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Schwann cell differentiation and subsequent myelination of the peripheral nervous system require the action of several tran-
scription factors, including Sox10, which is vital at multiple stages of development. The transition from immature to myelinat-
ing Schwann cell is also regulated posttranscriptionally and depends upon Dicer-mediated processing of microRNAs (miRNAs).
Although specific miRNA targets have begun to be identified, the mechanisms establishing the dynamic regulation of miRNA
expression have not been elucidated. We performed expression profiling studies and identified 225 miRNAs differentially ex-
pressed during peripheral myelination. A subset of 9 miRNAs is positively regulated by Sox10, including miR-338 which has
been implicated in oligodendrocyte maturation. In vivo chromatin immunoprecipitation (ChIP) of sciatic nerve cells revealed a
Sox10 binding site upstream of an alternate promoter within the Aatk gene, which hosts miR-338. Sox10 occupied this site in
spinal cord ChIP experiments, suggesting a similar regulatory mechanism in oligodendrocytes. Cancer profiling studies have
identified clusters of miRNAs that regulate proliferation, termed “oncomirs.” In Schwann cells, the expression of many of these
proproliferative miRNAs was reduced in the absence of Sox10. Finally, Schwann cells with reduced Sox10 and oncomir expres-
sion have an increase in the CDK inhibitor p21 and a concomitant reduction in cell proliferation.

Myelination of axons in the peripheral nervous system is per-
formed by Schwann cells. Schwann cell precursors arise

from the neural crest, and their specification is dependent on the
SRY-related HMG box transcription factor Sox10 (7). Immature
Schwann cells multiply and migrate out from the neural crest
along axons, go through a radial sorting process, and form a 1:1
relationship with large-diameter axons. In contrast to oligoden-
drocytes that contact and myelinate multiple axons in the central
nervous system, a Schwann cell myelinates a single large-caliber
axon (�1 �m). Activation of the myelination program depends
on differentiation signals from the axon which direct the Schwann
cell to exit the cell cycle and begin the synthesis of myelin-specific
proteins and myelin membrane (28). The transition to myelinat-
ing Schwann cells depends on the induction of the zinc finger
transcription factor Egr2/Krox20 (61), which is itself dependent
upon Sox10 (19, 51) and, in concert with Sox10, activates myelin
genes, as well as lipid and cholesterol biosynthetic genes, at the
onset of the myelination program (26, 27, 30, 31, 33). Sox10 is also
necessary for the development of oligodendrocytes, making it an
obligatory regulator of these two glial lineages (58).

Recent studies have implicated microRNAs (miRNAs) in the
regulation of peripheral nerve myelination. In mouse models
where Dicer was specifically ablated in Schwann cells, the Schwann
cells remained viable and underwent the normal, albeit somewhat
delayed, radial sorting process (5, 47, 71). However, Schwann cells
lacking Dicer fail to produce myelin and instead continue to pro-
liferate and express markers of immature Schwann cells such as
Sox2 and c-Jun. The delayed developmental phenotype and re-
duced myelin gene expression observed in peripheral nerves is
similar to that observed in oligodendrocytes of the central nervous
system with ablated Dicer expression, indicating that both glial cell
lineages require miRNAs for maturation (12, 72). However, ecto-
pic introduction of several mature miRNAs in oligodendrocytes
was able to partially rescue the phenotype and promote myelin
gene expression (72).

Experiments thus far have identified a critical role for miRNAs
in peripheral myelination, and some targets of specific miRNAs

have begun to be identified (5, 47, 67, 71). Moreover, initial pro-
filing of Schwann cells has identified the regulation of specific
miRNAs during the course of peripheral myelination. However,
the mechanisms by which specific miRNAs are regulated remain
to be elucidated, particularly in relation to the known regulators of
peripheral nerve myelination—Sox10 and Egr2. In the following
experiments, we identify sets of coregulated miRNAs during
Schwann cell development and identify a set that is regulated by
Sox10, including miRNAs shown to be proproliferative. Addi-
tionally, we find that both cultured S16 Schwann cells and primary
rat Schwann cells (RSCs) have reduced proliferation when trans-
fected with multiple Sox10 small interfering RNAs (siRNAs).
These experiments show for the first time that the target gene
network of Sox10 in Schwann cell development includes the reg-
ulation of specific miRNAs. At least part of this miRNA regulatory
network appears to be conserved in the control of oligodendrocyte
development by Sox10.

MATERIALS AND METHODS
Isolation of miRNA from sciatic nerve cells. Experiments with mice were
performed with strict adherence to animal protocols approved by the
Animal Care and Use Committee and the University of Wisconsin—
Madison. For developmental analysis of miRNA expression, both sciatic
nerves from each mouse pup were dissected and placed in lysis buffer
provided by High Throughput Genomics (HTG; Tucson, AZ). Tissues
were minced using a Tissue-Tearor, boiled for 5 min, and then snap-
frozen. Samples were stored at �80°C and shipped to HTG on dry ice.
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Probe annealing, S1 nuclease treatment, and hybridization were per-
formed by HTG.

miRNA profiling of sciatic nerve cells. Each microarray has two ele-
ments for the measurement of each transcript (A1.1 and A1.2, for exam-
ple). Each sample was tested in duplicate. Each set of data was normalized
to the total signal for each microarray, and all values were averaged. Back-
ground signal was measured using the ANT gene, which is a plant gene
and serves as a negative control. Nerve pairs were dissected from a mini-
mum of three age-matched mice and separately processed for miRNA
hybridization analysis, resulting in at least three biological replicates per
developmental time point. A threshold of 1,000 relative units on the HTG
arrays was used to determine if a miRNA was expressed. If the average
expression value at any developmental time point exceeded 1,000 U, the
miRNA was called as “expressed” in sciatic nerve cells. To better visualize
changes in expression, the data were converted to a percent scale and
values were determined relative to the maximum expression level, which
was set at 100%.

