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Recent studies suggest that specific neural basic helix-loop-helix (HLH; i.e., Olig1 and Olig2, Mash1), associated inhibitory HLH (i.e., Id2
and Id4), high-mobility group domain (i.e., Sox10), and homeodomain (i.e., Nkx2.2) transcription factors are involved in oligodendrocyte
(OL) lineage specification and progressive stages of maturation including myelination. However, the developmental interplay among
these lineage-selective determinants, in a cell- and maturational stage-specific context, has not yet been defined. We show here in vivo and
in vitro developmental expression profiles for these distinct classes of transcriptional regulators of OLs. We show that progressive stages
of OL lineage maturation are characterized by dynamic changes in the subcellular distribution of these transcription factors and by
different permutations of combinatorial transcriptional codes. Transient transfections of these precise combinatorial codes with a
luciferase reporter gene driven by the myelin basic protein promoter define how changes in the molecular composition of these tran-
scriptional complexes modulate myelin gene expression. Our overall findings suggest that the dynamic interplay between developmental
stage-specific classes of transcriptional activators and associated inhibitory factors orchestrate myelin gene expression during terminal
maturation of the mammalian CNS.
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Introduction
The expression of patterning genes, predominantly homeodo-
main (HD) transcription factors, initially subdivides the neuraxis
into distinct progenitor domains from which specific neuronal
and glial subtypes are sequentially elaborated (Gunhaga et al.,
2000; Novitch et al., 2001). Later, in concert with basic helix-
loop-helix (bHLH) factors, these patterning genes orchestrate the
timely elaboration of developmentally coupled neurons and glia.
Olig2 coordinates the acquisition of pan-neuronal traits and mo-
tor neuron subtype specification within the spinal cord and pro-
motes the expression of another bHLH factor, Neurogenin2

(Ngn2), which in turn reinforces the neuronal subtype specific
developmental program (Mizuguchi et al., 2001; Novitch et al.,
2001; Sun et al., 2001; Zhou and Anderson, 2002). Spinal-cord
oligodendrocytes (OLs) are also elaborated within this domain
after the extinction of Ngn2 (Tanagaki et al., 2001; Zhou and
Anderson, 2002) and a dorsal shift of the HD protein Nkx2.2 into
the Olig2�/Nkx2.2� domain (Mizuguchi et al., 2001; Novitch et
al., 2001; Sun et al., 2001; Zhou and Anderson, 2002). Genetic
analysis has shown that Nkx2.2 is required for OL terminal dif-
ferentiation (Qi et al., 2001), whereas Olig1 is important for OL
specification throughout the neuraxis (Alberta et al., 2001; Lu et
al., 2002; Zhou and Anderson, 2002). Cerebral cortical OLs also
arise from ventral forebrain progenitors that are initially specified
by sonic hedgehog (Shh) (He et al., 2001; Tekki-Kessaris et al.,
2001; Yung et al., 2002; Ivanova et al., 2003). Recently, we pro-
vided evidence for Olig2 and Mash1 being involved in ventral
forebrain stem cell lineage restriction through the elaboration of
Shh-responsive intermediate progenitors that sequentially give
rise to GABAergic neurons and later to OLs after tangential cor-
tical migration under the influence of developmentally modu-
lated bone morphogenetic protein (BMP) signals (Yung et al.,
2002). Furthermore, inhibitory HLH transcription factors of the
inhibitor of differentiation (Id) family, particularly Id2 and Id4,
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modulate the OL developmental timer that couples OL progeni-
tor cell proliferation to cell-cycle exit and early OL terminal dif-
ferentiation (Kondo and Raff, 2000a; Wang et al., 2001). Id pro-
teins are known to bind and to sequester ubiquitous class “A”
bHLH factors, thereby preventing heterodimerization with neu-
ral (class “B”) bHLH factors that modulate the activation of OL-
specific downstream developmental genes (Ross et al., 2003).

The myelin basic protein (MBP) promoter contains consen-
sus sequences for Nkx2.2, for class A (E2A) bHLH proteins, and
for high-mobility group (HMG) factors such as Sox10 (Stolt et
al., 2002). Overexpression of Nkx2.2 induces expression of mye-
lin genes (Qi et al., 2001). In addition, E2A proteins can also
recruit appropriate class B bHLH proteins to form active tran-
scriptional complexes with specific HD proteins at promoter sites
of appropriate target genes (Poulin et al., 2000). Furthermore,
Sox10 activates expression from the MBP promoter by forming
both homodimers and heterodimers with Sox8 at Sox10 response
elements (Stolt et al., 2004). Together, these data suggest that
Nkx2.2, specific classes of HLH proteins, and HMG factors such
as Sox10 have the potential to differentially modulate the activa-
tion of the MBP promoter.

Materials and Methods
Neural progenitor cell cultures. Early embryonic [embryonic day 12
(E12)] multipotent and more lineage-restricted progenitor species de-
rived from the dorsal forebrain were plated at clonal density (15– 40
cells/cm 2), propagated in serum-free media containing a specified factor
for various time intervals, and subsequently examined by immunofluo-
rescence microscopy to define neural lineage profiles and expression of
selected transcription factors and to detect cellular proliferation [10 �M

bromodeoxyuridine (BrdU), added 3 h before fixation] as described pre-
viously (Zhu et al., 1999; Mehler et al., 2000). Multipotent progenitor
clones were generated by application of basic fibroblast growth factor
(bFGF; 10 ng/ml), and lineage-restricted neuronal–OL clones were gen-
erated by application of bFGF and the N-terminal active form of Shh
(N-Shh; 50 ng/ml) (Yung et al., 2002). Cortical neuroblasts were gener-
ated from neuronal–OL progenitors by the application of BMP2 (10
ng/ml) for 2 d in vitro (DIV) (Yung et al., 2002). OL precursor cells were
generated from post-migratory stage (E17) cortical progenitors using
NG2 immunoselection as described previously (Marmur et al., 1998a,b).
Early-stage OL progenitors were generated from OL precursor species by
the application of platelet-derived growth factor (PDGF; 10 ng/ml) for 2
DIV. Late-stage OL progenitors were generated by application of PDGF
to OL precursor species for 4 DIV. Postmitotic OLs were generated from
late-stage OL progenitors by withdrawal of PDGF for an additional 2 DIV
(Kondo and Raff, 2000c). We followed Institutional Animal Care and
Use Committee guidelines for experiments in which primary mouse tis-
sue specimens were used.

