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Loss-of-function mutations in the Src homology 3 (SH3) domain and tetratricopeptide repeats 2 (SH3TC2) gene
cause autosomal recessive demyelinating Charcot–Marie–Tooth neuropathy. The SH3TC2 protein has been
implicated in promyelination signaling through axonal neuregulin-1 and the ERBB2 Schwann cell receptor.
However, little is known about the transcriptional regulation of the SH3TC2 gene. We performed computational
and functional analyses that revealed two cis-acting regulatory elements at SH3TC2—one at the promoter and
one ∼150 kb downstream of the transcription start site. Both elements direct reporter gene expression in
Schwann cells and are responsive to the transcription factor SOX10, which is essential for peripheral nervous
system myelination. The downstream enhancer harbors a single-nucleotide polymorphism (SNP) that causes
an ∼80% reduction in enhancer activity. The SNP resides directly within a predicted binding site for the
transcription factor cAMP response element binding protein (CREB), and we demonstrate that this regulatory
element binds to CREB and is activated by CREB expression. Finally, forskolin induces Sh3tc2 expression in
rat primary Schwann cells, indicating that SH3TC2 is a CREB target gene. These findings prompted us to deter-
mine if SNP genotypes at SH3TC2 are associated with differential phenotypes in the most common demyelinat-
ing peripheral neuropathy, CMT1A. Interestingly, this revealed several associations between SNP alleles and
disease severity. In summary, our data indicate that SH3TC2 is regulated by the transcription factors CREB
and SOX10, define a regulatory SNP at this disease-associated locus and reveal SH3TC2 as a candidate modifier
locus of CMT disease phenotypes.

INTRODUCTION

Charcot–Marie–Tooth(CMT)diseaseisaclinicallyandgenetically
heterogeneous group of inherited peripheral neuropathies that

affect motor and sensory neurons. Clinical presentations include
muscle wasting, foot deformities and impaired sensation (1). Muta-
tions in the Src homology 3 (SH3) domain and tetratricopeptide
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repeats 2 (SH3TC2) gene cause autosomal recessive CMT type
4C (CMT4C) (2). CMT4C is the most common form of auto-
somal recessive demyelinating CMT disease, accounting for
up to 26% of all cases (2–5). As with other subtypes of CMT
disease, patients with CMT4C show variability of disease
onset and severity (2,4). For example, onset of disease can
vary from 2 to 50 years of age and the motor phenotype varies
from mild gait disabilities to impairment requiring canes or
wheelchairs. Furthermore, �60% of patients with CMT4C
have scoliosis (2–4). Thus, there are likely genetic and environ-
mental factors that modify the CMT4C phenotype.

SH3TC2 is expressed specifically in Schwann cells (6) and
encodes a protein with SH3 and tetratricopeptide domains im-
portant for protein–protein interactions. SH3TC2 localizes to
the endocytic recycling pathway (6–9) and interacts with the
GTPase Rab11, a known regulator of recycling endosomes.
Interestingly, mutant forms of SH3TC2 are unable to associate
with Rab11 in vitro, suggesting that disease-associated SH3TC2
mutations affect the rate of endosome recycling (8,9). It was re-
cently shown that SH3TC2 plays a role in neuregulin-1 (Nrg1)/
ERBB signaling, which is critical for the proliferation and
migration of Schwann cells and the subsequent myelination of
peripheral nerve axons (10). Specifically, SH3TC2 interacts
with and internalizes ERBB2 and depletion of SH3TC2 in vivo
results in downregulation of key ERBB targets (11). Indeed,
two CMT4C-associated missense mutations that map to the
interaction domain prevent internalization of ERBB2.

Over 30 SH3TC2 mutations have been identified in patients
with CMT4C in either a homozygous or compound heterozygous
state. The majority of the mutations act via a loss-of-function
mechanism and disease-associated alleles include nonsense,
missense and splice-site mutations (2,3,12–16). Despite the
loss-of-function nature of known pathogenic variants, regula-
tory mutations (e.g. those in promoters or enhancers) have not
been identified at SH3TC2. Interestingly, the identification of
patients with a CMT4C phenotype that are heterozygous for a
single SH3TC2 coding mutation (15,16) suggests that mutations
at a second locus or mutations in non-coding, transcriptional
regulatory elements at SH3TC2 account for a certain portion of
CMT4C disease.

Currently, little is known about the transcriptional regulation
of SH3TC2. Addressing this issue will be important for
fully understanding the biology of the SH3TC2 locus and for
identifying the full spectrum of disease-associated SH3TC2
mutations. This information will also assist the identification
of functional polymorphisms or modifiers that, by altering
SH3TC2 gene expression, may contribute to the variable clinic-
al phenotype observed in patients with CMT4C or other CMT
subtypes with a myelin-based pathology, such as the most
common form of CMT disease: CMT1A caused by duplication
of the peripheral myelin protein 22 (PMP22) (17–19). Here, we
employ computational and functional analyses to identify
transcriptional regulatory elements at SH3TC2 and report the
characterization of the SH3TC2 promoter and a downstream
enhancer. Interestingly, the latter element harbors a common
single-nucleotide polymorphism (SNP) that dramatically
decreases regulatory function. These findings provide key infor-
mation regarding the biology of the SH3TC2 locus and reveal
candidate sequences for mutations and modifiers of CMT
disease.

RESULTS

SH3TC2 harbors seven putative transcriptional
regulatory elements

Multiple-species comparative sequence analysis is a powerful
tool for predicting cis-acting transcriptional regulatory elements
(20). To identify evolutionarily conserved sequences at
SH3TC2, we aligned genomic sequences spanning SH3TC2
and extending to the flanking loci (ADRB2 and ABLIM3) from
human, mouse, rat, dog, cow and opossum using MultiPipMaker
software (21). Next, we identified non-coding, non-repetitive
genomic sequences within the alignment that are at least 5 bp
long and identical among all six species using ExactPlus (EP)
(22). This analysis revealed 49 genomic segments ranging
from 5 to 19 bp in length. Importantly, these smaller fragments
fell into seven clusters of multiple-species conserved sequences
(MCSs)—one directly upstream of the predicted transcription
start site (TSS) of SH3TC2, one within the 3′ untranslated region
and five downstream of SH3TC2 (Table 1 and Fig. 1A). We
considered these seven genomic segments to be candidate
transcriptional regulatory elements for SH3TC2.

The SH3TC2 promoter and SH3TC2-MCS5 direct
luciferase expression in cultured Schwann cells

Our computational analyses revealed seven conserved genomic
regions at the SH3TC2 locus that potentially harbor transcriptional
regulatory elements.To determine if these genomic segments have
regulatory activity in relevant cells in vitro, we tested the ability of
each to direct luciferase reporter gene expression in cultured
Schwann (S16) cells. S16 cells are an immortalized rat Schwann
cell line that exhibit a high transfection efficiency and express
many myelin-related genes (e.g. PMP22, MPZ, MBP and MAG)
and Schwann cell transcription factors (e.g. SOX10 and EGR2).
Indeed, in a comparative analysis of gene expression in multiple
Schwann cell lines, S16 cells were the most similar to myelinating
Schwann cells (23). Briefly, each genomic segment (Table 1) was
cloned upstream of a minimal promoter directing the expression
of a luciferase reporter gene and each resulting construct was
transfected into S16 cells. Luciferase activity was then measured
compared with a control vector with no genomic insert (‘Empty’
in figures). To identify the most promising regulatory elements
at SH3TC2, a 10-fold or higher increase in luciferase activity was
considered indicative of ‘strong’ enhancer activity. SH3TC2-
MCS1, MCS2, MCS3, MCS4 and MCS6 did not display ‘strong’
enhancer activity in Schwann cells (,5-fold each; Fig. 1B);
however, SH3TC2-MCS1 (P-value 0.003) and SH3TC2-MCS4