siRNA treatment. Dulbecco’s modified Eagle’s medium was supple-
mented with 5% bovine growth serum for passage of the S16 line as re-
ported previously (33). CG4 oligodendrocyte cells were cultured as de-
scribed in reference 4 but supplemented with either 5% bovine growth
serum or 10% fetal bovine serum and passaged twice weekly. Primary
RSCs were isolated and cultured as previously described (40) and were
transfected in N2 medium (40) with 40 nmol of either Ambion control
siRNA (siControl 1, catalog number AM4611) or Sox10 siRNA (siSox10
1, catalog number s131239) using Lipofectamine 2000 reagent (Invitro-
gen). CG4 oligodendrocytes were transfected using the Amaxa Nucleofec-
tion system and either Ambion control or Sox10 siRNA as reported pre-
viously (31). S16 Schwann cells were transfected with the following
siRNAs using the Amaxa system: Ambion control siRNAs 1 (siControl,
catalog number AM4611) and 2 (siControl number 2, catalog number
AM4613), Ambion Sox10 siRNA (siSox10 1, catalog number s131239),
Qiagen control siRNA (siControl 3, catalog number 1027280), Sox10
siRNA (siSox10 3, catalog number S101429351), and a Proligo Sox10
siRNA previously published (54). For the HTG assay, 48 h posttransfec-
tion with the Ambion siRNAs the cells were washed with phosphate-
buffered saline (PBS), lysed with HTG lysis buffer, boiled for 5 min, fro-
zen, and shipped to HTG for processing. For gene expression analysis,
RNA was purified from S16 cells or RSCs 48 h after transfection using Tri
Reagent (Ambion) and analyzed by quantitative reverse transcription
(RT)-PCR using the StepOne Plus system (Applied Biosystems). Relative
amounts of each gene were determined by the comparative CT method
and normalized to 18S rRNA (36). The sequences of the primers used for
quantitative RT-PCR (qRT-PCR) are as follows: 18S rRNA, 5=-CGCCGC
TAGAGGTGAAATTCT-3= and 5=-CCAACCTCCGACTTTCGTTCT-3=;
AATK alt, 5=-AGCCACCTCAGAGCCTGAGA-3= and 5=-GGCTTGAGG
GCTGTCATCAA-3=; AATK full, 5=-CCCGCTCAGTGAGCTATCCT-3=
and 5=-GGACACAGCAACCACTGCAA-3=; Sox10, 5=-CGAATTGGGCA
AGGTCAAGA-3= and 5=-CACCGGGAACTTGTCATCGT-3=; p21, 5=-T
CAGAGCCACAGGCACCAT-3= and 5=-GTGGAACAGGTCGGACATC
AC-3=; miR-17/92, 5=-TCTGTAGAGACGTAAGGGAAAATCAA-3= and
5=-CGACAAATCCCAACCTGTGTAGA-3=; miR-106a/363, 5=-TCCTGC
GGTTTACAGATGGAT-3= and 5=-GATTAGAGTAATGGGAGAGAAA
TTGCA-3=; miR-106b/25, 5=-GGTAGGCAGTAGGGCTCAAAAA-3=
and 5=-CTCGGACACGGATCACCTTT-3=. Values with asterisks have a P
value of less than 0.05 by analysis of variance. For measurement of mature
miR-338, mirVana (Ambion) was used to isolate total RNA and miR-338-
specific reverse transcriptase primers and TaqMan primers and probes
were used in the StepOne Plus machine (Applied Biosystems). Measure-
ment of mature miRNA levels was also performed using primer sets from
Quanta Biosystems following cDNA synthesis also using Quanta kits. Val-
ues were normalized to the expression of RNU6 using the comparative CT

method (36). Protein lysates from siRNA-treated cells were analyzed by
immunoblotting for p21 (sc-397; Santa Cruz Biotechnology) and Sox10

as previously described (31). Immunoblot assays were quantified using
ImageJ.

Proliferation assays. S16 Schwann cells were transfected with various
control and Sox10 siRNAs with Amaxa as described above and plated on
coverslips in growth medium. After 48 h the medium was replaced with
medium containing bromodeoxyuridine (BrdU) and incubated at 37°C
for 20 min. RSCs were transfected as described above and incubated in
BrdU-containing medium for 30 min. Cells were washed several times
with PBS to remove apoptotic cells, fixed and permeabilized with ethanol,
stained with an anti-BrdU antibody, and visualized with a fluorescein-
conjugated secondary antibody in accordance with the manufacturer’s
instructions (Roche kit 11296736). Nuclei were visualized with a Hoechst
stain. Cells were imaged with a Nikon Eclipse 80i using the 20� objective
and a Q-imaging camera. Images were captured and cells were counted
with the Nis-Elements software and the number of BrdU-positive cells
was compared to the total number of cells (Hoechst).

Chromatin immunoprecipitation (ChIP). ChIP assays were per-
formed with pooled sciatic nerves from 12 rat pups or spinal cords from 4
Sprague-Dawley rat pups at postnatal day 15 (P15)as previously described
(6, 11), except that herring sperm DNA was omitted from the blocking
procedure. The antibodies used in this study include Sox10 (sc-17342x;
Santa Cruz Biotechnology), and goat IgG (sc-2028; Santa Cruz Biotech-
nology) as a negative control. Following recovery of ChIP DNA, quanti-
tative PCR was performed in duplicate to calculate the fold recovery of a
given locus relative to nonspecific IgG, using the comparative CT method
(36). The ChIP primers used are as follows: AATK, 5=-GAAGGGTCAGT
GTGGGCAGA-3= and 5=-TGAGTGGGTGCAGTGAGTCCT-3=; MPZ
�2.3kb, 5=-AGCACCAGAGGACTCCAAATACAC-3=and 5=-TGTGCTC
CACTGTTTTGCCT-3=.

