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Oligodendrocyte precursor cells (OPCs) are lineage-restricted pro-
genitors generally limited in vivo to producing oligodendrocytes.
Mechanisms controlling genesis of OPCs are of interest because of
their importance in myelin development and their potential for
regenerative therapies in multiple sclerosis and dysmyelinating
syndromes. We show here that the SoxE transcription factors
(comprising Sox8, 9, and 10) induce multipotent neural precursor
cells (NPCs) from the early postnatal subventricular zone (SVZ) to
become OPCs in an autonomous manner. We performed a chroma-
tin immunoprecipitation-based bioinformatic screen and identified
Suppressor of Fused (Sufu) as a direct target of repression by Sox10.
In vitro, overexpression of Sufu blocked OPC production, whereas
RNAi-mediated inhibition augmented OPC production. Further-
more, mice heterozygous for Sufu have increased numbers of OPCs
in the telencephalon during development. We conclude that Sox10
acts to restrict the potential of NPCs toward the oligodendrocyte
lineage in part by regulating the expression of Sufu.

Neural tube patterning is controlled by the interplay between
homeobox genes and basic helix–loop–helix (bHLH) tran-

scription factor families regulating cell fate, positional identity, and
the secreted morphogens that regulate them (1, 2). The tran-
scriptional regulation of oligodendrocyte development is of in-
creasing interest because they are the primary sources of CNS
myelin and a target of attack in multiple sclerosis (3). Early oli-
godendrocytes areproduced from the ventral progenitor domain in
the spinal cord that also produces cholinergic motor neurons, and
from a ventral telencephalic domain that produces GABAergic
interneurons and cholinergic projection neurons (3), whereas later
wavesof oligodendrocytes are specified fromthedorsal neural tube
(both in the spinal cord and cortex) (3, 4). Thus, progenitor cells
from several distinct dorsal-ventral domains have the ability to
adopt oligodendrocyte fate despite dramatic differences in re-
gional specification by morphogenic signals.
Two transcription factor families: the bHLH proteins Olig1 and

2 (5–9) and the SoxE family of transcription factors are implicated
in the transcriptional control of oligodendrocyte development.
Sox proteins contain a high-mobility–group (HMG) domain es-
sential for interaction with and recruitment of other transcription
factors (10, 11) and have a fundamental role in oligodendrocyte
genesis. Upon commitment to the oligodendrocyte lineage, ex-
pression of Sox1–3 is turned off and Sox8, 9, and 10 (classified as
the SoxE group) are induced. Sox9 is important for oligoden-
drocyte specification, because there are reduced oligodendrocytes
and increased numbers of motor neurons in the Sox9−/− ventral
spinal cord (12). Sox10 is only expressed by OPCs and oligoden-
drocytes in the CNS (13) and essential for the generation of ma-
ture oligodendrocytes (14, 15). Overexpression of Sox10 in the
chick spinal cord induces ectopic oligodendrocytes (16); further-
more, neurospheres isolated from Sox10 mutants do not myeli-
nate axons after injection into the brains of dysmyelinating mice
(15). Sox10 also directly regulates the expression of myelin basic
protein cooperatively with Olig1 (17) and may regulate the ex-

pression of PDGFRα, another marker of the oligodendrocyte lin-
eage (18). Thus, SoxE transcription factors are superb candidates
for regulating oligodendrocyte fate (19) but whether they work to
instructively induce oligodendrocyte fate and restrict the ability of
multipotential cells to produce alternate fates remains unclear.
Here, we demonstrate that expression of SoxE transcription

factors drives multipotential neural precursor cells (NPCs) to be-
come oligodendrocyte precursor cells (OPCs) in vitro. Moreover,
an important Sox10 transcriptional effect is decreased expressionof
Sufu, a newly identified modulator of oligodendrocyte production.

