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Microtubule-associated protein 1B (MAP1B) is essential for neural development. Besides the abundant expression in
neurons, MAP1B recently was found in myelinating oligodendroglia. Moreover, MAP1B deficiency causes delayed myelin
development, suggesting the functional importance of MAP1B in oligodendroglia. However, molecular mechanisms that
control MAP1B expression in oligodendroglia remain elusive. We report here that MAP1B mRNA is markedly up-
regulated in the oligodendroglia cell line CG4 upon induced differentiation, leading to elevated MAP1B protein
production. A coordinated regulation of homeoprotein transcription factors was observed during CG4 cell differentiation,
which recapitulates the regulation in neurons that promotes MAP1B transcription. Hence, transcriptional regulation of
MAP1B appears to be a common mechanism in both neurons and oligodendroglia. In addition, we found posttranscrip-
tional regulation of MAP1B mRNA by the selective RNA-binding protein QKI in oligodendroglia. The 3�UTR of MAP1B
mRNA interacts with QKI, and oligodendroglia-specific QKI-deficiency in the quakingviable mutant mice resulted in
reduced MAP1B mRNA expression. Moreover, RNAi-mediated QKI-knockdown caused destabilization of the MAP1B
mRNA in CG4 cells. Furthermore, forced expression of exogenous QKI was sufficient for promoting MAP1B expression.
Because QKI is absent in neurons, QKI-dependent stabilization of MAP1B mRNA provides a novel mechanism for
advancing MAP1B expression specifically in oligodendroglia during brain development.

INTRODUCTION

Microtubule-associated proteins (MAPs) control the dynamic
organization of microtubule cytoskeleton, which in turn
governs normal cell growth and development (Takemura et
al., 1992; Hirokawa, 1994). Among these MAPs, MAP1B is
predominantly expressed in the nervous system and is the
earliest MAP detected in the embryonic brain (Tucker et al.,
1989; Ma et al., 1997; Ohyu et al., 1997). Historically, MAP1B,
which has been studied mainly in the developing neurons,
plays essential roles in neurite outgrowth, axonal extension,
and path finding (Gonzalez-Billault et al., 2001, 2002, 2004;
Bouquet et al., 2004). MAP1B expression is markedly up-
regulated during neurite outgrowth in various types of neu-
rons (Gordon-Weeks and Fischer, 2000), and MAP1B knock-
out mice exhibit a range of abnormalities in axonal extension
and path finding (Meixner et al., 2000; Gonzalez-Billault et
al., 2001; Bouquet et al., 2004). More recent studies indicated
that MAP1B expression is not restricted in neurons, but also
is detected in oligodendrocytes and Schwann cells that pro-
duce myelin in the central and peripheral nervous system
(CNS and PNS), respectively (Fischer et al., 1990; Ma et al.,
1999). In particular, MAP1B expression is elevated in oligo-
dendrocytes that initiate ensheathment of neuronal axons
during normal brain development (Wu et al., 2001) as well as
in Schwann cells during nerve regeneration (Ma et al., 1999).

The functional importance of MAP1B in CNS myelination is
further reinforced by the defects of myelin development in
the MAP1B knockout mice (Meixner et al., 2000).

Despite the important function of MAP1B in the develop-
ment and function of the nervous system, molecular mech-
anisms that promote MAP1B expression in neurons remain
poorly understood and have not been investigated in oli-
godendrocytes. In neurons, a coordinated action of several
transcription factors are thought to control MAP1B gene
transcription (Montesinos et al., 2001; Foucher et al., 2003),
which up-regulates MAP1B expression during neuronal dif-
ferentiation. However, whether similar or distinct mecha-
nisms are used in regulating MAP1B expression in neurons
and oligodendrocytes remain elusive. In this study, we show
that the level of MAP1B mRNA is markedly elevated, which
is accompanied by the increased expression of the MAP1B
protein upon induced differentiation of CG4 cells, a well-
established cell model system for studying oligodendrocyte
development (Louis et al., 1992). A coordinated regulation of
the engrailed homeoprotein (EN1) and Foxa2 was observed
during CG4 cell differentiation, recapitulating the regulation in
neurons that promotes MAP1B gene transcription (Montesinos
et al., 2001; Foucher et al., 2003). In addition, we found that the
selective RNA-binding protein QKI governs MAP1B mRNA
expression in oligodendrocytes by posttranscriptional mech-
anisms. QKI binds to the 3�untranslated region (3�UTR) of
the MAP1B mRNA in vitro and associates with the MAP1B
mRNA in the developing brain. Moreover, QKI is necessary
for maintaining the stability and the expression levels of the
MAP1B mRNA in oligodendroglia. Furthermore, forced ex-
pression of exogenous QKI is sufficient for promoting MAP1B
expression. Because QKI is abundantly expressed in oligoden-
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drocytes but absent in neurons, QKI-mediated mRNA sta-
bilization offers a unique means to regulate MAP1B expres-
sion specifically in oligodendroglia.