Construction and sequencing of Illumina libraries. ChIP samples
and input controls were submitted to the University of Wisconsin—Mad-
ison DNA Sequencing Facility for ChIP-Seq library preparation and se-
quencing. A single-read, 36-bp run was performed, and reads were
mapped to the Rattus norvegicus genome rn4 using Bowtie (http://bowtie
-bio.sourceforge.net/index.shtml) to produce SAM files for further anal-
ysis. The analysis of two biological replicates provided 7,298,803 and
4,788,143 reads for Sox10. Inputs for the Sox10 immunoprecipitations
were sequenced in parallel (a total of �28 million reads). Peak calling
relative to the input was performed by BioInfoRx (Madison, WI) using
the Quest algorithm (63). A description of the complete data set will be
published elsewhere.

RESULTS
miRNA profiling during peripheral nerve myelination. To char-
acterize the transcriptional regulation of miRNA expression, ex-
pression patterns of miRNAs were measured at several time points
in mouse peripheral nerve using miRNA microarrays. We em-
ployed technology from HTG termed quantitative nuclease pro-
tection assays. Briefly, these assays use labeled DNA probes com-
plementary to mature miRNAs and can distinguish between
closely related miRNAs. The pool of peripheral nerve RNA is hy-
bridized to the probes, and all nonhybridized RNAs, including
mRNA, rRNAs, and tRNAs, as well as nonhybridized probes, are
digested with S1 nuclease. The samples are treated with base to
destroy the RNA, leaving a pool of labeled DNA probes in a 1:1
stoichiometric relationship to the miRNAs in the original sam-
ples. The probes are then hybridized on a custom expression array,
and their relative abundance is measured (52, 53).

In rodents, the period of active myelination is initiated perina-
tally and is largely completed by P20 (28). We chose to profile the
expression of miRNAs in developing mouse nerve tissue at P1, P5,
P10, and P20, as well as in adult tissue. Using probes for 989
human, rat, and mouse miRNAs, as well as negative and positive
controls, we identified 225 miRNAs expressed in myelinating
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and/or adult mouse sciatic nerves (see Table S1 in the supplemen-
tal material). These expressed miRNAs fall into broad modes of
developmental expression such as those repressed (Fig. 1A) or
those induced during myelination (Fig. 1B). Two previously pub-
lished reports compared either embryonic miRNA expression
(embryonic day 17 [E17]) to that of P4 or compared P1 to P14
miRNA expression (3, 5). Our data extend the developmental
analysis to more time points during myelination, as well as to
adult peripheral nerve miRNA expression.

A third of all characterized miRNAs are located within the
intron of a coding gene and are presumed to be cotranscribed with
the primary transcript of the host gene (35). Unless the region

containing the miRNA can be differentially expressed from the
host gene, the two will be transcribed at the same level but may
show different stabilities due to posttranscriptional regulation. To
further evaluate our data set, we compared the expression patterns
of intronic miRNAs in our study with their host genes as deter-
mined in profiling studies of embryonic Schwann cell develop-
ment or postnatal peripheral nerve myelination (8, 65). The Gpc1
gene that contains miR-149 is highly expressed in Schwann cells
from early embryonic specification to adult tissue. Our profiling
data also show strong expression of miR-149 throughout devel-
opment, albeit with a small repression in the adult tissue. Smc4 is
highly expressed embryonically (8), which matches our data that
indicate the Smc4 cotranscript, miR-15b, is highly expressed in P1
nerve tissue but repressed at later time points (65). Lastly, the 12th
intron of the human and rat Mcm7 genes contains the oncomir-1
cluster paralog, which includes miR-106b, miR-93, and miR-25
(43). Mcm7 is strongly expressed in neural crest cells, but its ex-
pression is reduced during embryonic development and further
repressed during myelination. All three miRNAs contained within
Mcm7 were found to be expressed most highly at birth and, simi-
larly to Mcm7, repressed during myelination (8, 65). Overall, these
data show that our miRNA profiling data are consistent with both
previous miRNA nerve profiling studies and cotranscribed mRNA
expression patterns previously examined.

Identification of Sox10-dependent miRNA regulation. The
Sox10 transcription factor is integral to the specification and de-
velopment of Schwann cells (7). Direct binding of Sox10 to regu-
latory genes, as well as myelin-specific genes, is required for
proper myelination in peripheral nerves (19, 26, 27, 30, 34, 45, 51).
To identify miRNAs dependent upon Sox10 for expression, we
transfected S16 Schwann cells with control or Sox10 siRNA and
measured changes in miRNA levels using HTG RNA arrays. Cul-
tured rat S16 Schwann cells express critical myelin genes such as
Mpz and Pmp22 at levels comparable to those in in vivo myelinat-
ing peripheral nerves (21), and we have previously used siRNA
technology to reduce Sox10 levels in S16 cells (31) (see Fig. 8B and
9B for knockdown efficiency). Of the miRNAs expressed at P20 in
sciatic nerve cells, 62% were found to be expressed in S16 Schwann
cells, making them a good model to study the regulation of
miRNA biogenesis in Schwann cells.

The expression of 9 miRNAs was reduced greater than 50% in
two independent microarray experiments when Sox10 levels were
depleted in S16 cells using siRNA. These Sox10-dependent
miRNAs include miR-106a, miR-20b, miR-19b, miR-363, miR-
338, miR-92b, miR-350, miR-17, and miR-340 (Fig. 2). The ex-
pression of these Sox10-dependent miRNAs in developing nerves
follows diverse temporal modes; however, the largest cohort be-
comes repressed �2- to 4-fold during development, including
miR-17, miR-106a, miR-20b, miR-350, miR-338, and miR-19b
(Table 1).