Results
Expression of Sox8, 9, and 10 Induce Oligodendrocyte Lineage
Markers in Subventricular Zone (SVZ) Progenitors. Multipotential
NPCs from the postnatal cortical SVZ produce OPCs in vivo (20).
These progenitors should pass through a similar OPC-like state
during differentiation into oligodendrocytes in vitro, and this
transition should allow for a study of factors that can influence
OPC specification. Undifferentiated NPC cultures did not express
theOPCmarker O4 (Fig. 1A). However, within 2 d after induction
to differentiate with serum, cells with all of these markers were
present as a significant, but minority population (12% O4+ cells
indicative of OPCs, 17% Tuj1+ cells indicative of neurons, 38%
GFAP+ cells indicative of astrocytes). To determine whether
forced overexpression of the SoxE or Olig transcription factors is
sufficient to drive multipotential NPCs toward oligodendrocyte
fate, retroviruses expressing Sox8, Sox9, Sox10, Olig1, or Olig2
(together with a monomeric red fluorescent protein fused to his-
tone H2B to track infected cells) were used to infect dissociated
neurospheres. These cells were plated onto laminin 24 h after viral
infection and maintained in EGF/FGF growth conditions for an
additional 48 h with no differentiation stimulus added (Fig. 1A).
Olig1 or Olig2 overexpression was insufficient to induce ex-

pression of OPC markers (Fig. 1A; Empty virus 0.3 ± 0.08% O4+

cells, Olig1 virus 0.04 oligos± 0.03%O4+ cells, andOlig2 to 0.04±
0.08%O4+ cells). By contrast, expression of any of the three SoxE
transcription factors induced O4 glycolipid antigen expression,
despite the continued presence of EGF and FGF (Fig. 1A). Sox10
overexpression consistently generated the greatest number of
O4+-infected cells (usually >40% of infected cells became O4+)
(Fig. 1 A and B); however, Sox9 (≈20% O4+ cells) and Sox8
(≈15%O4+ cells) overexpression also led to a significant increase
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in the number of cells expressing O4 (P < 0.005). Thus, SoxE
transcription factor expression is sufficient to induce rapid ex-
pression of markers of the OPC/oligodendrocyte lineage in neural
progenitors without additional differentiation stimuli.
To determine whether Sox transcription factors played a role

in increasing OPC specification and maturation, we also took
cultures separately infected with either the SoxE factors or
Empty retrovirus and induced them to differentiate by using two
stimuli known to drive differentiation of neural stem cells: FBS
or thyroid hormone (TH). The percentage of Sox8, 9, and 10
infected cells expressing either O4 or CNPase (a more mature
OPC marker) increased dramatically by 2 d after differentiation
in both FBS and TH and morphologically resembled oligoden-
drocytes (Fig. 1 C–E). Therefore, in the presence of a differenti-
ation signal Sox8, 9, or 10 all effectively increase OPC production
and maturation.

Sufu Is a Predicted Direct Target of Sox10 and Is Down-Regulated in
Sox10-Expressing NPCs. To identify novel molecular targets in-
volved in oligodendrocyte specification we combined chromatin
immunoprecipitation (ChIP) with hybridization to a promoter
array after infecting SVZ progenitors with Sox10 retrovirus. We
performed ChIP after infection with an equally efficient Sox10

retrovirus expressing three copies of the hemagglutinin (HA)
epitope (Sox10-3×HA) and shearing of the chromatin to gen-
erate on average 1-kb fragments of genomic DNA. The immu-
noprecipitated DNA–protein complexes were dissociated, and
the purified DNA fragments were randomly amplified by PCR
and used to probe 50-bp tiled arrays made up of 5 kb of pre-
dicted upstream promoter regions for every annotated mouse
gene (NimbleGen). From this analysis, we obtained a panel of
genes with potential Sox10-binding sites that were statistically
significant at P < 1 × 10−4 (Table S1). We focused on genes that
appeared in both theChIP-on-chip screen and anongoing profiling
study comparing themRNA expression changes in NPCs forced to
express Sox10,Mash1, or Neurogenin2. Among the genes found to
have both predicted Sox10-binding sites and significant changes in
mRNA levels after Sox10 expression was a well-established regu-
lator of multiple morphogenic signaling pathways–Suppressor of
Fused (Sufu) (21–25) (Fig. 2).
In addition to the reduction in Sufu mRNA after Sox10 ex-

pression (Fig. 2B), Sufu protein levels were also significantly
reduced 24 h after expression of Sox10 in NPCs (Fig. 2C). Di-
rected ChIP confirmed the identification of a Sox10-binding site
in the first intron of the Sufu gene (Fig. 2 A and D). The Trim8
gene, which is adjacent to Sufu on the same chromosome, was