Table 1. Multiple-species conserved sequences (MCSs) at SH3TC2

Element ID Genomic locationa Size (bp)

SH3TC2-Promoter chr5:148 422 779–148 423 445 667
SH3TC2-MCS1 chr5:148 188 297–148 188 683 387
SH3TC2-MCS2 chr5:148 189 329–148 189 715 387
SH3TC2-MCS3 chr5:148 192 623–148 193 023 401
SH3TC2-MCS4 chr5:148 203 383–148 203 846 464
SH3TC2-MCS5 chr5:148 272 774–148 273 158 385
SH3TC2-MCS6 chr5:148 346 393–148 346 955 563

aCoordinates are from the March 2006 UCSC Human Genome Browser (hg18).
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(P-value 2.2 × 1028) did significantly increase reporter gene ex-
pression to a lesser degree (2.1- and 3.9-fold, respectively). In con-
trast, the SH3TC2 promoter and SH3TC2-MCS5 demonstrated a
30-fold (P-value 8.74 × 1026) and 13-fold (P-value 2.34 ×
1027) increase in activity, respectively, in these cells (Fig. 1B).
To determine if the enhancer activities of the SH3TC2 promoter
and SH3TC2-MCS5 are specific to Schwann cells, each genomic
segment at SH3TC2 was reevaluated in a non-glial cell line—
immortalized mouse motor (MN-1) neurons. Importantly, tran-
scription factors important for Schwann cell function (e.g.
SOX10) are not expressed in MN-1 cells (24). None of the
regions tested displayed ‘strong’ enhancer activity in MN-1
cells. Indeed, the mean fold-induction of each of the seven tested
genomic segments was ,5 (Fig. 1C). Combined, these data
suggest that the SH3TC2 promoter and SH3TC2-MCS5 are im-
portant for transcriptional regulation of SH3TC2 in Schwann cells.

The SH3TC2 promoter harbors consensus sequences
for Schwann cell transcription factors

The SH3TC2 promoter studied here encompasses 667 bp
upstream of the initiation codon (Fig. 2A). To characterize the

position of the SH3TC2 TSS in Schwann cells, we performed
5′ rapid amplification of cDNA ends (5′RACE). Briefly,
Sh3tc2 cDNA was generated from RNA isolated from cultured
rat Schwann (S16) cells and 5′RACE was performed using a
reverse primer in exon 4 of the rat Sh3tc2 locus. The resulting
PCR product was sequenced and aligned to rat genomic DNA
sequences. These studies revealed a single Sh3tc2 TSS located
37 bp upstream of the start codon in rat Schwann cells
(Fig. 2A–C). This position also corresponds to 37 bp upstream
of the initiating methionine codon at the human SH3TC2 locus
and differs from the current annotation of the SH3TC2 RefSeq
mRNA on the University of California at Santa Cruz (UCSC)
Human Genome Browser (Fig. 2A).

SH3TC2 is specifically expressed in Schwann cells (6), sug-
gesting that the locus is regulated by transcription factors import-
ant for these cells. To address this, we employed the
TRANSFAC prediction algorithm (25) to search the SH3TC2
promoter for the consensus sequences of three transcription
factors critical for Schwann cells: SOX10, EGR2 and POU3F2
(26). These analyses revealed six SOX10 consensus sequences
(bold text in Fig. 2C), one POU3F2 consensus sequence (red
text in Fig. 2C) and one EGR2 consensus sequence (blue text

Figure 1. Identification of cis-acting transcriptional regulatory elements at SH3TC2. (A) The human SH3TC2 locus is shown with transcription proceeding from right to
left. Genomic segments at least 5 bp in length, conserved among six mammalian species, and that map outside of protein-coding and repetitive sequences [identified by
ExactPlus (EP)] are indicated in blue. Clusters of EP hits that represent multiple-species conserved sequences (MCSs) and that were used to design PCR products for
functional studies are indicated in red. (B and C) The promoter and each MCS were cloned upstream of a luciferase reporter gene and tested for regulatory activity in
cultured Schwann (S16) cells (B) and motor neurons (MN-1 cells; C). All data are expressed relative to a control vector that does not harbor an insert (‘Empty’ in B
and C), dashed red lines indicate the 10-fold cutoff for ‘strong enhancer activity’, error bars show standard deviations, and ∗ and ∗∗ indicate a significant change in activity
(P ≤ 0.01 and P ≤ 0.001, respectively).
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in Fig. 2C). Note that the POU3F2 consensus sequence overlaps
with one of the SOX10 consensus sequences. SOX10 is known to
function as either a monomer or a dimer (22,27). As a monomer,
SOX10 binds to a single SOX10 consensus sequence and as a

dimer it binds to two consensus sequences oriented in a
head-to-head fashion. Two of the SOX10 consensus sequences
are consistent with binding to monomeric SOX10 (SOX10 A
and SOX10 B in Fig. 2C) and four of the SOX10 consensus

Figure 2. The SH3TC2 promoter harbors multiple transcription factor consensus sequences relevant for Schwann cells. (A) The SH3TC2 promoter (black line) spans
667 bp upstream of the initiating methionine codon based on the SH3TC2 RefSeq mRNA (indicated in blue). 5′RACE was employed to identify the TSS of SH3TC2 in
cultured Schwann cells (indicated by the left-pointing black arrow). (B) Cartoon depicting the relative location of TRANSFAC binding site predictions in the SH3TC2
promoter. The TSS identified in Schwann cells is indicated by the left-pointing arrow. Specific transcription factor binding predictions are indicated in the key and
head-to-head SOX10 consensus sequences are underlined. The position of the SNP rs7705960 is indicated by a vertical black line. (C) Sequence of the SH3TC2 pro-
moter annotated with TRANSFAC binding site predictions. SOX10 (bold text), POU3F2 (red text) and EGR2 (blue text) predictions are indicated. Dimeric SOX10
head-to-head binding sites are underlined, as is the position of the rs7705960 SNP. (D) Orthologous sequences from the indicated species at the dimeric, head-to-head
‘SOX10 C’ consensus sequences were aligned. Individual SOX10 consensus sequences are in bold text and base pairs conserved between human and other species are
capitalized.
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sequences cluster into two head-to-head sequences consistent
with binding to dimeric SOX10 (SOX10 C and SOX10 D in
Fig. 2C). Note that the ‘TTTGA’ monomer (bold, red text in
Fig. 2C) in the SOX10 C dimeric consensus sequence was not
initially detected by our computational analyses (see Materials
and Methods for details). However, we considered SOX10 C a
potential head-to-head binding site due to the preferential 6 bp
spacing (27) of the two monomeric predictions (Fig. 2C and
D) and the conservation of the entire prediction among diverse
mammalian species (Fig. 2D). Interestingly, reducing SOX10
function decreases the expression of Sh3tc2 in Schwann cells
(28,29) and SOX10 binding was previously detected at the
SH3TC2 promoter region by ChIP-Seq analysis of nuclei iso-
lated from rat sciatic nerves (28) (also shown in Supplementary
Material, Fig. S1A). The ChIP-Seq data directly overlap the
SOX10 consensus sequences described above; however, the
precise sequences responsible for SOX10 binding have not
been identified.

