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ABSTRACT
In the central nervous system (CNS), oligodendrocyte maturation and
axonal myelination occur on a predictable schedule, but the
underlying timing mechanisms are largely unknown. In the present
study, we demonstrate that Nkx2.2 homeodomain transcription factor
is a key regulator for the timing of oligodendrocyte differentiation
during development. Whereas induced expression of Nkx2.2 in early
oligodendrocyte precursor cells (OPCs) causes precocious
differentiation of oligodendrocytes, conditional ablation of Nkx2.2
temporally delays oligodendrocyte maturation. Moreover, Nkx2.2 can
directly bind to the promoter of platelet-derived growth factor receptor
alpha (Pdgfra) and repress its gene expression. Genetic ablation of
Pdgfra mimics the effect of Nkx2.2 overexpression in accelerating
OPC differentiation in the developing spinal cord. Together, our
findings strongly suggest that Nkx2.2 functions as a major ‘switch’ to
turn off Pdgfra signaling in OPCs and initiate the intrinsic program for
oligodendrocyte differentiation.
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INTRODUCTION
A requisite component of nervous system development is the
achievement of proper axonal myelination for rapid and accurate
transmission of electric activities. In the central nervous system
(CNS), myelin sheaths are elaborated by oligodendrocytes (OLs), and
the myelination process is preceded by molecular and morphological
differentiation of oligodendrocyte precursor cells (OPCs). It was
observed that OPCs differentiate on a predictable schedule both in
vivo and in vitro, but the molecular pathways that control the timing
of OPC differentiation have not been clearly defined.

It has been recently shown that multiple classes of transcription
factors are involved in the regulation of the OL differentiation
process. They include the negative differentiation regulators Id2, Id4
and Hes5 (Kondo and Raff, 2000; Liu et al., 2006; Wang et al.,
2001), and positive regulators such as Olig1 (Lu et al., 2002), Mrf
(Myrf – Mouse Genome Informatics) (Emery, 2010), Mash-1 (Ascl1
– Mouse Genome Informatics) (Sugimori et al., 2008), Sip1

RESEARCH ARTICLE STEM CELLS AND REGENERATION

1Department of  Anatomical Sciences and Neurobiology, University of  Louisville,
Louisville, KY 40292, USA. 2Institute of  Developmental and Regenerative Biology,
College of  Life Sciences, Hangzhou Normal University, Hangzhou, China.
3Department of  Genetics and Development, Columbia University, New York, NY
10032, USA. 4Institut für Biochemie, Universität Erlangen-Nürnberg, Fahrstrasse
17, 91054 Erlangen, Germany. 5Department of  Cell and Molecular Biology, Tulane
University, New Orleans, LA 70118, USA.
*These authors contributed equally to this work

‡Author for correspondence (m0qiu001@louisville.edu)

Received 13 February 2013; Accepted 19 November 2013

(Gemin2 – Mouse Genome Informatics) (Weng et al., 2012), Nkx2.2
(Qi et al., 2001) and Sox10 (Soula et al., 2001). Among these
transcription factors, Nkx2.2 (Nkx2-2 – Mouse Genome
Informatics) is uniquely positioned as a candidate regulator for the
timing of OL differentiation. In the developing mouse spinal cord,
Nkx2.2 expression is upregulated in OPCs immediately before their
differentiation but rapidly downregulated after OPC differentiation
(Fu et al., 2002; Soula et al., 2001; Xu et al., 2000; Zhou et al.,
2001). Thus, Nkx2.2 expression in differentiating OPCs correlates
seamlessly with the onset of OL differentiation. Functional analyses
revealed that Nkx2.2 plays an essential role in the terminal
differentiation of OLs (Qi et al., 2001; Zhou et al., 2001). However,
because of the neonatal lethality of Nkx2.2 mutants, it has remained
unknown whether Nkx2.2 is absolutely required for OPC maturation
or simply controls the timing of OL differentiation. More
importantly, the molecular pathways downstream of Nkx2.2 in the
control of OL differentiation remain to be defined.