MATERIALS AND METHODS

Animals and RNA Analysis
The qkv colony was purchased from Jackson Laboratory (Bar Harbor, ME).
qkv/wt and qkv/qkv littermates were produced as described previously (Li et
al., 2000). Total RNA was extracted from CG4 cells or from dissected corpus
callosum using Trizol reagent (Invitrogen, Carlsbad, CA). The quantity of
RNA from each sample was determined by OD260 reading and further
confirmed by ethidium bromide–staining of agarose gel after electrophoresis.
The RNase protection assay (RPA) for MAP1B, �-actin, and GAPDH tran-
scripts was performed as described previously (Lu et al., 2004).

Cell Culture, Transfection, and Immunodetection
CG4 cells were propagated and differentiated as described in our previous
report (Wang et al., 2004). Transfection of plasmids into CG4 cells was per-
formed using cell line Nucleofector kit V following manufacturer’s protocol
(Amaxa, Gaithersburg, MD). For indirect immunofluorescent staining, cells
grown on coverslips were fixed with 4% (wt/vol) paraformaldehyde (Sigma,
St. Louis, MO), permeabilized with 0.1% (vol/vol) Triton X-100 in PBS for 20
min, blocked by 0.1% (wt/vol) BSA in PBS, and incubated overnight at 4°C
with the following primary antibodies: anti-MBP (1:1000, Chemicon, Te-
mecula, CA), anti-MAP1B (1:1000, a gift generously provided by Dr. I. Fisher,
Drexel University, Philadelphia, PA), and anti-�-tubulin (1:1000, Sigma). Af-
ter washing, corresponding secondary antibodies conjugated with either FITC
or Texas red were incubated with the cells for 1 h at room temperature.
Fluorescence signals were detected using the Zeiss LMS510 confocal micro-
scopic imaging system (Thornwood, NY). For immunoblot analysis, the pro-
tein quantity of each sample was estimated by Bradford assay following
manufacturer’s protocol (Bio-Rad, Hercules, CA) before being subjected to
SDS-PAGE. After overnight transfer, the blots were subjected to Ponceau S
staining (Sigma) to confirm equal protein loading before incubation with
corresponding antibodies: anti-eIF5a (1:5000) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA), anti-Flag M2 (1:1000) was purchased from
Sigma, anti-MAP1B (1:50,000) antibody was provided by Dr. I. Fisher. The
polyclonal anti-QKI antibody for immunoprecipitation was generated as de-
scribed previously (Zhang et al., 2003).

Immunoprecipitation and RT-PCR
Brain stems were dissected from mice at postnatal day 2, homogenized, and
lysed in an ice-cold buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 500 mM EDTA,
0.5% Triton X-100, protease inhibitor, and RNase inhibitor). The postnuclear
supernatant was precleared with protein A-Sepharose, incubated with or
without the primary anti-QKI antibody for 1 h at 4°C. The complexes were
extensively washed before being subjected to RNA extraction using Trizol. RT
was performed using SuperScript II RNaseH-Reverse Transcriptase (Invitro-
gen), followed by PCR analysis. The following primers were used for the
analysis of MAP1B: 5�-tgctgggaaactcaagg-3� (forward) and 5�-ccttgagtttccag-
cag-3� (reverse). To further confirm the identity of MAP1B mRNA in QKI
immunoprecipitates, the RT-PCR product run on agarose gel was transferred
to Hybond-N membrane (Amersham, Arlington Heights, IL) and hybridized
overnight to a 32P-labeled probe derived from a MAP1B cDNA fragment,
followed by phosphorimager analysis. The primers used to detect the
GAPDH mRNA were described previously (Huang et al., 1999).

For quantitative analysis of the EN1 and Foxa2 transcripts, total RNA
extracted from CG4 cells at various differentiation stages were subjected to
semiquantitative RT-PCR for 25 cycles using the following 32P-labled primers:
EN1, 5�-gaatgagaaggaagacaagc-3� (forward) and 5�-actcgctctcgtctttgtcc-3� (re-
verse); and Foxa2, 5�-gctgagcgagatctatcagtgg-3� (forward) and 5�-gctcgctcag-
gccacctcgcttg-3� (reverse). The MBP primers were described in our previous
report (Wang et al., 2004). The PCR products were then analyzed by PAGE
followed by phosphorimager quantification.

