be better
viewed in bright-field pictures (c and f). (g) Fluorescence intensities of MAG and CNPase staining in cells treated with F3, Jagged1, or BSA,
or pretreated with �-Notch1 EGF followed by F3. Data are mean � SEM. (h) Quantification of the surface area (mean � SEM) occupied by
cells treated with F3, Jagged1, or BSA. *, p � 0.05; **, p � 0.01 compared with BSA.
(C) MAG upregulation is F3/Notch interaction-dependent. OLN cells transfected with Notch ICD-deleted mutants dn-N1 (a) and dn-N2 (b);
LacZ (c); S3 cleavage mutants V1744K (d) and V1744L (e); or Notch ECD-deleted mutants caN1 (f and g) and caN2 (h and i). The cells were
then treated (a–e) or untreated (f–i) with 11.2 nM F3 and double labeled for MAG (red) and V5 (a–c, f, and h) (green) or c-myc (d and e) (green).
The transfected cells in (f) and (h) can be better viewed as indicated by arrows in bright-field pictures (g) and (i), respectively. (j) MAG
fluorescence intensities in cells transfected with various indicated constructs followed by different protein treatments. Data are mean � SEM.
ECD, extracellular domain; TM, transmembrane domain; ICD, intracellular domain. The S3 site mutations in V1744K and V1744L constructs
are indicated by triangles in the transmembrane region. *, p � 0.01 compared with F3-treated OLN cells. Scale bar in (Ci): 20 �m for (Ba)–(Bf);
40 �m for (Ca)–(Ci).

whether F3/Notch signaling via DTX1 instructs OPC dif- OLs compared to �50% after BSA stimulation, while
Jagged1 treatment resulted in nearly all OPCs remainingferentiation, purified OPCs positive for the progenitor

marker Ng2 (Dawson et al., 2000) (Figure 7Aa) were treated undifferentiated (Figure 7Ak). F3-stimulated cells were
more bifurcated and inclined to form a web-like structurewith BSA, F3, or Jagged1 for 2 days and then double

stained for Ng2 and CNPase (Figures 7Ab–7Ad). After F3 (Figure 7Ac) than BSA-treated cells (Figure 7Ab). Notch
and DTX1 involvement was examined by transfectingtreatment, over 70% of OPCs differentiated into CNPase	
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Figure 6. MAG Expression Is Independent of Hes1 and Dependent on DTX1

(A) MAG upregulation is independent of Hes1 expression. (a) OLN cells were treated with the indicated ligands or compounds. At the times
shown, Hes1 transcripts were quantified using real-time PCR and normalized to that at the start of the time course. (b, d, and e) OLN cells
were untreated or pretreated with Hes1 sense (Hes1-S) or antisense (Hes1-AS) oligonucleotides followed by 11.2 nM F3. Cell lysates were
probed with �-Hes1 (upper panel) or �-nuclear matrix protein (N-matrix) (bottom panel) (b) or cells were labeled for MAG (d and e). Also, OLN
cells transfected with pGVB/Hes1 reporter alone or together with constructs expressing caN1, RBP-J, or myc-tagged dn-RBP-J were subjected
to luciferase assay (c). Data are mean � SD. (f) OLN cells transfected with dn-RBP-J-myc were treated with 11.2 nM F3 and double stained
for MAG (red) and c-myc (green). (g) MAG staining intensity in OLN cells with various treatments indicated above. Data are mean � SEM. *,
p � 0.01 compared with cells treated with F3 alone.
(B) MAG upregulation involves DTX1. (a) DTX1 constructs used in luciferase reporter assays and immunostaining study. N-terminal, N-terminal
domain; Pro, proline-rich motif; Ring finger, Ring-H2 finger motif. OLN cells were transfected with pGVB/Hes1 reporter alone or together with
indicated expression constructs. (b) Luciferase reporter activity in these cells. Data are mean � SD. DTX1- (c–e), DTX1-D1-HA- (f–h), or DTX1-
D2-Flag- (i–k) transfected OLN cells were treated with 11.2 nM F3 and double labeled for MAG (red) and related tags (green). (l) MAG
fluorescence intensity in OLN cells transfected with indicated constructs followed by different protein treatments. Data are mean � SEM. *,
p � 0.01 compared with F3-treated OLN cells. Scale bar in (Bk): 30 �m for (Ac)–(Af) and (Bc)–(Bk).
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Figure 7. F3/Notch Interaction Induces OPC Differentiation