SOX10 consensus sequences are necessary for the
activity of the SH3TC2 promoter

The presence of conserved SOX10 consensus sequences within
the SH3TC2 promoter suggests that these nucleotides are neces-
sary for the observed regulatory activity in Schwann cells
(Fig. 1B). To test this, we deleted or mutated each consensus se-
quence and tested the ability of the resulting genomic segment to
direct luciferase reporter gene expression in cultured S16 cells
compared with the wild-type SH3TC2 promoter. For deletion
analysis, the entire consensus sequence was removed from the
construct (‘D’ in Fig. 3). For mutation analysis, the consensus
sequence was mutagenized to complement but not reverse the
sequence (‘Mut’ in Fig. 3). This should ablate the binding cap-
abilities of the transcription factor while retaining the overall
GC content of the genomic segment. Because SOX10 A and
SOX10 B are palindromic (Fig. 2C) binding to SOX10 may
not be disrupted by mutagenesis—we therefore only deleted
these consensus sequences. Finally, deletion of the POU3F2
consensus sequence would also delete SOX10 C—we therefore
mutated the ‘GCAGCC’ nucleotides between the two SOX10
consensus sequences in SOX10 C to only disrupt POU3F2
binding (Fig. 2C). Deletion of the SOX10 A and SOX10 B con-
sensus sequences and mutagenesis of the POU3F2, EGR2 and
SOX10 D consensus sequences did not significantly reduce the
activity of the SH3TC2 promoter (Fig. 3A). In contrast, mutagen-
esis and deletion of the SOX10 C consensus sequence resulted in
an �60% (P-value 1.67 × 1027) and �50% (P-value 8.11 ×
1027) reduction in enhancer activity, respectively, compared
with the wild-type SH3TC2 promoter (Fig. 3A). These data indi-
cate that this SOX10 consensus sequence is required for the
observed activity of the SH3TC2 promoter.

Visual examination of the SH3TC2 promoter at the UCSC
Human Genome Browser revealed the presence of an SNP
(rs7705960) with a minor allele frequency of 0.442 in indivi-
duals of European descent from the HapMap dataset. Since
SNPs within transcriptional regulatory elements can affect
gene transcription rates, we compared the enhancer activities
of the major and minor alleles of rs7705960 in cultured
Schwann cells in the context of the SH3TC2 promoter
(Table 1). These efforts revealed that the enhancer activity of

the minor-allele harboring genomic segment (Fig. 3A) was
similar to the segment carrying the major allele (‘SH3TC2-
Promoter’ in Fig. 3A), indicating that this SNP does not affect
the activity of the SH3TC2 promoter.

SOX10 induces the activity of the SH3TC2 promoter

Disrupting the head-to-head SOX10 C binding site causes a re-
duction in SH3TC2 promoter activity, suggesting that SOX10
acts upon this element in Schwann cells. To determine if
SOX10 induces the activity of the SH3TC2 promoter we
employed a SOX10 overexpression assay in SOX10-negative
MN-1 cells. Briefly, a construct harboring the SH3TC2 promoter
upstream of a luciferase reporter gene was transfected into MN-1
cells with or without a construct harboring a CMV promoter
directing wild-type SOX10 expression. In the presence of wild-
type SOX10, the activity of the SH3TC2 promoter dramatically
increased (�28-fold, P-value 7.36 × 10210; Fig. 3B).

If SOX10 is required for inducing SH3TC2 promoter activity,
then suppressing endogenous SOX10 activity in Schwann cells
should cause a decrease in SH3TC2 promoter activity. Certain
mutations in the human SOX10 gene (in the heterozygous
state) result in a dominant-negative effect by disrupting the
function of the wild-type SOX10 protein (30). We analyzed
the activity of the SH3TC2 promoter in the context of overex-
pressed, dominant-negative (E189X) SOX10 in S16 Schwann
cells. Expression of dominant-negative SOX10 reduced the
activity of the SH3TC2 promoter by �73% (P-value 1.06 ×
1025; Fig. 3C). Importantly, these data are consistent with
studies showing that impairing SOX10 function reduces the
expression of Sh3tc2 in rat Schwann cell models (28,29). Com-
bined, our studies indicate that SOX10 regulates the SH3TC2
promoter via the SOX10 C binding site.

The minor allele of rs17539452 reduces SH3TC2-MCS5
activity in Schwann cells

Polymorphisms in cis-acting transcriptional regulatory elements
can impact gene transcription and may be relevant for clinical
phenotype variability. Examination of SH3TC2-MCS5 on the
UCSC Human Genome Browser revealed that this genomic
segment harbors six SNPs with a minor allele frequency of
≥0.01 (Fig. 4A). To determine if these SNPs alter the activity
of SH3TC2-MCS5 in Schwann cells, we obtained four SH3TC2-
MCS5 haplotypes via PCR amplification of pooled human
DNA samples (Hap 1–4 in Fig. 4B). Hap 1 contains the major
alleles of all six SNPs and represents the genomic segment
tested in the initial luciferase assays (Fig. 1B). Hap 2 carries
the minor alleles of two SNPs (rs12519780 and rs10875641)
and corresponds to the reference sequence in the UCSC Human
Genome Browser (hg19). Hap 3 carries the minor allele of
rs12519780, and Hap 4 carriers the minor alleles of three
SNPs: rs12519780, rs114059937 and rs17539452. Each haplo-
type was tested for the ability to direct luciferase reporter
gene expression in S16 cells relative to Hap 1. The activity of
SH3TC2-MCS5 Hap 2 and Hap 3 was not significantly decreased
compared with Hap 1 (Fig. 4C). In contrast, the activities of Hap
4 was decreased by �80% (P-value 1.13 × 1028; Fig. 4C), and a
decrease in activity were observed in both the forward and
reverse orientation of the enhancer (Supplementary Material,
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Fig. S2). These data suggest that the alleles of SNPs rs12519780,
rs114059937 and rs17539452 modify the enhancer activity of
SH3TC2-MCS5.

To identify the SNP(s) responsible for the decrease in
SH3TC2-MCS5 Hap 4 activity, we mutagenized SH3TC2-MCS5

to harbor the minor allele of rs12519780, rs114059937 or
rs17539452 alone or in various combinations (Mut A–E,
Fig. 4B). Subsequently, each construct was tested for the
ability to direct luciferase reporter gene expression in S16 cells
relative to Hap 1. Expression constructs containing the minor

Figure 3. SOX10 regulates the SH3TC2 promoter. (A) Constructs harboring the wild-type SH3TC2 promoter, the promoter with the minor allele of rs7705960 or the
promoter with the indicated mutation (all upstream of a luciferase reporter gene) were transfected into cultured Schwann (S16) cells. Luciferase assays were performed
to determine the regulatory activity of each promoter segment relative to the wild-type SH3TC2 promoter. Gray columns indicate naturally occurring sequences,
whereas white columns indicate synthetic mutations. ‘Mut’ denotes mutation of the consensus sequence by reversing but not complementing the nucleotides, and
‘D’ denotes a complete deletion of the consensus sequence (see text for details). (B) A construct harboring the SH3TC2 promoter directing luciferase expression
was transfected into cultured motor neurons (MN-1 cells) with or without a construct to express wild-type (WT) SOX10. Luciferase assays were employed to test
the activity of the SH3TC2 promoter in the presence of SOX10 relative to the activity of the promoter in the absence of SOX10. (C) A construct harboring the
SH3TC2 promoter directing luciferase expression was transfected into cultured Schwann (S16) cells with or without a construct to express a dominant-negative
form of SOX10 (E189X). Luciferase assays were employed to test the activity of the SH3TC2 promoter in the presence of E189X SOX10 relative to the activity
of the promoter in the absence of E189X SOX10. In each panel, error bars indicate standard deviations and ∗∗ indicates a significant change in activity (P ≤ 0.001).
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alleles of rs12519780 or rs114059937 alone (Hap 3 and Mut A,
respectively) or combined together (Mut C) did not exhibit
significantly reduced activities compared with Hap 1. In con-
trast, constructs harboring the minor allele of rs17539452
alone (Mut B, P-value 1.77 × 1026) or combined with the
minor allele of rs12519780 (Mut D, P-value 1.87 × 1029) or
rs114059937 (Mut E, P-value 1.46 × 1029) all showed at least
a 70% reduction in enhancer activity in cultured Schwann cells
compared with Hap 1 (Fig. 4C). These data indicate that the
minor allele (‘t’ nucleotide) of rs17539452 is responsible for
the majority of the �80% decrease in enhancer activity of
SH3TC2-MCS5 Hap 4.