Previous studies demonstrated that OL differentiation and
maturation in culture are also regulated by a variety of extracellular
signaling molecules such as Pdgf, bFgf (Fgf2 – Mouse Genome
Informatics), Cntf and thyroid hormone (Barres et al., 1994; Noble
et al., 1988; Raff et al., 1985; Raff et al., 1988). In particular, Pdgf
signaling has been implicated in the temporal control of OPC
differentiation during development. In the developing CNS, Pdgf
receptor alpha (Pdgfra) is specifically expressed in immature
OPCs, but its expression is rapidly extinguished as OPCs undergo
terminal differentiation (Pringle et al., 1989; Richardson et al.,
1988). It is well known that Pdgf functions as a major mitogen for
OPC division both in vitro and during development (van Heyningen
et al., 2001). At the same time, Pdgf signaling has also been shown
to inhibit OL differentiation, and withdrawal of Pdgf from culture
medium is sufficient to trigger the onset of OPC differentiation
(Raff et al., 1985; Raff et al., 1988; van Heyningen et al., 2001).
Consistently, disruption of Pdgfra in OPCs also resulted in
premature oligodendrocyte differentiation in culture (McKinnon et
al., 2005). These in vitro studies suggest that there is an intrinsic
default program for OPC differentiation, and this differentiation
program is normally suppressed by Pdgfra signaling in immature
progenitor cells. However, the involvement of Pdgfra signaling in
the timing of OPC differentiation has so far not been verified by in
vivo genetic study. More importantly, the molecular mechanisms
that lead to the transcriptional repression of Pdgfra expression in
OPCs and therefore trigger the differentiation process remain to be
defined.

In this study, we report that Nkx2.2 controls the timing of OPC
differentiation, possibly by directly repressing the expression of
Pdgfra, which negatively regulates the differentiation of OLs during
development. Alterations of the expression of Nkx2.2 or Pdgfra in
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OPCs in inducible transgenics or conditional mutants can change the
timing of OL differentiation in the developing CNS.

RESULTS
Induced Nkx2.2 expression in early OPCs leads to
precocious OL differentiation as well as inhibited OPC
proliferation and migration
To determine the developmental role of Nkx2.2 in timing OPC
differentiation, we first generated the TetO-Nkx2.2 transgenic line

and then crossed it with the Sox10-rtTA knock-in mouse line
(Ludwig et al., 2004). In the double transgenic (DTG) mice, Nkx2.2
protein could be induced by Dox treatment in cells of OL lineage at
a specific time point. In addition, the Nkx2.2 transgene was tagged
with human influenza hemagglutinin (HA) epitope to differentiate
from the endogenous expression of Nkx2.2.

When Dox was administered from embryonic day (E) 12.5 to
E15.5 before Nkx2.2 upregulation and OL differentiation, HA
expression was specifically detected in Sox10-expressing OL cells

Fig. 1. Precocious OL differentiation
induced by overexpression of Nkx2.2 in
early OPCs. (A) Time window of Dox
treatment. (B-G) Immunostaining of
transverse spinal cord sections from control
and DTG embryos after Dox exposure
(E12.5-E15.5) with antibodies against
Sox10 and HA (B-C¢¢), Mbp and HA (D-E¢¢),
Mag (F-G). Double-positive cells are
represented by white arrowheads.
(H) Quantification of Olig2+, Sox10+ or
Mbp+ cells per section in control and DTG
mouse spinal cords at E15.5 (mean ±
s.e.m., n=3). **P<0.01. Scale bars: 50 μm.
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in the spinal cords of DTG mice (Fig. 1A-C¢¢), indicating the
successful induction of exogenous Nkx2.2 protein in OPCs (>70%
of the population). At E15.5, Mbp protein expression was not found
in the control spinal cord (Fig. 1D). However, strong expression of
Mbp was found in both the gray and white matters of DTG spinal
cords (Fig. 1E). Moreover, all the induced Mbp+ cells co-expressed
HA (Fig. 1E-E¢¢, arrowheads), indicating that the precocious Mbp
expression was induced by expression of exogenous Nkx2.2 protein.
The premature OL differentiation was further confirmed by
expression of other myelin markers such as Mag (Fig. 1F,G), and
the display of multipolar processes instead of the typical bipolar
processes for OPCs at this stage (Fig. 1E-E¢¢, insets). Prolonged Dox
treatment from E12.5 to E18.5 further promoted differentiation of
OPCs and led to a significant reduction of the number of Olig2+ and
Sox10+ cells in DTG spinal cords compared with the controls
(supplementary material Fig. S1).