In Vitro RNA Binding
An MAP1B cDNA construct including the 5�UTR was generously provided
by Dr. Gordon-Weeks (University of London, London, United Kingdom). The
construct of MAP1B 3�UTR (Meixner et al., 1999) was generously provided by
Dr. Propst (University of Vienna, Vienna, Austria). [35S]methionine-labeled
QKI-6 was generated as described previously (Li et al., 2000). Biotinylated
RNAs were derived from in vitro transcription using T7 polymerase and
incubated with 35S-QKI-6. The RNA-bound 35S-QKI was captured by strepta-
vidin-conjugated Dynabeads (Li et al., 2000) and fractionated on SDS-PAGE,
followed by phosphorimager analysis or were directly subjected to scintilla-
tion counting.

QKI RNAi and Quantification of mRNAs
A predesigned small interfering RNA (siRNA) specific for QKI was pur-
chased from Ambion (Austin, TX), and transfected into proliferating CG4
cells using Nucleofector kit (Amaxa) following the manufacturer’s protocol. A
negative control siRNA that has no sequence homology to any mammalian
mRNA (Ambion) was used in parallel experiments. Two hundred picomoles
of each siRNA was used to transfect 4 � 106 cells. The EGFPN3 plasmid was
included in the transfection to mark transfected cells. The estimated plasmid
transfection rate is between 50 and 70%. Cells were harvested 24 h after
transfection, and total RNA was prepared with Trizol extraction (Invitrogen).
Real-time quantitative RT-PCR (qRT-PCR) was performed with DyNAmo
SYBR Green qPCR Kits (New England Biolabs, Beverly, MA). The QKI prim-
ers flanking the siRNA cleavage site were used to monitor the QKI siRNA
effect: 5�-aaataatggtccgaggcaaaggctc (forward); and 5�-agccgcaggtaccagtaact-
tctt (reverse). A pair of MAP1B-specific primers 5�-ccaggacaaaagatcctcca (for-
ward) and 5�-tggaaggagaaagagcctga (reverse) was used in parallel qRT-PCR
reactions to examine the influence of QKI knockdown on MAP1B mRNA. The
qRT-PCR readout for each specific transcript was normalized to that of the
GAPDH housekeeping gene mRNA detected by the following primers: 5�-
cacagtcaaggctgagaatgggaag (forward) and 5�-gtggttcacacccatcacaaacatg (re-
verse). For MAP1B mRNA decay, transcription inhibition was performed as
described previously (Zhang et al., 2003). The levels of MAP1B mRNA and the
18S ribosome RNA at various time points after transcription inhibition were
measured by qRT-PCR with the aforementioned MAP1B primers and the
18S rRNA primers: 5�-gtgatggggatcggggattg (forward) and 5�-ggcggtgtgta-
caaagggcag (reverse).

RESULTS

Increased MAP1B Expression and Regulation of
Homeoprotein Transcription Factors in CG4 Cells upon
Induced Differentiation
Because differentiation-induced neuritogenesis triggers vig-
orous up-regulation of MAP1B in neurons (Gordon-Weeks
and Fischer, 2000; Gonzalez-Billault et al., 2004), we first
questioned whether similar regulation of MAP1B also oc-
curs during oligodendroglia differentiation. The CG4 cell
line can be induced to differentiate in a synchronized man-
ner and sequentially express oligodendroglia maturation
markers, recapitulating that in primary cultured oligoden-
drocytes (Louis et al., 1992). This cell model system offers
sufficient materials for biochemical analysis of MAP1B reg-
ulation during oligodendroglia differentiation. As shown in
Figure 1A, proliferating cells typically harbor two primary
processes. Vigorous process outgrowth was observed in
cells that were differentiated for 2 d (D2), which continuous
to develop sophisticated arboreous structures. The mRNA
for myelin basic protein (MBP), a major myelin structural
protein expressed in mature oligodendrocytes, was up-reg-
ulated in cells that had undergone 4 d of differentiation (D4,
Figure 1B), recapitulating that observed in primary cultured
oligodendrocytes (Kumar et al., 1989). A robust up-regula-
tion of MAP1B protein expression was detected starting
from D2 (Figure 1C), preceding the up-regulation of MBP
and remained throughout the differentiation profile. Immu-
nofluorescent staining further revealed MAP1B expression
in both MBP-positive cells (mature) and MBP-negative cells
(immature), with significantly higher levels of MAP1B de-
tected in the mature MBP-positive cells (Figure 1D, a–c). The
majority of the MAP1B protein was localized in the cell
soma and the proximal main processes, colocalizing with
microtubules (Figure 1D, d–f) but not in the finely branched
distal processes enriched of microfilaments (Song et al.,
2001). In contrast, MBP was predominantly detected in the
periphery processes (Figure 1D, b and c). This result is
consistent with the predicted role of MAP1B in modulating
microtubule stability during the extension and branching of
cell processes.

