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Eph receptors and ephrins exhibit complex and highly dynamic expression patterns during embryonic
development. In addition, changes in their expression levels are often associated with pathological
situations in adults. Yet, little is known about the mechanisms regulating their expression. Here we report
that the expression of ephrin-B1 is controlled by a feedback loop involving posttranscriptional regulatory
mechanisms. We observed that the EfnB1 3’ untranslated region (3'-UTR) confers instability to mRNA
transcripts, and we identified miR-124 as a posttranscriptional repressor of EfnB1 expression. Further-
more, we showed that miR-124 is itself regulated by ephrin-B1 reverse signaling, thus revealing the
existence of a mutually repressive interaction between ephrin-B1 and this microRNA (miRNA). Lastly, we
demonstrated the relevance of this mutual inhibition for neuronal differentiation. Our results suggest that
miRNAs could be important effectors of Eph/ephrin signaling to refine domains of expression and to

regulate function.

Ephrins are cell surface proteins involved in cell-cell com-
munication controlling cell and tissue morphogenesis during
embryonic development. In the developing embryo, they reg-
ulate axon guidance, angiogenesis, tissue patterning, and
boundary formation (22, 23). Furthermore, they are involved
in a growing number of physiological and pathological pro-
cesses in the adult, including tumorigenesis, bone homeostasis,
neoangiogenesis, synaptic plasticity, and insulin secretion (1,
21). Ephrins were first identified as membrane-bound ligands
for Eph receptor tyrosine kinases; however, they have since
been categorized as receptors themselves since they are capa-
ble of transducing a signaling cascade, despite the fact that they
do not possess catalytic activity (10, 13). The signaling cascade
activated downstream of ephrins is called reverse signaling,
and it involves a number of signaling effectors, such as cytosolic
kinases and small GTPases, that participate in the regulation
of cytoskeletal dynamics (21). It has emerged recently that in
addition to signaling effectors, transcription factors such as
STAT-3 and ZHX2 could lie downstream of ephrin reverse
signaling (2, 33).

In accordance with their varied developmental functions,
ephrins exhibit highly dynamic spatial and temporal expression
patterns in the developing embryo. In the adult, changes in
ephrin expression levels have been correlated with a number of
pathological situations, including tumorigenesis (4) and neu-
ropathic pain (27, 29). To date, little is known about the mech-
anisms by which ephrin expression patterns are established,
maintained, or altered in development or pathological situa-
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tions. Nevertheless, the complexity of their expression patterns
argues for the existence of multiple levels of regulation, both
transcriptional and nontranscriptional.

To address this question, we focused on one member of the
ephrin family, ephrin-B1, which exhibits graded, segmented,
and lineage-restricted expression patterns in the developing
embryo (28). Since EfnBI is an X-linked gene, its expression is
mosaic in EfnBI heterozygote animals (EfnBI"~). We and
others have shown that this situation leads to segregation be-
tween ephrin-B1-positive and ephrin-B1-negative territories in
tissues that normally express EfnBI (8, 11, 12). Interestingly,
Compagni et al. reported that ephrin-B1 expression is elevated
in ephrin-Bl-positive territories in EfnBI"/~ embryos com-
pared to the level in wild-type (WT) embryos (8), supporting
the notion that complex regulatory mechanisms might be at
play to regulate ephrin-B1 expression. Herein we have identi-
fied a feedback loop regulating ephrin-B1 expression. We have
demonstrated that endogenous EfnBI mRNA is unstable and
that the EfnBI 3’ untranslated region (3'-UTR) promotes
posttranscriptional regulation. We have identified miR-124, an
abundant brain microRNA (miRNA), as an effector of EfnBI
posttranscriptional regulation. Furthermore, we have shown
that activation of ephrin-B1 reverse signaling led to decreased
miR-124 levels in neural progenitor cells (NPCs), indicating
that ephrin-B1 and miR-124 exhibit mutually repressive inter-
actions. Lastly, we have demonstrated the physiological rele-
vance of the mutual inhibition between ephrin-B1 and miR-
124 for neurogenesis.

MATERIALS AND METHODS

Mice. EfnBI mutant mice were described elsewhere (11). All animal proce-
dures were preapproved by the Institutional Animal Care Committee at the
University of Toulouse and at the CNRS.

