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SUMMARY

A fundamental feature of central nervous system
development is that neurons are generated before
glia. In the embryonic spinal cord, for example,
a group of neuroepithelial stem cells (NSCs) gener-
ates motor neurons (MNs), before switching abruptly
to oligodendrocyte precursors (OLPs). We asked how
transcription factor OLIG2 participates in this MN-
OLP fate switch. We found that Serine 147 in the
helix-loop-helix domain of OLIG2 was phosphory-
lated during MN production and dephosphorylated
at the onset of OLP genesis. Mutating Serine 147 to
Alanine (S147A) abolished MN production without
preventing OLP production in transgenic mice,
chicks, or cultured P19 cells. We conclude that
S147 phosphorylation, possibly by protein kinase A,
is required for MN but not OLP genesis and propose
that dephosphorylation triggers the MN-OLP switch.
Wild-type OLIG2 forms stable homodimers, whereas
mutant (unphosphorylated) OLIG2S147A prefers to
form heterodimers with Neurogenin 2 or other bHLH
partners, suggesting a molecular basis for the switch.

INTRODUCTION

All the neurons and glial cells of the mature central nervous

system (CNS) are generated by neuroepithelial stem cells

(NSCs) in the ventricular zone (VZ) that surrounds the lumen of

the embryonic neural tube (forerunner of the spinal cord and

brain). Cell diversification occurs in stages. First, a neurogenic

prepattern is laid down in the plane of the VZ, under the action
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Figure 1. OLIG2 Is Phosphorylated on S147

(A) In vitro [33P] incorporation assay. Cell lysates of Olig2-transfected Cos-7 cells were immunoprecipitated with rabbit anti-Myc, separated by SDS-PAGE, and

stained with Coomassie blue (left panel). The gel was dried and autoradiographed (right panel). OLIG2 bands are indicated (arrowheads).

(B) Sequence alignment of bHLH domain of OLIG2 and its relatives. A predicted PKA phosphorylation motif containing S147 (black box) was found in the OLIG1/2

bHLH domain (helix 2) of different species. Hs, Homo sapiens; Mm, Mus musculus; Rn, Rattus norvegicus (brown rat); Gg, Gallus gallus (chicken); Dr, Danio rerio

(zebrafish).

(C–F) Transfected Cos-7 cells were analyzed by 2D PAGE followed by WB with anti-Myc antibody: (C) Myc-tagged OLIG2WT; (D) OLIG2S147A; (E) OLIG2WT with

dnPKA; and (F) OLIG2WT lysate treated with CIAP.

(G and H) OLIG2-S147 was phosphorylated in vivo. Mouse spinal cord homogenates from different developmental stages were analyzed by IP with goat anti-

OLIG2, followed by WB with (G) rabbit anti-OLIG2 or (H) rabbit anti-OLIG2 ph-S147.

See also Figure S1 and Table S1.
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mild impact on normal development (Lu et al., 2002; J.P.d.F., N.

Kessaris, W.D.R., and H.L., unpublished data; but see Xin et al.,

2005). However, OLIG1 is believed to be crucial for OL regener-

ation in demyelinating diseases such as multiple sclerosis (Arnett

et al., 2004).

The OLIG gene products are members of a large family of helix-

loop-helix (HLH) transcription factors, which also includes pro-

neural proteins Neurogenin1/2 (NGN1/2) and MASH1/ASCL1

as well as cell lineage regulators MYOD and NEUROD. OLIG2

interacts with different protein partners to regulate specific devel-

opmental processes. It can form heterodimers with NGN2 to

control MN differentiation, and it can bind NKX2.2 to promote

OLP generation and/or differentiation (Novitch et al., 2001;

Zhou et al., 2001; Qi et al., 2001; Sun et al., 2003; Lee et al.,

2005). It can also complex with SOX10 or ZFP488 to regulate

OLP differentiation and enhance myelin gene expression (Wang

et al., 2006; Wissmuller et al., 2006; Li et al., 2007).