To delineate molecular mechanisms that underlie MAP1B
up-regulation during oligodendrocyte differentiation, we
analyzed the MAP1B mRNA levels in CG4 cells at various
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differentiation stages by an RNase protection assay (RPA).
As shown in Figure 2A, induced differentiation triggered a
significant up-regulation of MAP1B mRNA in CG4 cells,
which displayed a similar profile as that observed for the
up-regulation of MAP1B protein (Figure 1C). In contrast, the
actin mRNA was expressed at steady levels as indicated by
the RPA signals in simultaneous reactions. Quantification of
the MAP1B mRNA by real-time RT-PCR (qRT-PCR) further
revealed that the MAP1B mRNA level was increased ap-
proximately sevenfold in cells that had undergone 6 d of
differentiation (Figure 2B). Apparently, the elevated MAP1B
mRNA expression, due to up-regulation of transcription
and/or mRNA stability, is a major mechanism underlying the
MAP1B protein up-regulation during oligodendrocyte differ-
entiation.

The homeoprotein transcription factors Engrailed 1 (EN1)
and Foxa2 have been shown to bind the MAP1B promoter
and act in concert to regulate neuronal MAP1B transcription
(Foucher et al., 2003). To explore whether these transcription
factors are regulated in concordance with the increased ex-
pression of the MAP1B mRNA upon induced oligodendro-

cyte differentiation, we examined the expression levels of
these mRNAs. Semiquantitative RT-PCR analysis revealed a
significant up-regulation of EN1 accompanied by a down-
regulation of Foxa2 (Figure 3, A and B) in cells that had un-
dergone 2 d of differentiation. This is associated with the initial
up-regulation of MAP1B (Figure 2). The level of EN1 slightly
decreased during later differentiation, but still above that in
proliferating CG4 cells, whereas Foxa2 remained at low level
through the differentiation profile examined. Because EN1
drives MAP1B transcription and Foxa2 antagonizes EN1 at the
MAP1B promoter (Foucher et al., 2003), the cooperative regu-
lation of EN1 and Foxa2 in CG4 cells suggests that these factors
are likely involved in up-regulation of MAP1B transcription
during oligodendrocyte differentiation.

The Selective RNA-binding Protein QKI Interacts with the
MAP1B mRNA
We next questioned whether posttranscriptional mecha-
nisms may also contribute to MAP1B up-regulation in oli-
godendrocytes, because regulation at the level of mRNA
stability plays critical roles in oligodendrocyte development

Figure 1. MAP1B expression is up-regulated upon induced differentiation of the CG4 oligodendrocyte cell line. (A) Morphogenesis of CG4
cells during induced differentiation. Days for differentiation are marked on each panel. (B) A representative phosphorimage showing
increased MBP mRNA expression as a marker of oligodendrocyte maturation during CG4 cell differentiation. Total RNA isolated from CG4
cells that had undergone various days of differentiation as indicated on the top of the corresponding lanes was subjected to a semiquantitative
RT-PCR analysis using 32P-labled primers specific for MBP. RT-PCR of the housekeeping GAPDH mRNA was performed in parallel as an
input reference. (C) Immunoblot analysis detects marked up-regulation of MAP1B protein upon induced differentiation of CG4 cells. The blot
was reprobed with the housekeeping protein eIF5a to provide a loading control. (D) a–c, localization of MAP1B (green) and MBP (red) in
differentiating CG4 cells; d–f, localization of MAP1B (green) and �-tubulin (red) in differentiating CG4 cells.
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and myelination (Kumar et al., 1989; Mathisen et al., 1997). In
particular, the selective RNA-binding protein QKI is essen-
tial in maintaining mRNA stability during oligodendrocyte
and myelin development (Li et al., 2000; Larocque et al.,
2005). Moreover, simultaneous up-regulation of QKI and

MAP1B was observed in actively myelinating oligodendro-
cytes (Wu et al., 2001). We first questioned whether QKI
associates with the MAP1B mRNA in the developing brain.
We immunoprecipitated (IP) QKI from the neonatal mouse
brain and found that MAP1B mRNA was clearly detected in
the immunoprecipitated QKI-mRNA complexes, based on
RT-PCR analysis using MAP1B-specific primers (Figure 4A).
Southern blot hybridization with a MAP1B-specific cDNA
probe further confirmed the identity of the RT-PCR product
of MAP1B. As a negative control, MAP1B mRNA was un-
detectable in parallel IP reactions using the protein A beads
alone or using normal IgG without the QKI antibody (un-
published data). The MBP mRNA, a known target mRNA of
QKI, was also detected in the immunoprecipitated QKI com-
plexes (Figure 4A). In contrast, the GAPDH mRNA that is
highly abundant in the brain lysate, was not detected in
immunoprecipitated QKI-RNA complexes (Figure 4A).
These data suggest that MAP1B mRNA is one of the selec-
tive ligands for QKI in the developing brain.