The minor allele of rs17539452 disrupts a cAMP response
element binding protein (CREB) in SH3TC2-MCS5

One possible explanation for the reduced activity of SH3TC2-
MCS5 Hap 4 (Fig. 4C) is that the minor allele of rs17539452
interferes with transcription factor binding. To test this, we ana-
lyzed 24 bp surrounding each allele of rs17539452 using the
TRANSFAC transcription factor prediction algorithm (25).
This revealed a cAMP response element (CRE) prediction for
the major allele of rs17539452 that is not predicted for the
minor allele (Fig. 5A and B; Supplementary Material,
Fig. S3A and B). CREs are genomic elements that regulate

Figure 4. Haplotype-specific regulatory activity of SH3TC2-MCS5. (A) The SH3TC2-MCS5 amplicon (black line) spans 385 bp. The six SNPs with a minor allele
frequency ≥0.01 that map within this region are indicated by vertical black lines. (B) SH3TC2-MCS5 was cloned from a pooled sample of human genomic DNA
allowing the acquisition of four naturally occurring haplotypes (Hap 1–4). Synthetic haplotypes (Mut A–E) were engineered via mutagenesis. Each haplotype is
indicated across the top and each SNP accession number indicated on the left. Major alleles are capitalized and minor alleles are in bold, lower-case text. Major
and minor allele frequencies are listed on the right. (C) Each of the nine haplotypes at SH3TC2-MCS5 was cloned upstream of a luciferase reporter gene and transfected
into cultured Schwann (S16) cells. Luciferase assays were performed to determine the regulatory activity of each genomic segment relative to Hap 1. Naturally
occurring and synthetic haplotypes are indicated by gray and white bars, respectively. Error bars represent standard deviations and ∗∗indicates a significant
change in activity (P ≤ 0.001).
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Figure 5. The minor allele of rs17539452 disrupts a CREB consensus sequence. (A) A cartoondepicting SH3TC2-MCS5. The CREB and SOX10 consensus sequences
are indicated with a gray box and white oval, respectively. SNP rs17539452 is indicated within the CREB consensus sequence with a vertical black line. (B) Ortho-
logous genomic sequences surrounding the CREB and SOX10 predictions from human (major and minor alleles of rs17539452) and eight additional mammalian
species were aligned. CREB and SOX10 consensus sequences are indicated by capitalized, bold text. The minor allele of rs17539452 is in lower case, bold text.
Lower case text indicates nucleotides that are not identical to the human major allele sequence and asterisks denote base pairs that are conserved across all of the
shown species. (C) CREB and SOX10 consensus sequences were deleted (D), individually or together and the resulting SH3TC2-MCS5 genomic segments were
cloned upstream of a luciferase reporter gene. Luciferase assays were performed to determine the regulatory activity of each genomic segment relative to Hap 1.
Naturally occurring and synthetic alleles are indicated by gray and white bars, respectively. Error bars represent standard deviations and ∗∗indicates a significant
change in activity (P ≤ 0.001).
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gene transcription in response to elevated cAMP. Intracellular
cAMP induces phosphorylation of the CRE-binding (CREB)
protein, predominantly via the PKA pathway, which can then
bind to the CRE sequence and mediate transcriptional regulation
(31). CREB is a ubiquitous transcription factor expressed in S16
cells (Supplementary Material, Fig. S3C); however, tissue-
restricted CREB activity has been observed in melanocytes in
cooperation with SOX10 (32). We therefore computationally
analyzed SH3TC2-MCS5 for SOX10 consensus sequences as
describedabove.Theseefforts revealedasingleSOX10monomer-
ic consensus sequence 7 bp from the CREB consensus sequence
(Fig. 5B and B). To assess the role of the CREB and SOX10 con-
sensus sequences on the function of SH3TC2-MCS5, we generated
luciferase reporter constructs harboring a deletion of the CREB
consensus sequence (DCREB), a deletion of SOX10 consensus
sequence (DSOX10), or a deletion of both consensus sequences
(DCREBDSOX10). Subsequently, each construct was transfected
into S16 cells and enhancer activities were compared with
SH3TC2-MCS5 Hap 1. All three deletions resulted in at least a
70% reduction in luciferase activity (P-values 2.25 × 1028,
4.68 × 1028 and 1.91 × 1028, respectively; Fig. 5C). Import-
antly, the amount of activity associated with each deletion con-
struct is comparable to that associated with Hap 4, which harbors
the rs17539452 minor allele (Fig. 5C). These data indicate that
the CREB and SOX10 consensus sequences are important for
the observed enhancer activity of SH3TC2-MCS5.

SOX10 and CREB activate SH3TC2-MCS5 in Schwann cells

Our computational and functional data suggest that SH3TC2-
MCS5 is responsive to the transcription factors SOX10 and
CREB. To test this, we co-transfected the construct harboring
SH3TC2-MCS5 Hap 1 upstream of a luciferase reporter gene
with constructs to express wild-type SOX10 or CREB into
SOX10-negative motor neurons (MN-1 cells) and SOX10-
positive Schwann cells (S16 cells). In MN-1 cells, SOX10 and
CREB both induced a .10-fold increase in activity compared
with the untreated SH3TC2-MCS5 construct (P-values 1.92 ×
1027 and 1.83 × 210, respectively; Fig. 6A); however, an addi-
tive effect was not observed (data not shown). In S16 cells,
SH3TC2-MCS5 Hap 1 enhancer activity increased by 62%
(P-value 0.00013) and 130% (P-value 1.34 × 26) in the pres-
ence of additional SOX10 or CREB, respectively (Fig. 6B). Fur-
thermore, an additive effect was observed when SOX10 and
CREB were overexpressed together resulting in a 310% increase
(P-value 9.06 × 10213) in activity (Fig. 6B). These data indicate
that SOX10 and CREB activate SH3TC2-MCS5 in a synergistic
fashion in Schwann cells.

To determine if endogenous SOX10 and CREB activate
SH3TC2-MCS5 in S16 Schwann cells, we performed luciferase
assays in the presence of a dominant-negative (E189X) SOX10
expression construct (30) or ascorbic acid (33) to inhibit the
activity of endogenous SOX10 and CREB, respectively. Expres-
sion of dominant-negative SOX10 reduced the enhancer activity
of SH3TC2-MCS5 Hap 1 by �65% (P-value 4.25 × 210;
Fig. 6C) and application of ascorbic acid reduced the activity
of SH3TC2-MCS5 Hap 1 by �21% (P-value ¼ 0.00078;
Fig. 6D). To verify the effect of ascorbic acid on cultured S16
cells, we measured cAMP levels in untreated cells and those
treated with 600 or 1000 mM ascorbic acid. This revealed a

dose-dependent decrease in cAMP levels (Supplementary Ma-
terial, Fig. S4A) consistent with the effect of ascorbic acid on
the activity of SH3TC2-MCS5. Furthermore, to determine the
specificity of ascorbic acid and dominant-negative SOX10 on
SH3TC2-MCS5 activity, we performed luciferase assays on
S16 cells transfected with the DCREBDSOX10 SH3TC2-
MCS5 luciferase expression construct in the presence of ascorbic
acid or E189X SOX10. Neither of these conditions reduced luci-
ferase activity (Supplementary Material, Fig. S4B and C), indicat-
ing that the effect of each requires the respective transcription
factor binding site. Collectively, these data are consistent with
SOX10 and CREB regulating the activity of SH3TC2-MCS5.