Strikingly, Nkx2.2 induction in DTG spinal cord tissues also led
to a drastic reduction in the total number of Sox10+ and Olig2+ cells
(Fig. 1B,C,H; supplementary material Fig. S1B,C,F). This decrease
could be caused by diminished OPC proliferation and/or increased
cell death. To investigate these possibilities, we first carried out cell
proliferation assays in E15.5 embryos after 2-hour short-term
bromodeoxyuridine (BrdU) labeling, and found that the percentage
of dividing OPCs, represented by Olig2+/BrdU+ cells in the Olig2+
population, in DTGs was about half of that in controls
(supplementary material Fig. S2A-B¢¢,E). Cell death assays revealed
few phospho-Caspase-3 positive apoptotic cells in both control and
DTG spinal cords at this stage (supplementary material Fig. S2C-
D¢). Therefore, overexpression of Nkx2.2 reduced early OPC
proliferation and had little effect on the survival of OPCs.
Noticeably, OPC distribution was significantly altered in the DTG
spinal cord at this stage, with the majority of OPCs being restricted
to the ventral half compared with the evenly dispersed OPCs in the
control (supplementary material Fig. S2F,F¢), suggesting that Nkx2.2
overexpression also repressed the migration of OPCs.

Inactivation of Nkx2.2 in OPCs caused a temporal delay in
OPC differentiation
Previously, we observed that OPC maturation was significantly
retarded in the conventional Nkx2.2 knockout mice (Qi et al., 2001).
However, it was not clear whether OPC differentiation could recover
at later stages, as the conventional Nkx2.2 mutants die soon after
birth. To address if Nkx2.2 is absolutely essential for OPC
differentiation, we generated the CNP+/cre;Nkx2.2fl/fl conditional
mutant mice in which Nkx2.2 is specifically deleted in OPCs.
Conditional ablation of Nkx2.2 did not affect the total size of the
Olig2+ OL population at all stages examined (supplementary
material Fig. S3). However, expression of the myelin genes Mbp,
Plp (Plp1 – Mouse Genome Informatics) and Apc was dramatically
reduced from postnatal day (P) 0 to 13, but was fully recovered at
P21 (Fig. 2; supplementary material Fig. S4). Thus, Nkx2.2 mutation
caused a temporal delay in OPC differentiation. Based on the results
from studies of both transgenics and conditional mutants, we
concluded that Nkx2.2 controls the timing of OL differentiation and
is not absolutely required for OL differentiation.

Nkx2.2 negatively regulates the expression of Pdgfra in
OPCs by directly binding to the Pdgfra promoter
In light of the previous finding that Pdgfa is a major mitogen for
OPCs in the developing CNS, the reduced OPC proliferation in
Nkx2.2 transgenics raises the possibility that Nkx2.2 induction may
suppress Pdgfra expression or signaling in OPCs. Consistent with
this idea, Pdgfra expression in transgenic spinal cords was
completely inhibited after Dox induction (Fig. 3A-D). By contrast,
Pdgfra expression was markedly enhanced in both the
conventional (Fig. 3E-H) and conditional Nkx2.2 mutants
(supplementary material Fig. S3E-H¢). Together, these data
indicated that Nkx2.2 repressed the expression of Pdgfra during
the OPC differentiation process.