Cell line cultures. NIH3T3 cells were grown in DMEM supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate,
100 U/ml penicillin, and 100 g/ml streptomycin. The mouse OL precur-
sor cell line Oli-neu (Jung et al., 1995) was a kind gift from Dr. J. Trotter
(University of Mainz, Mainz, Germany). Cells were grown on poly-L-
lysine-coated culture dishes. The immature Oli-neu cells were main-
tained in growth medium consisting of DMEM supplemented with 2 mM

L-glutamine, 1 mM sodium pyruvate, 10 ng/ml biotin, 100 �g/ml apo-
transferrin, 100 �M putrescine, 20 nM progesterone, 30 nM sodium selen-
ite, 5 �g/ml insulin, 1% horse serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin. Differentiation was induced by switching the cells to a
medium containing 1 mM dibutyril-cAMP (Sigma, St. Louis, MO), as
described previously (Jung et al., 1995). NIH3T3 and Oli-neu cells were
maintained at 37°C in 5% CO2 in a humid atmosphere.

Immunofluorescence microscopic analysis was performed as de-
scribed previously (Marmur et al., 1998a,b).

Specific antibody preparations. Olig1 and Olig2 [rabbit, rIg, 1:500] were
gifts from D. Rowitch (Dana-Farber Cancer Institute, Boston, MA), H.
Takebayashi (Kyoto University, Kyoto, Japan), and M. Nakafuku (Uni-

versity of Tokyo, Tokyo, Japan), respectively. These antibodies exhibit
complete immunoreactivity for mouse cells and tissue sections, and each
antibody exhibits a complete absence of cross-reactivity as judged by
immunoassay techniques using individual Olig protein-producing cell
lines. The additional antibodies used included the forebrain bHLH factor
Mash1 (mouse, mIgG1, 1:250; PharMingen, San Diego, CA), the inhib-
itory HLH transcription factors Id2 and Id4 (rabbit rIg, 1:100; Santa Cruz
Biotechnology, Santa Cruz, CA), the HD transcription factor Nkx2.2
(1:100, mouse, IgG2b; Developmental Studies Hybridoma Bank, Iowa
City, IA), the HMG transcription factor Sox10 (guinea pig Ig, 1:3000; a
gift from M. Wegner, University of Erlangen, Erlangen, Germany), the
class A bHLH factor E47 (rabbit, rIg, 1:100; Santa Cruz Biotechnology),
the neuroepithelial marker nestin (mIgG1, 1:200; PharMingen), the neu-
ral progenitor factor Musashi1 (rat Ig, 1:500; provided by H. Okano, Keio
University, Tokyo, Japan), the OL precursor marker NG2 (rIg, 1:3500 or
mIg, 1:500; provided by W. B. Stallcup, Burnham Institute, La Jolla, CA),
the OL progenitor marker O4 (mIgM, 1:4), the postmitotic OL markers
GC/O1 (mIgM, 1:50; provided by M. Noble, University of Rochester,
Rochester, NY) and MBP (mIgG2b, 1:500; Sternberger Monoclonals,
Berkeley, CA), the OL marker anti-adenomatous polyposis coli (APC)
mouse monoclonal antibody clone CC-1 (mIgG2b, 1:200; Calbiochem,
La Jolla, CA), the early neuronal marker type III �-tubulin (mIgG2b,
1:400; Sigma), and nuclear and cell-cycle-associated reagents BrdU
(mIgG1, 1:400; Novocastra, Newcastle upon Tyne, UK) and Hoechst
33342 (2 �g/ml). All antibody preparations were tested for specificity as
outlined above.

Growth factor preparations. To generate the various stem, progenitor,
and more-differentiated neuronal and OL lineage species for immuno-
cytochemical analysis, the following growth factor preparations were
used: recombinant bFGF (Collaborative Biomedical Products, Bedford,
MA), PDGF-AA (R & D Systems, Minneapolis, MN), BMP2 (a gift from
Genetics Institute, Cambridge, MA), noggin (a gift from Regeneron,
Tarrytown, NY), and N-Shh (a gift from Curis, Cambridge, MA).

Transfection and luciferase reporter assays. Cells were plated at a density
of 1.4 � 10 5 cells/well in 6-well dishes the day before transfection. Cul-
tures were transfected with Flag-tagged Id2 and Id4 constructs inserted
into the pCE4F-EBNA vector (provided by Dr. B. Christy, University of
Texas, San Antonio, TX), HA-tagged Olig1, Flag-tagged Olig2 constructs
inserted into pcDNA3.1 (provided by Dr. H. Takebayashi), c-myc-
tagged Nkx2.2 construct inserted into pcDNA3.1B (provided by Dr. D.
Rowitch), Sox10, Mash1, and E47 full-length coding sequences that were
inserted into pcDNA3.1. The MBP promoter (Miskimins et al., 2002),
from �1323 to �30 upstream of the luciferase coding region in
pGL3Basic was provided by Dr. R. Miskimins (University of South Da-
kota, Vermillion, SD). The NeuroD promoter was provided by Dr. K.
Nave (Max Planck Institute, Goettingen, Germany). Transfections were
performed using FuGene 6 (Roche, Welwyn Garden City, UK) according
to the manufacturer protocol. Briefly, 3 �l of FuGene 6 reagent was used
for every 2 �g of transfected DNA in 100 �l of DMEM. Transfections
were performed using a total of 3.5 �g of cDNA, 0.5 �g of reporter DNA,
and the remaining 3.0 �g varied depending on the combination tested.
When a single factor was transfected, 0.5 �g corresponded to the cDNA
encoding for that specific molecule, and the remaining 2.5 �g was
pCDNA3. When a combination of six transcription factors was tested,
each cDNA was 0.5 �g. The relative ratio between the cDNA/reporter
DNA was 6:1. For pcDNA3, the total amount of transfected DNA was 3.0
�g to match the total amount of DNA transfected when multiple com-
binations of transcription factors were tested. The FuGene 6 –DNA
mixture was incubated for 30 min at room temperature and added to
the cells. Cells remained in transfection medium for 48 h, after which
the cells were processed for luciferase reporter assays. Assays were
performed using a luciferase reporter assay system (Promega, Madi-
son, WI) according to the manufacturer’s protocol. Activity was mea-
sured in a TD20/20 luminometer (Turner Designs, Sunnyvale, CA)
and normalized for protein content. The activity of the promoter was
also normalized for transfection efficiency using a Renilla luciferase
and showed high reproducibility of the results. No difference was
found in normalizations performed using counts for cotransfected
Renilla luciferase.
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Western blot analysis was performed as described previously (Liu et
al., 2005) using Nkx2.2 antibodies (Ericson et al., 1997) and appropriate
antibody preabsorption with antigen and additional controls.

