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The regulatory factor Sox10 is expressed in neural crest deriv-
atives during development as well as in the adult CNS and
peripheral nervous system. Mutations of the human Sox10
gene have been identified in patients with Waardenburg-
Hirschsprung syndrome that is characterized by defects in
neural crest development. Previous studies suggested that
Sox10 might function as an important transcriptional regulator
of neural crest development. No natural target genes of Sox10
have yet been identified. Although human Sox10 activates a
synthetic promoter consisting of a TATA box and multiple Sox
consensus sequences, no transcriptional activity of the rat
Sox10 homolog has been detected. Here we report that the
neuronal nicotinic acetylcholine receptor b4 and a3 subunit
gene promoters are transactivated by rat Sox10 in a cell type-
specific manner. The a3 and b4 subunits, in combination with

the a5 subunit, make up the predominant nicotinic receptor
subtype expressed in the peripheral nervous system. Transfec-
tions using Sox10 mutants indicate that the C-terminal region is
dispensable for its ability to activate the b4 and a3 promoters.
Rat Sox10 was originally identified as an accessory protein of
the POU domain protein Tst-1/Oct6/SCIP in glial cells. Tst-1/
Oct6/SCIP was shown previously to activate the a3 promoter.
We now demonstrate that it can transactivate the b4 promoter
as well. However, we were unable to detect any synergistic
effects of Sox10 and Tst-1/Oct6/SCIP on b4 or a3 promoter
activity. Finally, we present data suggesting that recombinant
Sox10 protein can directly interact with a previously character-
ized regulatory region of the b4 gene.
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Eleven members of the gene family encoding neuronal nicotinic
acetylcholine (nACh) receptor subunits have been identified and
include a2–a9 and b2–b4 (Boyd, 1997). These subunits form
heteromeric and homomeric receptors with distinct pharmaco-
logical and physiological profiles (Schoepfer et al., 1990; Elgoyhen
et al., 1994; McGehee and Role, 1995; Role and Berg 1996;
Gerzanich et al., 1997). The functional diversity exhibited by the
neuronal nACh receptor family results in large part from the
differential expression of the subunit genes and the subsequent
incorporation of the subunits into mature receptors. The molec-
ular mechanisms leading to formation of the various nACh re-
ceptor subtypes remain to be completely elucidated. However, it
is clear that regulation at the level of transcription plays an
important role (Boyd, 1997).

Our previous work focused on transcriptional regulation of
three genomically clustered receptor genes, those encoding the
b4, a3, and a5 subunits. These three subunits make up the
predominant receptor subtype expressed in the peripheral ner-
vous system (PNS) (Conroy et al., 1993; Conroy and Berg, 1995).
We and others have identified several cis-acting elements (Boyd,

1994; Yang et al., 1994, 1997; Hu et al., 1995; Bigger et al., 1996;
Fornasari et al., 1997; McDonough and Deneris, 1997) and trans-
acting proteins (Yang et al., 1995; Fyodorov and Deneris, 1996;
Milton et al., 1996; Bigger et al., 1997; Du et al., 1997, 1998;
Fyodorov et al., 1998; Campos-Caro et al., 1999) that are impor-
tant for the transcriptional regulation of the clustered genes.
However, the mechanisms underlying the neuron-specific expres-
sion of the receptor genes remain elusive.

Recently, a novel member of the Sox protein family, Sox10, was
identified (Kuhlbrodt et al., 1998a). Sox proteins have been im-
plicated as important transcriptional regulators in a variety of
developmental processes (Gubbay et al., 1990; Denny et al., 1992;
Wright et al., 1993; Kamachi et al., 1995). Sox10 has been pro-
posed to function as an important regulator during neural crest
development (Bondurand et al., 1998). Consistent with this hy-
pothesis is the demonstration that a Sox10 gene mutation in the
Dominant megacolon (Dom) mouse gives rise to aganglionosis of
the colon and pigmentation defects as well as to substantial losses
of neurons and glia in the PNS and a complete loss of the enteric
nervous system (Herbarth et al., 1998; Southard-Smith et al.,
1998). Additionally, SOX10 mutations have been detected in
patients with Waardenburg-Hirschsprung syndrome, which re-
sembles the Dom phenotype (Pingault et al., 1998). Despite this
critical role in development, no natural target genes of Sox10 have
yet been identified.

Interestingly, Sox10 is highly expressed in neuronal structures
in which the clustered b4, a3, and a5 nACh receptor genes are
also highly expressed. Furthermore, the a3 gene has been shown
to be regulated by the POU domain protein Tst-1/Oct6/SCIP
(Yang et al., 1994), a factor for which Sox10 has been shown to be
an accessory protein (Kuhlbrodt et al., 1998a). Therefore, we
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investigated the possibility that Sox10 may participate in the
transcriptional regulation of the b4 and a3 subunit genes.