To test whether Pdgfra is a direct downstream target gene of
Nkx2.2, we analyzed the genomic sequence upstream of Pdgfra

Fig. 2. Delayed OL differentiation and
maturation following conditional ablation of
Nkx2.2 in OPCs. Spinal cord sections from
Cnp+/cre;Nkx2.2+/fl and Cnp+/cre;Nkx2.2fl/fl were
subjected to Mbp (A-D′) and Plp (E-H′) in situ
hybridization at P3, P7, P13 and P21.
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gene with a novel computational method (Hill et al., 2011) and
predicted a potential Nkx2.2 binding site (highest score, Fig. 4A).
Electrophoretic mobility shift assay (EMSA) demonstrated that
Nkx2.2 protein formed complexes with the sequence
corresponding to this putative binding site (Fig. 4B, arrow). These
complexes were further shifted upward (supershift) with the
addition of Nkx2.2 antibody (Fig. 4B, asterisk). Meanwhile,
mutation of this core binding site suppressed the binding of
Nkx2.2 to this labeled DNA sequence. Therefore, Nkx2.2
transcription factor can directly bind to the Pdgfra promoter
sequence. We next cloned the potential promoter region of mouse
Pdgfra (Bergeron et al., 2011) into the luciferase vector for gene
expression assay (Fig. 4A,C). Transient transfection experiments
in 293T cells showed a much higher luciferase activity from the
Pdgfra promoter-luciferase construct than that from the control
vector with the basic promoter (Fig. 4C). However, when the
Nkx2.2-expressing vector was co-transfected, the luciferase
measurement from the Pdgfra promoter construct was significantly
reduced (Fig. 4C), indicating an inhibition of Pdgfra promoter
activity by Nkx2.2 expression.

Based on these observations, we propose that Nkx2.2 represses
Pdgfra expression in OPCs by directly binding to its promoter
sequence and interfering with its transcriptional activity.

Conditional ablation of Pdgfra gene in the OL lineage
mimics the phenotypes of Nkx2.2 overexpression in OPCs
Our expression and gene regulation studies strongly suggested that
Pdgfra functions downstream of Nkx2.2 in the control of OL
differentiation. Despite the ample in vitro evidence that Pdgfra is
a negative regulator of OL maturation, its in vivo developmental
role in OL differentiation has not been demonstrated. Thus, we
generated the Olig1cre/Pdgfraflox/flox conditional knockout animals
to inactivate Pdgfra in early OPCs (Lu et al., 2002). As expected,
in the conditional mutant spinal cords, Pdgfra expression was
nearly completely absent throughout embryonic stages (Fig. 5A¢-
D¢). Similar to the findings in Nkx2.2 transgenics, Sox10+ cells
(Fig. 5E-H¢) were drastically reduced in numbers and confined to
the ventral spinal cord, probably due to the decreased cell
proliferation and migration. Moreover, from E14.5 to E18.5,
premature Mbp+ or Plp+ OLs appeared in the conditional mutants
in the ventral region (Fig. 6A-C¢,E-G¢). Noticeably, the reduced
number and distribution pattern of Mbp+ cells (Fig. 6A¢-C¢) in the
mutants were identical to those of Sox10+ cells in the same tissues
(Fig. 5F¢-H¢). Intriguingly, at P9, the number of Mbp+/Plp+ cells
was drastically reduced compared with that in the control animals
(Fig. 6D,D¢,H,H¢), as a result of the diminished OL population in
the absence of Pdgfra signaling. The precocious differentiation and
reduced number of OLs in Pdgfra conditional mutants mimic the
phenotypes observed in Nkx2.2 overexpressing transgenics (Fig. 1;
supplementary material Figs S2, S5, S6), in keeping with the
notion that Pdgfra is a downstream target of Nkx2.2 transcription
repressor.

DISCUSSION
Nkx2.2 is a crucial intracellular regulator for the timing of
OL differentiation
One of the long-standing questions in OL development is: what are
the molecular mechanisms that control the timing of OL
differentiation? Recent studies have provided valuable insights into
how this developmental process is tightly regulated by a number of
extrinsic signaling mechanisms, including extracellular ligands,
secreted molecules and axonal activity (Emery, 2010). Meanwhile,
it has long been proposed an ‘internal’ clock measuring the time or
the number of cell divisions in OPCs (Temple and Raff, 1986). To
date, a number of extracellular and intrinsic factors have been
suggested as part of these clock mechanisms (Emery, 2010).
However, the in vivo developmental roles of many of these factors
are yet to be confirmed by genetic studies, and their potential
interactions have not been established at the molecular and genetic
levels.