Fig. 1. Overexpression of SoxE factors but not Olig genes is sufficient to drive differentiation toward the oligodendrocyte lineage. (A) Empty virus infected
cells do not express O4 in EGF/FGF, whereas Sox8, Sox9, or Sox10 virus-infected cells express O4 at significant levels. In contrast, Olig1 or Olig2 expression does
not lead to increased O4 staining in these culture conditions. (B) The efficiency of O4+ cell production after Sox10 expression under nondifferentiating
conditions (in EGF/FGF containing medium). Results pooled from three separate experiments. Error bars are ± SEM, ***P < 0.005. (C) Cells infected with either
Empty or SoxE-expressing retroviruses (red) cultured in 2% FBS for 48 h and stained with O4 antibody (green). Inset shows Sox10-infected cells also stain with
CNPase, a marker of terminally differentiating oligodendrocytes. (D) Cells infected with either Empty or SoxE-expressing retroviruses (red) cultured in thyroid
hormones for 48 h and stained with O4 antibody (green). Inset shows Sox10-infected cells also stain with CNPase, a marker of terminally differentiating
oligodendrocytes. (E) The percentage of O4+ cells infected with Sox8, 9, or 10 cultured in serum or thyroid hormones for 48 h. Results are pooled from >3
separate experiments; error bars are ±SEM; *P < 0.05; **P < 0.02; ***P < 0.005.
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used as a control, and we found no evidence of nonspecific Sox10
binding to this gene, consistent with Sox10 modulating the ex-
pression of this important regulatory protein directly and rapidly
after expression in NPCs.

Manipulation of Sufu Expression Regulates Specification of OPCs.We
asked whether increased or decreased expression of Sufu in
NPCs alters the specification of OPCs by Sox10. Retroviruses
expressing either HA-tagged mouse Sufu or shRNAs targeting
Sufu (26) were used to regulate expression (Fig. 3A). To de-
termine whether manipulation of Sufu expression affects the
ability of Sox10 to drive OPC specification, we infected cells with
Sox10 virus combined with one of three additional viruses: (i)
a control shRNA virus (directed against luciferase) to address
nonspecific off target shRNA effects; (ii) HA-Sufu virus; or (iii)
Sufu shRNA1 virus. Sufu overexpression dramatically decreased
the production of double-infected O4+ cells by Sox10 to ≈7.5%
(Fig. 3B). Conversely, a 1.5-fold increase in the production of
OPCs in EGF/FGF was observed with Sox10 and Sufu shRNA
coinfection of NPCs (Fig. 3B). Infection with Sufu shRNA viruses
alone in EGF/FGF was insufficient to drive OPC specification,
indicating that there are other targets of Sox10 that are required

for OPC specification and may include PDGFRα and MBP genes
(17, 18).
Whether Sufu overexpression is also able to block the effects

of Sox10 on oligodendrocyte production after exposure to serum
was determined by coinfecting cells with either Sox10 + Empty
virus or Sox10 + Sufu virus and switching them into serum. Sufu
dramatically blocked the ability of Sox10 induced oligodendro-
cyte lineage (Fig. 3C) and inhibited the ability of NPCs to adopt
an oligodendrocyte fate without Sox10 overexpression (Fig. 3D).
Hence, Sufu is a critical negative regulator of oligodendrocyte
differentiation from NPCs.

Mice with Reduced Sufu Expression Have Enhanced Developmental
Production of OPCs. Sufu knockout mice die embryonically before
OPCs are generated; however, Sufu+/− mice are viable and fertile
(27) and have significantly reduced levels of Sufu protein (Fig.
4A). Coronal sections of embryonic day (E)15.5 or postnatal day
(P)2 Sufu+/+ or Sufu+/− forebrains were stained with antibodies
against Olig2 and PDGFRα to detect OPCs (Fig. 4B). There
appeared to be a substantial increase in the numbers of OPCs
(Fig. 4B), and we counted PDGFRα+ (a more stage specific
marker for OPCs than Olig2) cells in brain sections at matched
levels in mutant and control mice. At two developmental ages
(E15.5 and P2), Sufu+/− brains had higher average numbers of
PDGFRα-positive cells in the forebrain indicative of increased
OPCs (E15.5: Sufu+/+, 1,359 ± 164; Sufu+/−, 2,467 ± 257; P2:
Sufu+/+, 7,535 ± 202; Sufu+/−, 10,921 ± 550) (Fig. 4 C and D).
These data indicate that in vivo, as in vitro, Sufu is a physiologic
regulator of OPC development.