RNA-binding proteins often interact with their mRNA li-
gands in the UTRs. Indeed, QKI has been reported to interact
with UTRs of other mRNAs (Li et al., 2000; Larocque et al.,

Figure 2. Elevated MAP1B mRNA expression during CG4 cell
differentiation. (A) Representative RPA gel showing MAP1B mRNA
levels in CG4 cells that had undergone various days of differentia-
tion as indicated on the top of the corresponding lanes. RPA of
�-actin mRNA was performed in the same reaction to provide a
loading control. (B) Real-time RT-PCR (qRT-PCR) quantification of
the MAP1B mRNA levels during CG4 cell differentiation. Total
RNA was extracted from four independent sets of differentiated
CG4 cells (n � 4). The qRT-PCR reading of MAP1B mRNA in each
sample was normalized to that of the housekeeping mRNA
GAPDH. The normalized MAP1B mRNA level in undifferentiated
cells (D0) was set as 100% in each set of sample. p � 0.01 based on
one-way ANOVA.

Figure 3. Expression of the homeoprotein transcription factor EN1
and Foxa2 during CG4 differentiation. Increased EN1 expression (A)
and reduced Foxa2 expression (B) upon induced differentiation of
CG4 cells. Total RNA isolated from CG4 cells that had undergone
various days of differentiation was subjected to a semiquantitative
RT-PCR analysis using 32P-labeled primers specific for EN1 and
Foxa2. RT-PCR of the housekeeping GAPDH mRNA was per-
formed in parallel as an input control (top panel). Corresponding
bottom panels show phosphorimager quantification of EN1 and
Foxa2 expression upon CG4 cell differentiation. The signal at each
time point was quantitatively measured and was normalized to that
of GAPDH (n � 3). p � 0.05 based on one-way ANOVA.

Figure 4. MAP1B mRNA associates with QKI. (A) Coimmunopre-
cipitation of MAP1B mRNA with QKI from the neonatal brain.
Cytoplasmic extracts prepared from P2 mouse brainstems was im-
munoprecipitated with (�) or without anti-QKI antibody (�) as
indicated on top of the corresponding lanes. Coprecipitated RNA
was subjected to RT-PCR as indicated on the left and Southern
hybridization using a 32P-labled MAP1B probe showed in the bot-
tom panel. Immunoprecipitation was also performed using normal
IgG, which does not pull down any mRNA detected by RT-PCR. (B)
Top, schematic representation of the MAP1B 3�UTR (base pairs
1752–3813 in the 3�UTR) with the restriction sites (positions in
MAP1B 3�UTR marked underneath) used to generate truncated
transcripts. Six putative QKI-binding elements recapitulating the
consensus sequence identified by SELEX were marked by asterisks
(*). Bottom, QKI-binding activity by the MAP1B 5�UTR and various
truncated MAP1B 3�UTR. Inset, a representative phosphorimage of
captured 35S-QKI by the corresponding truncated MAP1B tran-
scripts. Scintillation counting for RNA-bound QKI is graphically
displayed in the bottom panel.
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2005). To identify the QKI-binding sequence in the MAP1B
mRNA, we performed in vitro RNA-binding analysis using
various regions of the UTRs in the MAP1B transcript. As
shown in Figure 4B, QKI binds the 3�UTR but not the 5�UTR of
the MAP1B mRNA. Furthermore, using truncated MAP1B
3�UTR, we mapped QKI-binding activity to a 1.5-kb fragment
between the AccI and HindIII restriction sites in the MAP1B
3�UTR (Figure 4B). Interestingly, this fragment contains several

copies of the bipartite ACUAAY-N1–20-UAAY consensus QKI-
binding element (QRE) identified by SELEX in a recent report
(Galarneau and Richard, 2005). In contrast, no QREs were
found in other regions of MAP1B mRNA that do not bind QKI
(Figure 4B).