In this study, we provided genetic evidence that Nkx2.2 is a key
intracellular factor that controls the timing of OL differentiation in
the developing CNS. Studies in inducible transgenic mice
demonstrated that elevated Nkx2.2 expression in early OPCs led to
precocious differentiation and myelin protein production (Fig. 1;
supplementary material Fig. S1). Conversely, conditional knockout
of Nkx2.2 in OPCs resulted in a significant but transient delay of
OPC maturation and myelin gene expression, and the delayed
differentiation was completely overcome later in young adults
(Fig. 2; supplementary material Fig. S4). Therefore, Nkx2.2 is not
absolutely necessary for OL differentiation; instead it governs the
timing of OL differentiation during development by switching on
the intrinsic program for OL maturation. Given that Nkx2.2 is
transiently upregulated in OPCs immediately before their
differentiation in the white matter, where they make direct contacts
with axons, it is conceivable that Nkx2.2 may be activated by axon-

Fig. 3. Negative regulation of Pdgfra expression by Nkx2.2.
(A-D) Inhibition of Pdgfra expression in Nkx2.-overexpressing transgenics.
Spinal cord sections from control and DTG mice after Dox treatment (E12.5-
E15.5) or (E15.5-P0) were immunostained with anti-Pdgfra antibody. Pdgfra+
OPCs were represented by arrowheads. (E,F) Increased expression of
Pdgfra in P0 Nkx2.2 knockout spinal cords. (G,H) Higher magnifications of
the boxed areas in E,F with original anti-Pdgfra and anti-APC double
immunostaining. KO, knockout. Scale bars: 50 μm (A-D,G,H); 100 μm 
(E,F).
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derived signals and functions as an intracellular relay mechanism
between environmental signaling and the intrinsic OL differentiation
program.

Nkx2.2 controls the timing of OL differentiation by directly
suppressing Pdgfra expression
Several lines of evidence from this and other studies suggest that
Nkx2.2 controls the timing of OPC differentiation through
repressing Pdgfra gene expression in a direct manner. First, it was
previously shown that Nkx2.2 primarily functions as a transcription
repressor in the control of cell-fate specification in the developing
CNS and pancreas by recruiting other transcriptional repressors such
as Groucho4 (Muhr et al., 2001; Zhou et al., 2001), histone
deacetylases (HDACs) and the DNA methyltransferase Dnmt3a
(Papizan et al., 2011). Second, overexpression of Nkx2.2 in
transgenics completely extinguished Pdgfra expression. Conversely,
null mutations of Nkx2.2 led to a significant increase in Pdgfra
expression (Fig. 3E-H; supplementary material Fig. S3E-H¢). Third,
a potential Nkx2.2 binding site is identified in the putative promoter
of Pdgfra, and EMSA and antibody supershifting experiments
confirmed that Nkx2.2 protein could directly bind to this consensus
binding sequence (Fig. 4). More importantly, in vitro luciferase
reporter assay showed that Nkx2.2 expression can inhibit gene
transcription activity driven by the putative Pdgfra promoter
harboring this binding sequence (Fig. 4C). Finally, Pdgfra
conditional mutants and Nkx2.2 overexpressing transgenics
exhibited nearly identical phenotypes in terms of the reduced
number and ventral confinement of Sox10+ OLs (supplementary
material Fig. S2F-F¢; Figs  5,  6) owing to the impaired OPC
proliferation/migration and premature OL differentiation in the
absence of Pdgfra signaling. These findings lead us to propose that

Pdgfra is a direct downstream target of Nkx2.2 transcription
repressor during OL lineage progression. Through repressing the
expression of the membrane receptor Pdgfra, OPCs no longer
respond to external mitogen Pdgfa, cease proliferation and activate
the intrinsic cell differentiation program. Consistent with this
concept, inhibition of Pdgfra expression and enhancement of Mbp
expression were also observed in primary OPCs when Nkx2.2 was
overexpressed (supplementary material Fig. S5; Fig. 6). However,
we cannot exclude the possibility that Nkx2.2 may also influence
other factors at the same time to regulate OPC differentiation and
maturation.