Discussion
We have shown SoxE transcription factors strongly influence
multipotential neural stem cells toward an OPC fate and the ol-
igodendrocyte lineage. Sox8 was less effective at driving cells to

Fig. 2. Suppressor of Fused (Sufu) is a direct target of Sox10. (A) Schematic
of the Sufu locus depicting the Sox10-binding site identified in the first in-
tron of the Sufu gene (SI Methods). (B) Quantitative mRNA profiling using
whole mouse transcriptome Affymetrix chips. Each value is shown as a ratio
of the experimental value over Empty virus-infected controls. Shown are the
relative expression of Sufu mRNA 48 h after infection with Sox10 virus or
24 h after infection with Mash1 or Ngn2 retroviruses that drive neurogenic
differentiation in EGF/FGF containing medium. Note Mash1 and Ngn2 drive
modest increases in Sufu expression, whereas Sox10 leads to a twofold de-
crease in expression of Sufu. Normalized intensity values of triplicate chip
hybridization experiments are presented. Each sample was prepared from
pools of mRNA derived from less than three separate experiments. (C) Sox10
expression leads to decreased Sufu protein levels in NPCs 24 h after plating.
Note the slightly higher and broader band in the positive control lane was
obtained from extracts of HEK-293T cells expressing both human and mouse
HA-tagged Sufu. In contrast, NPCs only express endogenous untagged
mouse Sufu. (D) Targeted ChIP for Sox10 bound to the Sufu gene at the first
intronic site. Positions of the PCR primers are shown in relationship to the
Sufu and Trim8 genes. The PCR yields the expected products for both Sufu
and Trim8 after infection with either Empty or Sox10 virus (Input), but only
Sox10-infected cells yielded a specific band for Sufu after ChIP (IP: anti-HA).
Empty virus-infected cells showed no signal, and Sox10 showed no binding
to the closely linked Trim8 gene. The arrows indicate the size of the ex-
pected Sufu product.

Fig. 3. Sufu inhibits Sox10-driven OPC differentiation and endogenous ol-
igodendrocyte differentiation. (A) shRNA-mediated knock down of mouse
HA-Sufu protein (solid arrow, top bands) in GP2-293 cells. Note that the
endogenous human Sufu protein is unaffected (open arrow, bottom bands).
(B) Percentage of O4+ cells coinfected with Sox10 and Luciferase shRNA,
Sufu, or Sufu siRNA. Transduced NPCs were cultured in EGF/FGF on laminin-
coated plates for 72 h. Error bars are ± SEM, ***P < 0.005, n = 3. (C) Per-
centage of O4+ cells coinfected with Sox10 virus, and either Empty or Sufu
virus then induced to differentiate by removing EGF/FGF and addition of
serum. Error bars are ±SEM, **P < 0.01, n = 3. (D) Percentage of O4+ cells
infected with Empty or Sufu virus and cultured in serum on laminin-coated
plates for 72 h. Error bars are ± SEM, ***P < 0.01, n = 3.
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adopt OPCmarkers than either Sox9 or Sox10. These distinctions
within the SoxE family are consistent with in vivo studies sug-
gesting that Sox9 and Sox10 are redundant, whereas Sox8 is in-
capable of fully compensating for either Sox9 or 10 (12–16, 19,
28). We also found that Sox10 regulates the expression of Sufu,
which we show is an important determinant of OPC production
from forebrain precursors.
SoxE expression in the CNS is carefully orchestrated begin-

ning with Sox9 expression throughout the spinal cord neuro-
epithelium, persisting in OPCs and maintained in adult astrocytes
(12), followed by Sox8 expression, which persists in maturing
oligodendrocytes and astrocytes (14, 29, 30). Consistent with this
finding, Sox8 knockouts have delayed oligodendrocyte terminal
differentiation (14) and mice lacking Sox9 have significant re-
ductions in both OPC and astrocyte precursors (12). Sox10 is
expressed as OPCs are specified and is required for terminal dif-
ferentiation of OPCs into oligodendroctyes (15). More recently,
studies using combinations of SoxE knockouts demonstrate sig-
nificant redundancy between the SoxE members. For example,
Sox8 and 9 double knockout animals lack oligodendrocytes, en-
tirely suggesting a redundant role for Sox8 in early specification of
OPCs. Sox9 conditional knockout mice crossed with mice lacking
Sox10 display increased OPC apoptosis, indicating a role for both
proteins in OPC survival (28). Our in vitro experiments using
cultured neurospheres infected with Sox8, 9, or 10 under differ-
entiating conditions such as FBS or TH demonstrate that all of the
SoxE factors enhance OPC specification and maturation.
Sufu acts as a powerful negative regulator of the hedgehog