Results
Regional and cellular expression of neural bHLH, inhibitory
HLH, HD, and HMG transcription factors within the
embryonic forebrain suggest distinct roles for these factors in
progressive OL lineage maturation from ventral forebrain
stem cells
To begin to examine the role of bHLH and HD transcription
factors in mediating cerebral cortical OL lineage elaboration
from ventral forebrain stem and progenitor cells, we initially per-
formed immunocytochemical analysis on embryonic forebrain
tissue sections using Olig1, Olig2, Mash1, and Nkx2.2 antibodies.
Olig1 is not expressed during early embryonic forebrain stages
(Fig.1A1,A2, E10 and E13) and exhibits initial expression only
within the cortical subventricular zone (SVZ) and cerebral cortex
after tangential cortical migration (Yung et al., 2002) (Fig. 1A3,
E17). In contrast, Olig2 is expressed initially within the medial
(MGE) and the lateral (LGE) ganglionic eminences of the ventral
forebrain at the initiation of tangential cortical migration (Fig.
1B1,B2, E10 versus E13) and within the post-migratory stage
cortical SVZ and cerebral cortex (Fig. 1B3, E17). Furthermore,
Mash1 is expressed initially before Olig2 in the early embryonic
ventral forebrain (Fig. 1C1, E10) and in a similar pattern to Olig2
in the MGE and LGE at the time of tangential cortical migration
(Fig. 1C2, E13). In contrast to the expression profiles of Olig2,

Mash1 is only present within the post-
migratory stage cortical SVZ (Fig. 1C3,
E17). Finally, Nkx2.2 is transiently ex-
pressed within the posterolateral region of
the early embryonic ventral forebrain (Fig.
1D1, E10), and its expression is negligible
within the mid-embryonic forebrain
(Fig.1D2,D3, E13 and E17). These distinc-
tive regional and developmental expres-
sion profiles suggest that Olig2 plays an
earlier and broader role than Olig1 in ini-
tial ventral forebrain stem cell lineage re-
striction and in progressive neural lineage
specification within pre-migratory stage
MGE and LGE progenitor cells and addi-
tional, more-advanced developmental
functions within post-migratory cortical
SVZ progenitors derived from the ven-
tral forebrain in concert with Olig1.
Mash1 seems to play a complementary
role to that of Olig2 and an additional
earlier role in ventral forebrain pattern-
ing and a more-delimited role in later
stages of OL lineage specification. Fur-
thermore, the expression profiles of
Nkx2.2 suggest an early role in regional
ventral forebrain patterning and a dis-
tinctive later role in cortical OL lineage
maturation. Finally, the embryonic
forebrain expression profiles of Id2, Id4,
and Sox10 suggest early roles for these
inhibitory HLH proteins in ventral fore-
brain stem cell lineage progression and
OL progenitor lineage elaboration and
for Sox10 in coupling these initial spec-
ification events with later OL matura-

tional processes (Woodruff et al., 2001; Ross et al., 2003).
To further define the roles of these selective classes of tran-

scription factors in OL lineage elaboration from ventral forebrain
progenitor species, we performed immunocytochemical analysis
on dissociated cellular preparations derived from the ventral
forebrain before tangential cortical migration using Olig1, Olig2,
Mash1, Id2, Id4, Sox10, and Nkx2.2 antibodies. Early embryonic
(E12.5) ventral forebrain FGF-responsive neural stem cells ex-
press high levels of the neuroepithelial marker nestin (Fig. 2A)
and of the inhibitory HLH factors Id2 and Id4 (Fig. 2D,E), but
they do not express Olig2, Mash1, or Sox10 proteins (Fig.
2B,C,F). Coapplication of bFGF and Shh to these cells results in
the continued expression of nestin (data not shown) and the
RNA-binding protein Musashi1 (Fig. 2G) (Kaneko et al., 2000;
Imai et al., 2001) but the absence of expression of neuronal, OL,
or astroglial lineage markers (data not shown). Under these early
differentiating conditions but before the overt expression of neu-
ronal and glial lineage markers, these neuronal–OL lineage-
restricted progenitors (Yung et al., 2002) now display selective
nuclear expression of Olig2, Mash1 (Fig. 2H, I), and Id4 (Fig.
2K), whereas Id2 remains predominantly cytosolic (Fig. 2 J). Our
previously published observations confirm that Shh-mediated
lineage restriction of early embryonic ventral forebrain stem cells
to GABAergic neuronal–OL progenitors is mediated in part by
the induction of Olig2 with Mash1 (Yung et al., 2002). Putative
neuronal precursors of cortical GABAergic neurons derived from
post-migratory cortical SVZ progenitors continue to express