Given the central roleof OLIG2 in both MNand OL development,

we were keen to discover how this one transcription factor can
specify two quite different cell types and especially how it partici-

pates in the MN-OLP temporal fate switch. We present evidence

that OLIG2 controls the switch by reversible phosphorylation on

Serine 147 (S147), a predicted protein kinase A (PKA) target; phos-

phorylation at this site is required for patterning of the ventral neu-

roepithelium and MN specification, whereas dephosphorylation

favors OLP specification. S147 phosphorylation also causes

OLIG2 to switch its preferred dimerization partner from OLIG2

(or OLIG1) to NGN2. We propose that this regulated exchange of

cofactors is required for and triggers the MN-OLP fate switch.

RESULTS

OLIG2 Is Reversibly Phosphorylated on Serine 147
OLIG2 is rich in serine and threonine residues (50 serines and 14

threonines out of a total of 323 amino acids; see Table S1 avail-

able online), suggesting that it might possess multiple serine/

threonine phosphorylation sites. To test this, we transfected

a Myc epitope-tagged OLIG2 expression vector into Cos-7 cells,
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labeled the cells with [33P]phosphate, and analyzed radiolabeled

OLIG2 proteins by immunoprecipitation (IP) with anti-Myc

followed by polyacrylamide gel electrophoresis (PAGE). Two

major radioactive OLIG2 bands were visible (Figure 1A). Separa-

tion of Olig2-transfected Cos-7 cell lysates by two-dimensional

(2D) PAGE (pH gradient in the second dimension) followed by

Western blotting (WB) confirmed that OLIG2 was phosphorylated

on multiple sites and that most of the phosphates could be

removed by calf intestinal alkaline phosphatase (CIAP) (Figures

1C and 1F). Bioinformatic analysis of OLIG2 using online services

NetPhos 2.0 Server (Blom et al., 1999) and NetPhosK 1.0 Server

(Blom et al., 2004) identified one potential PKA and one potential

protein kinase C (PKC) phosphorylation site (Table S1). Alignment

of OLIG2 protein sequences from different species revealed that

the predicted PKA site (R[R/K]X[S/T]) (X, any amino acid)—at

S147 in the bHLH Helix-2 (H2) domain—is conserved during

evolution (Figure 1B). This site is also conserved in OLIG1 but

not in NGN1–3 or other bHLH proteins examined. We mutated

S147 to Alanine (S147A), transfected the mutant (Olig2



et al., 2005; Li et al., 2007). It also interacts physically with other non-

bHLH transcription factors, including SOX10, NKX2.2, and ZFP488

(Li et al., 2007; Sun et al., 2003; Wang et al., 2006; Wissmuller et al.,

2006). We compared the cofactor-binding properties of OLIG2S147A

and OLIG2WT by coIP assays in transfected Cos-7 cells and found





Figure 5. OL Specification in Olig2S147A and Olig2WT Mice

OL lineage cells were marked by SOX10 or PDGFRa immunolabeling (red).

OLPs were present in Olig2WT mice at E14.5 (A and C), but not in Olig2S147A

mice (B and D). At E18.5, SOX10- and PDGFRa-positive OLPs were detected

in spinal cords of Olig2S147A mice (F, F0, I, and I0), though in reduced numbers

compared to Olig2WT controls (E, E0, H, and H0). No OLPs whatsoever were de-

tected in Olig2 null mice (G, G0, J, and J0 ).
(E0–G0) and (H0–J0) are high-magnification views of the areas marked in (E)–(G)

and (H)–(J), respectively.

(K–N) Olig2 expression constructs together with a GFP expression vector were

electroporated into HH12–14 chick neural tubes, and electroporated cells

were visualized 48 hr later by GFP immunolabeling (green). Ectopic Sox10

expression (blue, arrows) was induced by transfected Olig2S147A (M and N),

but not by Olig2WT (K and L).

Scale bars, 80 mm (A–D); 50 mm (E–J0); 100 mm (K–N). See also Figure S4.
due to the lack of MNs.) Myelin basic protein (MBP)-positive OLs

formed in these mutant cell cultures as in wild-type cultures,

demonstrating that S147 phosphorylation is not absolutely

required for OL lineage progression (Figure S4).