MATERIALS AND METHODS
Plasmids. The wild-type rat b4/ luciferase expression plasmid pX1B4FH,
containing a 226 bp FokI/HindIII fragment spanning nucleotides 289 to
1137, relative to the b4 transcription initiation site, was described
previously (Hu et al., 1994). A 2.1 kb HindIII /SacI fragment of the rat a3
genomic clone lRG518B (Boulter et al., 1990) [generously provided by
Jim Boulter (University of California, Los Angeles, Los Angeles, CA)],
containing nucleotides 22036 to 164, relative to the a3 transcription
start site, was subcloned into the promoterless luciferase expression
vector pXP1 (Nordeen, 1988), yielding a wild-type a3/ luciferase expres-
sion construct, pX1A3HS. All of the Sox10 expression constructs were
kindly provided by Dr. Michael Wegner (Hamburg University, Hamburg,
Germany) and are described in detail elsewhere (Kuhlbrodt et al.,
1998a,b). The expression plasmid pCGS-SCIP, containing the SCIP-
coding sequence inserted downstream of the cytomegalovirus (CMV)
promoter (Monuki et al., 1993), was generously provided by Dr. Greg
Lemke (The Salk Institute, San Diego, CA).

Site-directed mutagenesis. Site-directed mutagenesis of the wild-type
b4/ luciferase construct pX1B4FH was performed as described previously
(Bigger et al., 1996) except that a different 59 primer (59-GAC GGA TCC
CTC TCA GAC CCT CCC CTC CCC TGT GGC ACC AGC GCA TCC
CAA-39) was used.

Preparation of recombinant proteins. The T7-tag–Sox10 fusion protein
construct pET28c/SX107.1.1.DN was also a kind gift of Dr. Michael
Wegner (Kuhlbrodt et al., 1998a). This fusion protein contains amino
acids 89–466 of the rat Sox10 protein fused in-frame with a T7-tag
sequence. Expression and purification of T7-tag fusion protein were
performed using a T7-tag monoclonal antibody purification kit (Novagen,
Madison, WI).

Cell culture and transfections. HeLa, Neuro2A, and Rat2 cells were
obtained from the American Type Culture Collection (Rockville, MD).
Neuro2A cells (Klebe et al., 1970) were grown in minimal essential
medium (Life Technologies, Gaithersburg, MD) supplemented with 10%
fetal bovine serum (FBS; Sigma, St. Louis, MO). HeLa (Gey et al., 1952)
and SN17 cells (Hammond et al., 1990) were maintained in DMEM
supplemented with 10% FBS. Sol8 cells (Daubas et al., 1988) were
cultured in DMEM containing 20% FBS and 0.5% chicken embryo
extract (Life Technologies). NIH3T3 cells (Jainchill et al., 1969) were
grown in DMEM containing 10% calf serum (Sigma). Rat2 cells (Topp,
1981) were grown in DMEM containing 5% FBS. Pheochromocytoma 12
(PC12) cells (Greene and Tischler, 1976) were cultured and differenti-
ated with nerve growth factor (Upstate Biotechnology, Lake Placid, NY)
as described previously (Hu et al., 1994).

Neuro2A, SN17, Sol8, NIH3T3, and HeLa cells were transfected at
60% confluency in 60 mm dishes using a calcium phosphate method and
a commercially available kit (5 Prime–3 Prime, Boulder, CO). Cells were
transfected with 5 mg of test DNA (pX1B4FH or pX1A3HS), 5 mg of
effector DNA [the empty pCMV5 vector (Invitrogen, Carlsbad, CA),
pCMVSox10 constructs, or pCGS-SCIP], and 5 mg of a b-galactosidase
expression vector, pCH110 (Pharmacia, Piscataway, NJ ). In some cases,
no effector DNA was included in the transfections. To test dose depen-
dency, we transfected Neuro2A cells with either pX1B4FH or pX1A3HS
and 1, 2, 4, or 8 mg of wild-type pCMVSox10 expression plasmid. To
insure that the calcium phosphate/DNA precipitates had equal amounts
of DNA, we added appropriate quantities of pBluescript II SK DNA
(Stratagene, La Jolla, CA) to each sample. Rat2 cells were transfected in
60 mm dishes at a density of 10 5 cells/ml using 30 ml of Lipofectamine (2
mg/ml; Life Technologies) and the same quantities of DNAs as described
above. Forty-eight hours after transfection, cells were harvested and
assayed for luciferase activity using a commercially available kit (Pro-
mega, Madison, WI) and an Autolumat LB953 luminometer (EG&G
Berthold, Gaithersburg, MD). All transfections were done a minimum of
two times with two different preparations of plasmid DNAs. To correct
for differences in transfection efficiencies between dishes, we normalized
the luciferase activity in each sample to the b-galactosidase activity in the
same sample, which was measured using a commercially available kit
(Galacto-Light; Tropix, Bedford, MA).

Western blotting. Preparation of cell lysates and Western blotting were
performed as described previously (Bigger et al., 1997). Anti-Sox10
antibody was a generous gift from Dr. Michael Wegner (Kuhlbrodt et al.,
1998a) and was used at a 1:3000 dilution in Blotto.