CREB binds to SH3TC2-MCS5

The reduced activity of SH3TC2-MCS5 Hap 4 may be due to
decreased binding of the rs17539452 minor allele to nuclear pro-
teins in Schwann cells. To test this, we utilized electromobility
shift assays (EMSAs). Briefly, a biotinylated-DNA probe con-
taining the CREB and SOX10 consensus sequences and the
major allele of rs17539452 (‘Maj’ in Fig. 7A) was incubated
with nuclear protein isolated from S16 Schwann cells. In the
absence of nuclear protein, unbound DNA probe migrates to
the bottom of the gel (lane 1, Fig. 7A). When S16 cell nuclear
protein is present, a distinct pattern of shifted bands is observed
indicating that the probe binds to nuclear protein from Schwann
cells (lane 2, Fig. 7A). Competition with increasing amounts of a
cold ‘Maj’ competitor probe (lanes 3 and 4, Fig. 7A) caused a de-
crease in signal for one specific protein-bound DNA band
(arrowhead, Fig. 7A). We infer that this band corresponds to a
specific interaction between the ‘Maj’ biotin probe and S16
nuclear proteins. Competition with a probe designed around
the minor allele of rs17539452 (‘Min’ in Fig. 7A) does not out-
compete the binding as effectively as the ‘Maj’ competitor probe
at 100× (compare lanes 4 and 5, Fig. 7A), consistent with the
minor allele of rs17539452 having reduced binding to
Schwann cell nuclear proteins.

To determine if the ‘Maj’ biotin-labeled probe binds speci-
fically to CREB, we performed a ‘supershift’ EMSA using an
anti-CREB antibody. The addition of increasing amounts of anti-
body resulted in a corresponding decrease in signal intensity of the
samebandoutcompetedby the ‘Maj’ competitorprobe instandard
EMSAs (arrowhead in Fig. 7B, compare lane 2 to lanes 3 through
5). This suggests that CREB binds to the ‘Maj’ biotin probe and
that the presence of the CREB antibody prevents this interaction,
possibly by disrupting the DNA binding capabilities of CREB.
These results are similar to previously published ‘supershift’
EMSA data using the same antibody employed here (34). Further-
more, CREB binding profiles generated by ChIP-Seq (35) show
significant binding of CREB at SH3TC2-MCS5 in multiple
human cell lines (Supplementary Material, Fig. S1B). Combined,
these data indicate that CREB binds to the region surrounding
rs17539452 and that the minor allele of this SNP impairs CREB.

Forskolin increases the expression of Sh3tc2
in Schwann cells in vivo

Our data thus far raise the possibility that SH3TC2 is a CREB
target gene.To test this,weutilized forskolin, a well-characterized
adenylyl cyclase activator that increases the levels of cAMP and
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activates CREB via the PKA pathway (36). Briefly, rat primary
Schwann cells were treated with 3 mM forskolin for 24 h after
which RNA was extracted and mRNA expression measured by
quantitative RT-PCR. Treatment with forskolin induced a signifi-
cant increase in the expression of Sh3tc2, Pmp22 and Egr2

(Fig. 7C); the latter gene encodes a master transcription factor
of myelination. Importantly, the induction of Sh3tc2 is compar-
able to that of Pmp22, which harbors a characterized CREB
response element in the promoter (37). Another Schwann cell
gene, Sox10, whose expression is unaffected by altered cAMP

Figure 6. SOX10 and CREB activate SH3TC2-MCS5. (A) Constructs harboring SH3TC2-MCS5 Hap 1 were transfected into SOX10-negative motor neurons (MN-1
cells) with or without constructs to express SOX10 or CREB. Luciferase assays were performed to determine the effect of each transcription factor on the activity of
SH3TC2-MCS5 relative to experiments without SOX10 and CREB. (B) Similar experiments as described in (A) performed in cultured Schwann (S16) cells. Note that
in this experimentSOX10and CREBhave an additiveeffect on the activityof SH3TC2-MCS5. (C and D) Luciferase assayswere alsoperformed to determine the effect
of dominant-negative (E189X) SOX10 (C) and ascorbic acid (D) on SH3TC2-MCS5 activity. In all panels, error bars indicate standard deviations and ∗∗ indicates a
significant change in activity (P ≤ 0.001).
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production (38,39) is shown as a control. We also examined the
effect of forskolin on the two loci flanking Sh3tc2: Ablim3 and
Adrb2. These studies revealed that Ablim3 is not induced by for-
skolin (Fig. 7C) and that Adrb2 is not expressed in rat primary
Schwann cells (datanot shown).Combined, thesedataare consist-
ent with CREB directly activating Sh3tc2 expression in Schwann
cells via SH3TC2-MCS5.

Common SNPs at the SH3TC2 locus are associated
with CMT disease severity

The identification of a regulatory SNP at SH3TC2 suggests that
this variant (or other functional variants at SH3TC2) may
modify CMT disease phenotypes. We studied a cohort of 407 ex-
ceptionally phenotyped patients with CMT1A that were collected
under strict clinical protocols by the Inherited Neuropathy Con-
sortium (INC). CMT1A is caused by a duplication event of a

canonical area of chromosome 17 containing the PMP22 gene
(17–19). On the background of this uniform mutation, we
sought to identify genotypes at SH3TC2 that are associated with
variable expression of key clinical outcomes in patients with
CMT1A. Genome-wide SNP genotyping was utilized to test the
hypothesis that common variation at the SH3TC2 locus (Supple-
mentary Material, Fig. S4), particularly in the region surrounding
rs17539452, is associated with CMT1A disease expression.
Association was tested using the CAPL software (40). Nominal
association was found with a ‘difficulty walking’ subphenotype
(rs2082383, P-value ¼ 0.048, 33 kb proximal to rs17539452;
and rs6580586, P-value ¼ 0.0194, 50 kb proximal), a ‘decrease
in feeling’ subphenotype (rs1029942, P-value ¼ 0.0141, 17 kb
distal; and rs2082383, P-value ¼ 0.00857, 33 kb proximal)
and a ‘foot dorsiflexion’ subphenotype (rs4555784, P-value ¼
0.0479, 50 kb distal). There was no association with ‘difficulty
with balance’ among the SNPs within 50 kb of rs17539452.