DNA constructs and oligonucleotides. The human I.M.A.G.E. clone (pcmv-
EfnB1-3'-UTR) was purchased from the RZPD German Resource Center for
Genome Research (Germany). The 3’-UTR was excised from this clone to
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generate pcmv-EfnB1, which contained the simian virus 40 (SV40) polyadenyl-
ation signal. The pMIR-REPORT luciferase vectors (Ambion, Inc.) harboring
the full-length EfnB1 3'-UTR (FL), truncated regions of the 3'-UTR (T1 to T6),
or a mutation of the miR-124 target site (T1*) were generated by subcloning (see
the methods in the supplemental material). The miR-195 and miR-Neg con-
structs were generated according to the manufacturer’s instructions (see the
methods in the supplemental material). The LNA-124, LNA-124 5'-digoxigenin
(5'-DIG)-labeled, and scrambled LNA 5'-DIG-labeled probes were purchased
from Exiqon and are described in the methods in the supplemental material.

Cell culture. The U251 glioma cell line was grown in Dulbecco’s modified
Eagle’s medium (DMEM)-10% fetal calf serum and 1% penicillin-streptomycin
(Invitrogen). Cultures of primary NPCs were obtained as described previously
(7). Briefly, embryonic day 14.5 (E14.5) cortices (3 mice/genotype) were dis-
sected mechanically in Hanks buffered saline solution (HBSS; Invitrogen), fol-
lowed by enzymatic digestion using a trypsin cocktail (40 mg/ml trypsin, 20 mg/ml
type I-S hyaluronidase, and 4 mg/ml kynurenic acid) in HBSS. The single-cell
suspension was collected, rinsed with DMEM-F-12 (Invitrogen), and cultured
with growing medium (DMEM-F-12 medium containing 0.6% glucose, 5 mM
HEPES, 1 mM putrescine, 5 ng/ml basic fibroblast growth factor 2 [FGF-2], 20
ng/ml epidermal growth factor [EGF], 10 ng/ml insulin-transferrin-sodium sele-
nite supplement [Sigma, France], and 2% B27 supplement) in a 5% CO, incu-
bator at 37°C. Several different primary cultures were obtained and kept in
culture for no more than 4 passages. All electroporations were performed at
passage 2 to passage 4. For actinomycin D and miR-124 studies, passages 1 and
2 were used.

Reporter assay. EfnB1 3'-UTR reporter assays were performed with U251
cells and NPCs. Briefly, NPCs were electroporated using Amaxa nucleofection
reagent (Lonza Co.), while U251 cells were transfected with Fugene-6 (Roche
Diagnostics) (see the methods in the supplemental material for details and
efficiencies). Firefly and Renilla luciferase measurements were performed 48 h
posttransfection using a dual-luciferase reporter assay system (Promega) accord-
ing to the manufacturer’s instructions. Renilla luciferase activity was used to
normalize firefly luciferase activity, and results are expressed as a percentage of
luciferase activity in the control situation. Electroporation experiments were
performed three times in duplicate.

Differentiation assays. Cells (7 X 10*) were transfected or electroporated with
(i) a control or an ephrin-Bl-green fluorescent protein (GFP)-expressing con-
struct (2.5 pg, lacking a 3'-UTR) or (ii) a miR-expressing construct or a control
plasmid (1.5 pg). For gene expression analysis, cells were either grown in sus-
pension or seeded onto poly-L-lysine-coated 6-well plates to differentiate and
were collected for quantitative reverse transcription-PCR (qRT-PCR) at various
intervals. For immunocytochemistry analysis, cells were seeded onto poly-orni-
thine-coated LabTek chamber slides and grown under differentiating conditions
for 6 days. Cells were fixed with 2% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) at room temperature for 20 min and were then permeab-
ilized and blocked with 0.1% Triton X-100, 1% bovine serum albumin (BSA),
and 10% normal donkey serum in PBS at room temperature for 30 min. Cells
were stained for anti-HuC/D (5 pg/ul), and nuclei were counterstained with
TO-PRO-3 (1 pg/ml). Ephrin-B1 expression was observed by GFP fluorescence.
Images were acquired using a Leica SP2 confocal microscope.

Stimulation of reverse and forward signaling. Twenty-four hours prior to
stimulation, neurospheres were dissociated with trypsin, and aliquots of 10° cells
were placed in growing medium overnight. Cells were then stimulated with
ephrin-B1-Fc (1 pg/ml; R&D Systems, Inc.), EphB2-Fc (1 wg/ml; R&D Systems,
Inc.), or human-Fc (control, 1 pg/ml; R&D Systems, Inc.), all preclustered with
anti-human IgG (0.1 pg/ml; R&D Systems, Inc.). Total RNA was isolated 4 h
poststimulation and processed for qRT-PCR. Alternatively, cells were stimulated
for 1 h and lysed in protein lysis buffer for Western blot analysis.

