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Notch1 Signaling Regulates Radial Glia Differentiation
through Multiple Transcriptional Mechanisms

Brooke A. Patten,1 S. Pablo Sardi,1 Samir Koirala,1 Masato Nakafuku,2 and Gabriel Corfas1

1Division of Neuroscience, Children’s Hospital, Harvard Medical School, Boston, Massachusetts 02115, and 2Division of Developmental Biology, Cincinnati
Children’s Hospital Medical Center, Cincinnati, Ohio 45229-3039

Signaling by the Notch1 receptor is critical for the formation of radial glia in the developing nervous system. We have shown previously
that Notch1 regulates the molecular and morphological differentiation of radial glia through the transcriptional activation of at least two
genes, brain lipid binding protein (BLBP) and the erbB2 receptor tyrosine kinase. However, the mechanisms by which this occurs
remained undefined. Here we demonstrate that Notch1 effects on radial glia gene expression are mediated by two downstream mecha-
nisms, one that the depends on Suppressor of Hairless [Su(H)] and the other on Deltex1 (DTX1). These two Notch1-binding proteins
contribute to the regulation of BLBP and erbB2 expression, respectively. Importantly, our results suggest that, although these events can
occur simultaneously, a hierarchical relationship might exist between DTX1 and Su(H), because overexpression of DTX1 or a dominant-
negative form of this protein inhibits Su(H)-mediated events but not vice versa. In contrast to the effects of DTX1 overexpression,
interference RNA-mediated knock-down of DTX1 blocks Notch1-induced erbB2 promoter activation and radial glia formation selec-
tively, without affecting Su(H)-dependent pathways, indicating that loss of DTX1 expression and expression of dominant-negative DTX1
result in different alterations in cell differentiation and gene expression. Together, these results show that Notch1 regulates radial glia
formation through two distinct transcriptional mechanisms and that the outcomes of Notch1 signaling may depend on the relative
expression levels of its coregulators.
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Introduction
Neuronal migration is a critical step in brain development. Neu-
rons are generated in germinal layers located in the walls of the
neural tube and then migrate to the position they will occupy in
the mature brain. Newborn excitatory cortical neurons and most
cerebellar neurons migrate along specialized cells called radial
glia (Rakic 1971a,b). These cells extend radial processes from the
germinal layers through the developing anlage and thus provide a
scaffold for migrating neurons. In the cerebellum, Bergmann glia
cells are the radial glia that guide and support the migration of
granule neurons (Goldowitz and Hamre, 1998).

Bergmann glia have been used as a model to study the mech-
anisms that regulate radial glia formation and function in vivo
and in vitro (Sotelo and Changeux, 1974; Hatten, 1985; Rio et al.,
1997; Borghesani et al., 2002; Patten et al., 2003; Yue et al., 2005).
Hatten (1985) originally demonstrated that contact with granule
neurons induces cerebellar astroglia to adopt a radial glia pheno-

type. This transformation includes the formation of radial pro-
cesses (Hatten, 1985) and the expression of the radial glia marker
brain lipid binding protein (BLBP) (Feng et al., 1994). More
recently, we showed that this radial glia differentiation depends
on activation of the Notch1 receptor and subsequent down-
stream transcriptional events (Patten et al., 2003). When Notch1
receptors expressed by cerebellar astroglia are activated by con-
tact with granule neurons, which express Jagged1, Notch1 signal-
ing induces the transcription of BLBP and the receptor tyrosine
kinase erbB2. Upregulation of BLBP is important for adhesion
between migrating neurons and radial glia (Feng et al., 1994),
although the increase in erbB receptor expression makes the glia
responsive to the erbB ligand neuregulin1 (NRG1), which is also
expressed by the granule neurons (Rio et al., 1997). NRG1-erbB
receptor signaling then induces the morphological transforma-
tion of the astroglia into radial glia (Patten et al., 2003).

The studies described above also suggested that multiple in-
tracellular pathways mediate the effects of Notch1 signaling in
radial glia. In canonical Notch signaling, ligand binding induces
receptor proteolysis, releasing the Notch1 intracellular domain
(NICD). NICD then translocates to the nucleus and binds to
Suppressor of Hairless [Su(H)] [also known as C-promotor
binding factor 1 (CBF1), RBP-J, and LAG1], converting it from
transcriptional repressor to transcriptional activator (for review,
see Lai, 2002). We found that one effect of Notch1 on radial glia
formation, the activation of BLBP expression, depends on this
canonical Su(H) pathway. However, we were surprised by the
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observation that the Notch1-mediated erbB2 expression and glial
morphological differentiation were independent of Su(H) (Pat-
ten et al., 2003), indicating that noncanonical Notch1 signaling is
involved in the formation of radial glia.