Electrophoretic mobilit y shif t assays. Electrophoretic mobility shift as-

says were performed using either a 32P-labeled double-stranded b4
oligonucleotide (see Fig. 5A, sequence) and 1 mg of recombinant T7-tag–
Sox10 protein or a 32P-labeled double-stranded CA box oligonucleotide
(see Fig. 5A, sequence) and 3.5 mg of rat brain nuclear extract [prepared
as described previously (Hu et al., 1995)]. Reaction mixtures containing
protein, binding buffer (10 mM HEPES, pH 8.0, 50 mM NaCl, 5 mM
MgCl2, 2 mM DTT, 0.1 mM EDTA, and 5% glycerol), and either 0.5 mg
(for T7-tag–Sox10) or 2 mg (for nuclear extract) of poly(dI–dC) were
preincubated for 5 min at room temperature (RT; for T7-tag–Sox10) or
on ice (for nuclear extract) before the addition of 5 fmol of the end-
labeled probe. After addition of the probe, binding reactions were
further incubated for 15 min at RT. For competition experiments,
unlabeled double-stranded b4 oligonucleotides or Sox oligonucleotide,
containing a consensus binding site for Sox proteins (see Fig. 5A, se-
quence) (Kuhlbrodt et al., 1998a), were preincubated with the protein for
5 min before the addition of labeled oligonucleotides. Reaction mixtures
were then electrophoresed through 6% native polyacrylamide gels. Ra-
dioactivity was detected by autoradiography of the dried gels.

RESULTS
Cell type-specific activity of the b4 promoter region
We described previously the isolation and partial characteriza-
tion of the 59-flanking region of the rat b4 subunit gene (Hu et al.,
1994) and identified two transcriptional regulatory elements that
are critical for b4 promoter activity (Hu et al., 1995; Bigger et al.,
1996). The regulatory elements, a CT box and a CA box, are
located within a 226 bp FokI /HindIII fragment that possesses
strong transcriptional activity (Fig. 1A) (Hu et al., 1995; Bigger et
al., 1996). To determine whether the transcriptional activity is cell
type dependent, we performed a series of transient transfection
experiments using a variety of neuronal and non-neuronal cell
lines. When neuronal cell lines were transfected with the b4/
luciferase construct pX1B4FH (Fig. 1A), significant luciferase
activity was detected (Fig. 1B). In contrast, no significant activity
was seen in extracts of transfected non-neuronal cell lines (Fig.
1B). These data suggest that the transcriptional activity of
pX1B4FH is cell type specific. The a3 promoter region has been
extensively characterized by Deneris and colleagues (Yang et al.,
1994, 1995, 1997; McDonough and Deneris, 1997).

Sox10 transactivates the neuronal nACh receptor b4
and a3 subunit gene promoters in a cell
type-specific manner
Because the temporal and spatial patterns of expression of Sox10
partially overlap those of the b4 and a3 subunit genes, we set out
to investigate whether Sox10 can regulate the promoter activities
of these genes. To determine whether Sox10 can transactivate the
b4 and a3 gene promoters, transfection experiments were per-
formed in various cell lines with the b4 or a3 promoter/ luciferase
reporter constructs alone or in combination with an expression
construct in which the rat Sox10 gene is under the control of the
CMV promoter (Fig. 2). To confirm that Sox10 expression was
involved in transactivation, we also transfected the reporter con-
structs with the pCMV vector alone (devoid of the Sox10-coding
sequence). The cell lines included two rodent neuroblastoma
lines, SN17 and Neuro2A, two fibroblast cell lines, NIH3T3 and
Rat2, and one mouse muscle cell line, Sol8.

Cotransfection of the b4 (Fig. 2A) and a3 (Fig. 2B) reporter
constructs with an “empty” pCMV vector had no effect on re-
porter gene expression in any of the cell types tested. However,
when the b4 and a3 reporters were cotransfected with Sox10, a
dramatic transactivation of reporter gene activity was observed in
Neuro2A and SN17 cells (;20- to 30-fold induction over back-
ground) but not in the muscle or fibroblast cell lines (Fig. 2A,B).
To confirm that Sox10 protein was synthesized in the transfected
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cells, qualitative Western blot analysis was performed. As shown
in Figure 2C, extracts of all five pCMVSox10-transfected cell
lines had readily detectable levels of Sox10 protein, indicating
that the lack of transactivation in the non-neuronal cell lines was
most likely not caused by the lack of Sox10 protein. Furthermore,
transactivation of the b4 and a3 promoter/ luciferase constructs by
Sox10 occurs in a dose-dependent manner in both Neuro2A (Fig.
3) and SN17 (data not shown) cells. Taken together, these results
indicate that Sox10 can activate both the b4 and a3 subunit gene
promoters and does so in a neuron-specific manner.