QKI Is a Necessary Factor for Maintaining MAP1B
mRNA Stability in Oligodendrocytes
To directly test whether QKI is required for maintaining the
normal expression levels of MAP1B mRNA in oligodendro-
cytes, we developed an siRNA to knockdown endogenous
QKI expression in the CG4 cells. As expected, QKI mRNA
level was significantly reduced when normalized to the GAPDH
mRNA (�64% reduction) in QKI siRNA-treated cells com-
pared with that in control siRNA-treated cells, based on
qRT-PCR analysis (Figure 5A). Consequently, the MAP1B
mRNA was significantly reduced in QKI siRNA-treated cells
compared with that in control siRNA-treated cells (Figure
5A). In contrast, the expression level of EN1 mRNA was not
affected by the QKI siRNA (unpublished data). Therefore,
knocking down QKI selectively reduced MAP1B mRNA,
which is unlikely due to EN1-mediated MAP1B transcrip-
tion. To further test whether the reduction of MAP1B mRNA

Figure 5. QKI deficiency causes reduced expression of MAP1B in
vitro and in vivo. (A) Knocking down QKI expression by siRNA
significantly reduced MAP1B mRNA expression in CG4 cells. RNA
extracted from QKI siRNA-treated cells and control siRNA-treated
cells was used for qRT-PCR analysis of the mRNAs for QKI,
MAP1B, and GAPDH. qRT-PCR reading for each sample was nor-
malized to that of the GAPDH housekeeping mRNA, and results
shown as the mean � SD of four independent experiments are
graphically displayed. (B) The decay of MAP1B mRNA in QKI
siRNA- and control siRNA-treated CG4 cells. Twenty-four hours
after siRNA-treatment, parallel cultures of cells were treated with
actinomycin D to block transcription before isolating total RNA at
the indicated time points of transcription inhibition. The qRT-PCR
reading of MAP1B mRNA was normalized to that of the 18S rRNA
before being plotted against time to generate the decay curve. (C)
Reduced MAP1B mRNA expression in the qkv corpus callosum.
RPA was performed using total RNA isolated from the dissected
corpus callosum derived from qkv/qkv and the nonphenotypic
qkv/wt littermate control. Inset, a representative RPA image of
MAP1B and the loading control GAPDH. MAP1B mRNA level was
quantitatively measured by a phosphorimager, normalized to the
GAPDH signal and graphically displayed with SD (n � 5). * p �
0.05 by standard t test.

Figure 6. Exogenous Flag-QKI-6 promotes MAP1B expression in
CG4 cells. (A) Representative image of increased MAP1B expression
in Flag-QKI-6 transfected cells. CG4 cells were cotransfected with
PC-Flag-QKI-6 and N3EGFP plasmids (arrows in top panels) or
N3GFP alone (arrowheads in bottom panels). Two days after trans-
fection, cells were stained with anti-MAP1B antibody (left panels).
Transfected cells are marked by GFP (right panels). Note, MAP1B
intensity is increased in Flag-QKI-6–transfected cells (arrow in top-
left panel) compared with untransfected cells, whereas GFP alone
does not affect MAP1B expression (arrowhead in bottom-left panel).
(B) qRT-PCR analysis indicates increased MAP1B mRNA expres-
sion in Flag-QKI-6–transfected cells compared with that in pcDNA3
vector-transfected cells. MAP1B mRNA level was normalized to
that of the GAPDH mRNA and graphically displayed with SD (n �
3). * p � 0.05 by standard t test. (C) Representative immunoblot (for
3 independent experiments) indicates increased MAP1B protein
expression in cells transfected with PC-Flag-QKI-6 compared with
that in cells transfected by the PCDNA3 parental vector.
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in response to QKI knockdown is due to the loss of QKI-
mediated stabilization of the MAP1B mRNA, we analyzed
the decay of MAP1B mRNA in QKI siRNA- and control
siRNA-treated cells when transcription was blocked. As
shown in Figure 5B, MAP1B mRNA decayed more rapidly
in QKI siRNA-treated cells compared with that in control
siRNA-treated cells, indicating that QKI functions to stabi-
lize the MAP1B mRNA in oligodendrocytes.

To further test whether QKI is a necessary factor for
maintaining the MAP1B mRNA levels in oligodendrocytes
in vivo, we took the advantage of the well-known quak-
ingviable (qkv) dysmyelination mutant mice in which QKI is
specifically diminished in oligodendrocytes (Hardy et al.,
1996; Lu et al., 2003). Although MAP1B is most abundantly
expressed in neurons, the corpus callosum is enriched of
oligodendrocytes and neuronal axons that harbor less mRNA
than that in the neuronal cell body, hence allowing us to
evaluate the influence of QKI on MAP1B expression in oli-
godendrocytes in vivo. Indeed, quantitative RPA revealed
reduced MAP1B mRNA in the corpus callosum isolated
from the homozygous qkv mutant compared with that in the
nonphenotypic littermate controls (Figure 5C), suggesting
that QKI is necessary for MAP1B expression in oligodendro-
cytes in vivo. However, the actual reduction level of MAP1B
mRNA in this experiment is likely underestimated because
of the existence of neuronal MAP1B mRNA in the corpus
callosum, which is unlikely affected in the qkv mutant be-
cause QKI is absent in neurons (Hardy et al., 1996).