To examine OLP-inducing activity further, we electroporated

Olig2WT or Olig2S147A expression vectors into chick neural

tube. It has been reported that Olig2WT can induce expression

of OLP markers in the dorsal neural tube, after a delay of around

4 days post-electroporation (Liu et al., 2007). We found that

forced expression of Olig2S147A induced dorsal SOX10 expres-

sion well ahead of this schedule at 48 hr post-electroporation

(Figures 5M and 5N). As expected, Olig2WT did not induce

SOX10 on this time scale (Figures 5K and 5L). Taken together,
our data suggest that OL fate is favored, even accelerated,

when OLIG2 is not phosphorylated on S147.

OLIG2S147A Favors OL Lineage Development
in Cultured P19 Cells
To investigate further the role of OLIG2-S147 phosphorylation in

neural fate determination, we turned to an in vitro assay using

P19 cells. This pluripotent embryonal carcinoma (EC)-derived

cell line can differentiate into different cell lineages under appro-

priate inductive conditions (Jones-Villeneuve et al., 1982, 1983).

For example, cell aggregation together with retinoic acid (RA)

treatment drives the differentiation of P19 cells toward a neural

fate, even as early as 4 hr postinduction (Berg and McBurney,

1990; Staines et al., 1996). We treated aggregated P19 cells

with RA together with the SHH small-molecule agonist

SHHAg1.2, a combination that can initiate MN development in

cultured embryonic stem (ES) cells (Wichterle et al., 2002). We

found that RA/SHHAg1.2 also induced the MN marker HB9 in

aggregated P19 cells (Figures 6A and 6B). Furthermore, this

treatment induced expression of proteoglycan NG2, which

marks OLPs (Figures 6E and 6F).

To study the influence of OLIG2 on neural differentiation of

P19 cells, we constructed two stable P19 lines that constitutively

expressed V5-tagged OLIG2WT or OLIG2S147A. Without

RA/SHHAg1.2 induction, both cell lines grew and behaved like

the parent P19 line. With RA/SHHAg1.2 induction, the P19-

OLIG2WT line produced significantly increased numbers of

HB9-positive cells (p < 0.001) and NG2-positive cells (p < 0.05)

compared to induced P19 control cells (Figures 6C and 6G).

This is in keeping with previous reports that constitutive expres-

sion of OLIG2WT can enhance the output of MNs and OL lineage

cells from ES cells (Du et al., 2006; Shin et al., 2007). Under

inducing conditions P19-OLIG2S147A cultures developed

a decreased number of HB9-positive cells (p < 0.05) compared

with control P19 cells (Figure 6D), demonstrating a dominant-

negative effect of the S147A mutant protein over endogenous,

wild-type OLIG2 (which is also present in the P19 lines). Strik-

ingly, P19-OLIG2S147A cells induced with RA/SHHAg1.2 gener-

ated many more NG2-positive cells compared to induced P19-

OLIG2WT (p < 0.001) or parental P19 (p < 0.001) lines (Figures

6F–6J). The induced NG2-positive cells also expressed SOX10

(Figure 6I) and MBP (Figure S5). These data provide strong

confirmation that loss of OLIG2-S147 phosphorylation directs

NSCs away from an MN fate toward the OL lineage.

DISCUSSION

We have shown that phosphorylation of OLIG2 on S147 is

required for the early functions of OLIG2 in neuroepithelial

patterning and MN specification but is subsequently dispensable

for OLP specification. We have also shown that S147 is phosphor-

ylated during MN specification in the ventral spinal cord, dephos-

phorylated at the onset of OLP production, and that that dephos-

phorylation switches the binding preference of OLIG2 away from

OLIG1/2 toward NGN2. We believe that this represents a key part

of the regulatory mechanism that operates through OLIG2 to

switch NSC fate from MNs to OLPs during ventral spinal cord

development. Other phosphorylation events might also be



important for the functional regulation of OLIG2, e.g., it was

recently shown that caseinkinase2 (CK2)-mediated phosphoryla-

tion is required for the oligodendrogenic activity of OLIG2 (Huillard

et al., 2010). Serine phosphorylation of NGN2 by glycogen syn-

thase kinase-3 (GSK3) has also been shown to promote MN spec-

ification by facilitating assembly of NGN2 into a transcriptional

complex with homeodomain factors LHX3 and ISL1/2 (Ma et al.,

2008). It seems that phosphorylation of bHLH proteins (and

perhaps other posttranslational modifications) might be

a common means of regulating cell fate and lineage progression.