Figure 1. Regional and temporal expression profiles of specific bHLH (Olig1, Olig2, and Mash1) and HD (Nkx2.2) transcription
factors within the embryonic forebrain suggest complementary roles for Olig2 and Mash1 in ventral forebrain stem-cell lineage
restriction and for Olig1 in OL lineage specification. A–D, Comparative immunofluorescence microscopy of Olig1 (A), Olig2 (B),
Mash1 (C), and Nkx2.2 (D) protein expression in transverse (A1, B1, C1, D1) and coronal (A2, A3, B2, B3, C2, C3, D2, D3) sections
of embryonic (E10, E13, and E17) mouse forebrain using Olig1, Olig2, Mash1, and Nkx2.2 antibodies. Olig1 is not expressed at early
embryonic forebrain stages (A1, A2) and exhibits initial expression only at a time consistent with the developmental stage after
tangential cortical migration within the cortical SVZ and cerebral cortex (CTX) (A3). In contrast, Olig2 is initially expressed within
the MGE and LGE of the ventral forebrain at the time of tangential cortical migration (B2 vs B1) and within the cortical SVZ and CTX
after tangential migration (B3). Mash1 is initially expressed before Olig2 in the early embryonic ventral forebrain (C1) and in a
similar pattern to Olig2 in the MGE and LGE at the time of tangential cortical migration (C2). Like Olig2, Mash1 is expressed at a time
consistent with the developmental stage after tangential cortical migration within the cortical SVZ and CTX (C3). In contrast,
Nkx2.2 is transiently expressed in the early embryonic posterolateral region of the ventral forebrain (D1) and exhibits negligible
expression in later stages of embryonic forebrain development (D2, D3).
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Figure 3. Regional and temporal expression profiles of Olig1, Olig2, Mash1, Nkx2.2, and Sox10 during early postnatal cerebral cortical development suggest distinct roles for these transcription
factors in OL lineage commitment and progressive OL maturation. A, B, Comparative immunofluorescence microscopy of Olig1, Olig2, Mash1, Nkx2.2, and Sox10 protein expression in coronal
sections of early postnatal [P0 (A) and P6 (B)] mouse cerebral cortex (CTX) using Olig1, Olig2, Mash1, Nkx2.2, and Sox 10 antibodies reveals that although Olig1, Olig2, and Sox10 are expressed in both
the SVZ and CTX (A), Mash1 and Nkx2.2 expression is only detected in the developing CTX but not in the SVZ (A). However, during later stages of postnatal cortical development, both Mash1 and
Nkx2.2 expression are detected within the subcortical white matter (SCWM) in parallel with the initiation of OL lineage maturation (B).

Figure 2. Cellular expression profiles of Olig2 and Mash1 support complementary roles for these transcription factors in orchestrating neuronal–OL lineage restriction of ventral forebrain stem
cells. A–R, Immunofluorescence microscopy analysis of transcription factor expression within neural progenitors derived from early embryonic ventral forebrain self-renewing multipotent
progenitors (Nestin�; A) reveals the absence of Olig2 (B) and Mash1 (C) expression in these cells. However, Shh-mediated neuronal–OL lineage restriction in vitro is accompanied by the induction
of nuclear expression of Olig2 (H ) and Mash1 (I ). These neuronal–OL progenitors (Musashi1�; G) sequentially give rise to �tubulin� neuroblasts (M ) that are the likely precursors of cortical
GABAergic neurons and later to OL precursor species under the influence of developmentally modulated BMP signals (Yung et al., 2002). It is important to note that �tubulin� neuroblasts exhibit
nuclear expression of both Olig2 (N ) and Mash1 (O). During these progressive stages of neuronal–OL lineage elaboration, inhibitory HLH proteins display consistent expression profiles in cytosolic
(Id2; D, J, P) and nuclear (Id4; E, K, Q) compartments, respectively. In contrast, the expression of HMG protein Sox 10 was noted to be absent in all of these developmental stages (F, L, R).
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Olig2 and Mash1 (Fig. 2N,O) but have undetectable levels of
Sox10 (Fig. 2R) and Nkx2.2 (data not shown). These cumulative
observations suggest that specific combinations of bHLH, inhib-
itory HLH, HD, and HMG transcription factors orchestrate a
distinct spectrum of cellular events associated with ventral fore-
brain patterning, neuronal–OL lineage restriction of embryonic

ventral forebrain stem cells, and later in
neuronal and glial lineage elaboration.

The regional and temporal forebrain
expression profiles of neural bHLH,
inhibitory HLH, HD, and HMG
transcription factors within the early
postnatal cerebral cortex suggest
distinctive roles for these factors in OL
lineage elaboration and OL maturation
To further examine the in vivo expression
profiles of specific neural bHLH, inhibi-
tory HLH, HD, and HMG factors during
early postnatal cortical development, we
performed immunofluorescence micro-
scopic analysis of coronal sections ob-
tained from early postnatal stage [postna-
tal day 0 (P0) and P6] mouse brains. At P0,
Olig1 and Olig2, Id2 and Id4, and Sox10
are expressed within both the cortical SVZ
and cerebral cortex (Fig. 3A). Interest-
ingly, only Id2 and Id4 display predomi-
nantly cytosolic expression profiles (Fig.
3A). In contrast, Mash1 and Nkx2.2 are
only observed within cerebral cortical re-
gions (Fig. 3A). At P6, Mash1 and Nkx2.2
are also detected in the subcortical white-
matter tracts, although Nkx2.2 expression
is predominantly cytosolic (Fig. 3B)
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
These additional in vivo expression pro-
files suggest that Olig1and Olig2 together
with Id2 and Id4 are involved in OL lin-
eage specification, whereas Nkx2.2, Sox10,
and Mash1 have distinct roles in cortical
OL maturation. We also performed colo-
calization studies during more-advanced
stages of cortical development by using
the OL cell somal marker APC in conjunc-
tion with suitable antibody isotypes for
different HLH factors (Fig. 4). Our studies
demonstrate the complete overlap of
APC with Id2 (Fig. 4C�), Id4 (F�), and
Mash1 (I�).

Distinct combinatorial transcriptional
complexes are identified in proliferating
and differentiated Oli-neu cells, thus
validating this cell line as a suitable model
system for characterization of myelin
gene expression
Myelin gene expression is characteristic of
differentiating OL and is likely affected by
the presence of specific transcription fac-
tors. To validate the use of the Oli-neu
progenitor cell line (Jung et al., 1995) as a

suitable model system for the functional studies of transcrip-
tional codes, we have adopted a multidisciplinary experimental
approach. First, we show that the antigenic profile of Oli-neu cells
at sequential stages of maturation resembles that of cells of the OL
lineage. Undifferentiated Oli-neu progenitors express NG2 but
do not express MBP or other late differentiation markers (Fig.

Figure 4. Cellular expression profiles of Id2, Id4, and Mash1 in OLs localized to the intermediate zone and the subcortical white
matter of P14 mouse brain. A–I, Comparative immunofluorescence microscopy of Id2 (A–C), Id4 (D–F ), and Mash1 (G, H )
expression in coronal sections of P14 mouse cerebral cortex using Id2, Id4, and Mash1 antibodies in combination with the OL
marker anti-APC mouse monoclonal antibody clone CC-1 reveals complete overlap of Id2 (C), Id4 (F ), and Mash1 (I ) at OL cell
bodies. C�, F�, and I� are high-resolution images of OL cell bodies displaying cytoplasmic staining for Id2, Id4, and Mash1. APC
(FITC; A, D, G), Id2 (B), Id4 (E), and Mash1 (H; tetramethylrhodamine isothiocyanate) with Hoechst 33342 (UV) are shown. IZ,
Intermediate zone; SCWM, subcortical white matter.