Pdgfra signaling controls OPC differentiation possibly by
repressing positive differentiation factors
The role of Pdgf signaling in OL development has been
extensively studied in the past three decades. It was reported that
Pdgf controls OPC proliferation, migration and survival via
Pdgfra, which is the only isoform of Pdgf receptors expressed by
OPCs (McKinnon et al., 1990; Pringle et al., 1989). During OPC
differentiation, the expression of Pdgfra in OPCs is progressively
decreased and completely extinguished in mature OLs. Purified
OPCs start to undergo terminal differentiation upon Pdgf
withdrawal from culture medium. In this study, we provided the
first in vivo evidence that Pdgfra signaling also controls OPC
differentiation and maturation during development. Similar to the
phenotypes described in Nkx2.2-overexpressing transgenics,
conditional ablation of Pdgfra in OPCs caused precocious OPC
differentiation in association with an inhibition of cell proliferation
and migration (Figs  5,  6). Consistently, mutations of Pdgfra
downstream signaling components Shp2 (Ptpn11 – Mouse Genome
Informatics) or Erk2 (Mapk1 – Mouse Genome Informatics) also

Fig. 4. Binding and activity assays of Pdgfra promoter. (A) Schematic of the genomic sequence upstream Pdgfra, including the putative promoter cloned
into the luciferase vector and selected sequence for EMSA probe (red represents core binding sequence). (B) EMSA analysis of Nkx2.2 binding. Probe (see A)
spanning ~40 bp surrounding the predicted binding sequence was incubated with nuclear extracts from mock-transfected cells (Ctrl NE) or nuclear extracts
from transfected cells (Nkx2.2 NE). The core site ATAAGTGG was replaced with TTTTTTTT as mutated probe (Mut. Probe). Supershift experiments were
performed using monoclonal anti-Nkx2.2 antibody (α-Nkx2.2). The arrow shows the Nkx2.2-specific-bound complexes with lower mobility. The asterisk marks
α-Nkx2.2-Nkx2.2-probe complexes with the lowest mobility. (C) Co-transfection of pcDNA3.1-Nkx2.2 and pGL3-Pdgfra promoter significantly inhibits the
luciferase activity (mean ± s.e.m., n=3). Data are normalized using Renilla luciferase.
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led to an altered timing of OL maturation (Fyffe-Maricich et al.,
2011; Zhu et al., 2010). Together, these findings indicated that
Pdgfra is a crucial negative regulator of OPC maturation in the
developing CNS.

At this stage, it is not clear how extinction of Pdgfra expression
or signaling in OPCs initiates the intrinsic default OL differentiation
program. One possibility is that Pdgfra signaling may suppress the
expression and/or function of the positive activators of OL
maturation, including the OL-specific transcription factors Sox10,
Sip1 or Mrf, expression of which is both necessary and sufficient for
OL differentiation (Emery et al., 2009; Liu et al., 2007; Stolt et al.,
2002; Weng et al., 2012). In support of this idea, in both Pdgfra
conditional knockout mice and Nkx2.2 overexpressing transgenics,
we observed a significant higher level of cellular Sox10 expression
based on the intensity of immunostaining (supplementary material
Fig. S2F,F¢) or in situ hybridization (Fig. 5E-H′). If this hypothesis
is correct, the Nkx2.2 transcriptional repressor may initiate the
intrinsic differentiation program by derepressing these positive
regulatory factors in response to axon-derived signals or other
environmental cues.