Deltex1 (DTX) has been implicated in noncanonical Notch1
signaling (Kishi et al., 2001) and was originally identified in Dro-
sophila as a positive regulator of Notch1 function (Xu and
Artavanis-Tsakonas, 1990; Matsuno et al., 1995; Ramain et al.,
2001). There are four mammalian DTX proteins named DTX1
through DTX4 (Kishi et al., 2001; Storck et al., 2005). These pro-
teins form homodimers and heterodimers with each other and
bind to the ankyrin repeats of NICD (Kishi et al., 2001;
Yamamoto et al., 2001; Takeyama et al., 2003). Although in
mammalian cells DTX is seen mostly as a positive regulator of
Notch1, it has been suggested that it could also act as a negative
regulator (Matsuno et al., 1998; Sestan et al., 1999). However, the
mechanisms by which DTX contributes to Notch1 signaling, its
potential gene targets, and the ways in which DTX and Su(H)
interact in mammalian cells remain undefined.

Here we show that DTX1 function is necessary for the
Notch1-mediated regulation of radial glia differentiation, with
DTX1 activity being necessary for the activation of erbB2 tran-
scription and radial glia morphological differentiation. Further-
more, our experiments indicate that a hierarchical relationship
might exist between DTX1 and Su(H), the first being dominant
over the latter. These results provide new insights into mecha-
nisms of brain development, in particular how Notch1 signals to
regulate transcription of multiple genes that can influence cell
differentiation.

Materials and Methods
In situ hybridization. The DTX1 probe was generated by PCR with two
primers: forward, 5�-GCAAGAGCAGCAGAGATAG-3�; and reverse, 5�-
GGATAGACAGAGGTCAAGAG-3�. The 514 bp PCR product was then
cloned into pCRII-TOPO expression vector (Invitrogen, Carlsbad, CA)
to generate the sense and antisense probes. The preparation of digoxige-
nin (DIG)-labeled riboprobe for DTX1 and the in situ analysis was per-
formed as described by Messersmith et al. (2000). Briefly, FVBN wild-
type mice (Charles River Laboratories, Wilmington, MA) were fixed by
intracardial perfusion with 4% paraformaldehyde in PBS, and the cere-
bellum was dissected, cryoprotected, and cut in 15 �m parasagittal sec-
tions. DIG-labeled riboprobes were hybridized to cryosections, detected
using an alkaline phosphatase-conjugated anti-DIG antibody (Roche
Products, Welwyn Garden City, UK), and developed with a nitroblue-
tetrazolium-chloride/5-bromo-4-chlor-indolyl-phosphate substrate (Roche
Products). When immunostaining and in situ analysis were combined,
the in situ protocol was followed as described, and then sections were
fixed in 4% paraformaldehyde for 10 min, rinsed with PBS, blocked in
4% horse serum with 0.1% Triton X-100, and probed with a rabbit
anti-calbindin antibody (1:50; Abcam, Cambridge, MA), followed by an
anti-mouse HRP-conjugated secondary antibody (Jackson Immuno-
Research, West Grove, PA).

Immunostaining. Cells in culture were fixed in 4% paraformaldehyde
for 10 min, rinsed with PBS, blocked in 4% horse serum with 0.1% Triton
X-100, and probed with a rabbit anti-GFAP (1:500; DakoCytomation,
High Wycombe, UK) or a mouse anti-green fluorescent protein (GFP)
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA) antibody, followed
by anti-rabbit cyanine 3 or anti-mouse Alexa Fluor 488-conjugated sec-
ondary antibody (Jackson ImmunoResearch). Nuclei were stained with
Hoechst 33342 (Invitrogen).

Glia and neuron cell culture. Primary astroglial and granule neurons
were purified from postnatal day 6 (P6) Long–Evans rat or FVBN mouse
cerebella (Charles River Laboratories) by selective preplating as de-
scribed by Patten et al. (2003). Briefly, cerebella were excised in PBS and
dissociated in astrocyte media [DMEM, 10% fetal bovine serum (FBS),
and 2 mM L-glutamine (Invitrogen)] with 0.02% DNase. Cells were

plated onto uncoated dishes to remove fibroblasts, and then the super-
natant was plated onto three 10 cm poly-D-lysine (0.5 �g/ml; BD Bio-
sciences, Franklin Lakes, NJ) coated dishes to attach glia. Plates were
washed with PBS to remove and collect neurons. Glia were passaged 3– 4
d later to remove any remaining neurons, producing a glial culture
�95% pure. All cells were incubated at 37°C with 5% CO2.

Cell lines. The oligodendrocyte cell line (OLN-93) and HEK 293T and
NIH3T3 cell lines were grown in DMEM with high glucose, 10% FBS,
and 2 mM L-glutamine (Invitrogen).