Figure 5. Characterization of the Oli-neu cells as a model system for studying myelin gene expression. Antigenic characteriza-
tion of Oli-neu cells maintained in differentiating conditions for 1, 3, or 7 d. Immunocytochemistry with antibodies against NG2,
O4, GalC, and MBP reveals the progressive acquisition of late OL differentiation markers. Note that the MBP can be detected only
after 7 d in differentiation medium (A). Reverse transcription (RT)-PCR of RNA samples isolated from Oli-neu cells at the same
stages of differentiation is shown. The cDNA is amplified with primers for CGT, MBP, and PLP and actin is used as an internal control.
Note the very low levels of MBP and of the DM20 isoform of PLP detected at day 1. The levels of MBP expression increase after 3 d
and 7 d in differentiation medium (B). The progressive expression of differentiation markers is also reflected in a progressive
increase in the basal activity of a luciferase reporter gene driven by the MBP promoter (C). Immature Oli-neu cells were transfected
with the reporter construct, and the cells were later induced to differentiate for 1, 3, and 7 d. Note the progressive increase in
luciferase activity, reflecting the increase in basal promoter activity as the cells differentiated (C). The progressive increase in
myelin gene expression was associated with a stage-specific pattern of expression of distinct families of transcription factors as
detected by RT-PCR (D) and by immunocytochemistry (E).
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5A,B). However, as these cells are allowed
to differentiate, they begin to express my-
elin genes, including ceramide galactosyl-
transferase (CGT), MBP, and proteolipid
protein (PLP) (Fig. 5B). We then demon-
strate a progressive increase in expression
and activity of the luciferase reporter gene
driven by the 1.3 kb MBP promoter
(MBP-Luc) sequence (Miskimins et al.,
2002). As expected, transfection of pro-
genitor cells with the MBP-Luc results in
very low basal activity that progressively in-
creases as the cells differentiate (Fig. 5C). Fi-
nally, we observe that the progressive in-
crease in myelin gene promoter activity is
accompanied by corresponding changes in
RNA levels (Fig. 5D) and protein expression
patterns (Fig. 5E) of specific families of tran-
scription factors, including bHLH, ho-
meobox, and HMG-containing proteins.
Together, these data suggest that specific
transcriptional codes identify sequential
stages of OL differentiation.

Distinct combinatorial transcriptional
complexes differentially regulate MBP
promoter activity during
OL differentiation
To further define the roles of these neural
bHLH, inhibitory HLH, HD, and HMG
transcription factors in mediating OL lin-
eage elaboration and maturation, we ob-
tained early proliferative OL precursors
from the SVZ (NG2�/O4�) and per-
formed a detailed immunocytochemical
analysis on dissociated cellular prepara-
tions after the implementation of subse-
quent OL maturational paradigms
(Kondo and Raff, 2000c). At the OL pre-
cursor (NG2�/O4�) stage, cells express
Olig2, Id2, Id4, and Sox10 but have unde-
tectable levels of Olig1, Nkx2.2, and
Mash1 (Fig. 6A–J). To address the role of these transcription
factors for myelin gene expression, we expressed them both indi-
vidually and in stage-specific combinations in immature Oli-neu
cells and assayed the activity of the luciferase reporter gene. Cul-
tures transfected with the same amount of pcDNA3 were used as
control for the endogenous levels of MBP promoter activity, and
the fidelity of gene introduction was verified by Western blot
analysis using antibodies for the appropriate primary factor or
epitope-tagged gene construct (data not shown). The effect of the
different transcription factors was then expressed as fold changes
over the activity detected in pcDNA3-transfected immature Oli-
neu cells (Fig. 6K). When single factors present at the NG2�/
O4� precursor stage were cotransfected in immature Oli-neu
cells with the MBP-promoter, only Sox 10 was able to activate the
MBP promoter sevenfold over the baseline (x � 7.2 � 0.5; n � 6),
whereas the class B bHLH protein Olig2 (x � �0.4 � 0.02; n � 6)
or the class A bHLH protein E47 (x � �0.23 � 0.008; n � 6)
alone or in combination were unable to activate the promoter
(Fig. 6K). In contrast, when Olig2 and E47 were cotransfected
with Sox10, there was a synergistic and statistically significant
increase in the activity of the MBP promoter (x � 19.9 � 3.2; n �

6). Because at the NG2 precursor stage the presence of the inhib-
itory HLH factors Id2 and Id4 was quite prominent, we asked
whether their inhibitory effects prevailed over the activation of
the promoter observed. Indeed, the expression of Id2 and Id4
with Olig2/Sox10/E47 prevented the synergistic activation of the
promoter (x � 6.7 � 0.24-fold; n � 3) and reduced the MBP pro-
moter activity to that observed in the presence of Sox10 alone (Fig.
6K). These data suggest that at the NG2�/O4� stage, Id2 and Id4
exert an inhibitory control over the function of Olig2 and E47.

At the early OL progenitor (NG2�/O4�) stage, cells continue
to express Olig2, Id2, Id4, and Sox10 but now also display nuclear
expression of Olig1 and Mash1 (Fig. 7A–J). Therefore, single
factors expressed at this stage, such as Mash1 or Olig1, were ex-
pressed in immature Oli-neu cells alone or in combination (Fig.
7K). Mash1 overexpression increased the MBP promoter activity
sixfold over baseline (x � 5.8 � 0.3; n � 6), whereas Olig1 did not
activate the promoter (x � 1.0 � 0.1-fold; n � 6) (Fig. 7K). The
combination of Olig1/Olig2/Mash1 reversed the inductive effect
of Mash1 alone (x � �0.9 � 0.04; n � 6) (Fig. 7K). However,
when these same factors were expressed together with the rele-
vant heterodimeric binding partner E47, a synergistic activation
of the promoter was observed (x � 10.6 � 2.9-fold over baseline;