MATERIALS AND METHODS
Generation of TetO-Nkx2.2 transgenic mouse line and induced
expression of Nkx2.2 transgene in OLs
For generation of the TetO-Nkx2.2 mouse line, full-length Nkx2.2 cDNA
tagged with HA epitope was cloned into the pTRE2 plasmid (Clonetech) for
pronuclear microinjection followed by implantion into pseudopregnant host
mice. The transgenic founder mice were identified through PCR and
Southern blotting. The time- and cell-specific overexpression of Nkx2.2 was
achieved by crossing the TetO-Nkx2.2 transgenic line with the Sox10-rtTA

knock-in mouse line (Ludwig et al., 2004). To induce overexpression of
Nkx2.2 in OPCs, doxycycline hydrochloride (Sigma) was administered at
indicated times both in the drinking water (4  mg/ml) and food (Bio-serv).
Single transgenic Sox10-rtTA control and Sox10-rtTA;TetO-Nkx2.2 DTG
mice were used for further study. All experimental procedures conformed to
National Institutes of Health guidelines and were approved by the
Institutional Animal Care and Use Committee at the University of
Louisville. Two founder lines were established and showed the same results
in Nkx2.2 induction kinetics and OL differentiation.

Conditional ablation of Pdgfra or Nkx2.2 in OL lineage
Pdgfra+/fl mice obtained from Jackson Laboratories (Tallquist and Soriano,
2003) were mated to Olig1+/cre knock-in line with Neo (Lu et al., 2002) to
obtain the Olig1+/cre;Pdgfra fl/+ double heterozygous mice, and conditional
Pdgfra mutants were generated by interbreeding of double heterozygous.
The generation of Nkx2.2 conditional mutants will be described elsewhere
(Mastracci et al., 2013). Cnp+/cre;Nkx2.2fl/fl mice were obtained through
intercross between Nkx2.2 floxed mouse lines and Cnpcre transgenic mice
(Lappe-Siefke et al., 2003).

Immunofluorescent staining and in situ RNA hybridization
Postnatal mice were fixed by cardiac perfusion with 4% paraformaldehyde
(PFA). Brain and spinal cord tissues were dissected out and post-fixed in 4%
PFA at 4°C overnight. Following fixation, tissues were transferred to 20%
sucrose in PBS overnight, embedded in optimal cutting temperature
compound (OCT) media and then sectioned (16 μm thickness) on a cryostat.
Procedures for immunofluorescence staining were described previously
(Zhu et al., 2011). The dilution ratio of primary antibodies is as follows:
anti-mouse Nkx2.2 (1:50, Developmental Studies Hybridoma Bank), anti-
mouse Olig2 (1:3000, gift from Drs Stiles and Alberta, Harvard Medical
School, MA, USA) (Lu et al., 2002), anti-mouse Sox10 (1:3000) (Stolt et
al., 2002), anti-mouse Apc/Rb1cc1 (1:50, Oncogene), anti-mouse Mag
(1:300, Chemicon), anti-mouse Mbp (1:5000, Chemicon), anti-mouse Gfap

Fig. 5. Expression of Pdgfra and
Sox10 in Pdgfra conditional
mutants. (A-H′) Spinal cord sections
from control (Olig1+/cre;Pdgfra+/+) and
double mutant (Olig1+/cre;Pdgfrafl/fl)
mice at various embryonic stages were
subjected to in situ hybridization with
Pdgfra (A-D′) or Sox10 (E-H′)
riboprobes. Pdgfra was completely
abolished, whereas Sox10 expression
was reduced and restricted to the
ventral half.
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(1:300, Chemicon), anti-HA (1:300, Sigma), anti-phospho-Caspase-3 (1:200,
BD), anti-BrdU (1:50, supernatant prepared in our lab), anti-Sox6 (1:200,
Abcam) and anti-Pdgfra (1:100, Santa Cruz). The Alexa-488 or Alexa-594
conjugated secondary antibodies were obtained from Molecular Probes. The
nucleic acid dye 4′,6-diamidino-2-phenylindole (DAPI) was obtained from
Roche. In situ RNA hybridization was performed as described (Schaeren-
Wiemers and Gerfin-Moser, 1993) with minor modifications.

Cell proliferation assay
BrdU (Sigma, 60 μg/g body weight) was administered to pregnant mice via
intraperitoneal injection 2  hours before embryos were dissected.
Immunofluorescent staining for BrdU was performed as described above,
except that sections were incubated in 2 N HCl (30 minutes) and 0.1 M
borate buffer (10 minutes) before blocking steps.