Domains of Sox10 required for its
transactivation activity
In the experiment described above rat Sox10 protein was used. It
has been reported previously that rat Sox10 protein does not
possess a transactivation activity of its own when tested in glial
cells and using a synthetic promoter containing a TATA box and
multiple Sox consensus binding sites (Kuhlbrodt et al., 1998a). In
contrast, results of two reports on human SOX10 indicate the
presence of a potent transactivation domain at the C terminal of
the human protein (Kuhlbrodt et al., 1998b; Pusch et al., 1998).
Interestingly, the data presented in Figure 2 demonstrate that in
the context of neuronal cell lines, rat Sox10 does in fact possess
transactivation activity. Therefore, to map the domains of rat
Sox10 that are required for its ability to transactivate the b4 and
a3 promoters in neuronal cells, transfection experiments were
performed using a number of Sox10 mutants in both the Neuro2A
(Fig. 4) and in SN17 (data not shown) cell lines. Mutant Sox10DN
lacks the N-terminal 89 amino acids, whereas Sox10-HMG con-
tains only the HMG domain of the protein (Fig. 4A). Four of the
SOX10 mutations, WS029, MIC, 059, and 095 (Fig. 4A), were
originally identified in patients with Waardenburg-Hirschsprung
syndrome, a disease characterized by deafness, pigmentation
defects, and aganglionic megacolon (Pingault et al., 1998). Mutant
WS029 is a nonsense mutation that converts tyrosine 83 to a stop
codon; MIC is also a nonsense mutation leading to a truncated
protein of only 188 amino acids; mutant 059 lacks the last 106
amino acids as a consequence of a deletion of two nucleotides at
position 1076 resulting in a frameshift (the frameshift creates a

sequence of 40 unrelated amino acids at the C terminal of the
protein); and mutant 095 carries an insertion of six nucleotides
between positions 482 and 483 leading to the addition of a leucine
and an arginine into the HMG box (the open reading frame
remains intact). Each of these four mutations observed in patients
with Waardenburg-Hirschsprung syndrome was subsequently in-
troduced into the rat Sox10 cDNA (Kuhlbrodt et al., 1998b). The
transactivation data indicate that only wild-type Sox10 and mu-
tant 059 are capable of significantly transactivating the b4 and a3
promoters (Fig. 4). The fact that mutant 095 did not transactivate
either the b4 or a3 promoter provides evidence that an intact
HMG box is required for Sox10 function. However, sequences in
addition to the HMG box are necessary for transactivation be-
cause Sox10-HMG, which contains just the HMG domain, also
failed to activate either promoter. Similar to Sox10-HMG,
Sox10DN failed in this assay, suggesting that the extreme
N-terminal domain of rat Sox10 is required for its transcriptional
activity. Furthermore, mutant MIC did not transactivate either
nACh receptor gene promoter, indicating that the central and the
C-terminal portions of the protein are required for Sox10 activity.
However, the 106 amino acids located at the extreme C terminal
do not appear to be critical for Sox10 function because mutant
059 activated both promoters to levels similar to those of wild-
type Sox10. Although we cannot formally exclude the slight
possibility that mutants Sox10DN, MIC, WS029, Sox10-HMG, or
095 failed to transactivate the b4 promoter in Neuro2A cells
because they were either not expressed to a sufficient extent or
not properly translocated to the nucleus, the data presented above
strongly suggest that the N-terminal 89 amino acids, the HMG
domain, and amino acids 189–360 are necessary for the transac-
tivation function of Sox10.

Sox10 directly interacts with the b4 promoter region
As described above, the inability of mutant 095 to transactivate
the b4 and a3 promoters indicates that an intact HMG domain is
required for Sox10 function. The fact that the HMG box mediates
protein–DNA interactions (Kuhlbrodt et al., 1998a), coupled with
the observation that mutant 095 is unable to bind DNA (Kuhl-
brodt et al., 1998b), suggests that Sox10 must bind to DNA to

Figure 1. A, b4 and a3 promoter/ luciferase constructs. The genomic organization of the clustered nACh receptor subunit genes is presented. The
straight arrows indicate directions of transcription. The 59-flanking regions of the b4 and a3 subunit genes were subcloned upstream of the coding
sequence for luciferase to generate pX1B4FH and pX1A3HS, respectively. Numbers correspond to the positions of the 59-most and 39-most nucleotides
of the fragments relative to the major transcription initiation sites (bent arrows). B, Cell type-specific activity of the b4 promoter. Neuronal cell lines
[SN17, Neuro2A, and nerve growth factor (NGF)-treated PC12] and non-neuronal cell lines (untreated PC12, Sol8 muscle, NIH3T3 fibroblast, and HeLa
cervical carcinoma) were transiently transfected with pX1B4FH as described in Materials and Methods. Luciferase values were normalized to correct
for differences in transfection efficiencies (see Materials and Methods). Error bars represent SDs.
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effect transactivation. No consensus binding site for Sox10 has yet
been identified for any gene. However, to demonstrate the ability
of Sox10 to bind to DNA, Kuhlbrodt et al. (1998a) used a
synthetic oligonucleotide with a sequence that is recognized by
several members of the Sox family (van de Wetering et al., 1993)
in electrophoretic mobility shift assays. Although there are two