Figure 7. The cAMP/CREB pathway interacts with the SH3TC2 locus. (A) EMSAs were performed on nuclear extracts from cultured Schwann (S16) cells using a
biotinylated probe carrying the major allele (Maj) of SNP rs17539452. Competition between labeled and unlabeled Maj probes, and between labeled Maj and un-
labeled Min probes (the latter harboring the minor allele of SNP rs17539452) were performed to determine the specificity of DNA binding. The nuclear protein
and competitor probe content of each lane is indicated across the bottom. Reactions in all lanes contain the same amount of labeled Maj probe. (B) ‘Supershift’
EMSAs were performed on nuclear extracts from cultured Schwann (S16) cells in the presence of increasing amounts of CREB antibody (indicated along the
bottom). Arrowheads in (A) and (B) indicate specific interactions between nuclear proteins and labeled probe. (C) Rat primary Schwann cells were serum starved
overnight and then treated with forskolin (3 mM) or DMSO (control) for 24 h. Quantitative RT-PCR was then performed on RNA isolated from each sample to
determine the expression level of each endogenous gene (indicated along the bottom). All data were normalized to the level of 18S rRNA and expressed relative
to the DMSO-only control sample. Double asterisks (∗∗) indicate a change in gene expression (P ≤ 0.001) and error bars represent standard error.
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In addition to the region surrounding rs17539452, we exam-
ined SNPs within and adjacent to the SH3TC2 transcriptional
unit (Supplementary Material, Fig. S4) for association with
CMT1A disease severity. Three SNPs were associated with
‘foot dorsiflexion’ and ‘decrease in feeling’: (i) a nonsynon-
ymous change (rs6875902, p.Ala468Ser; P-value ¼ 0.0068),
(ii) a 3′-UTR change (rs3763022; P-value ¼ 0.0025) and (iii)
an intronic change (rs2304034; P-value ¼ 0.037). The non-
synonymous change is moderately conserved with a GERP
score of 0.802. Thus, our genetic analyses have revealed an asso-
ciation between genotypes at SH3TC2 and phenotypic outcome
in CMT1A disease. However, due to the low minor allele
frequency of rs17539452 (0.021 in individuals of European
descent from the HapMap dataset), reliable association tests
and linkage disequilibrium patterns could not be generated in
our moderately sized patient cohort.

DISCUSSION

In this study, we describe transcriptional regulatory elements at
the SH3TC2 locus, which is implicated in autosomal recessive
CMT disease type 4C (CMT4C). Our analyses identified a pro-
moter and downstream enhancer that are active in Schwann
cells in vitro. The promoter region is regulated by the neural
crest/Schwann cell transcription factor SOX10 based on mul-
tiple lines of evidence. Overexpression of wild-type SOX10
causes increased induction in promoter activity in SOX10-
negative cells, and overexpression of dominant-negative
SOX10, which prevents endogenous SOX10 from binding to
DNA (30), causes decreased promoter activity in cultured
Schwann cells. SOX10 regulation of the SH3TC2 promoter
likely occurs via a head-to-head SOX10 binding site located
96 bp upstream of the TSS, because mutating this site causes a
dramatic reduction in promoter activity. Recent ChIP-Seq ana-
lysis of transcription factor binding sites in rat Schwann cells
(28) revealed a single SOX10 binding peak at the SH3TC2 pro-
moter near the head-to-head SOX10 site described here. Since no
other SOX10 consensus sequence within the promoter signifi-
cantly contributes to regulatory activity, we conclude that our
analyses have revealed the specific sequences required for
SOX10 induction of the SH3TC2 promoter.

We also characterized a distal enhancer at SH3TC2 �150 kb
downstream of the TSS. Based on similar experiments per-
formed at the SH3TC2 promoter, we conclude that the down-
stream enhancer is regulated by the transcription factors
SOX10 and CREB. Interestingly, while we present strong evi-
dence of CREB binding at SH3TC2-MCS5, significant levels
of SOX10 binding were not detected at this region in ChIP-Seq
analyses performed on rat sciatic nerves (28). One possible
explanation for this discrepancy is that this enhancer may be
active at an earlier developmental stage than that assessed in
the ChIP-Seq studies (see below). Indeed, based on the effect
of deleting the SOX10 binding site and the specificity of overex-
pressing wild-type and dominant-negative SOX10, we are con-
fident that SH3TC2-MCS5 is a CREB/SOX10 response element.
One of the difficulties of analyzing cis-acting transcriptional
regulatory elements is determining the specific gene(s) that
they regulate. This is especially problematic when a regulatory
element maps to an intergenic region, as is the case with the

downstream enhancer described here. However, we showed
that SOX10 and CREB synergistically activate the downstream
enhancer and that forskolin treatment, which activates CREB,
induces Sh3tc2 mRNA transcription in vivo. In contrast, Adrb2
(the next locus downstream of Sh3tc2) is not expressed in
Schwann cells and Ablim3 (the next locus upstream of Sh3tc2)
is not induced by forskolin. Finally, the induction of Sh3tc2 ex-
pression by forskolin is comparable to that of Pmp22, which is a
known CREB target gene in Schwann cells (37). Collectively,
these data support the conclusion that SH3TC2 is regulated by
SOX10 and CREB via the downstream enhancer.

SOX10 and cAMP have important roles in Schwann cell devel-
opmentandperipheralnervous system(PNS) myelination.SOX10
is expressed early in neural crest development and remains active
in myelinating Schwann cells throughout development and adult-
hood (41–43). SOX10 interacts with other transcription factors
important for regulating Schwann cell myelination including
EGR2, POU3F2 and POU3F1/SCIP/OCT6 (26,44). While con-
sensus sequences for EGR2 and POU3F2 were found within the
SH3TC2 promoter (Fig. 2), these were not necessary for regulatory
activity (Fig. 3). Furthermore, ChIP-Seq and expression studies
have shown that SOX10 regulates Sh3tc2 independent of EGR2
(28). Intracellular cAMP plays an essential role in transitioning im-
mature Schwann cells to myelinating Schwann cells by activating
CREB (38,39,45,46). As mentioned above, co-expression of
SOX10 and CREB revealed a synergistic effect on the activity of
the downstream enhancer (SH3TC2-MCS5). Synergism between
CREB and SOX10 was previously observed at the MITF locus
in melanocytes (32), and other myelin genes are regulated by
SOX10 and CREB including PMP22 (37,47,48), EGR2 (49–51)
and OCT6 (38,52). While synergism between SOX10 and CREB
has not been demonstrated at these latter three loci, it is clear that
co-regulation by SOX10 and CREB is an important aspect of
Schwann cell myelination.

Transcriptional regulation of SH3TC2 by cAMP/CREB may
provide insight into how an increase in intracellular cAMP
induces Schwann cell myelination (45). It was recently demon-
strated that SH3TC2 interacts with the receptor ERBB2 in
Schwann cells, resulting in internalization of ERBB2 from the
adaxonal membrane (11). The Nrg1/ERBB signaling pathway
is important for the regulation of Schwann cell proliferation
and migration as well as for Schwann cell differentiation and
myelination (10). The mechanism by which Nrg1/ERBB signal-
ing switches between the two pathways is unclear; however,
increasing intracellular cAMP causes the Nrg1/ERBB signaling
cascade to direct Schwann cells to differentiate and myelinate
the associated axon (45). Furthermore, impaired cAMP produc-
tion results in the absence of myelinated peripheral nerve axons
in Gpr126 mutant mice and zebrafish (38,39), and Sh3tc2-null
mice exhibit hypomyelinated peripheral nerves (6). Combined,
these data suggest that decreased cAMP production and
impaired SH3TC2 function may disrupt a common pathway in
PNS myelination. Our data indicate that cAMP/CREB induces
SH3TC2 transcription. Therefore, we hypothesize that increased
cAMP levels induce myelination by enhancing SH3TC2 tran-
scription (likely via the downstream enhancer) and increasing
ERBB2 internalization.

Characterization of the SH3TC2 promoter and downstream
enhancer will facilitate the identification of pathogenic regula-
tory mutations that confer disease by disrupting SH3TC2
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transcription. CMT4C is an autosomal recessive disease caused
by loss-of-function mutations (7–9). Mutations disrupting a
regulatory element may cause a loss-of-function effect by redu-
cing or ablating SH3TC2 transcription. Indeed, while regulatory
mutations have not been identified at SH3TC2, they may account
for the missing heritability observed in patients with a CMT4C
phenotype that are heterozygous for only one SH3TC2 coding
mutation (15,16); however, our analysis of six such patients
revealed no variants in the promoter or SH3TC2-MCS5 (data
not shown). Additionally, the rs17539452 minor allele might dir-
ectly cause disease in patients with CMT4C that are compound
heterozygous for the minor allele and a second mutation—the
predicted reduction in SH3TC2 expression caused by the
minor allele, in combination with a second mutant allele at
SH3TC2, may be enough to cause disease symptoms. Thus, we
strongly recommend: (i) the inclusion of the regulatory elements
described here in future mutation screens of patients with a reces-
sive demyelinating CMT disease phenotype and (ii) evaluation
of rs17539452 in CMT disease onset in patients with unex-
plained CMT4C disease.