(A) F3/Notch signaling via DTX1 promotes OPC differentiation. Purified Ng2	/CNPase-OPCs (a) were treated with BSA (b), F3 (c), or Jagged1
(d) for 2 days, double labeled for Ng2 (red) and CNPase (green), and counted (k). Some OPCs were transfected with tagged dn-N1 (e and h)
and DTX1-D2 (f and i) followed by F3 treatment. Other OPCs were transfected with caN1 and left untreated (g and j). Cells were double stained
for the appropriate tag (green) and CNPase (red; e–g) or Ng2 (red; h–j) and counted (k). Scale bar in (j): 25 �m for (a) and (e, inset), 100 �m
for (b)–(j).
(B) Proposed model of ligand-dependent Notch signaling pathways during development. F3 interacts with the Notch receptor on the opposing
cell surface to stimulate Notch/RBP-J signaling pathway to recruit DTX1 before or after releasing NICD into the cytoplasm. The NICD/RBP-J/
DTX1 complex may undergo specific but unidentified modification prior to translocation into the nucleus, where it activates target genes such
as MAG. This signaling may contribute to OL maturation after P6, when decreased Jagged1 expression favors the initiation of F3/Notch
signaling. In contrast, before P6, Jagged1/Notch signaling activates the NICD/RBP-J-dependent transcription of target genes such as Hes1
and predominantly inhibits OPC differentiation. ECM, extracellular matrix; C, cytoplasm; N, nucleus; NICDJag1 and NICDF3, NICD released upon
Jagged1 and F3 activation, respectively; E, embryo; P6 and P15, postnatal day 6 and 15, respectively; A, adult; O, oligodendrocyte; right
bottom cartoon: myelinating oligodendrocyte ensheathing the axon.

OPCs with dn-N1-V5 (Figures 7Ae and 7Ah) and DTX1- Discussion
D2-Flag (Figures 7Af and 7Ai), respectively, followed by
F3 treatment for 2 days. Other OPCs were transfected Our data designate the adhesion molecule F3 as a func-

tional ligand of Notch. F3/Notch interaction induces thewith caN1-V5 and left untreated (Figures 7Ag and 7Aj).
Notably, immunolabeling for tags and CNPase (Figures generation and nuclear translocation of NICD and ele-

vates Notch1 and Notch2 expression. It promotes OPC7Ae–7Ag) or Ng2 (Figures 7Ah–7Aj) showed that most
dn-N1 (�75%) or DTX1-D2 (�67%) transfected OPCs differentiation and upregulates MAG in OLN cells and

primary OLs, revealing a potential regulatory role for F3remained Ng2	 (Figure 7Ak), despite the presence of
F3. In particular, �40% of dn-N1-transfected cells were in OL development. Thus, ligand-specific Notch signal-

ing via Jagged1 as an inhibitory factor and F3 as a positiveCNPase	, but these cells were less bifurcated (Figure
7Ae, inset), compared to surrounding nontransfected instructor may coordinate myelination (Figure 7B).
cells, indicating a relatively immature stage. However,
CNPase	 DTX-D2-transfected cells were hardly detect- Notch Is an Oligodendroglial
able. Consistent with a previous report (Wang et al., Surface Receptor of F3
1998), caN1-transfected cells remained Ng2	, and al- Adhesive contacts at axoglial junctions are partly con-
most none became CNPase	 OLs (Figure 7Ak), indicat- tributed by the F3-Caspr-neurofascin 155 heterotrimer
ing that F3-induced NICD is specifically required for (Girault and Peles, 2002). Herein we define a functional
accelerated OPC differentiation. These results demon- ligand-receptor interaction between F3 and Notch. Cell
strate that F3/Notch signaling via DTX1 promotes OPC adhesion/repulsion assays and biochemical approaches

demonstrate that Notch and F3 are binding partners.development.
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Further, we have identified two extracellular sites on alterations could result from different, albeit overlap-
ping, regions of Notch recognized by Jagged1 and F3.Notch1 for F3 binding, namely N1.1 and N1.3. The former

contains the EGF repeats 11–12 involved in DSL binding Notch receptors with distinct conformations may inter-
act, before or after cleavage, with different cytoplasmic(Rebay et al., 1991). F3 is also expressed on OLs (Koch

et al., 1997) and transduces signals to glial intracellular factors, such as DTX1. The form of NICD subsequently
arriving at the nucleus then specifies further potentialFyn, which then interacts with Tau protein to mediate

myelination (Klein et al., 2002). Since soluble F3 is suffi- interactions and determines its transcriptional target. It
will be of significance to investigate this hypothesis andcient to trigger F3/Notch signaling and the lipid raft

assay demonstrated that Notch1 is not localized to the identify DTX1-related transcription cofactors that are
required for F3/Notch signaling.F3-enriched fraction, F3 may not interact with Notch1

in cis. Given that Notch and F3 colocalize in various
regions of the brain (Lardelli et al., 1994; Revest et al., Potential Role of F3/Notch Signaling
1999), particularly at axoglial junctions, our results sug- via DTX1 in OL Maturation
gest a role for F3 as a trans-acting ligand of Notch. Jagged1/Notch signaling contributes to maintaining