Generation of lentiviruses for interference RNA expression. The vector
pLL3.7 (from Luc Van Parijs, Massachusetts Institutes of Technology,
Cambridge, MA) was used to generate small hairpin RNAs as described by
Rubinson et al. (2003). The following oligonucleotides were subcloned into
the HpaI/XhoI sites (nucleotides targeting DTX are underlined): interference
RNA (RNAi) DTX1-A, forward, 5�- TGGGCCGAAAGGTGCTGAGATT
CAAGAGATCTCAGCACCTTTCGGCCCTTTTTTC-3�; RNAi DTX1-A,
reverse, 5�-TCGAGAAAAAAGGGCCGAAAGGTGCTGAGATCTCTTGA
ATCTCAGCACCTTTCGGCCCA-3�; RNAi DTX1-B, forward, 5�-TCGG
CCTACGACATGGACATTTCAAGAGAATGTCCATGTCGTAGGCC
GTTTTTTC-3�; and RNAi DTX1-B, reverse, 5�-TCGAGAAAAAA
CGGCCTACGACATGGACATTCTCTTGAAATGTCCATGTCGTAGGC
CGA-3�.

Lentiviral production was performed as described by Rubinson et al.
(2003). Briefly, HEK 293T cells were cotransfected with pLL3.7 and pack-
aging vectors, and the resulting supernatant was collected after 48 and
72 h. Lentiviruses were recovered after ultracentrifugation for 1.5 h at
25,000 rpm in a Beckman Instruments (Fullerton, CA) SW28 rotor and
resuspended in PBS.

Contactin purification. Two 10 cm dishes of 70% confluent HEK 293T
cells were transfected with a rat Ig-contactin plasmid (Peles et al., 1995).
Two days later, cells were passed onto three 15 cm dishes and incubated
with Optimem media (Invitrogen) and penicillin/streptomycin (Invitro-
gen) for 24 h. Medium was collected and replaced for another 24 h. The
conditioned media was added to 1 ml of protein A/G beads, washed with
PBS, and rotated overnight at 4°C. The beads were then washed twice
with PBS, eluted twice with 3 ml of 0.1 M glycine, pH 2.5, for 15 min each,
and eluted once with PBS for 5 min. Eluates were neutralized with 1 M

Tris, pH 8, and centrifuged at 3000 � g for 5 min in a 30 kDa Centrifugal
Filtration Device (Amicon, Beverly, MA).

Plasmids. The 1.7 kb BLBP promoter (Feng and Heintz, 1995), the 4.5
kb erbB2 promoter (White and Hung, 1992), and the CBF1-dependent
reporter (Hsieh et al., 1996) were subcloned into a pGL3basic luciferase
reporter vector (Promega, Madison, WI) as described by Patten et al.
(2003). The wild-type Su(H) construct encodes a full-length Xenopus
Su(H), and the dominant-negative (DN)-Su(H) construct encodes a Xe-
nopus Su(H) with mutated DNA binding domains (Wettstein et al.,
1997). The NICD construct encodes the entire intracellular domain of
the Notch1 receptor [formerly referred to as FCDN1 by Patten et al.
(2003)] (Shawber et al., 1996). The wild-type DTX1 construct encodes
the full-length human Deltex (amino acids 1– 620), and the DN-DTX1
construct encodes a truncated human Deltex (amino acids 1– 412)
(Yamamoto et al., 2001). To generate the flag-tagged mouse DTX1 con-
struct (flag-DTX1), mouse DTX1 (BC053055, clone 8170690; American
Type Culture Collection, Manassas, VA) was cloned into the NotI/XbaI
sites of pA1-fg using the following primers: 5�-GAAGGCGGCC
GCCATCAG TTCCGGCAAGACACAG-3�; and 5�-CGATTCTAGA
TCAGGCCTTGGCCATGGCCTC-3�.

Transfections. Primary astrocytes at 70% confluence were transfected
with Fugene 6 reagent (Boehringer Mannheim, Indianapolis, IN), ac-
cording to the recommended protocol. To detect the transfected cells,
cells were cotransfected with a plasmid encoding GFP at a molar ratio of
3:1 (target plasmid/GFP plasmid). Previously, the level of coexpression
of the target genes and GFP was found to be �95%, as described by
Patten et al. (2003).

Luciferase assay. Cells were transfected and, 2 d later, lysed and assayed
using the Dual Assay Luciferase kit (Promega), following the recommended
protocol. Cotransfected TK-renilla luciferase was used to normalize samples
for transfection efficiency and sample handling. If cells infected with RNAi
viruses were used for the assay, they were infected 10 d before transfection.
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More than 98% of the cells were infected as deter-
mined by GFP expression. The results presented
represent the mean � SEM of at least three inde-
pendent experiments.