classic Sox consensus binding sites, C(T/A)TTTG(T/A)(T/A)
(Pevny and Lovell-Badge, 1997; Wegner, 1999), present in the
promoter of a3 at positions 21275 and 21284 relative to the
major transcription start site (Yang et al., 1994), this consensus
sequence is not present in the 226 bp FokI /HindIII b4 promoter
fragment used in the transfection experiments described above.
Therefore, to demonstrate that Sox10 interacts directly with the
b4 promoter, electrophoretic mobility shift assays were done
using a double-stranded oligonucleotide encompassing the CT
and CA boxes of the b4 promoter region as the probe (Fig. 5A).
As discussed previously, these two regulatory elements are criti-
cal for b4 promoter activity. Incubation of recombinant T7-tag–
Sox10 fusion protein with radioactively labeled b4 oligonucleo-
tide led to the formation of a single specific Sox10/DNA complex
(Fig. 5B). An unlabeled oligonucleotide corresponding to the
consensus Sox-binding site also competed for binding to Sox10,
but the competition was not complete (i.e., even at 500-fold molar
excess of the Sox oligonucleotide, there was still Sox10/b4 com-
plex formation; Fig. 5B). This may reflect differences in the
affinity of Sox10 for the two sites. In an attempt to localize the
Sox10-binding site further, competition experiments were done
using oligonucleotides containing either the CT box or the CA
box (Fig. 5A). The CT box failed to compete for binding to Sox10,
whereas the CA box competed as well as the b4 oligonucleotide
(Fig. 5B). When a CA box oligonucleotide mutated in six posi-
tions (Fig. 5A) was used as a competitor, no competition was seen
(Fig. 5B). These data suggest that a region of the b4 promoter

Figure 2. Sox10 transactivates the b4 and a3 gene promoters in a cell
type-specific manner. A, B, The b4/ luciferase construct pX1B4FH ( A)
and the a3/ luciferase construct pX1A3HS (B) were transiently trans-
fected into neuronal (Neuro2A and SN17) and non-neuronal (Sol8 mus-
cle, NIH3T3, and Rat2 fibroblast) cell lines either alone (2) or with
pCMV5 ( pCMV ) or pCMVSox10 (Sox10). Luciferase values were nor-
malized to b-galactosidase expression as driven by the SV40 promoter.
Error bars represent SDs. C, Qualitative Western blot analysis of trans-
fected cells is shown. Cell extracts were prepared from untransfected cells
or cells transfected with pCMV5 or pCMVSox10. For a given cell line,
equivalent amounts of protein for each condition were analyzed by
SDS-PAGE. After SDS-PAGE, Western blot analysis was done using
anti-Sox10 antibody to demonstrate Sox10 expression in pCMVSox10-
transfected cells.

Figure 3. Dose-dependent activation of the b4 and a3 promoters by
Sox10. The b4/ luciferase construct pX1B4FH (A) and the a3/ luciferase
construct pX1A3HS ( B) were cotransfected with pCMVSox10 (1, 2, 4,
and 8 mg) in Neuro2A cells. Luciferase values were normalized to
b-galactosidase expression as driven by the SV40 promoter. Fold induc-
tion was calculated relative to the normalized luciferase activity obtained
by transfecting pX1B4FH or pX1A3HS alone. Error bars represent SDs.
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that overlaps the CA box is involved in direct interactions with
Sox10. As an initial attempt to determine whether Sox10/b4
interactions may occur in a more physiological context, electro-
phoretic mobility shift assays were performed using radioactively
labeled CA box as a probe and nuclear extract prepared from
adult rat brain as a protein source. As shown in Figure 5C,
incubation of the CA box probe with brain nuclear extract re-
sulted in the formation of several DNA–protein complexes. For-
mation of these complexes was competed by unlabeled CA box
and by unlabeled consensus Sox-binding site oligonucleotides but
not by the mutated CA box oligonucleotide (Fig. 5C). These data
are consistent with the electrophoretic mobility shift results ob-
tained using purified Sox10 (Fig. 5B) and provide further evi-
dence of direct interactions between the b4 promoter and Sox10.

To test the functional significance of these interactions, the
same point mutations were introduced into a b4 promoter/ lucif-
erase construct and subsequently used in transfection experi-
ments. As shown in Figure 5D, Sox10 transactivation of the

mutated promoter was significantly less than that of the wild-type
promoter. Taken together, these data strongly suggest that Sox10
directly interacts with the b4 promoter in a functionally relevant
manner.