Sox10 directly regulates miR-338 production by regulation
of the host Aatk gene. Of the miRNAs identified as Sox10 depen-
dent, one previously investigated for its role in glial cell matura-
tion is miR-338, which helps drive the differentiation of oligoden-
drocytes by repressing the expression of Hes5 and Sox6,
antagonists of oligodendrocyte maturation (72). Moreover, miR-
338 has been shown to be highly expressed in Schwann cells and to
have the greatest degree of downregulation in the Schwann cell-
specific Dicer knockout (5, 71). In addition, miR-338 was recently
identified as a biomarker of Schwann cell origin in a transmissible

FIG 1 Profiling of miRNA expression in developing nerves reveals unique
modes of expression. Panel A shows the expression of miRNAs that are con-
sistently reduced in expression during the period of peripheral nerve develop-
ment (from P1 to P20), with expression values of the adult animal also shown.
Panel B shows expression patterns of miRNAs that are consistently induced
during this same developmental period. Average expression values from a
minimum of 3 animals are represented as percentages of the maximum mea-
sured in the developmental set from P1 to adult.
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cancer model in Tasmanian devils (39). We observed a 5-fold
downregulation of miR-338 when Schwann cells were transfected
with Sox10 siRNA (Fig. 2). A specific qRT-PCR assay for mature
miR-338 revealed a similar downregulation of mature miR-338 by
more than 50% in Sox10 siRNA-transfected Schwann cells, vali-
dating the microarray findings (see Fig. 5A).

While these data indicate that miR-338 is Sox10 dependent, it
is possible that this regulation is not direct but rather relies on an
intermediate regulatory factor sensitive to Sox10 levels. To dem-
onstrate direct regulation of miR-338 by Sox10, we performed in
vivo ChIP, followed by deep sequencing (ChIP-Seq), using sciatic
nerves dissected from P15 rats. Sequence tags were mapped to the
rat genome using Bowtie, and peaks were called by Quest and
visualized using the University of California—Santa Cruz Ge-
nome Browser (17, 20). Interestingly, one of the most significant
peaks in the Sox10 ChIP-Seq data resided within an intron of the
Aatk gene, approximately 2.5 kb upstream of miR-338, which is
also encoded by this gene (Fig. 3A). The binding site is in a highly
conserved region of intron 3 and contains a consensus dimeric
Sox10 binding sequence previously observed in direct targets of
Sox10 regulation (30, 46) (Fig. 3C). We independently validated
this binding in sciatic nerve cells by ChIP followed by qPCR with
primers located within the highly conserved region identified in
the ChIP-Seq data (Fig. 4). As miR-338 had been previously
shown to be important in oligodendrocyte maturation (12, 72),
we analyzed Sox10 ChIP samples from P15 rat spinal cords and
found similar binding to this site, suggesting an analogous regu-
latory mechanism in oligodendrocytes (Fig. 4).

Analysis of rat expressed sequence tags (ESTs) for this locus
indicated two transcriptional start sites for the Aatk gene (Fig. 3A).
The first was located in the annotated promoter and included all
Aatk exons. However, several ESTs began in intron 3 and included
the miR-338-containing intron. Portions of intron 3 normally
spliced out of the full-length message are part of the 5= exon of the
shorter transcript originating from an internal promoter. These
transcripts begin immediately downstream of the major Sox10
binding peak in this locus identified using Sox10 ChIP-Seq. Inter-
estingly, these unique transcripts were found in rat EST libraries

from brain tissue (accession numbers FQ081776 and FQ078586).
However, a start codon is not contained in either the new 5= un-
translated exon or in exon 4, but translation could begin in exon 5,
resulting in an N-terminally truncated protein. Similar Aatk ESTs
from an internal promoter have been identified in human brain
tissue (e.g., accession no. DA346818). To determine if Sox10 reg-
ulates the transcription of the entire Aatk gene or only the tran-
scription of this internal transcript, we designed two qRT-PCR
primer pairs for the gene. The first is located within exon 2 and is
normally spliced into the full-length transcript. The second
primer pair was designed to measure the expression of a region
just downstream of the Sox10 binding site and located in the third
intron. The sequence of this primer pair would normally be
spliced out of the mature full-length transcript but would be pres-
ent in the exonic 5= untranslated region of the annotated shorter
transcript (Fig. 3A shows the locations of the primers). In this
assay, changes in the more 3= primer set without changes in the 5=
set would indicate differential regulation of the Aatk gene and the
miR-338 gene within it. Interestingly, when we analyzed our
cDNA from Sox10-depleted S16 Schwann cells, we did not ob-
serve a change in Aatk expression using the 5= primer set located
within exon 2 (Fig. 5A). However, expression of the alternative
transcript as assayed by the more 3= primer set was sharply re-
duced in S16 cells lacking Sox10 (Fig. 5A). As an independent test,
primary RSCs were isolated and cultured as described previously
(40) and transfected with Sox10 siRNA. We observed a significant
downregulation of the internal Aatk transcript containing miR-
338 with no change in the full-length transcript (Fig. 5B).

As miR-338 has been found to regulate the maturation of oli-
godendrocyte precursor cells (72) and the terminal differentiation
of oligodendrocytes depends upon Sox10 (58), we tested whether
a similar regulatory process for the expression of miR-338 exists in
cultured oligodendrocytes. We transfected the CG4 oligodendro-
cyte cell line with Sox10 siRNA and observed a similar 90% knock-
down of Sox10 mRNA, as observed in the S16 and RSC experi-
ments. Using the qRT-PCR primer pairs described earlier, we
found a downregulation of the internal Aatk transcript, whereas
the full-length transcript was somewhat induced (Fig. 5C). Con-
sistent with published reports (72), we observed a derepression of
the miR-338 target gene Hes5 in CG4 cells with reduced Sox10
(data not shown). However, we could not detect expression of
Hes5 in S16 Schwann cells, also consistent with microarray studies
with peripheral nerves (8, 65), and therefore could not test the
derepression of this gene in Schwann cells. We measured changes

FIG 2 Repression of miRNAs in Schwann cells transfected with Sox10 siRNA.
Two independent Sox10 and control siRNA transfections were performed and
hybridized to the miRNA arrays. The ratio of Sox10 miRNA expression to that
of the control was calculated for each transfection. Relative expression values
for the 9 miRNAs that showed a greater than 50% downregulation in indepen-
dent Sox10-depleted Schwann cells are shown. White bars represent expres-
sion values from control siRNA transfections, and black bars represent expres-
sion values of Sox10 siRNA transfections. miRNAs transcribed as polycistronic
clusters are bracketed.