Astroglial morphology assay. Glia were plated
at 10,000 cells/200 mm 2. The next day, cells
were transfected, and, 24 h later, freshly disso-
ciated neurons were added at a ratio of 10:1
(neurons/glia). When glia infected with RNAi
viruses were used, they were infected 10 d be-
fore transfection. More than 98% of the cells
were infected as determined by GFP expression.
The radial glia morphology was determined as
described by Patten et al. (2003). Briefly, cells
were fixed with 4% paraformaldehyde and la-
beled with a rabbit anti-GFAP antibody (Dako-
Cytomation) and the appropriate secondary
antibody. The morphology of cells in random
fields was assessed in cells that expressed both
GFAP and GFP, as determined by immuno-
staining. Glia were considered to be radial when
they had at least one thin process longer than 50
�m. This criterion was based on previous stud-
ies (Hatten, 1985; Rio et al., 1997). The results
presented represent the mean � SEM of at least
three independent experiments, and 200 – 400
cells were examined for each assay.

Western blot. To test for RNAi knock-down
of DTX1, HEK 293T cells were cotransfected
with plasmids encoding flag-DTX1 and con-
trol, DTX1-A, or DTX1-B RNAi constructs in a
1:6 molar ratio. After 24 h, samples were then
lysed in SDS sample buffer, separated by SDS-
PAGE on a 12% gel, and transferred to polyvi-
nylidene difluoride (PVDF) membranes (Milli-
pore, Bedford, MA). Blots were probed with a
mouse anti-flag antibody (Sigma, St. Louis,
MO), stripped, and then probed with a mouse
anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody (Chemicon, Te-
mecula, CA) for loading control. To test for the
effectiveness of contactin, OLN-93 cells were
lysed in SDS sample buffer, separated by SDS-
PAGE on a 4 –20% gradient gel (Invitrogen),
and transferred to PVDF membranes (Milli-
pore). Blots were probed with a mouse anti-MAG antibody (Chemicon),
stripped, and then probed with a rabbit anti-GAPDH antibody (Chemi-
con). Detection was performed using the appropriate HRP-conjugated
secondary antibodies (Jackson ImmunoResearch) and developed using
Western Lightning chemiluminescence reagent (PerkinElmer, Wellesley,
MA) with autoradiography film (Denville Scientific, Metuchen, NJ).

Reverse transcription-PCR. Total RNA was extracted from the cerebel-
lum of FVBN P6 wild-type mice by first homogenizing the tissue with a
Polytron homogenizer (probe PT-DA 1205/2EC; Kinematica, Cincin-
nati, OH) and then extracting using Trizol reagent (Sigma) according to
the recommended protocol. Total RNA was extracted from cultured cells
using RNeasy spin columns (Qiagen, Valencia, CA) with DNase treat-
ment both on column (Qiagen) and off column (RNase-free DNase I kit;
Invitrogen), according to the recommended protocol.

Statistical analysis. Statistical significance for the astroglial morpho-
logical assays was determined by � 2 test using the Statview program.
Statistical significance for the luciferase assays was determined by Wilc-
oxon’s signed-rank test.

Results
DTX1 expression is developmentally regulated in
the cerebellum
To determine whether DTX1 might play a role in Bergmann
radial glia during cerebellar development, we first analyzed its

pattern of expression by in situ hybridization (ISH). At P6, a time
when the primary role of Bergmann glia is to support the migra-
tion of cerebellar granule cells, strong DTX1 expression could be
detected in cells of the Purkinje cell layer, in which Bergmann glia
cell and Purkinje neuronal cell bodies are located. Similar results
were obtained at P0 (data not shown). The cell bodies of the
DTX1-expressing cells were small, suggesting that they belong to
the Bergmann glia rather than the large Purkinje cell bodies. To
confirm this interpretation, we combined DTX1 ISH with immu-
nostaining for calbindin, a marker of Purkinje cells, which
showed that the DTX1 ISH signal was not in these neurons (Fig. 1B).
Interestingly, although DTX1 expression in Bergmann glia was high
during early postnatal development, it became undetectable in the
adult, after neuronal migration is complete (Fig. 1A).

The expression of both Notch1 and DTX1 by Bergmann glia
in the developing cerebellum (Irvin et al., 2001; Patten et al.,
2003) suggested that Notch1-DTX1 signaling might play impor-
tant roles in the formation and/or function of radial glia. To test
this, we turned to cocultures of P6 cerebellar granule neurons and
cerebellar astroglia, a well established in vitro assay (Hatten, 1985;
Mason et al., 1988; Rio et al., 1997) that we used previously to
study the roles of Notch1 signaling in radial glia formation (Pat-