OPCs in an undifferentiated stage (Wang et al., 1998).
F3/Notch Signaling Induces Proteolytic Release The failure of efficient remyelination in multiple sclerosis
of NICD and Upregulates Notch Homologs (MS) has been partly attributed to the activation of OPC
RIP, the generation of nuclear signaling proteins derived Notch by astrocyte-expressed Jagged1 (John et al.,
from nonnuclear precursors such as Notch and APP, is 2002). However, Jagged1 expression sharply decreases
a new paradigm of signal transduction that adds unfore- from around P6 (Wang et al., 1998), a time point concur-
seen diversity to the signaling repertoire of a cell (Ebinu rent with the onset of myelination and the clustering of
and Yankner, 2002). We have shown that F3 binding axonal F3 at the paranode (Kazarinova-Noyes et al.,
triggers Notch intramembrane proteolysis at the S3 site 2001), an ideal position to interact with Notch receptors
and nuclear translocation of the resultant NICD in OLN on the surface of newly formed OLs. Mutant animals, in
cells. The ability of Notch1 EGF antibody or brefeldin A which Notch1 is selectively ablated in OPCs (Genoud
and monensin to block this event suggests that the et al., 2002), are characterized by ectopic immature OLs,
extracellular F3/Notch interaction is essential for the intra- most of which undergo apoptosis, indicating that auton-
membrane cleavage-derived generation and transport omous differentiation in the absence of the Notch recep-
of NICD. Thus, it is another example of RIP. In addition, tor may be disruptive and that other regulatory signaling
the F3/Notch signaling pathway may specifically in- cascades besides Jagged1/Notch may be needed to
crease Notch1 and Notch2 (but not Notch3) expression ensure correct differentiation and survival of OLs. We
or protect Notch1 and Notch2 from rapid degradation. observed here that F3 promotes OPC differentiation,
Either way, this may serve to replenish consumed recep- which can be blocked by both dominant-negative Notch
tors on the cell surface and thus sustain signal conti- and DTX1 deletion mutants, and oligodendroglial pro-
nuity. cesses emanating from OLN cells terminate and spread

over the surface of F3-transfected CHO cells, an event
A Possible Model for F3/Notch Signaling via DTX1 related to the upregulation of myelin-specific proteins,
Given that F3 and Jagged1 share a common binding such as MAG and CNPase. Upon Notch interaction with
domain on Notch1, Jagged1 downregulation that occurs either immobilized or soluble F3, MAG is significantly
prior to myelination may permit the alternate interaction upregulated at both the protein and mRNA levels. MAG
of Notch with F3. In OLN cells, both Jagged1 and F3 upregulation can be blocked by dominant-negative con-
trigger �-secretase-mediated and S3-directed release struct of Notch1, Notch2, or deletion mutants of DTX1.
of NICD followed by its nuclear translocation. Moreover, These observations indicate that OL maturation involves
caN1 activates Hes1, which is blocked by coexpression F3/Notch signaling via DTX1 (Figure 7B).
of dn-RBP-J-myc or DTX1. Thus, it is conceivable that In summary, our study reveals a new facet of the
F3-induced Notch intracellular signaling is associated Notch signaling pathway. Upon activation by F3, Notch
with RBP-J. However, only F3-induced NICD, but not signaling via DTX1 continues to participate in OL matu-
Jagged1-induced NICD or caN1 or caN2, induces OPC ration through upregulating certain myelin-related pro-
differentiation and increases MAG expression, sug- teins instead of solely functioning to inhibit OPC differ-
gesting that this event may require specific extracellular entiation into OLs. Hence, this finding may prove to be
ligand-receptor interaction. Moreover, experiments uti- an efficient molecular handle for promoting remyelin-
lizing either dn-RBP-J-myc or Hes1 antisense oligonu- ation in degenerative diseases, such as MS, by creating
cleotides indicate that the blockage of endogenous an environment in which Notch predominantly interacts
Hes1 expression is not involved in F3/Notch-induced with endogenous or exogenous F3 to initiate the F3/
MAG upregulation. On the other hand, two truncated Notch/DTX1 signaling pathway.
mutants of DTX1, which lack the Ring-H2 finger motif
that is indispensable for the formation of functional ho- Experimental Procedures

modimeric DTX1 (Matsuno et al., 2002), prevent both F3-
Antibodiespromoted OPC differentiation and MAG upregulation.
The following antibodies were used: Monoclonal Notch1 EGF (Neo-Thus, we propose that a switch in ligands may alter
marker), CNPase and Flag (Sigma), c-myc (9E10) and HA (Santa