OLIG2-S147 Phosphorylation and the MN-OL Fate
Switch
Our data reveal that gain or loss of a phosphate group on OLIG2-



cannot induce ectopic MNs in chick electroporation experi-

ments, yet can still induce the OL lineage marker Sox10. More-

over, Olig2S147A induces Sox10 on an accelerated time course

compared to Olig2WT, suggesting that Olig2S147A instructs

NSCs to ‘‘leapfrog’’ MN production and go straight to OLPs.

This separation between the MN- and OLP-inducing functions

of OLIG2 was also strikingly confirmed by cell culture experi-

ments; P19 cells (NSC-like) stably transfected with an Olig2S147A



absence of histone deacetylases 1 and/or 2 (HDAC1/2), OLP

formation in the ventral spinal cord is disrupted (Cunliffe and

Casaccia-Bonnefil, 2006; Ye et al., 2009; Li et al., 2009). It will

be important in the future to investigate the potential interactions

between OLIG2, HDACs, and other histone modifiers (e.g.,

methylases) and how these interactions might be influenced by

posttranslational modification.

The Role of PKA
Our study focused on reversible phosphorylation of OLIG2-

S147, an evolutionarily conserved site that is predicted to be

a PKA target. We provided evidence that OLIG2-S147 can be

phosphorylated by PKA in cultured Cos-7 cells and that dnPKA

inhibits phosphorylation. Despite this, we cannot conclude that

PKA is the only—or even the primary—protein serine kinase to

target S147 in vivo. For example, the consensus target sequence

for PKA (R[R/K]X[S/T]) can overlap with that of PKC ([R/K]X[S/T]U

[R/K]) (U, hydrophobic). Indeed, PKA and PKC are thought to

phosphorylate common acceptor sites on the bHLH proteins

HAND1 and HAND2 (Firulli et al., 2003).

Nevertheless, the fact that Olig2S147A mice failed to develop

MNs suggests that PKA might normally play a positive role in

MN development. This seems counter to the popular idea that

PKA negatively regulates the SHH pathway (Li et al., 1995;

Ruiz i Altaba, 1999; Epstein et al., 1996; Hammerschmidt et al.,

1996; Jacob and Briscoe, 2003). SHH signaling works through

the transcription factors GLI1–3, vertebrate homologs of

Drosophila Cubitus interruptus (Ci). SHH activates GLI3 (and

GLI2) by inducing its proteolytic conversion from a full-length

transcriptional activator into a truncated N-terminal repressor

(Ruppert et al., 1990; Dai et al., 1999; Wang et al., 2000). It is

believed that PKA phosphorylation stimulates GLI3 cleavage

(Wang et al., 2000; Tempe et al., 2006), which might underlie

the repressive action of PKA on SHH signaling since truncated

GLI3 represses the SHH pathway (Dai et al., 1999; Wang et al.,

2000; Bai et al., 2004; Tempe et al., 2006). GLI3 is not the only

component of the SHH pathway that can be PKA phosphory-

lated, and PKA has been shown to play a positive as well as

a negative role in SHH signaling. For example, in Drosophila,

PKA phosphorylation of SMO, the Hedgehog (HH) coreceptor,

promotes SMO accumulation on the primary cilium and triggers

HH pathway activation (Jia et al., 2004). Also, during limb devel-

opment, elevating PKA activity by Forskolin treatment or by in-

fecting with a retroviral PKA expression vector exerts a positive

effect on SHH signaling, resulting in an altered pattern of digits

(Tiecke et al., 2007).

We examined the effect of stimulating the PKA pathway in



1:20,000. Alexa Fluor secondary antibodies were from Invitrogen (used at

1:750 dilution). The in situ hybridization probes for mouse Sox10 and Pdgfra

were described previously (Tekki-Kessaris et al., 2001). The chick Sox10 probe

was generated by in vitro transcription from a plasmid containing a chick

Sox10 genomic fragment.

Mouse Lines

The Olig2 KO line was obtained from Charles Stiles (Dana Farber Cancer

Institute, Harvard Medical School) and David Rowitch (University of California,

San Francisco) (Lu et al., 2002). The Olig1/Olig2 double-null line (Olig1�/�,

Olig2GFP/GFP
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