Figure 1. DTX1 is expressed by Bergmann glia in the developing cerebellum and cultured astrocytes. A, Parasagittal sections
through the P6 (top) and adult (bottom) cerebellum were analyzed by ISH for DTX1 mRNA expression. At P6, DTX1 signal is
detected in the Purkinje cell layer, in which Bergmann glia cell bodies reside. No signal could be detected in the adult or when the
sense probe was used. Scale bar, 250 �m. B, DTX1 ISH (blue) was combined with immunostaining for calbindin (brown) in
parasagittal sections of the P6 cerebellum. DTX1 ISH signal did not overlap with calbindin staining of Purkinje cells, indicating that
DTX1 expression is specific to Bergmann glia (top). A sense strand control for the ISH did not detect any specific signal (bottom).
Scale bar, 100 �m. C, Cultured P6 cerebellar glia and P6 whole cerebella were subjected to RT-PCR analysis with primers specific
to DTX1. D, Purified cerebellar glia and NIH3T3 cells were lysed and subjected to Western blot analysis with an anti-DTX1 antibody
that detected a band at 70 kDa. EGL, External granule cell layer.
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ten et al., 2003). Importantly, reverse transcription (RT)-PCR
(Fig. 1C) and Western blot analysis (Fig. 1D) showed that cere-
bellar astroglia in culture express DTX1, indicating that the co-
cultures could be a useful experimental system to test the roles of
this protein.

Neurons regulate radial glia morphological differentiation
through Notch1-DTX1 signaling
Using this in vitro assay, we showed previously that some aspects
of the Notch1-induced differentiation of cerebellar astroglia into
radial glia, i.e., the acquisition of radial morphology, occur
through a pathway independent of Su(H) (Patten et al., 2003). To
begin to determine whether DTX1 is critical for these Su(H)-
independent events, we made use of a dominant-negative form of
DTX1 (DN-DTX1). This truncated DTX1, which lacks the
C-terminus domain III, can bind to NICD and has been shown to
block Notch1-DTX signaling (Yamamoto et al., 2001). We first
tested whether DN-DTX1 expression inhibits the ability of neu-
rons to induce the morphological differentiation of radial glia.
Expression of DN-DTX1, but not wild-type DTX1, blocked
neuronal-induced morphological differentiation (Fig. 2A,B), in-
dicating that DTX function is necessary for this event. To exam-
ine whether the effects of DN-DTX1 reflect alterations in Notch
signaling, we tested whether DN-DTX1 blocks the glial morpho-
logical change induced by expression of the constitutively active
NICD. Cerebellar astroglia were transfected with plasmids en-
coding NICD, DTX1, and DN-DTX1 alone or in combination.
Similar to what we observed in neuron– glia cocultures, expres-
sion of DN-DTX1 blocked the ability of NICD to induce radial
glia formation (Fig. 2C,D). Interestingly, DN-DTX1 expression
also lowered the number of radial glia in unstimulated cultures
(Fig. 2C).

Neurons mediate erbB2 expression via
Notch1-DTX1 signaling
Previously, we showed that the induction of radial glia morpho-
logical differentiation mediated by neuronal contact and by
Notch1 signaling depends on the transcriptional activation of the
erbB2 gene, also a Su(H)-independent process (Patten et al.,
2003). Therefore, we tested whether the induction of erbB2 tran-
scription by Notch1 signaling and neuronal contact is mediated
by DTX. An erbB2–luciferase reporter construct (Patten et al.,
2003) was cotransfected into cerebellar astrocytes with plasmids
encoding NICD, DN-DTX1, DTX1, or a control plasmid. NICD
expression activated the erbB2 promoter, as we showed previ-
ously (Patten et al., 2003), and this effect was blocked by DN-
DTX1 (Fig. 2E). Similar to what we observed for glial morphol-
ogy (Fig. 2C), expression of DN-DTX1 reduced the basal level of
erbB2 promoter activity (Fig. 2E). In contrast, expression of
wild-type DTX1 alone had no effect on basal erbB2 activity and
did not affect the ability of NICD to regulate transcription. Con-
sistent with these observations, expression of DN-DTX1 also
blocked the induction of erbB2 transcription by neuronal contact
(Fig. 2F). Together, these results suggest that Notch1-DTX1-
mediated erbB2 transcription is part of the mechanism by which
neurons regulate radial glia morphological differentiation.

Expression levels of Su(H) and DTX1 determine Notch1
downstream transcriptional events
The results described above indicate that Notch1 signaling regu-
lates radial glia differentiation through two different pathways.
On one hand, Notch1-Su(H) signaling mediates the acquisition
of radial glia identity, defined by the expression of the radial glia

gene BLBP (Patten et al., 2003; Anthony et al., 2005). On the
other hand, Notch1-DTX1 signaling contributes to the morpho-
logical differentiation of radial glia, which depends on the tran-
scriptional activation of the erbB2 gene. Because Su(H) and