Electrophoretic mobility shift assay
EMSA was performed using 3′-end biotin-labeled 40 bp (ACAAAGGC -
AGGACCAGATAAGTGGCTCCGAAGGGATAAAG) probes for the
putative Nkx2.2-binding site (positions −722 to −683) in the Pdgfra
promoter region, as predicted by the method described previously (Hill et
al., 2011). Briefly, the probe was incubated with 10  μg nuclear extracts from
293T cells transfected with pcDNA3.1-Nkx2.2 or pcDNA3.1 blank plasmids
for 20  minutes at room temperature. Other steps were performed according
to the LightShift Chemiluminescent EMSA Kit protocol (Pierce). For
supershift experiments, Nkx2.2-specific antibody was added to the assay.

Luciferase assay
The upstream genomic sequence (potential promoter) which spans from
−1271 to +68 bp relative to the transcription start site of Pdgfra gene was
amplified by PCR and cloned into the pGL3 basic luciferase reporter vector
(Promega). 293T cells plated in 24-well tissue culture plates were
transfected with pGL3 basic, pGL3-Pdgfra promoter, pcDNA3.1 basic or
pcDNA3.1-Nkx2.2 using Lipofectamine 2000 (Sigma). Transfection
efficiency was controlled by co-transfection of cells with Renilla luciferase-

encoding plasmid pRL-TK (Promega). Luciferase activity was determined
by the Dual-Luciferase Reporter Assay System (Promega) and measured by
a luminometer (Berthold Detection Systems). Promoter activity was
calculated as a firefly/Renilla luciferase activity ratio.

Primary OPC culture and Nkx2.2 overexpression in vitro
Cerebral cortices from P2-4 s.d. rats were dissected out, minced and digested
in 0.25% trypsin at 37°C. The digestion was stopped by the addition of
Dulbecco’s modified Eagle’s medium (DMEM)/F12 containing 10% fetal
bovine serum (FBS). The dissociated cells were plated in a 75  cm2 tissue
culture flask coated with 100 μg/ml poly-L-lysine, and the whole medium
was changed next day. After 10 days’ culture, the cells were rinsed three
times with culture medium and pre-shaken for 1 hour at 200  rpm to remove
microglia. Then flasks were sealed and shaken at 250  rpm at 37°C for 15-
18 hours. The medium with the detached cells was collected and first plated
on tissue culture dishes (non PDL coated) for 30-60 minutes at 37°C with a
gentle swirling of the dishes to eliminate contaminating dead cells and
residual microglia. The nonadherent cells were collected, centrifuged and
replated in DMEM containing 10% FBS. On the following morning, the
culture medium was changed to defined media consisting of B27/neurobasal
medium and 10 ng/ml Pdgfaa.

For Nkx2.2 overexpression in vitro, rat Nkx2.2 cDNA was cloned into the
pCDH-MCS-EF1-CopGFP vectors by primers as follows: forwards 5′-
GGAATTCGCCACCATGTCGCTGACCAACACAAAGACG-3, reverse
5′-CGGGATCCtcaTGCATAATCAGGCACATCGTAAGGATACCAAGT-
CCACTGCTGGGCCTGGACC-3′. Lentiviruses were prepared by co-
transfected the pCDH-MCS-EF1-CopGFP or pCDH-rNkx2.2-EF1-CopGFP
with pMD2.G and psPAX2 packaging vectors (Addgene) into 293T cells.
Harvested viral supernatants were used to infect OPCs. Six days after
infection, OPCs were collected for the next experiments.

Statistical analyses
Statistical significance of the difference was evaluated by Student’s t-test.
P<0.05 was considered statistically significant.

Fig. 6. Accelerated OL differentiation
and myelin gene expression in
Pdgfra conditional mutants. (A-H′)
Spinal cord sections from control
(Olig1+/cre;Pdgfra+/+) and double mutant
(Olig1+/cre;Pdgfrafl/fl) mice at various
developmental stages were subjected
to in situ hybridization with Mbp (A-D′)
or Plp (E-H′) riboprobes. Premature
Mbp+/Plp+ OLs were detected in
E14.5-E18.5 mutant spinal cords.
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