QKI Is Sufficient for Promoting MAP1B Expression
We next questioned whether exogenous QKI is sufficient for
promoting MAP1B expression. Three major QKI isoforms
(QKI-5, -6, and -7) are expressed in oligodendrocytes, among
which QKI-6 is the most abundant (Lu et al., 2003). In CG4
cells transfected with Flag-QKI-6, the expression level of
endogenous MAP1B protein was markedly elevated, as ev-
idenced by the increased intensity of immunofluorescent
staining of MAP1B (Figure 6A), the increased MAP1B
mRNA measured by qRT-PCR (Figure 6B), and the in-
creased MAP1B protein on immunoblot (Figure 6C). We
further tested whether forced expression of QKI-6 in neu-
rons that do not express endogenous QKI can also promote
MAP1B expression. The immortalized brain neuronal cell
line CAD does not express QKI (Zhang et al., 2003), but
harbors abundant MAP1B mRNA that can be immunopre-
cipitated with Flag-QKI-6 (Figure 7A). In contrast, we found
that the mRNA encoding the housekeeping protein HPRT
did not associate with Flag-QKI-6. Moreover, the MAP1B
level in CAD cells that express Flag-QKI-6 is elevated com-
pared with that in control CAD cells transfected with the
vehicle plasmid (Figure 7B). These results indicate that QKI
harbors the ability to promote MAP1B expression in both
the oligodendroglia and the neuronal lineage. However, be-
cause QKI expression is eliminated from neurons during
neural cell fate specification (Hardy, 1998), QKI-mediated
MAP1B mRNA stabilization offers a mechanism for promot-
ing MAP1B expression specifically in oligodendroglia.

DISCUSSION

We show here that MAP1B mRNA levels are markedly up-
regulated in the CG4 oligodendroglia cell line upon in-
duced differentiation, leading to increased production of the
MAP1B protein. The main goal of this study is to delineate
molecular mechanisms that promote MAP1B expression in
oligodendrocytes. The concurrent regulation of homeopro-
tein transcription factors EN1 and Foxa2 with elevated
MAP1B expression in the differentiating CG4 cells suggests
up-regulation of MAP1B gene transcription. In addition, we
demonstrated that the selective RNA-binding protein QKI is
necessary for stabilization of the MAP1B mRNA in oligo-
dendrocytes and exogenous QKI is sufficient for promoting
MAP1B expression. Because QKI is absent in neurons but
abundantly expressed in oligodendrocytes, QKI-dependent
mRNA stabilization provides a means for regulating MAP1B
expression specifically in oligodendrocytes.

The robust up-regulation of MAP1B during induced dif-
ferentiation of CG4 cells (Figure 1) suggests an increase in
the functional requirement of MAP1B in supporting the
vigorous process extension of oligodendrocytes, recapitulat-
ing the well-known function of MAP1B in neuritogenesis
(Gordon-Weeks and Fischer, 2000). Consistent with the clas-
sical role of MAP1B in modulating microtubule stability,
MAP1B is predominantly colocalized with tubulin in CG4
cells (Figure 1). The fact that MAP1B up-regulation occurs
before the expression of MBP (Figure 1D) is consistent with
the previous report that MAP1B functions at the early stage
of oligodendrocyte development (Vouyiouklis and Brophy,
1993). Furthermore, elevated MAP1B expression sustains in
mature oligodendrocytes that expression MBP (Figure 1D),
suggesting that MAP1B also plays important roles in oligo-
dendroglia maturation.

The cooperative regulation of EN1 and Foxa2 associ-
ates with MAP1B up-regulation in differentiating CG4 cells
(Figure 3). Such coregulation of EN1 and Foxa2 promotes