Sox10 and Tst-1/Oct6/SCIP do not transactivate the
nACh receptor b4 or a3 subunit gene promoters
synergistically in Neuro2A or SN17 cells
Sox proteins have been proposed to function as cell type-specific
accessory proteins for POU domain factors (Yuan et al., 1995).
Indeed, the initial characterization of Sox10 showed that it can
function synergistically with the POU domain protein Tst-1/Oct6/
SCIP to activate transcription in glial cells (Kuhlbrodt et al.,
1998a). This is particularly relevant to nACh receptor gene ex-
pression because it has been demonstrated that Tst-1/Oct6/SCIP
is capable of activating the a3 promoter in vitro (Yang et al.,
1994). Interestingly, activation of the a3 promoter by Tst-1/Oct6/
SCIP appears to be indirect, because it occurs independently of
the Tst-1/Oct6/SCIP-binding sites (Fyodorov and Deneris, 1996).
We therefore tested, first, the ability of Tst-1/Oct6/SCIP to acti-
vate the b4 promoter and, second, the possible synergy of Sox10
and Tst-1/Oct6/SCIP in transactivating the b4 and a3 promoters.
As shown in Figure 6A, Tst-1/Oct6/SCIP activated the b4 pro-
moter ;35-fold in SN17 cells and 20-fold in Neuro2A cells. Little
or no transactivation was detected in Sol8 muscle cells or in the
fibroblast cell line NIH3T3. Thus, both the b4 and a3 promoters
can be activated by Tst-1/Oct6/SCIP. Moreover, the transactiva-
tion activity of Tst-1/Oct6/SCIP on the b4 promoter is cell type
specific. As also shown in Figure 6, cotransfection of SN17 cells
with Tst-1/Oct6/SCIP and Sox10 did not lead to an additive or a
synergistic effect on b4 or a3 promoter activities, with the acti-
vation being comparable with that seen with Sox10 alone. Similar
results were observed in Neuro2A cells as well (data not shown).
This raises the possibility, then, that the synergistic interaction of
Tst-1/Oct6/SCIP and Sox10 seen by Kuhlbrodt et al. (1998a) may
be glial cell specific and that it does not occur in neuronal cells.
Another possibility is that activation by Sox10 was at a saturated
level in the above experiments, and therefore, no synergy would
occur under such conditions. However, dose–response experi-
ments performed using lower amounts of both Sox10 and Tst-1/
Oct6/SCIP also failed to uncover any synergistic effects (data not
shown).

DISCUSSION
Sox10 belongs to the Sox family of transcription factors, members
of which are characterized by the presence of a DNA-binding
domain, an HMG box that is highly similar to the HMG domain
of the mammalian sex determination factor Sry (Pevny and
Lovell-Badge, 1997; Wegner, 1999). Sox proteins play important
roles during a number of developmental processes such as sex
determination, chondrogenesis, neurogenesis, and lens formation
(Wegner, 1999). Sox10 has been proposed to be a regulator of
neural crest development (Herbarth et al., 1998; Southard-Smith
et al., 1998). Dom mice, which carry a Sox10 frameshift mutation,
are characterized by several neural crest defects. Heterozygotes
have pigmentation abnormalities and suffer from aganglionic
megacolon; homozygotes have significant losses of neurons and
glia in the PNS, and in addition, their entire enteric nervous
system is lacking (Herbarth et al., 1998; Southard-Smith et al.,
1998). Patients with Waardenburg-Hirschsprung syndrome carry
mutations in one of the alleles of SOX10 and display phenotypic
abnormalities similar to those found in Dom mice (Pingault et al.,

Figure 4. Protein domains of Sox10 required for its transcriptional ac-
tivity. A, Schematic representations of the Sox10 expression constructs
used for transfection analysis (see Results for details) are shown. The
hatched box represents the HMG domain in each construct. The dotted
box in mutant 059 represents 40 unrelated amino acids created by a
frameshift (see Results). B, C, Neuro2A cells were transfected with the
b4/ luciferase construct pX1B4FH ( B) or the a3/ luciferase construct
pX1A3HS ( C) either alone (2) or with pCMV5, wild-type Sox10, or one
of the Sox10 mutant constructs as indicated. Fold induction was calculated
as described in Figure 3.
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1998). Despite the well-characterized phenotypes resulting from
mutations in Sox10, no natural target genes for this factor have
been documented.

The a3 and b4 subunits, together with a5, form the predomi-
nant nACh receptor subtype expressed in the PNS. Because these
three genes are tightly clustered genomically, it is possible that
they are subject to coordinate regulation. In agreement with this
idea, Sp1 has been shown to transactivate these three genes (Yang
et al., 1995; Bigger et al., 1996, 1997; Campos-Caro et al., 1999).
We demonstrated previously that in addition to Sp1, the b4
promoter can be transactivated by another member of the Sp
family, Sp3 (Bigger et al., 1997). Moreover, it appears that the
transactivation potentials of Sp1 and Sp3 are differentially regu-
lated by another protein capable of interacting with the b4 pro-
moter, hnRNP K (Du et al., 1998). Deneris and colleagues
identified a PC12 cell-specific enhancer, b439, in the b4/a3 inter-
genic region that is capable of activating transcription from the a3
and b4 subunit gene promoters (McDonough and Deneris, 1997).
A novel ETS-domain protein, Pet-1, can transactivate this en-
hancer in a cell type-specific manner (Fyodorov et al., 1998).
However, the b439 enhancer is not sufficient to direct reporter
gene expression in the PNS, where a3 and b4 are expressed, as