signaling pathway in vertebrates (23) by binding to Gli1, 2, and 3
and affecting Gli processing or degradation (21, 23, 31, 32).
Recent studies have indicated Sufu has a complex relationship
with hedgehog signaling and appears to be both an inhibitor of Shh
signaling but also required for the proper balance of Gli activators
and repressors with both cilia-dependent and -independent
aspects of its functions (31, 32). Sufu also interacts with the Wnt
signaling pathway (25) and may act as a general scaffold protein
for other signaling molecules (27, 33). These complex relation-
ships of Sufu with both the hedgehog, Wnt, and perhaps other
pathwaysmake it unsurprising that there have been onlymoderate
effects, after the initial patterning stage, of Shh on OPC pro-
duction seen in previous reports (5, 34). The potential role of Sufu

as a regulator ofWnt signaling is particularly relevant given recent
studies showing that dysregulated Wnt signaling inhibits the pro-
gression of oligodendrocyte precursors to mature myelinating
oligodendrocytes (35, 36) and that Wnt signaling has a negative
regulatory role in oligodendrocyte cell fate acquisition (37, 38).
We have identified Sufu as a target of Sox10 repression and

identified a Sox10-binding site in the first intron of Sufu. More-
over, we have demonstrated that Sufu plays a role in vitro and
in vivo in OPC specification. In the peripheral nervous system,
Sox10 controls Schwann cell myelination by acting in synergy with
other transcription factors such as Krox20, NFATc, and Oct6 to
regulate myelin genes (39–41). For example, Sox10, Krox20, and
NFATc synergistically bind to the first intron of Myelin protein
zero and activate transcription (40). We propose a similar model
whereby Sox10, perhaps in combination with a novel transcription
factor(s), binds and represses Sufu transcription thereby en-
hancing OPC differentiation. Whether Sox10 repression of Sufu
would result in modulation of the Shh or Wnt pathways that may
alter OPC specification is unknown. Finally, it remains unknown
whether Sox8 or Sox9 also modulate Sufu expression to induce
early OPC specification or, in the case of Sox9, astrocyte main-
tenance in the adult. Future investigation of Sufu dysregulation in
the SoxE knockouts would help to answer these questions.
Our observations also have important implications for tu-

morigenesis in the nervous system. Loss of Sufu by mutation
leads to deregulated Shh signaling and Wnt signaling and is an
important cause of medulloblastoma (a cerebellar granule pre-
cursor tumor) in children (42) and mice (27). SoxE transcription
factors are abundantly expressed in gliomas (43, 44), and we pre-
dict that in these tumors Sufu expression would be reduced be-
cause of down-regulation by transcriptional effects of SoxE
proteins. This possibility may provide amechanism for altered Shh
andWnt signaling levels in such tumors andmay be a key aspect of
their degree of aggressiveness.
This work may have important implications for regenerative

approaches promoting oligodendrocyte replacement in demye-
linating diseases. Demyelination in either experimental animal
models or patients with multiple sclerosis leads to brisk up-
regulation of OPC production in the SVZ (20, 45, 46). However,
the ubiquity of this response in patients with demyelination is not
known and it remains unclear whether further augmentation of

Fig. 4. Decreased Sufu expression significantly increases the number of oligodendrocyte precursors in vivo. (A) Western blot analysis of equal amounts of
protein derived from brain lysates of wild-type (Sufu+/+) mice or mice lacking one copy of Sufu (Sufu+/−). (B) Olig2 staining in brain sections of Sufu+/+ or Sufu+/−

E15.5 brains show an overall increase in Olig2-positive cells in Sufu+/− brains. Higher magnifications in Lower. (Scale bar: 100 μm.) (C) The number of PDGFRα-
positive cells in the forebrain is significantly increased in mice with decreased Sufu expression (Sufu+/−) at E15.5 (Error bars are ±SD, ***P < 0.005, n = 3). (D) The
increased number of PDGFRα-positive cells persists in the Sufu+/− P2 forebrain. Error bars are ± SD, **P < 0.05, n = 3.
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this response would be beneficial. Our studies indicate that de-
veloping methods to down-regulate the expression of Sufu in
these patients may have therapeutic benefit.