Figure 6. The combinatorial transcriptional code expressed at the OL precursor stage of OL lineage elaboration is characterized
by the presence of Olig2 and Sox10 and by the inhibitory activity of Id2 and Id4. Immunofluorescence microscopy of transcription
factor expression in OL precursors derived from E17 cortical SVZ progenitors (A–J ) reveals that NG2�/O4� OL precursors (A, F )
express Olig2 (C), Id2 (G), Id4 (H ), and Sox10 (I ) but not Olig1 (B), Nkx2.2 (D), Mash1 (E), or MBP (J ). When this combination of
transcription factors is transiently transfected in the immature Oli-neu cells together with the MBP promoter driving a luciferase
reporter gene, the result is a net activation of the promoter that is equivalent to that observed in cells transfected with Sox10 alone
(K ). In the absence of the inhibitory proteins Id2 and Id4, Olig2, and Sox10 are able to activate the promoter, thus suggesting that
the NG2 developmental stage is characterized by the predominant inhibitory effect of the Ids. Each bar graph represents the mean
of three to six experiments (*p � 0.0001).
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n � 6). Cotransfection of Sox10 enhanced the synergism to a
19 � 1.8-fold activation over baseline in the absence of E47 (n �
6) and 30.5 � 4.3-fold in the presence of E47 (n � 9). Interest-
ingly, at this later OL developmental stage, the inhibitory proteins
Id2 and Id4, when expressed together with this activating combi-
nation, only modestly inhibited the promoter activity (Fig. 7K).
Together, these data suggest that at the early OL progenitor stage,
the additional expression of Olig1 and Mash1 together with Olig2
and Sox10 allows near optimal myelin gene expression even in
the presence of the inhibitory HLH factors Id2 and Id4.

At later stages of development, OL progenitors (NG2�/O4�)
acquire Nkx2.2 nuclear expression while exhibiting decreasing
levels of expression of nuclear-localized Id2 and Id4 (Fig. 8A–J).
Therefore, we first transfected Nkx2.2. alone in immature Oli-
neu cultures and assessed the consequences for MBP promoter
activity (Fig. 8K). The difference in luciferase activity between
Nkx2.2 overexpressors and pcDNA3 controls was not statistically
significant (x � �0.64 � 0.07; n � 6). In contrast, a statistically
significant decrease in promoter activity was observed in cells

coexpressing Nkx2.2 with Sox10, because
the activity decreases from x � 7.2 � 0.5 in
the absence of Nkx2.2. to x � �0.9 � 0.01
in the presence of Nkx2.2 (Fig. 8K). The
inhibitory effect of Nkx2.2 was even more
evident when it was cotransfected with the
combinatorial codes Olig1/Olig2/Mash1/
E47 or Olig1/Olig2/Mash1/Sox10 (Fig.
8K). Intriguingly, however, no inhibition
of promoter activity was observed when
Nkx2.2 was coexpressed with the combi-
natorial transcription code detected at the
late NG2�/O4� stage. When the combi-
nation Olig1/Olig2/Mash1/Sox10/E47
was transfected in the immature Oli-neu
cells, the activity of the MBP promoter in-
creased 30-fold compared with controls,
regardless of the presence of Nkx2.2 (Fig.
8K). Together, these data suggest that al-
though Nkx2.2 has the ability to repress the
MBP promoter, its functional role is defined
by the combinatorial transcriptional code
present at specific stages of OL development.

As OL cells mature and acquire
GalC/O1 expression, they continue to dis-
play predominantly nuclear expression of
Sox10, and they exhibit both nuclear and
cytoplasmic localization of Olig2, Mash1,
and Nkx2.2 and predominantly cytoplas-
mic expression of Olig1, Id2, and Id4 (Fig.
9A–I). If the combination of transcription
factors observed at this developmental
stage (i.e., Olig2/Mash1/Sox10/E47) is
transfected in immature Oli-neu cells, the
activity of the MBP promoter is signifi-
cantly increased in the absence (x � 9.0 �
0.7; n � 6) or presence (x � 15.2 � 1.7;
n � 6) of Nkx2.2. To further assess the
functional significance of these data, we
also expressed the Olig2/Mash1/Sox10/
E47 combination in immature Oli-neu
cells and demonstrate that this combina-
torial transcription factor code is suffi-
cient to activate the endogenous promoter

(Fig. 9J) and results in MBP expression (Fig. 9K,L) in cells that
would normally not express this protein at the immature stage of
development.

Together, these data indicate that specific permutations of
transcription factors regulate myelin gene expression at sequen-
tial developmental stages. Olig1 nuclear expression is essential to
permit maximal activation of the MBP promoter in late O4 pro-
genitors. Nkx2.2 seems to switch developmental roles from that
of a transcriptional repressor, in the early OL progenitor stage to
that of a transcriptional activator at later OL developmental
stages. This is indicative of the degree of developmental plasticity
inherent in the OL-specific program of transcriptional regulation
of myelin gene expression.

The OL developmental transcription factor code is selective
for the MBP promoter and also induces gene activation in
nonmyelinating cells
The Oli-neu cell line has been characterized previously as an OL
precursor line (Jung et al.1995), and therefore it could be argued