Notch intracellular signaling effectors (Figure 7B). The Cruz Biotechnology), nuclear matrix (Chemicon) and V5 (Invitrogen)
binding of different ligands may induce the formation antibodies, polyclonal V1744 (Cell Signaling), N2ICD, Jagged1, Jag-

ged2, Delta (Santa Cruz Biotechnology), �-tubulin (Sigma), Ng2of distinct Notch conformations. Such conformational
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(Chemicon), Hes1 (Kaneta et al., 2000), NICD (Logeat et al., 1998), Culture of Primary OLs and OPCs
Primary OLs were isolated from P5-7 rat brain cerebrum (ColelloNotch1, Notch2, Notch3 (kind gifts from Dr. Lendahl), and F3 (Shima-

zaki et al., 1998). Polyclonal Caspr antibody was obtained by immu- and Sato-Bigbee, 1998), and OPCs from P5-7 rat optic nerve (Bög-
ler, 1997).nization of rabbits with a GST fusion protein of amino acids 277–430

of human Caspr and polyclonal MAG antibody (7610) with the follow-
ing peptide: N�-CISCGAPDKYESREVST-C� (Eurogentec). Real-Time PCR Analysis

Total RNA from OLs or OLN cells was extracted using the QIAGEN
RNeasy kit and treated with RNase-free DNaseI (Invitrogen). Sam-

Cell Adhesion/Repulsion Assay ples were used for reverse transcription with random hexamer prim-
Cell adhesion/repulsion assay was performed as described (Xiao et ers using SuperScript First-Strand Synthesis System (Invitrogen)
al., 1996). (Notch homologs, Hes1) or TaqMan RT Kit (Applied Biosystems)

(MAG). �-actin and GAPDH were used as internal controls. Real-
time PCR was performed using the SYBR Green PCR Master MixFusion Proteins
(Notch homologs, Hes1) or TaqMan system (MAG) on an ABI PRISMProduction of F3-Fc Fusion Proteins
7700 Sequence Detection System. The primers and TaqMan probesRecombinant cDNA encoding mouse F3 with the GPI-anchor substi-
were designed using Primer Express Software (ABI), and sequencestuted with human IgG Fc was inserted at the Hind III-Not I sites of
are available upon request. The raw data from at least four indepen-pDX with an amplification-promoting sequence (APS) (Hemann et
dent experiments were used to determine the relative expressional., 1994) and introduced into Ltk
/
 cells. Fc fusion proteins were
levels of each transcript by employing the comparative CT methodpurified as described (Shimizu et al., 1999).
(ABI user’s manual).Production of Notch1-GST Fusion Proteins

The following regions of the mouse Notch1 extracellular domain
Hes1 Luciferase Reporter Assaywere subcloned into pGEX-KG vector and purified as GST fusion
OLN cells (1.5�105/well) in 12-well dishes were used for Hes1 lucifer-proteins (Xiao et al., 1996): nucleotides 79–1557 (EGF repeats 1–13),
ase reporter assays. Cells were transiently transfected using Lipo-nucleotides 1324–2808 (EGF repeats 11–24), nucleotides 2575–4008
fectamine and Lipofectamine Plus reagents (Invitrogen). Each well(EGF repeats 22–34), and nucleotides 3751–5247 (EGF repeats
received pGVB/Hes1 luciferase reporter plasmid together with vari-32–36, LNR repeats). Protein concentrations were determined by
ous expression plasmids. The �-galactosidase expression plasmidBCA protein assay kit (BioRad).
pCMV/�-Gal was included as internal control. Cells were lysed 24
hr posttransfection and assayed using the Steady-Glo Luciferase

Coimmunoprecipitation and GST Pulldown Assays Assay Kit (Promega). The raw data from at least four independent
Rat brain membrane samples were prepared as described (Xiao et experiments were used to determine the relative reporter activity.
al., 1996) and incubated overnight at 4�C with antibody-coupled
Protein A agarose beads (Roche) or glutathione-agarose beads Acknowledgments
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