Methods
Retroviral cloning and production, neurosphere infection, clonal analysis,
data analysis, Western blotting, and immunohistochemistry are described in
SI Methods and in published work (38).

Primary Cell Culture. All animal procedures were performed according to
protocols approved by the University of California, San Francisco Institutional
Animal Care and Use Committee (IACUC). SVZ tissue from P5 CD1 mice was
collected in and dissociated with 0.1% Trypsin (Worthington) at 37 °C water
bath. After dissocation by trituration single cells were plated in Complete
Media consisting of DMEM/F12 (50:50; Gibco) supplemented with 10× hor-
mone mix [per 50 mL of stock added to 450 mL of medium: 40 mg of
transferrin, 10 mg of insulin, 3.86 mg of putrescine, 4.0 mL of 3 mM sele-
nium, 4.0 mL of 2 mM progesterone, 10 mL of 2 mg/mL heparin (all from
Sigma)], 0.8 mL of 30% glucose, 0.6 mL of 7.5% NaHCO3, 10 mL of 30%
glucose, 7.5 mL of 7.5% NaHCO3, 2.5 mL of 1 M Hepes, 5 mL of 200 mM
glutamine, 5 mL of Pencillin-Streptomycin, 2 mL of Fungizone, EGF (Sigma;
10 ng/mL), FGF (Sigma; 20 ng/mL), and B27 (Invitrogen). Approximately
80,000 cells were plated in a 25-cm2

flask (Corning), grown for 3–4 d until
spheres grew large enough to be passaged. Neurospheres were dissociated
and infected with retroviruses as described in SI Methods.

ChIP Assays and DNA Microarrays. Established protocols were used for the
chromatin immunoprecipitation experiments (http://genomics.ucdavis.edu/
farnham/protocols/chips.html), and hybridization to mouse promoter arrays
was performed by NimbleGen. Neurosphere cultures infected with either
a Sox10-3×HA expressing or an Empty control retrovirus were plated on
laminin coated six-well plates (Falcon) for 48 h before the samples were
collected. A monoclonal HA antibody [HA.11 (Covance), 1:150] was used for
the immunoprecipitations. Hybridization intensities were expressed as a

ratio of the signals from Sox10-3×HA- infected cells and Empty control-
infected cells. For targeted ChIP, ChIP followed by targeted PCR to examine
Sox10 binding to Sufu and the adjacent Trim8 gene, which served as
a negative control. The following primers were used in a PCR with 37 am-
plification cycles (94 °C for 15 s, 60 °C for 15 s, and 72 °C for 30 s): Sufu-5′
gcaaatggtggtcctgaagt and Sufu-3′ cccatctccagaggcaataa, product = 128 bp;
TRIM-5′ cccggcagaagttatgtttg and TRIM-3′ gcggagaattggaagaactg, prod-
uct = 106 bp.

Immunocytochemistry. Cells plated on chamber slides were fixed with 4%
paraformaldehyde, washed three times with PBS, and blocked and per-
meabilized for 30 min with PBS containing 0.3% Triton X-100 and 10% lamb
serum. Incubation with primary antibodies [O4 (mouse 1:30; Chemicon and
Sigma), Nestin (rabbit 1:100; Chemicon), GFAP (rat 1:500; Zymed), Tuj1 (mouse
or rabbit 1:500; Covance), PDGFRα (rabbit 1:200; Santa Cruz; and rat 1:500; BD
Biosciences Pharmingen), Sox10 (rabbit 1:100; ABR), CNPase (mouse 1:500;
SternbergerMonoclonals), andOlig2 (rabbit 1:1,000; D. Rowitch, University of
California, San Francisco)] were at 4 °C overnight. Each experiment was per-
formed multiple times and graphs represent three separate experiments for
which sixfields were quantified per condition. Similar protocols were used for
histological analysis of brain sections and are described in SI Methods.
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