Figure 7. The combinatorial transcriptional code expressed at the early OL progenitor stage of OL lineage elaboration is
characterized by the presence of Olig1, Olig2, and Mash1 that together with Sox10 and E47 activate the MBP promoter even in the
presence of Id2 and Id4. Immunofluorescence microscopy of transcription factor expression at the early O4� OL progenitor stage
(A, J ) reveals the presence of Olig1 (B) and Olig2 (C) together with Mash1 (E), Id2 (G), Id4 (H ), and Sox10 (I ) in the absence of MBP
staining (J ). These cells continue to express NG2 (F ). When the same combination of transcription factors is transiently transfected
in the immature Oli-neu cells together with the MBP promoter driving a luciferase reporter gene (K ), the result is a statistically
significant (*p � 0.0001) activation of the promoter. In the absence of Id2 and Id4, the activity was even higher, thus suggesting
that the presence of Olig1 and Mash1 renders the promoter more resilient to the inhibitory activity of the Id proteins. Each bar
graph represents the average of six to nine independent determinations (K ).
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that the effect of introduction of specific
combinatorial transcriptional codes into
this cell line may interact with endogenous
components expressed in OL lineage spe-
cies. To further examine this possibility,
we repeated the transient cotransfection
assays in a nonmyelinating cell line, the
NIH3T3 line (Fig. 10). The combination
of transcription factors present at the OL
precursor and at the early and late OL pro-
genitor stage were separately cotrans-
fected with the MBP promoter driving a
luciferase reporter in the fibroblast cell
line. Remarkably, a similar activation of
the transiently transfected exogenous pro-
moter is detected in the NIH3T3 cells, thus
suggesting that discrete combinations of
neural and more ubiquitous bHLH, HD,
and HMG factors are sufficient to activate
the MBP promoter independent of the
cellular context. Finally, to address the
specificity of the different transcription
factor combinations on other OL lineage-
dependent (CGT, PLP) and OL lineage-
independent (NeuroD) promoters, we
transiently transfected the same OL-
selective combinatorial transcription fac-
tor codes and assayed the effects of these
factor combinations on the activation of
the neuronal promoter NeuroD (Fig. 10).
The activity of the reporter gene driven by
the NeuroD promoter is not affected by
the transfection of these distinct OL-
selective combinatorial codes. Moreover,
only activation of the CGT but not the PLP
myelin gene promoter was significantly
enhanced (data not shown). Together,
these data suggest that myelin gene expression is the result of the
complex interplay between HD proteins, bHLH molecules, and
HMG domain proteins that may assemble in distinct permuta-
tions to differentially modulate the expression of myelin-
associated genes.

Discussion
In vivo and in vitro expression profiles of neural bHLH (Olig1,
Olig2, Mash1), inhibitory HLH (Id2, Id4), HD (Nkx2.2), and
HMG (Sox10) proteins suggest that these transcription factors
have specific roles at multiple stages of ventral forebrain stem cell
lineage restriction, OL lineage specification, and progressive
stages of OL maturation including myelination (Figs. 1–9). In
this regard, we have demonstrated that Olig1, Olig2, and Mash1
are involved in the regulation of multiple stages of cortical OL
lineage specification from ventral forebrain stem and more
lineage-restricted progenitor species (S. Gokhan, S. Y. Yung, and
M. F. Mehler, manuscript in preparation). However, the molec-
ular mechanisms involved in coupling OL lineage specification
and progressive stages of OL terminal differentiation to the char-
acteristic spatiotemporal profiles of myelination have not been
defined previously. After OL lineage commitment and OL pro-
genitor cell proliferation, OL maturation requires precise coor-
dination of the processes of cell-cycle exit and progressive stages
of cellular differentiation culminating in myelination (Durand
and Raff, 2000). For example, the timing of cell-cycle exit is cru-

cial for appropriate process outgrowth during OL lineage matu-
ration (Liu et al., 2003). Chromatin modifiers regulate this pro-
cess by changing the levels and availability of protein cofactors
that are involved in gene activation and repression (Marin-
Husstege et al., 2002; Liu et al., 2003; Shen et al., 2005). In addi-
tion, neurogenesis and gliogenesis are sequentially elaborated,
and neuronal–OL developmental coupling helps to ensure that
axonal myelination is also precisely regulated during lineage mat-
uration (Mehler, 2002; Yung et al., 2002).

In this study, we have addressed the question of how these
stage-specific combinatorial transcriptional codes affect MBP
gene expression. The MBP promoter has been chosen because
MBP is an abundant component of myelin and because of the
presence of several consensus sequences for Nkx and Sox tran-
scriptional regulators. The MBP promoter also contains multiple
binding sites for ubiquitous class A bHLH (E47, E12, HEB) E2A
proteins, which represent heterodimeric binding partners for
class B neural bHLH factors (Olig1, Olig2, Mash1) (Norton,
2000). Class B bHLH factors are also known to be recruited to
Nkx-containing transcriptional complexes by class A bHLH pro-
teins, thereby increasing the combinatorial profiles of these tran-
scriptional regulators (Poulin et al., 2000). However, the bio-
availability of class A and B bHLH proteins is strictly regulated by
inhibitory HLH proteins (e.g., Id2, Id4) that exert their develop-
mental actions by direct binding and sequestration of specific
members of these two classes of bHLH transcription factors

Figure 8. The HD transcription factor Nkx2.2 inhibits the activity of several combinations of transcription factors but only
partially affects the activation induced by Olig1, Olig2, and Mash1 together with Sox10 and E47. At the later stages of differenti-
ation, OL progenitors (NG2�/O4�) (A, F ) begin to express Nkx2.2 (D), whereas they continue to express Olig1 (B), Olig2 (C),
Mash1 (E), and Sox10 (I ) in the nucleus. Please note the absence of MBP staining (J ). Transfection of Nkx2.2 in immature Oli-neu
cells together with Sox10 in the absence or presence of Olig1/Olig2/Mash1 or E47 with Olig1/Olig2/Mash1 results in a statistically
significant (*p � 0.0001) repression of the MBP promoter activity, whereas together with Olig1, Olig2, Mash1, Sox10, and E47 it
increases the MBP promoter activity (K ).
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(Kondo and Raff, 2000a,b; Norton, 2000; Wang et al., 2001; Sa-
manta and Kessler, 2004; Gokhan, Yung, and Mehler, manuscript
in preparation). In this regard, we demonstrate that at the OL
precursor stage, the transcriptional inhibitory roles of Id2 and
Id4 predominate over the basal “activating” functions of Olig2/
E47/Sox10 factor combinations, presumably by direct sequestra-
tion of class A and B bHLH components. In support of this in-
terpretation, we show that the presence of Olig2/E47/Sox10
factor combinations is able to activate the MBP promoter in the
absence of the Id proteins. Conversely, in the presence of Id2 and
Id4, the effect of the same transcription factor combination on
the MBP promoter is only equivalent to that of Sox10 alone.
These observations suggest that myelin gene expression in OL
precursors is maintained at very low levels by the inhibitory ac-
tions of Id2 and Id4. At the early OL progenitor stage, cells ac-
quire the expression of two additional bHLH proteins, Olig1 and
Mash1. Therefore, at this developmental stage, both Olig1 and
Olig2 but not Mash1 compete with Id2 and Id4 for the E2A pool
(Gokhan, Yung, and Mehler, manuscript in preparation). The
presence of Olig1, Olig2, and Mash1 results in a combinatorial
transcription factor code that is able to synergistically activate the
MBP promoter in concert with Sox10, even in the presence of Id2
and Id4. It is tempting to speculate that at the early OL progenitor
stage, the Id inhibitory effect is counteracted by competition with
multiple neural bHLH proteins for the pool of E2A factors,
whereas at later stages of OL progenitor maturation, the loss of
inhibition is the consequence of developmentally mediated re-
ductions in the levels and cellular expression of both Id2 and Id4
(Kondo and Raff 2000a,b; Wang, 2001).