TABLE 1 Expression of Sox10-dependent miRNAs during peripheral
nerve myelination

miRNA

% expression

P1 P5 P10 P20 Adult

hsa-miR-17 100 66 50 28 10
hsa-miR-106a 100 65 55 32 9
hsa-miR-20b 100 56 16 8 9
hsa-miR-19b 100 89 66 11 17
hsa-miR-363 98 63 59 83 100
hsa-miR-338 94 68 74 43 100
hsa-miR-92b 45 38 90 100 60
hsa-miR-340 20 75 100 58 2
rno-miR-350 100 91 31 13 21
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in mature miR-338 in CG4 cells and found the levels to be 25%
lower in cells transfected with Sox10 siRNA in two independent
experiments (data not shown). Based on these data, we found
miR-338 to be dependent upon Sox10 regulation in both Schwann
cells and oligodendrocytes.

Sox10 regulates the expression of proliferative miRNAs. The
majority of Sox10-dependent miRNAs (Fig. 2) have been charac-
terized as clusters of miRNAs associated with cancer (22). In hu-
mans, the miR-17/92 cluster, the founding member of the
oncomir-1 paralogs, is located on chromosome 13 (miR-17, miR-
18a, mirR-19a, miR-20a, miR-19b-1, and miR-92a-1), paralog
miR-106a/363 is located on chromosome X (miR-106a, miR-18b,
miR-20b, miR-19b-2, miR-92a-2, and miR-363), and miR-
106b/25 is located on chromosome 7 (miR-106b, miR-93, and
miR-25). Duplication or overexpression of these clusters is asso-
ciated with increased cell proliferation and poor prognosis in hu-
man cancers (11, 43, 62). These miRNAs increase cell prolifera-
tion by directly repressing cell cycle inhibitors such as Pten, Bim,

FIG 3 Sox10 binds the internal promoter of Aatk. (A) ChIP-Seq analysis of Sox10 in pooled rat sciatic nerves at P15. Shown is the visualization of Quest peak data
using the UCSC Genome Browser. A peak was observed at 109432604 to 109433117 of chromosome 10, which is in an intron of Aatk just upstream of miR-338.
Aatk is located on the negative strand in the rat genome. The primer set labeled “Aatk full” detects the full-length transcript, while the primer set labeled “Aatk
alt” detects the shorter internal transcript. Annotated ESTs are shown at the bottom. (B) The location of the ChIP primer set used to validate Sox10 binding is
shown as a horizontal bar labeled “ChIP,” and the conservation of the region among mammals is indicated below. (C) Sequence within the highly conserved
region bound by Sox10. Boxes indicate consensus dimeric Sox10 binding sites.

FIG 4 ChIP of Sox10 binding to the Aatk locus. ChIP assays of both pooled P15 rat
sciatic nerve (n�4) and pooled P15 spinal cord (n�2) cells show that this conserved
region within the Aatk gene is bound by Sox10 in both tissues. A ChIP primer set to a
negative-control site within the myelin protein zero (Mpz) locus was used to measure
background binding and did not detect Sox10 binding. Percent recovery was calcu-
lated relative to immunoprecipitation input. Black bars represent percent recovery of
the Sox10 immunoprecipitation relative to the input from two independent experi-
ments for each tissue type, and white bars represent percent recovery with an IgG
antibody as a negative immunoprecipitation control. Error bars represent standard
deviations. Primer locations are shown in Fig. 3B.
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and p21 (43, 64). Interestingly, when the expression of the three
oncomir clusters in sciatic nerve cells is plotted with respect to
developmental time point, a common mode of downregulation is
observed (Fig. 6A). This decrease of proproliferative miRNA dur-
ing the first days after birth is consistent with the characterized
developmental time points of Schwann cells, as the Schwann cells
exit the cell cycle and initiate myelination during this period. To
validate the microarray findings, we measured miRNA levels in
Schwann cells treated with Sox10 siRNA using qRT-PCR primer
sets within the polycistronic clusters. We observed a reduction in
the expression of the miR-17/92 cluster (50%) and the miR-106a/
363 cluster (75%) (Fig. 6B). While the miRNAs contained in the
third oncomir-1 paralog, miR-106b/25, did not meet our criteria
as a Sox10-regulated transcript in the miRNA microarray, mi-
croarray analysis had shown that Mcm7 mRNA, which contains

the intron encoding the miR-106b/25 miRNAs, is downregulated
5-fold in S16 Schwann cells in the presence of Sox10 siRNA (data
not shown). Mcm7 encodes three miRNAs (miR-106b, miR-93,
and miR-25), which we found were downregulated 33%, 30%,
and 36%, respectively, using the HTG arrays. Using qRT-PCR, we
found the miR-106b/25 cluster transcript to be significantly de-
creased (50%) in the Sox10-depleted Schwann cells (Fig. 6B). Us-
ing the Sox10 ChIP-Seq, we identified a site �10 kb upstream of
the miR-106a/363 locus with Sox10 binding in developing sciatic
nerves (Fig. 7). Little binding of Sox10 was observed within 20 kb
of the Mcm7 gene or near the miR-17/92 locus in the ChIP-Seq
data.