Figure 2. DTX1 mediates Notch1-induced radial glia morphological differentiation and
erbB2 expression. A, Purified P6 cerebellar glia were transfected with a plasmid encoding DTX1,
DN-DTX1, or a control plasmid. Twenty-four hours later, purified P6 granule neurons were
added, and the next day glia morphology was examined. *p � 0.007, conditions that are
significantly different from control. B, Images show representative glia treated with neurons
and transfected with a plasmid encoding DN-DTX1 or a control plasmid. Glia were stained with
antibodies against GFP (green) or GFAP (red), and nuclei were stained with Hoechst (blue).
Arrows indicate neuronal nuclei. Scale bar, 25 �m. C, Purified P6 cerebellar glia were trans-
fected with a plasmid encoding DTX1, DN-DTX1, a control plasmid, and/or NICD. Twenty-four
hours later, glial morphology was examined. Radial glia were identified as GFAP (�) cells with
at least one thin process longer than 50 �m. *p � 0.03, conditions that are significantly
different from control. D, Images show representative glia under control conditions or trans-
fected with a control plasmid or plasmids encoding NICD and/or DN-DTX1. Glia were stained
with antibodies against GFP (green) and GFAP (red). Scale bar, 25 �m. E, Purified P6 cerebellar
glia were cotransfected with plasmids encoding the erbB2-Luciferase reporter and DTX1, DN-
DTX1, NICD, or a control plasmid. Twenty-four hours later, the cells were lysed and luciferase
activity was measured. *p � 0.03, conditions that are significantly different from control. F,
Purified P6 cerebellar glia were transfected with plasmids encoding DTX1, DN-DTX1, or a control
plasmid. Twenty-four hours later, neurons were added to the cultured, and the next day cells
were lysed and luciferase activity was measured. *p � 0.03, conditions that are significantly
different from control. AU, Arbitrary units.
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DTX1 bind to overlapping regions of
NICD (Wettstein et al., 1997; Yamamoto
et al., 2001) and it has been reported that
overexpression of DTX1 can prevent the
binding of Su(H) to NICD (Yamamoto et
al., 2001), it was important to explore
whether the Su(H)- and DTX-dependent
pathways interact during the process of ra-
dial glia formation. To this end, we tested
whether overexpression of one of these
Notch1 mediators would alter signaling
through the other in cerebellar astroglia.

To study the effects of DTX1 on Su(H)-
dependent signaling we tested whether ex-
pression of DTX1 or DN-DTX1 alters the
NICD-induced activation of a CBF1 and a
BLBP reporter construct. The CBF1 re-
porter contains four tandem arrayed CBF1
binding sites upstream of the firefly lucif-
erase gene (Hsieh et al., 1996) and is com-
monly used to test Notch1-Su(H) signal-
ing. The BLBP reporter contains the 1.7 kb
BLBP promoter (Feng and Heintz, 1995),
which we and others have shown to be reg-
ulated by Notch1-Su(H) signaling (Patten
et al., 2003; Anthony et al., 2005). To study
the effects of Su(H) on DTX-dependent
signaling, we tested whether expression of
Su(H) alters the induction of erbB2 re-
porter activation and radial glia morphol-
ogy by NICD or neuronal contact. Sur-
prisingly, expression of either DTX1 or
DN-DTX1 reduced the ability of NICD to
induce CBF1 reporter activity (Fig. 3A)
and completely eliminated the NICD-
induced BLBP reporter activity (Fig. 3B).
In contrast, Su(H) did not alter the DTX-
mediated events, i.e., the activation of
erbB2 transcription (Fig. 3C) and the mor-
phological differentiation of the glia (Fig.
3D). Similar results were obtained previ-
ously with DN-Su(H) (Patten et al., 2003). These results suggest
that there is hierarchical relationship between DTX1 and Su(H)
and indicate that the endogenous expression levels of DTX1 and
Su(H) could be critical for determining the biological outcome of
Notch1 activation during radial glia differentiation.

DTX1 knock-down by RNAi prevents radial glia
morphological differentiation and induction of erbB2
expression without altering Su(H)-dependent events
The observation that DN-DTX1 not only blocks DTX-dependent
events but also Su(H)-dependent ones indicated that the inter-
pretation of experiments using DN-DTX1 could be confounded
by the promiscuity of DN-DTX1. Thus, to test the roles of DTX1
in radial glia differentiation and transcription specifically, we
used RNAi knock-down of DTX1. Two lentiviruses expressing
different RNAi constructs targeted toward mouse DTX1;
DTX1-A and DTX1-B were generated. The ability of these RNAi
constructs to knock down DTX1 expression was proven measur-
ing the levels of an epitope-tagged DTX1 (Fig. 4A). Similarly,
DTX1 RNAi also knocked down expression of endogenous DTX1
in NIH3T3 cells (Fig. 4B). We then tested whether DTX1 knock-
down inhibits the ability of neurons to induce radial glia differ-

entiation. Murine astroglia were infected with a DTX1-A,
DTX1-B, or a control lentivirus, and the effects of neuronal con-
tact on radial morphology were examined. DTX1 knock-down
abolished the ability of neurons to induce radial glia morphology
(Fig. 4C). Similarly, DTX1 knock-down also abolished the NICD
induction of erbB2 expression (Fig. 4D). In contrast, DTX1
knock-down had no effect on the ability of NICD to regulate the
transcription of the CBF1 and BLBP reporters (Fig. 4E,F), indi-
cating that Su(H) activity was normal in the absence of DTX1
expression. Together, these results further demonstrated the crit-
ical role of DTX1 in regulating erbB2 expression and radial glia
morphological differentiation.