judged by transgenic analysis (McDonough and Deneris, 1997).
Deneris and colleagues have also demonstrated that the promoter
of a3 can be transactivated by a POU domain protein, Tst-1/Oct6/
SCIP (Yang et al., 1994). In addition to regulation by Tst-1/Oct6/
SCIP, a3 can be regulated by another class of POU domain
proteins, Brn-3. Although Brn-3a activates the a3 promoter,
Brn-3b and Brn-3c repress it (Milton et al., 1996). The b4 pro-
moter appears to be unaffected by Brn-3 proteins (Milton et al.,
1996). Transactivation of the a3 promoter by Tst-1/Oct6/SCIP
was shown to be independent of the Tst-1/Oct6/SCIP DNA-
binding sites, leading to the hypothesis that the observed effect is
a consequence of protein–protein interactions (Yang et al., 1994).
Interestingly, it appears that POU domain proteins can synergize
and in some cases directly interact with Sox proteins (Yuan et al.,
1995; Ambrosetti et al., 1997; Kuhlbrodt et al., 1998a,b). Tst-1/
Oct6/SCIP can synergistically activate transcription with Sox10
(Kuhlbrodt et al., 1998a), making Sox10 a potential candidate for
the regulation of nACh receptor gene expression. Furthermore,
the expression patterns of Sox10, a3, and b4 spatially and tem-
porally overlap in the developing nervous system (Zoli et al.,
1995; Kuhlbrodt et al., 1998a). These observations prompted us to
investigate whether Sox10 can regulate the a3 and b4 promoters.

Figure 5. Direct interactions between Sox10 and the b4 promoter region are functionally relevant. A, Sequences of the oligonucleotides used in
electrophoretic mobility shift assays are shown. Mutations in the CA box oligonucleotide are underlined. The sequence of an oligonucleotide
corresponding to a consensus binding site for Sox proteins (Pevny and Lovell-Badge, 1997) is also shown. B, Electrophoretic mobility shift assays were
performed using 5 fmol of a radiolabeled oligonucleotide (b4 in A) corresponding to nucleotides 282 to 248 of the b4 gene and 1 mg of T7-tag–Sox10
protein. The lef t lane shows DNA–protein complex formation in the absence of competitors. Competition experiments were performed using 100- and
500-fold molar excesses of competitor oligonucleotides (either unlabeled wild-type or mutated b4 oligonucleotides or the consensus Sox-binding site
oligonucleotide). The right lane contains unbound b4 probe in the absence of Sox10 protein. C, Electrophoretic mobility shift assays were performed using
5 fmol of a radiolabeled oligonucleotide (CA Box in A) and 3.5 mg of rat brain nuclear extract. The lef t lane shows DNA–protein complex formation in
the absence of competitors. Competition experiments were performed using 100-fold molar excess of competitor oligonucleotides (either unlabeled
wild-type or mutated CA box oligonucleotides or the consensus Sox-binding site oligonucleotide). The right lane contains unbound CA box probe in the
absence of protein. D, The mutations shown in A (Mutant CA Box) were introduced into the b4/ luciferase construct pX1B4FH to create pX1B4FHmut.
Wild-type pX1B4FH (FHwt) and pX1B4FHmut (FHmut) were cotransfected into Neuro2A cells with pCMVSox10. As controls, wild-type pX1B4FH
was also transfected either alone (FHwt) or with pCMV5 ( pCMV ). Luciferase values were normalized to b-galactosidase expression as driven by the
SV40 promoter. Fold induction was calculated relative to the normalized luciferase activity obtained by transfecting wild-type pX1B4FH alone. Error
bars represent SDs. CAm, Mutant CA box.
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The results presented here indicate that rat Sox10 can, by itself,
significantly transactivate the a3 and b4 promoters in neuronal
cell lines but has no effect on the activity of these promoters in
non-neuronal cells. Our data are in contrast to the results of
Kuhlbrodt et al. (1998a) who were unable to detect any autono-
mous transactivation activity of rat Sox10 in glial cells either on
an artificial promoter containing Sox-binding sites or in a heter-
ologous system in which Sox10 was fused to the GAL4 DNA-
binding domain and subsequently cotransfected with a reporter
containing GAL4 DNA-binding sites (Kuhlbrodt et al., 1998a).
Instead, Sox10 was able to function as a transactivator only in

synergy with other transcription factors such as Tst-1/Oct6/SCIP
or Pax3 (Kuhlbrodt et al., 1998a). It is possible, then, that the
transcriptional activity of rat Sox10 observed in neuronal cells
results from it synergizing with endogenous transcription factors
present in those cells. On the other hand, it is possible that the
transactivation domain of rat Sox10 is masked in glial cells but is
accessible in other cell types, such as neurons. It is important to
note that human SOX10 does possess a strong transactivation
domain in its C terminal as assayed in the GAL4 system in COS
cells (Pusch et al., 1998). The C-terminal domains of rat and
human Sox10 are virtually identical in this region, with only one
amino acid difference occurring at residue 415 (Pusch et al.,
1998).