An important, yet unexplored area of CMT disease research is
the identification of genetic modifiers to explain the high clinical
variability observed among patients with CMT disease, espe-
cially among those carrying the same genetic lesion (53). Deter-
mining the transcriptional regulation of CMT-associated genes
will facilitate the identification of genetic modifiers that reside
in regulatory elements and alter the expression of key PNS
genes. We hypothesized that the SNP rs17539452 is an excellent
candidate modifier of CMT disease since the presence of the
minor allele in the downstream SH3TC2 enhancer perturbs
CREB binding and reduces enhancer activity. CMT1A is the
most common form of CMT disease and is caused by duplication
of �1.5 Mb on chromosome 17, which harbors the PMP22 gene
(17–19). While nearly all patients with CMT1A carry an identi-
cal duplication (54), it has long been noted that phenotypic
expression varies even within the same family. On the back-
ground of this common PMP22 mutation, we tested if SNPs at
SH3TC2 are associated with specific phenotypic outcomes in
the largest cohort of uniformly phenotyped patients with
CMT1A collected to date. Indeed, while our genetic studies
did not have the power to detect an effect of the non-coding regu-
latory SNP described here (rs17539452), we did observe a
number of significant correlations (P , 0.05) between SNP gen-
otypes and CMT1A disease severity. These data are hypothesis
driven due to the known importance of SH3TC2 in PNS myelin-
ation, however replication in an additional patient cohort will
be required to validate these findings. Additionally, it will be im-
portant to demonstrate a correlation between the genotype of the
SNPs studied here and SH3TC2 expression or protein function;
however, the former studies are complicated by the Schwann
cell-specific expression of this gene.

Finally, the data presented here may have implications for
designing strategies to treat patients with CMT1A disease.
Increased expression of PMP22 is the pathogenic mechanism
of CMT1A disease, and it has been proposed that decreasing
PMP22 expression will alleviate the clinical phenotype.
Upon finding that CREB positively regulates the PMP22
promoter (37), it was posited that treatment with ascorbic
acid, which reduces CREB function, may reduce PMP22
expression and benefit patients with CMT1A. Indeed, mice

with a PMP22-overexpression-induced neuropathy showed dra-
matic behavioral and histopathological improvement upon treat-
ment with ascorbic acid (55). However, initial clinical trials on
young and adult patients with CMT1A have not revealed any
benefits of ascorbic acid treatment (56–59). One reason for the
lack of improvement in patients may be due to a deleterious
effect of ascorbic acid on CREB response loci such as EGR2,
OCT6 and SH3TC2, as well as other, undiscovered CREB
target loci. Furthermore, the success of ascorbic acid treatment
in mouse may reflect differential effects on gene expression
between rodents and human. Interestingly, the CREB-
responsive major allele of the SNP we characterized in the down-
stream enhancer (SH3TC2-MCS5) is human specific. These data
also raise the possibility that certain human loci have developed a
special requirement for CREB function in Schwann cells.
Addressing this will require defining the full panel of CREB
target genes in Schwann cells and assessing for differences in
gene expression and regulatory activity between human and
rodents.

In summary, we have characterized transcriptional regulatory
elements at SH3TC2 that are activated by the transcription
factors SOX10 and CREB. These findings revealed: (i) addition-
al regions for mutation screening in patients with CMT4C, (ii) a
SNP allele that dramatically reduces the activity of a down-
stream enhancer, (iii) a novel target gene of CREB in Schwann
cells and (iv) specific SNPs at SH3TC2 that are associated with
phenotypic differences in patients with CMT1A. As research
on the genetics and genomics of CMT disease moves further
toward whole-genome interrogation, efforts should focus on a
broader assessment of regulatory SNPs in peripheral nerve func-
tion and CMT disease etiology, which will likely reveal path-
ways to exploit for therapeutic development.

MATERIALS AND METHODS

Comparative sequence analysis at the SH3TC2 locus

The following sequences from orthologous SH3TC2 loci were
obtained from the UCSC Genome Browser (60): human (chr5:
148 188 390–148 501 247, hg18), mouse (chr18:62 047 106–
62 352 470, mm9), rat (chr18:57 898 589–58 181 925, rn4),
dog (chr4:62 992 595–63 262 602, canFam2), cow (chr7:62
226 792–62 510 218, bosTau6) and opossum (chr1:377 577
553–377 972 236, monDom5). Repetitive DNA sequences
were masked using the UCSC Genome Browser ‘Sequence
Formatting Options’ and each genomic sequence was submitted
to the MultiPipMaker alignment algorithm (21). The human
genomic sequence at SH3TC2 was used as the reference, and
the ‘Search both strands’ and ‘Chaining’ options were employed.
Subsequently, the MultiPipMaker ‘acgt’ alignment file was
submitted to the EP algorithm (http://research.nhgri.nih.gov/exa
ctplus/) (22) using the following settings: minimum length of
exact match to seed ¼ 5, minimum number of species to seed¼
6 and minimum number of species to extend an alignment¼ 6.

Transcription factor binding site predictions

To identify Schwann-cell relevant transcription factor binding
sites in the SH3TC2 promoter and SH3TC2-MCS5, we submitted
each genomic sequence (Table 1) to the TRANSFAC
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transcription factor prediction program using the MATCH
algorithm (25), the ‘minimize the sum of both error rates’
setting, and the following matrices: V$BRN2_01, V$EGR2_01,
V$POU3F2_01, V$POU3F2_02, V$SOX10_Q6 and an in-
house SOX10 consensus sequence ‘ACAMD’ (where ‘M’ is a
C or A nucleotide and ‘D’ is a G, T or A nucleotide). To identify
transcription factor consensus sequences that are differentially
predicted on the major and minor alleles of rs17539452, we sub-
mitted 24 bp of genomic sequence surrounding each allele
[GGATGACTACAcGTCACAGTGGCA (major allele) and
GGATGACTACAtGTCACAGTGGCA (minor allele)] to the
TRANSFAC transcription factor prediction program using the
MATCH algorithm (25), the ‘minimize the sum of both error
rates’ setting and the ‘vertebrate, non-redundant’ matrix database.

Expression vector construction

Oligonucleotide primers containing attB1 and attB2 Gateway
cloning sequences (Invitrogen) were designed for PCR-based
amplification of the SH3TC2 promoter and each SH3TC2-
MCS region (Supplementary Material, Table S1). Subsequent
to PCR amplification and purification, each genomic segment
was cloned into the pDONR221 vector using BP Clonase
(Invitrogen). Resulting constructs were genotyped by digestion
with BsrGI (New England Biolabs) and subjected to DNA
sequence analysis to ensure sequence specificity. Each resulting
pDONR221 construct was recombined with a destination vector
harboring a minimal promoter directing a luciferase reporter
gene (pE1B-luciferase) (22) using LR Clonase (Invitrogen).
Successful cloning of each genomic segment upstream of the
luciferase reporter gene was assessed by genotyping with BsrGI
(New England Biolabs).