Discussion
Our experiments show that Notch1 signaling controls the forma-
tion of radial glia through at least two distinct intracellular path-
ways, each regulating the transcription of different genes neces-
sary for radial glia function, BLBP and an erbB receptor.
Transcriptional activation of these genes requires the Notch1 co-
regulators Su(H) and DTX1, respectively. Importantly, we found
that the biological outcomes of knocking down DTX1 by RNAi
and expressing DN-DTX1 are different. Whereas knock-down of
DTX1 blocks DTX-mediated events without affecting Su(H) sig-

Figure 3. DTX1 overexpression inhibits Su(H)-dependent Notch1 signaling. A, B, Purified P6 cerebellar glia were transfected
with luciferase reporter constructs for CBF1 (A) or BLBP (B) together with plasmids encoding DTX1, DN-DTX1, a control plasmid,
and/or NICD. Twenty-four hours later, the cells were lysed and luciferase activity was measured. *p � 0.005, conditions that are
significantly different from control. C, Purified P6 cerebellar glia were cotransfected with plasmids encoding the erbB2 luciferase
reporter and Su(H), NICD, or a control plasmid. Twenty-four hours later, the cells were lysed and luciferase activity was measured.
*p � 0.02, conditions that are significantly different from control. D, Purified P6 cerebellar glia were transfected with a plasmid
encoding Su(H), NICD, or a control plasmid. Twenty-four hours later, purified P6 granule neurons were added, and the next day
glia morphology was examined. *p � 0.05, conditions that are significantly different from control. AU, Arbitrary units.

Figure 4. RNAi knock-down of DTX1 in glia eliminates DTX-dependent events without altering Su(H)-mediated ones. A, HEK
293T cells were cotransfected with plasmids encoding flag-DTX1 and control, DTX1-A, or DTX1-B RNAi constructs in a 1:6 molar
ratio. Twenty-four hours later, cells were lysed and subjected to Western blot analysis with an anti-flag antibody, stripped, and
probed with an anti-GAPDH antibody for loading control. B, NIH3T3 cells were infected with control, DTX1-A, or DTX1-B RNAi
viruses. Seven days later, cells were lysed and subjected to Western blot analysis with an anti-DTX1 antibody, stripped, and probed
with an anti-actin antibody for loading control. C, Purified P6 cerebellar glia were infected, and 10 d later neurons were added to
the cultures. The next day, glial morphology was examined. *p�0.008, condition that is significantly different from control. D–F,
Purified P6 cerebellar glia were infected and 10 d later cotransfected with plasmids encoding the erbB2 (D), CBF1 (E), or BLBP (F )
luciferase reporter and NICD or a control plasmid. Twenty-four hours later, the cells were lysed and luciferase activity was
measured. *p � 0.005, conditions that are significantly different from control. AU, Arbitrary units.
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naling, overexpression of DN-DTX1 blocks both DTX- and
Su(H)-mediated events. This apparent nonspecific effect of DN-
DTX1, which likely reflects a competition between DN-DTX and
Su(H) for binding to NICD (Yamamoto et al., 2001), indicates
that some studies in which the biological roles of DTX-mediated
Notch1 signaling were studied using DN-DTX1 could now be
interpreted differently. Interestingly, overexpression of wild-type
DTX1 also blocked Su(H) signaling, although the reverse was not
the case. This suggests that differences in the expression levels of
Notch1 coregulators, in particular DTX1, may be critical for de-
termining the outcomes of Notch1 activation. That is, Su(H)-
mediated events could be blocked in cells expressing high levels of
DTX1.

Whereas we found that Notch1-induced erbB2 expression in
cerebellar astroglia occurs via DTX1, it has been reported that
Notch1-induced erbB2 expression in cultures of cortical radial
glia is blocked by a DN-Su(H) construct (Schmid et al., 2003).
These results suggest that the ways in which Notch1 signaling
regulates radial glia formation may differ between regions of the
CNS. This difference between cortical and cerebellar radial glia
could reflect distinct temporal and spatial expression levels of
DTX1 and Su(H). Additional studies examining the pattern and
levels of expression of DTX1 and Su(H) should provide more
insight into how these pathways function throughout
development.