FIG 5 An internal Aatk transcript containing miR-338 is Sox10 dependent.
(A) qRT-PCR was used to detect the expression of levels of Aatk transcripts and
mature miR-338 in Sox10 siRNA-transfected S16 Schwann cells in three tech-
nical replicates. (B) Data show average transcript levels of Aatk and Sox10 from
three independent transfections of Sox10 siRNA into primary RSCs. (C) Av-
erage relative expression of Sox10, the longer Aatk transcript, and the short
internal Aatk transcript from three independent Sox10 siRNA transfections in
CG4 oligodendrocytes. In all cases, asterisks indicate P � 0.05 and error bars
indicate standard deviations.

FIG 6 Developmental expression of miR-17/92 oncomir paralogs in sciatic
nerve cells. (A) The expression of the miRNAs contained in the three oncomir
paralogs (miR-17/92, miR-106a/363, and miR-106b/25), as measured by mi-
croarray and transformed to a percent scale, was plotted with respect to devel-
opmental time point (P1 to adult). miRNAs reduced greater than 25% in
Sox10 siRNA-transfected S16 cells are indicated by single asterisks in the key,
and those reduced by more than 50% have double asterisks. miRNAs encoded
in these oncomir clusters but not found to be expressed in developing nerve
cells in the HTG arrays are omitted. (B) qRT-PCR primer sets were used to
determine the expression levels of oncomir transcripts in S16 Schwann cells
transfected with Sox10 siRNA. Data shown here are average values of three
independent experiments, error bars indicate standard deviations, and aster-
isks indicate P values of �0.05. (C) To validate the findings of the HTG arrays
and changes in the full-length oncomir transcript, primer sets for mature
miRNAs were purchased. All RNA was poly(A) tailed, and cDNA was synthe-
sized with a poly(T) primer. qRT-PCR was performed using a nonspecific
reverse primer and a specific forward primer purchased from Quanta Biosys-
tems. Control miRNAs miR-16 and miR-24 were also run and showed no
response to Sox10 siRNA. The results represent average values from three
independent transfections of Sox10 and control siRNA. In all cases, asterisks
indicate P values of �0.05 and error bars represent standard deviations.
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To validate both the HTG array findings and qRT-PCR analy-
sis of the polycistronic oncomir messages, we assayed changes in
mature miRNA levels using qRT-PCR and observed a statistically
significant reduction in miR-17 and miR-20b with no change in
miR-16 and miR-24, which were expressed in both developing
nerve and S16 cells but were not identified as Sox10 dependent in
the HTG arrays (Fig. 6C).

p21 mRNA and protein are upregulated in Schwann cells
with reduced Sox10. Members of the miR-106b family, which
includes miR-17, miR-20a, miR-106a, miR-20b, miR-106b, and
miR-93, have similar seed sequences and have been shown to di-
rectly target the p21/Cdkn1A mRNA and decrease the expression
of p21 through destabilization of the mRNA and/or translational
repression (25, 48). Several of these p21-targeting miRNAs were
identified in this study as Sox10 dependent. To test if p21 was
derepressed in Schwann cells with reduced Sox10 expression, we
measured the expression of p21 mRNA and found it to be dere-
pressed 2-fold in Schwann cells transfected with Sox10 siRNA
(Fig. 8A), consistent with previous reports of p21 mRNA regula-
tion (69). We then measured protein levels and found p21 protein
to be similarly derepressed in Schwann cells with reduced Sox10
expression (Fig. 8B). These data indicate that Sox10 indirectly
regulates the levels of p21 protein in Schwann cells by modulating
the miRNA repressors of p21.

Sox10 deficient Schwann cells have reduced proliferation.
Based upon the reduction of proliferative miRNA in cells with a
targeted reduction of Sox10, the concomitant increase in the CDK
inhibitor p21, and the reduction of expression in genes related to
proliferation (e.g., Mcm7), we measured the proliferation rate of
cells transfected with Sox10 siRNA. After recovery from transfec-
tion, cells were incubated in BrdU-containing medium, washed,
fixed, and immunostained with an anti-BrdU antibody. The total
number of BrdU-positive cells was compared to the total number
of cells. We observed a greater-than-4-fold reduction in the num-
ber of BrdU-positive nuclei in S16 cells transfected with Sox10
siRNA (Fig. 8C). Primary RSCs were examined similarly but were
incubated in BrdU-containing medium for a longer period of time
due to their reduced proliferation rates in culture compared to
that of S16 cells. RSCs transfected with Sox10 siRNA were also
found to have a 2.8-fold reduction in proliferation in independent
transfections (Fig. 8C). No measurable effect on cell division was
observed when cells were transfected with different control siR-

NAs. Therefore, the Sox10 regulation of oncomirs is consistent
with the regulation of Schwann cell proliferation, as observed in
S16 and primary Schwann cell cultures.

To independently verify Sox10 regulation of the shorter Aatk
transcript, we tested two other Sox10 siRNAs and controls and
obtained similar results (Fig. 9). The oncomir-1-related miRNA
polycistrons were similarly reduced by treatment with indepen-
dent siRNAs (Fig. 9A). Again, other Sox10 siRNAs and controls
were tested in the BrdU proliferation assay and found to reduce
S16 Schwann cell proliferation (Fig. 9C). These results are propor-

FIG 7 Sox10 binds to a region 10 kb upstream of the miR-106a/363 locus. (A)
The UCSC Genome Browser was used to display binding of Sox10 in an in vivo
ChIP-Seq experiment. A peak of was observed at 139,752,704 to 139,752,814 of
chromosome X (chrX), which is 10 kb upstream of the miR-106a/363 locus,
located on the negative strand. This region of binding is highly conserved in
mammals and is nearly 100 kb away from the nearest annotated gene.