Figure 7. Exogenous expression of Flag-QKI-6 in the CAD neuron
cell line promotes MAP1B expression. (A) Endogenous MAP1B
mRNA associates with exogenous Flag-QKI in transfected CAD
cells. Immunoprecipitation was performed using the anti-Flag M2
beads from cells transfected with PC-Flag-QKI-6 or the PCDNA
parental vector in parallel reactions. RT-PCR was performed using
RNA extracted from the input lysate (Inp) and the immunoprecipitates
(IP) in parallel. Note, MAP1B mRNA is detected in immunoprecipi-
tates in cells expressing Flag-QKI-6 but not in immunoprecipitates
derived from vector-transfected control cells that lack Flag-QKI-6. The
HPRT mRNA is not detected in either IPs. (B) Representative im-
munoblot indicates increased MAP1B protein expression in CAD
cells transfected with PC-Flag-QKI-6 compared with that in control
cells transfected with the PCDNA3 parental vector. The same blot is
reprobed with anti-Flag and anti-eIF5a as indicated on the left.
Similar results were observed from three independent experiments.
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MAP1B transcription in neurons (Foucher et al., 2003).
Hence, regulation of MAP1B transcription by these tran-
scription factors appears to be a commonly shared mecha-
nism in neurons and oligodendrocytes. On the other hand,
MAP1B mRNA is associated with QKI (Figure 4A), a key
player that controls mRNA stability during oligodendrocyte
development (Li et al., 2000; Zhang et al., 2003; Larocque et
al., 2005). Consistent with the role of QKI in protecting other
mRNAs from degradation (Zhang et al., 2003; Larocque et al.,
2005), RNAi-mediated QKI knockdown demonstrated that
QKI is necessary for maintaining the stability of the MAP1B
mRNA in oligodendroglia (Figure 5), identifying MAP1B as
a new target for QKI in oligodendrocyte differentiation. The
simultaneous up-regulation of MAP1B and QKI in mye-
linating oligodendrocytes in vivo (Wu et al., 2001) further
suggests a role of QKI in controlling MAP1B expression in
myelination beyond the early stage of oligodendrocyte dif-
ferentiation. Noticeably, QKI is also up-regulated during
oligodendroglia development (Hardy et al., 1996). Hence,
QKI-mediated mRNA stabilization offers a synergistic mech-
anism with the transcriptional regulation of MAP1B. The
functional requirement of MAP1B in myelination is rein-
forced by the fact that genetic disruption of MAP1B in
several mouse models leads to impaired myelination
(Meixner et al., 2000; Takei et al., 2000). In this regard, the
reduced MAP1B expression in the qkv mutant mice due to
QKI deficiency (Figure 5C) may contribute not only to the
defect in oligodendrocyte differentiation, but also to the
failure in myelinogenesis.

During neural cell fate specification, QKI expression is
eliminated in the neuronal lineage and is up-regulated in
oligodendrocytes during myelin development (Hardy et al.,
1996; Hardy, 1998). Interestingly, exogenous QKI is suffi-
cient for promoting MAP1B expression in oligodendroglia
that harbors QKI as well as in the CAD neuronal cell line
that lacks endogenous QKI (Figures 6 and 7). This result
suggests that QKI does not require oligodendrocyte-specific
cofactors to associate with MAP1B mRNA and protects it
from degradation. However, because QKI is absent in neu-
rons but is elevated in oligodendroglia during myelin de-
velopment, QKI-dependent MAP1B mRNA stabilization
provides a mechanism for promoting MAP1B expression
specifically in oligodendrocytes in the developing brain.

The interaction of MAP1B mRNA with QKI is mediated
by the 3�UTR but not the 5�UTR (Figure 4B), particularly to
the fragment that harbors several copies of the QKI-respon-
sible element (QRE) that contains the bipartite sequence
motif of ACUAAY-N1–20-UAAY (Galarneau and Richard,
2005). Noticeably, the 5� portion of this SELEX-identified
QRE matches with the consensus QKI recognition sequence
5�NA(A	C)U(A		C/U)A-3� identified by competition flu-
orescence-polarization (Ryder and Williamson, 2004). In ad-
dition, the QKI-binding segment in the MAP1B 3�UTR con-
tains several clusters of UAAY “half-core” QRE that is
present in various QKI mRNA ligands and binds QKI with
relatively lower affinity in vitro (Galarneau and Richard,
2005). Besides the aforementioned QREs, QKI has also been
reported to bind the TGE sequence motif (Saccomanno et al.,
1999; Lakiza et al., 2005) that contains part of the QRE
identified by SELEX (Galarneau and Richard, 2005) and can
suppress translation of some of its mRNA ligands (Lakiza et
al., 2005). However, QKI unlikely suppresses MAP1B trans-
lation because forced expression of QKI increased MAP1B
protein (Figures 6 and 7). It is important to point out that the
MAP1B 3�UTR contains several putative AU-rich elements
(ARE), which are well documented in controlling mRNA
stability of other mRNA species (Chen and Shyu, 1995;

Brennan and Steitz, 2001; Bevilacqua et al., 2003; Dean et al.,
2004; Wilusz and Wilusz, 2004). What ARE-binding proteins
may be involved in controlling MAP1B mRNA decay and
how QKI may coordinate with these proteins to protect
MAP1B mRNA from degradation in oligodendrocytes still
remain elusive. Furthermore, although QKI is not expressed
in neurons, other neuronal-specific RNA-binding proteins
may be identified by future studies that recapitulate the role
of QKI, contributing to the elevated MAP1B expression in
neurons during neurite outgrowth (Larsen et al., 1998; Goold
and Gordon-Weeks, 2001).
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