It has been speculated that DTX-dependent Notch1 signaling
may be driven by ligands that are different from those that acti-
vate Su(H) events (Kadesch, 2004). However, we have shown that
Jagged1, a Notch1 ligand expressed by granule cells in the devel-
oping cerebellum, induces the expression of both BLBP and
erbB2 in astroglia (Patten et al., 2003), indicating that it is capable
of inducing both Su(H)- and DTX-mediated events and could be
the Notch1 ligand responsible for regulating these aspects of
Bergmann glia function. Nevertheless, the possibility that in vivo
DTX signaling may be activated by alternate ligands should not
be overlooked (Hu et al., 2003; Cui et al., 2004; Eiraku et al.,
2005). One molecule we have considered is contactin, a neural
cell adhesion molecule reported to activate Notch1-DTX1 signal-
ing in oligodendrocytes (Hu et al., 2003). Granule neurons ex-
press contactin, and contactin knock-out mice have abnormal
cerebellar development and are ataxic (Berglund et al., 1999),
making this molecule a strong candidate for a Notch1 ligand that
regulates Bergmann glia differentiation. However, we tested the
effects of contactin on cerebellar astroglia and found it does not
activate Notch1 signaling in cerebellar astroglia, alter glia mor-
phology, or activate the BLBP and the erbB2 promoters (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). Therefore, contactin is unlikely to play a role in the
morphological differentiation of radial glia. It remains to be
tested whether this molecule plays a role earlier in development
in cell fate choices that drive precursor cells to become radial glia.
Another molecule that has been implicated recently in Notch1
signaling in the cerebellum is Delta/Notch-like epidermal growth
factor-related receptor (DNER). Eiraku et al. (2005) proposed
that this putative Notch1 ligand, which is expressed by Purkinje
cells, regulates Bergmann glia radial process formation through
the activation of DTX1 signaling. However, because these con-
clusions were based on the use of DN-DTX1, which also blocks
Su(H) function, it remains to be determined whether elimination
of DTX1 is sufficient to eliminate the biological effects of DNER-
mediated Notch1 signaling.

Similar to what we observed in cerebellar astroglia, the DTX
family members appear to act as positive regulators of Notch1

signaling in other cell types. For example, activation of the
Notch1 receptor in myoblasts regulates their differentiation
through pathways that are both dependent and independent of
Su(H) (Shawber et al., 1996; Nofziger et al., 1999), the Su(H)-
independent pathway being positively mediated by DTX signal-
ing (Kishi et al., 2001). Similarly, DTX1 has been shown to act as
a positive regulator of Notch1 in Xenopus embryos, in which
misexpression of DTX1 results in expansion of the neuroepithe-
lium in a way similar to that induced by misexpression of acti-
vated Notch1 (Kishi et al., 2001). DTX1 also mimics Notch1
activation in a neural precursor cell line (MSN-70), in which it
inhibits their differentiation, a process that is independent of
Su(H) (Yamamoto et al., 2001). Interestingly, in contrast to our
glia experiments in which overexpression of DTX1 has no effect
on erbB2 expression and radial glia morphology, in some of these
studies (Kishi et al., 2001; Yamamoto et al., 2001), overexpression
of DTX1 alone was sufficient to mimic Notch1 activation, in
some cases even activating processes previously considered to
depend on Su(H) (Hori et al., 2004). Therefore, the effects of
DTX in different cell types can vary, but the reasons for these
differences remain to be determined.

Some reports showed that DTX1 can also negatively regulate
Notch1 signaling. Sestan et al. (1999) demonstrated that Notch1
activation inhibits neurite outgrowth in embryonic day 15–16
cortical neurons and that overexpression of DTX1 relieves this
inhibition. However, based on our results, it is remains to be
determined whether these observations reflected DTX1-induced
transcriptional activation of genes important for neurite out-
growth or whether they resulted from DTX1 overexpression
blocking a Su(H)-dependent inhibition of process outgrowth.
DTX1 also has ubiquitin ligase activity (Takeyama et al., 2003; Liu
and Lai, 2005), which has lead to the speculation that it could act
as a negative regulator of Notch1 by mediating its ubiquitination
and degradation (Kanwar and Fortini, 2004) or as a positive reg-
ulator by promoting internalization and stabilization of NICD
(Hori et al., 2004). However, because in our experiments DN-
DTX1, which lacks the ubiquitin ligase domain (Takeyama et al.,
2003), inhibits Notch1-induced erbB expression and radial glia
formation, it is unlikely that the negative effects of DN-DTX1
were mediated by ubiquitination of the Notch1 receptor.

In summary, we examined how activation of the Notch1 re-
ceptor leads to multiple downstream transcriptional events, in-
volving Su(H) and DTX1, that are critical for the formation of
radial glia. It will be interesting to explore further the biological
significance of the interactions between the DTX1 and Su(H)
pathways suggested by our experiments in glia and to test
whether they are relevant for other cell types that are regulated by
Notch1 (Nofziger et al., 1999; Sestan et al., 1999; Kishi et al.,
2001). Importantly, unlike Su(H), DTX1 has no known DNA
binding domains. Identification of DNA-binding proteins that
form part of the Notch1-DTX1 complex could further elucidate
how this molecule mediates Notch1 effects on transcription.
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