FIG 8 P21/CDKN1A is induced and cell proliferation is reduced in cultured
Schwann cells with reduced Sox10. (A) qRT-PCR primer sets for the p21 tran-
script were used to measure relative changes in S16 cell and primary RSC gene
expression after transfection with Sox10 siRNA. Asterisks indicate P values of
�0.05 from three independent experiments, and error bars indicate standard
deviations. (B) Western blot analysis of Sox10 and p21 protein levels in S16
cells transfected with Sox10 siRNA. Actin was used as a loading control, and
percentage knockdown quantification values relative to the control transfec-
tion are shown to the left. (C) S16 Schwann cells or primary RSCs transfected
with Sox10 or control siRNA were incubated in BrdU-containing medium,
and the number of nuclei incorporating the nucleoside was compared to the
total number of nuclei visualized by Hoechst staining. Cells transfected with
Sox10 siRNA incorporated less BrdU label than did cells transfected with con-
trol siRNA. The results represent average values from three independent trans-
fections of Sox10 and control siRNA. In each transfection, three unique win-
dows of cells were counted. In all cases, asterisks indicate P values of �0.05 and
error bars represent standard deviations.
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tional to the efficacy of knockdown observed when Sox10 expres-
sion was measured by qRT-PCR, and immunoblot analysis indi-
cating a dose-dependent effect on proliferation relative to Sox10
levels (Fig. 9B).

DISCUSSION

Substantial progress has been made in characterizing the require-
ment of miRNAs in both central and peripheral nerve myelination
(23). These studies have elucidated several mechanisms of miRNA
control of premyelinating development, as well as initiation of
myelination by Schwann cells or their central nervous system
counterpart oligodendrocytes (5, 13, 47, 66, 67, 71). While some
of the important targets of miRNA action are beginning to be
identified, the developmental regulation of miRNAs remains to be
characterized. To address this question, we used microarray pro-
filing to identify a set of miRNAs expressed in mouse peripheral
nerves during development. These data provide an extensive pro-
file of miRNA expression at multiple stages of Schwann cell devel-

opment and delineate miRNA subsets that are either activated or
repressed during myelination. Moreover, as additional regulators
of Schwann cell development are identified, these miRNA profil-
ing data may help elucidate dynamic control of miRNA regula-
tion.

Our results are similar to the findings of other groups who
utilized alternative profiling platforms. One study identified miR-
29a as induced from birth to P14, which we also identified as
induced in peripheral nerves during development (71). The same
study identified miR-138 as highly expressed in myelinating pe-
ripheral nerves and a direct repressor of Ccnd1, Jun, and Sox2
(71), all negative regulators of Schwann cell maturation (60). We
found miR-138 to be highly expressed throughout development
and especially high in the P20 and adult samples, consistent with a
role in repressing negative regulators of myelination. A second
study similarly identified miR-138 as induced from E17 to P4,
consistent with our findings that miR-138 shows an increase in
expression during development (5). Other dynamically expressed
miRNAs identified in our study were previously reported to show
a similar temporal expression pattern, such as the repression of
miR-134 and miR-1224 or the induction of miR-150 and miR-195
during myelination (5, 71).

In this study, we have characterized the regulation of miRNA
expression by transcription factor Sox10, which is required for
several stages of Schwann cell differentiation and controls the ex-
pression of individual myelin proteins (6, 7, 16, 26, 28, 30, 31, 34,
68). The results identify 9 miRNAs strongly downregulated in
Schwann cells with reduced Sox10. One such Sox10-dependent
miRNA was miR-338, located in the intron of the Aatk gene. In-
terestingly, the Aatk gene had been identified in a parallel microar-
ray analysis of Sox10-regulated genes (data not shown). Aatk con-
tains a highly conserved intronic element with canonical Sox10
binding sites, and ChIP assays revealed strong binding of Sox10 at
this site in both peripheral and central nervous systems. Further
database analysis of ESTs indicated an alternative promoter
within the Aatk gene just downstream of this Sox10 binding site.
We found that levels of a shorter transcript containing the miR-
338-associated intron are Sox10 dependent, whereas the full-
length transcript of Aatk is not, indicating that the expression of
this miRNA is regulated by an alternate promoter. These data are
consistent with a whole-genome study of human brain samples
identifying histone marks typical of promoters (38). Both the
characterized promoter and our identified internal promoter were
associated with CpG islands and regions of histone 3 lysine 4 trim-
ethylation in this study, two chromatin marks which commonly
denote an active promoter, which we observed in Schwann cells.
The production of a miRNA from an alternative transcript could
be of broad interest, as nearly a third of all miRNAs are housed
within another gene and the two are often assumed to be cotran-
scribed (35).

Sox10 expression is also critical for the differentiation of oligo-
dendrocytes, as cells lacking Sox10 fail to express myelin proteins
critical in the central nervous system (e.g., Plp, Mag, or Mbp) (58).
Interestingly, our data suggest that miR-338 expression is regu-
lated by Sox10 in oligodendrocytes. A recent publication indicated
that miR-338 regulates oligodendrocyte development, promoting
the transition from precursor cell to myelin-producing cell (72).
Identified miR-338 targets include oligodendrocyte maturation
inhibitors Sox6 and Hes5 and ectopic introduction of miR-338 in
immature oligodendrocytes lacking Dicer promoted oligodendro-

FIG 9 Other Sox10 siRNAs show the same effects in S16 cells. (A) Relative
changes in gene expression following the transfection of different Sox10
siRNAs. In all cases, the appropriate control siRNA was used; however, no
changes in gene expression between the different controls were observed. (B)
Relative efficacy of knockdown of Sox10 protein by different siRNAs relative to
their paired control visualized by immunoblot analysis. Actin was used as a
loading control. (C) Effect on BrdU incorporation relative to total cell levels of
the various Sox10 siRNAs and controls in S16 Schwann cells. The results rep-
resent average values from three technical replicates of Sox10 and control
siRNAs. In all cases, asterisks indicate P values of �0.05 and error bars repre-
sent standard deviations.
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cyte precursor maturation (72). The strong miR-338 expression in
peripheral nerves observed by us and others (5, 71) and its depen-
dence on Sox10 indicate that miR-338’s role may be conserved in
peripheral nerve myelination. However, there are likely other tar-
gets of miR-338, as we did not observe the expression of Sox6 and
Hes5 in Schwann cells, consistent with microarray analysis (8, 65).