Site-directed mutagenesis reactions were performed using the
QuikChange II Mutagenesis Kit (Agilent Technologies) and
appropriate mutation-bearing primers (Supplementary Material,
Table S1). Mutagenesis primers were designed to delete or
mutate specific transcription factor consensus sequences or to
introduce specific alleles of SNPs. Mutagenesis was performed
in pDONR221 constructs (see above), and each resulting clone
was subjected to DNA sequence analysis to ensure that only
the desired mutation was introduced into the insert. Correctly
mutagenized inserts were recombined into the luciferase
reporter gene construct as described above.

Cell culture and luciferase assays

Immortalized rat Schwann cells (S16) (61) and mouse spinal
motor neurons (MN-1) (62) were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
and 2 mM L-glutamine. Cells were incubated at 378C in 5%
CO2. 1 × 104 cells were plated in a 96-well culture plate
(Corning Life Sciences) and incubated overnight. Subsequently,
cells were transfected with luciferase expression constructs
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s specifications. Each well was transfected with 200 ng
of the indicated luciferase expression construct and 2 ng of a
renilla expression construct (to control for transfection effi-
ciency and cell viability) in 50 ml of Opti-MEM and 0.25 ml
Lipofectamine (Invitrogen) cocktail as previously described
(63). For overexpression of each transcription factor, 100 ng of

wild-type SOX10, dominant-negative E189X SOX10 (30)
or wild-type CREB (Clontech) expression constructs were
co-transfected into each reaction. Cells were incubated in the
transfection solution for 4 h and then cultured in normal growth
media. For ascorbic acid treatment, growth media was supple-
mented with 600 mM ascorbic acid (Sigma–Aldrich) and the
effect on cAMP levels was evaluated using the cAMP-GloTM

Max Assay (Promega) according to the manufacturer’s specifi-
cations. After 48 h, cells were lysed in 20 ml of passive lysis
buffer (Promega) for 1 h and 10 ml of each lysate was transferred
to a polystyrene 96-well assay plate (Corning Life Sciences).
Luciferase and renilla activities were then determined using
the Dual Luciferase Reporter Assay System (Promega) and a
Glomax Multi-Detection System (Promega). Each experiment
was performed at least 24 times using at least two different
DNA preparations per construct. The ratio of luciferase to
renilla activity and the fold increase in the ratio relative to a
control luciferase expression vector with no insert (‘Empty’ in
figures) were calculated. The mean (bar height in figures) and
standard deviation (error bars in figures) were determined
using standard calculations. Statistical significance was per-
formed using a two-tailed Student’s t-test where ∗ and ∗∗ indicate
a P-value ,0.01 and 0.001, respectively.

5′ Rapid amplification of cDNA ends

First-strand cDNA was generated from RNA isolated from rat
cultured Schwann (S16) cells using an oligonucleotide primer
designed within exon 4 of the rat Sh3tc2 gene (5′-tttcctccagg
gtcttgaagg-3′). The cDNA sample was subsequently TdT-tailed
using the 5′ RACE System (Invitrogen) and sequential PCR
reactions were performed using nested primers (Supplementary
Material, Table S1). PCR products were separated on 1%
low-melt agarose gels, excised and purified using the QIAquick
Gel Extraction Kit (Qiagen), and subjected to DNA sequence
analysis.

Electromobility shift assay

S16 nuclear extracts were prepared using the NE-PER Nuclear
and Cytoplasmic Protein Extraction Kit (Thermo Fisher Scien-
tific). 5′-biotin-labeled and unlabeled complimentary oligonu-
cleotides (Supplementary Material, Table S1) were annealed
to form biotinylated and competitor probes, respectively.
EMSAs were performed using the LightShift Chemiluminces-
cent EMSA Kit (Thermo Fisher Scientific) according to the man-
ufacturer’s specifications. Briefly, 5 mg of S16 nuclear extract
was incubated with or without an unlabeled competitor probe
(10× and 100×) in a 20 ml binding reaction containing 1×
binding buffer and 50 ng Poly(dI.dC) for 20 min at room tem-
perature. Subsequently, 20 fmol of biotinylated probe was
added to each binding reaction and incubated for an additional
20 min at room temperature. Binding reactions were electro-
phoresed on a 6% TBE DNA retardation gel (Invitrogen) and
transferred to a positively charged nylon membrane (Roche)
using a semi-dry transfer unit (Bio-Rad). DNA was crosslinked
to the membrane using the Spectrolinker 2000 (Spectronics).
Chemiluminescent detection of the biotinylated probes was per-
formed with a streptavidin-horseradish peroxidase conjugate
(Thermo Fisher Scientific) and exposed to X-ray film. For
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‘supershift’ EMSAs, varying amounts (0, 3, 4 and 5 mg) of
CREB antibody (C-21; Santa Cruz Biotechnology) were incu-
bated with S16 nuclear extract prior to adding the labeled probe.

Western blot analyses

Cultured S16, MN-1 and HeLa cells were harvested and resus-
pended in 37.5 ml of lysis solution containing 10 mM Tris–
HCl/1 mM EDTA/50 mM NaCl (Invitrogen) and 12.5 ml of
loading buffer containing SDS (Invitrogen). After incubation
at 958C for 5 min, the protein lysate was electrophoresed on
4–12% Bis–Tris gels (Invitrogen) at 125 V for 100 min in
running buffer containing SDS (Invitrogen). Samples were
then electroblotted onto nitrocellulose membranes at 25 V for
100 min in NuPAGE transfer buffer (Invitrogen). Membranes
were blocked in 1× PBS/0.05% Tween 20/5% non-fat dry
milk for 18 h at 48C and then incubated with a 1:1000 dilution
of anti-CREB antibody (C-21; Santa Cruz Biotechnology) in
blocking solution for 1 h at room temperature. Membranes
were washed three times in 1× PBS plus 0.05% Tween 20, incu-
bated with a secondary antibody conjugated to horseradish per-
oxidase for 1 h at room temperature, washed three times as
described above and incubated with DAB substrate (Roche
Diagnostics), according to the manufacturer’s instructions.

Sh3tc2 expression studies

Rat primary Schwann cells were cultured as previously described
(64). Cells were treated with 3 mM forskolin (Sigma–Aldrich) in
DMSO or an equivalent volume of only DMSO (control) for 24 h
after which total mRNA was extracted using Trizol (Invitrogen).
One microgram of total RNA from each sample was used to
prepare cDNA as previously described (65). Quantitative RT–
PCR was performed by monitoring in real time the increase in
fluorescence of the SYBR-GREEN dye as described (66) using
the TaqMan 7000 Sequence Detection System (Applied Biosys-
tems). Relative amounts of each transcript between samples
were determined using the comparative Ct method (67) and nor-
malized to levelsof18S rRNA.Primer sequencesare listed inSup-
plementary Material, Table S1.

Genotyping DNA samples from patients with CMT1A

Four hundred and seven patients with the classic CMT1A-
causing PMP22 duplication were ascertained under a protocol
developed by the INC. IRB approval was obtained from all par-
ticipating sites and all patients were consented accordingly.
Detailed phenotypic assessment was performed by board-
certified neurologists and, for this study, four categories of
outcome were defined that capture the major features of periph-
eral neuropathies: ‘difficulty walking’, ‘decrease in feeling’,
‘difficulty in balance’ and ‘foot dorsiflexion’. Genotyping was
performed using the Illumina Human OmniExpress 12v1;
however, only SNPs in the vicinity of SH3TC2 were extracted
for this study (Supplementary Material, Fig. S4). Association
was tested using the Combined Association in the Presence of
Linkage (CAPL) software (40). CAPL performs statistical asso-
ciation tests, allowing for the inclusion of family data and popu-
lation substructure.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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