To determine which regions of Sox10 are important for its
ability to transactivate the a3 and b4 promoters in neuronal cells,
we used a number of mutant Sox10 constructs. Our results indi-
cate that the C-terminal 106 residues of rat Sox10 are dispensable
for its activity in neuronal cells, suggesting that the C-terminal of
rat Sox10 does not contain a transactivation domain in the context
of neuronal cell lines. The basis for the functional differences
between the C-terminal domains of human and rodent Sox10
remains to be elucidated. An intact HMG domain is required for
Sox10’s transactivation activity; however, this domain alone is not
sufficient because a mutant Sox10 consisting of just the HMG
domain proved to be inactive. In addition to the HMG domain,
the N terminal of Sox10 is absolutely necessary, but again not
sufficient, for its activity, and the central part of the protein up to
amino acid 360 is required as well. Taken together, these data
suggest that to activate the a3 and b4 promoters, Sox10 must bind
DNA. Preferred binding sites for Sox10 have not been reported;
however, Sox10 has been demonstrated to bind to a Sox protein
consensus site (Kuhlbrodt et al., 1998a). Sequence analysis of the
promoter regions of a3 and b4 revealed that the a3 promoter
contains two consensus Sox-binding sites, whereas such elements
were not found in the b4 promoter. However, we demonstrated
that Sox10 can specifically interact with an oligonucleotide con-
taining the CT and CA elements of the b4 promoter. These
elements have been shown to be critical for b4 promoter activity
(Hu et al., 1995; Bigger et al., 1996). Interestingly, it appears that
the affinity of Sox10 for this region of the b4 promoter is higher
than its affinity for the Sox consensus site.

As mentioned above, Sox10 can act synergistically with Tst-1/
Oct6/SCIP (Kuhlbrodt et al., 1998a), a factor that can transacti-
vate the a3 promoter (Yang et al., 1994). We extended these
observations to show that Tst-1/Oct6/SCIP is able to transactivate
the b4 promoter in a neuron-specific manner as well. Because the
region of the b4 promoter used does not contain binding sites for
POU domain proteins, we suggest that, analogous to a3 activation
(Yang et al., 1994), Tst-1/Oct6/SCIP may be able to regulate the
b4 promoter via interactions with other transcription factors. A
similar mechanism has been proposed for the repression of the
myelin P0 promoter by Tst-1/Oct6/SCIP (Monuki et al., 1990).
We investigated the possibility that Tst-1/Oct6/SCIP can transac-
tivate nACh receptor gene expression via functional interactions
with Sox10 but were unable to detect any synergy between the
two factors. There are several possibilities for this phenomenon.
It has been demonstrated previously that synergistic interactions
between Sox and POU domain proteins, such as those between
Sox2 and Oct3, Sox10 and Tst-1/Oct6/SCIP, and Sox11 (and
similarly Sox4) and Brn-1 and Brn-2, require binding of the
respective factors to adjacent sites on DNA (Ambrosetti et al.,
1997; Kuhlbrodt et al., 1998a,b). Therefore, because the a3 and

Figure 6. A, Tst-1/Oct6/SCIP transactivates the b4 gene promoter in a
cell type-specific manner. The b4/ luciferase construct pX1B4FH was
transfected into neuronal cell lines (Neuro2A and SN17) and non-
neuronal cell lines (Sol8 muscle and NIH3T3 fibroblast) either alone (2)
or with pCMV5 ( pCMV ) or pCGS-SCIP (SCIP). Fold induction was
calculated as described in Figure 3. B, C, Tst-1/Oct6/SCIP and Sox10 do
not transactivate the b4 or a3 gene promoters additively or synergistically.
SN17 cells were transfected with the b4/ luciferase construct pX1B4FH
(B) or the a3/ luciferase construct pX1A3HS ( C) either alone (2), with
pCMV5 ( pCMV ), or with expression constructs for Sox10 and Tst-1/
Oct6/SCIP (SCIP) individually and together. Fold induction was calcu-
lated as described above.
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b4 promoters do not contain binding elements for POU domain
proteins, Tst-1/Oct6/SCIP and Sox10 may be unable to interact
functionally. However, the HMG2 protein can synergistically
interact with the Oct factors in the absence of DNA-binding sites
for the former (Zwilling et al., 1995). This observation raises the
possibility that the functional interactions between POU and
HMG domain proteins, such as the Sox family members, might
occur in a cell type-specific manner.

In summary, we have identified the nACh receptor b4 and a3
subunit genes as natural target genes of rat Sox10. Furthermore,
we have shown that Sox10 transactivates the b4 and a3 gene
promoters in a neuron-specific manner. In addition, we have
shown that, similar to the a3 promoter, the POU domain protein
Tst-1/Oct6/SCIP can transactivate the b4 gene promoter in a
neuron-specific manner. However, no synergistic effect of Sox10
and Tst-1/Oct6/SCIP was observed in the neuronal cell lines
tested. On the basis of these results, we hypothesize that Sox10 is
a crucial regulatory factor involved in the neuron-specific expres-
sion of the b4 and a3 subunit genes.
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