The related members of the SoxE class of transcription factors,
including Sox10, have been implicated in regulating differentia-
tion, survival, and proliferation (59). The SoxE protein Sox9 was
shown to regulate proliferation of neural stem cells (56). Addi-
tionally, loss of Sox10 in Xenopus caused impaired proliferation of
neural crest precursors (24), while overexpression of Sox10 was
shown to inhibit transforming growth factor �-induced cell cycle
arrest in rat neural crest stem cells (32). One mechanism by which
Sox10 affects the survival/proliferation of Schwann cells is by reg-
ulating the expression of the ErbB3 gene (7, 41). ErbB3 dimerizes
with ErbB2 and serves as a receptor for axonal neuregulin, a nec-
essary ligand for Schwann cell development (41). Sox10 binds a
monomeric site within the ErbB3 intron to activate the locus dur-
ing peripheral nerve development (31). In addition, Sox10 is also
required for Notch1 expression in Schwann cells (7), which also
stimulates proliferation (70).

Since Sox10 expression is correlated with both proliferating
and nonproliferating stages of Schwann cell development, the ef-
fect of Sox10 on the cell cycle is dependent upon interaction with
other coexpressed factors. For example, impaired Sox10 expression
leads to a lack of Schwann cell precursors (7, 57). However, when the
Sox10 gene was ablated just after Schwann cell specification (using
Dhh-Cre, with complete loss by E18.5), there was no apparent change
in the overall cell number at birth and a transient increased prolifer-
ation at P16 (when Schwann cells are normally quiescent) (15). It is
important to note that Sox10 also indirectly inhibits proliferation
through its induction (together with Oct6/Pou3f1) of Egr2/Krox20
(19, 51) (beginning at E15.5), which is required for cell cycle exit in
myelinating Schwann cells (44, 73, 74).

Tumor profiling studies have also implicated Sox10 in regula-
tion of proliferation. Overexpression of Sox10 and its target ErbB3
in astrocytes has been associated with cancer, but no causative role
has been observed (1). However, in a screen for candidate brain
tumor genes, Sox10 was identified in five different tumors as po-
tentially contributing to oncogenesis (29). A follow-up investiga-
tion with forced Sox10 expression in glial progenitor cells in mice
found a synergy between Sox10 and PDGF-B in the formation of
brain tumors and also found Sox10 to be overexpressed in human
gliomas and melanomas (14).

Another mechanism by which Sox10 could regulate prolifera-
tion is presented by our miRNA studies. Most of the Sox10-
dependent miRNAs are constituents of miRNA clusters known as
oncomirs (22) for their close association with human cancers and
their characterized regulation of the cell cycle to promote prolif-
eration (18, 43). The best-studied locus (containing miR-17/92)
has been termed oncomir-1 for its association with many different
types of cancer (22). This oncomir has been duplicated in the
mammalian genome to form two paralogs; miR-106a/363 and
miR-106b/25 (64). These miRNAs have been independently
linked to tumorigenesis in different tissues, indicating a role in cell
cycle regulation (25, 48, 62). While they have been extensively
characterized in cancer studies, much less is known regarding the
regulation of oncomir expression in normal development (49),
but they have been shown to be critical for oligodendrocyte pro-

liferation (9). Mice deficient in miR-17/92 die shortly after birth
due to incorrect lung and heart development. However, while
knockouts of either miR-106a/363 or miR-106b/25 miRNA did
not have an overt phenotype, the loss of both the miR-17/92 and
miR-106b/25 miRNAs was embryonic lethal, suggesting some
functional interaction between the loci (64).

Interestingly, these miRNAs are highly expressed in perinatal
peripheral nerve cells, when Schwann cells are still proliferating,
and their levels decline with development. Cdkn1a/p21, a target of
these Sox10-dependent miRNAs, regulates the proliferation of
Schwann cells during development, as nerve cells lacking p21 fail
to exit the cell cycle and hyperproliferate without an increase in
apoptosis (2). While the p21 transcript is highly expressed at birth
(top 15% of all genes [8]) and is induced throughout myelination
(65), p21 protein cannot be detected in peripheral nerves until
after P7, when most proliferation has ceased (2). In our study, the
highest oncomir expression is at P1 and declines approximately 2-
to 4-fold as the cells exit the cell cycle and myelination proceeds.
The mechanism of this decline in oncomir expression is not yet
clear, but a number of factors may be responsible. One likely ex-
planation is the observed reduction in the Sox10 transcript
around birth (10). Since Sox10 is induced early in Schwann cell
specification, our data suggest that Sox10 supports the prolifera-
tion of Schwann cell precursors and immature Schwann cells by
stimulating the production of oncomirs. Oncomir downregula-
tion may also reflect decreased activation by established regulators
(e.g., myc) (42, 55), as myc levels decline during peripheral nerve
myelination (65). Alternatively, it is possible that transcription
factors directing differentiation (e.g., Egr2) may be involved in
repression (37). In macrophages, it was recently shown that Egr2
represses the expression of miR-17/92 (50).

Overall, our studies have elucidated a novel pathway by which
Sox10 regulates glial development, by showing that it regulates the
expression of key miRNA regulators and also oncomir-associated
miRNAs involved in the regulation of proliferation. These data
therefore help elucidate an integrated transcriptional and epige-
netic network of factors that control various aspects of Schwann
cell and oligodendrocyte development.
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