Remarkably, at all OL developmental
stages, the combination of class A (e.g.,
E47) and class B (e.g., Olig1, Olig2,
Mash1) bHLH proteins together with the
HMG box containing protein Sox10 re-
sults in a synergistic rather than merely an
additive activation of the MBP promoter.
These findings can be explained by the
several possible ways of regulation of gene
expression by Sox family members (for re-
view, see Wegner, 1999). It is known that
the Sox gene family promotes OL specifi-
cation (e.g., Sox9) and OL terminal differ-
entiation including myelination (e.g.,
Sox8, Sox10) with Sox10 playing a domi-
nant role in the latter developmental
events (Stolt et al., 2004). In addition to
the direct binding to the minor groove of
DNA, Sox proteins have also been shown
to promote the assembly of multimeric
protein complexes, in part by their ability
to alter the conformation of DNA, and
thereby enhance local chromatin remodel-
ing (van de Wetering et al., 1993; Wolffe,
1994; Werner and Burley, 1997). We there-
fore propose that Sox10 may act both as a
DNA-binding protein and as a molecular
scaffold to recruit bHLH heterodimers to
specific promoter sites resulting in activa-
tion of MBP gene expression.

Our findings have uncovered an addi-
tional developmental mechanism for
timely inhibition of MPB promoter activ-
ity at the late OL progenitor stage through

the actions of the HD protein Nkx2.2. This result is consistent
with previous reports suggesting cross-repressive interactions be-
tween Nkx2.2. and Olig2 (Sun et al., 2003) and the relief of
Nkx2.2-mediated repression by the Sp1 transcription factor (Wei
et al., 2005). In the spinal cord, the ablation of Nkx2.2 expression
leads to an expansion of Olig1/2 expression into the Nkx2.2 do-
main, resulting in an increased elaboration of OL progenitors but
a dramatic delay in later OL myelination (Qi et al., 2001). In this
regard, it is interesting that the presence of Nkx2.2 can inhibit
MBP promoter activity in concert with different combinatorial
profiles of neural bHLH, E2A, and HMG factors but not with the
profile of these transcriptional regulators present at the stage of
OL terminal differentiation, when the actions of both Id proteins
and Nkx2.2 are nullified. Interestingly, the highest degree of MBP
promoter activation was observed at the late OL progenitor stage
rather than at the postmitotic OL stage. These results are consis-
tent with the highest activation of the promoter for MBP at the
onset of myelination, when the cell requires the elaboration of all
of the necessary molecular components to be assembled into the
evolving myelin sheath. It is conceivable that after initial comple-
tion of the process of regional myelination, only a lower level of
activation of myelin gene expression will be necessary during the
adult maintenance phase when gradual replacement of specific
myelin components may occur. This hypothesis is supported by
the data for postmitotic OLs, a stage of OL terminal differentia-
tion during which time the majority of OL-selective transcrip-
tional activators undergo nuclear to cytoplasmic translocation.

It is important to emphasize that we have identified specific
transcriptional codes that result in the selective activation of the

Figure 9. Ectopic expression of factors detected at the GalC/O1 � stage is sufficient to induce MBP expression. A–I, At the
GalC/O1 � postmitotic OL stage (A), the most dramatic changes observed are the cytoplasmic localization of Olig1 (B), Nkx2.2 (D),
Id2 (F ), and Id4 (G). Only Olig2 (C), Mash1 (E), and Sox10 (H ) remain in the nucleus. The transfection of these combinations in
immature Oli-neu cells result in a statistically significant increase in promoter activity (J ) (*p � 0.001). The effect of the trans-
fected combination of transcription factors on the endogenous promoter is indicated by the increased levels of MBP mRNA
detected by semiquantitative reverse transcription-PCR (K ). The increased MBP transcripts result also in increased expression of
the MBP protein (L) as documented by immunocytochemistry. Note the presence of MBP immunoreactivity (red immunofluores-
cence) in immature Oli-neu cells transfected with the plasmids encoding for the factors expressed at the GalC/O1 � stage (O1 �

factors) and not in cultures transfected with pcDNA3 encoding enhanced green fluorescent protein (EGFP; control). Transfected
cells (green immunofluorescence) were identified by antibodies against GFP (for pcDNA3-EGFP-transfected cells) or against FLAG
tag (for Olig2-FLAG-transfected cells).
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MBP promoter (Fig. 10A,C). Conversely,
no significant activation was observed for
the neuronal bHLH differentiation effec-
tor factor NeuroD (Fig. 10B,D). In addi-
tion, the enhancement of MBP promoter
activation by the OL-selective combinato-
rial codes of transcription factors identi-
fied here is not limited to OL lineage spe-
cies but also occurs in non-myelinating
cells, such as the fibroblast NIH3T3 cell
line (Fig. 10B). Together, these data indi-
cate that the expression of the specific
combinatorial transcriptional codes de-
tected at each stage of OL lineage matura-
tion is sufficient to confer different de-
grees of activation of the MBP promoter.
Because these various transcription fac-
tors exhibit distinct temporal expression
profiles in evolving OL lineage species, the
ability to exert different combinatorial ef-
fects on myelin gene transcription repre-
sents an extremely powerful and versatile
mechanism to orchestrate the precise spa-
tiotemporal profiles of myelination char-
acteristic of the mammalian central ner-
vous system. Furthermore, several of these
transcription factors also promote the de-
velopmental coupling and asynchronous
maturation of regional neuronal and OL
subtypes. Therefore, these transcriptional
regulators may play additional novel roles
in coordinately regulating the timely my-
elination of developing axons (Mehler,
2002; Yung et al., 2002). In conclusion,
this study demonstrates an elegant mech-
anism to couple earlier developmental
events in OL lineage elaboration with later stages of OL matura-
tion, particularly myelination, by the use of common sets of tran-
scription factors that exert distinct cellular effects at progressive
stages of OL lineage maturation.
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