Western blot analysis. In brief, cells were lysed with radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI, pH 7.4, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 150 mM NaCl, 100 mM NaF,
50 mM sodium orthovanadate) containing 1X Complete protease inhibitor
(Roche Diagnostics) and sonicated. Twenty-five micrograms of total protein was
mixed in 2X Laemmli buffer (1:1), boiled, and fractionated by electrophoresis on
a 12.5% SDS-polyacrylamide gel. Proteins were transferred onto nitrocellulose
membranes and incubated with primary antibodies overnight at 4°C. Antibodies
were used against ephrin-B1 (A20; Santa Cruz Biotechnology), Grb2 (Signal
Transduction Labs), phosphorylated STAT3 (P-STAT3) (Cell Signaling Tech-
nology), STAT3 (Cell Signaling Technology), phosphorylated extracellular sig-
nal-regulated kinases 1 and 2 (P-ERK1/2) (Cell Signaling Technology), and
ERKI1/2 (Cell Signaling Technology). Horseradish peroxidase (HRP)-conju-
gated secondary antibodies were from Sigma.
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Quantitative RT-PCR. Cells were harvested in RNA Later (Ambion), and
total RNA was extracted using Trizol (Invitrogen) according to the manufactur-
er’s instructions. MicroRNA expression was measured by qRT-PCR using a
Bio-Rad thermal cycler. For reverse transcription (RT), a miScript kit (Qiagen)
was used, with 100 nanograms of total RNA per reaction. For the qRT-PCR, the
resultant cDNA was diluted 1:50. Each RT step was performed in duplicate and
the qRT-PCR in triplicate for each RT reaction. RT-PCR was performed using
Quantitech SYBR green master mix (Qiagen), and cDNAs were amplified on a
Bio-Rad cycler. Relative values were calculated by the 272 method. U6 RNA
was used as an endogenous control. Results are expressed as a percentage of the
mRNA level compared to that for the control condition. Experiments were
performed in triplicate. Primer sequences are available in the methods in the
supplemental material.

mRNA decay assay. Transcription was inhibited by adding actinomycin D (5
pg/ml) to the cell culture medium. Total RNA was isolated at various times after
actinomycin D addition, and EfnBI mRNA content was determined by qRT-
PCR. EfnBI mRNA levels were normalized to GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) mRNA content and are expressed as a percentage of the
mRNA level at the 0-h time point. Experiments were performed in triplicate.

Ex vivo electroporations and organotypic slice cultures. Pregnant mice were
sacrificed by neck dislocation, E14.5 embryos were removed and decapitated,
and electroporations were performed as described previously (19). Briefly, 1.5
g/l miR-124- or scrambled oligonucleotide-expressing constructs and 1 pg/pl
pCAGGS-EGFP (enhanced GFP) (generously provided by L. Nguyen) were
mixed with 0.01% Fast Green (Sigma) and injected into the telencephalon
ventricles using pulled glass-micropipettes. Five electrical pulses were applied at
50 V (50-ms duration) at 1-s intervals using a BTX ECM-830 square-wave
electroporator (Gentronic, Inc.). Electroporated heads were kept in ice-cold
PBS-glucose, and whole brains were dissected and embedded in 3% agarose.
Brain slices corresponding to the dorsolateral region of the cortex (250-wm
vibratome sections) were cultured for 16 h in neurobasal medium supplemented
with N2 (Invitrogen), B27 (Invitrogen), 0.1% penicillin-streptomycin, and 2 mM
L-glutamine. Slices were then fixed with 4% PFA and processed for immuno-
staining with anti-GFP (0.03 pg/pl; Millipore), and nuclei were counterstained
with TO-PRO-3 or Draq5 (Molecular Probes). For neurite length quantification,
sections were costained with Tuj-1 and cells present in the Tuj-1-positive regions
were analyzed. Images were acquired using a Leica SP2 confocal microscope and
analyzed with Image J.

In situ hybridization. Paraffin-embedded, 7-pm sections of E13.5 EfnB1 wild-
type and EfnB1-deficient embryos were subjected to in situ hybridization using
5'-DIG-labeled miRCURY LNA probes according to the manufacturer’s pro-
tocol (Exiqon). Briefly, the sections were incubated in hybridization buffer (50%
formamide, 5X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate]|, pH
6, 0.1% Tween 20, 50 p.g/ml heparin, 500 wg/ml torula yeast RNA) containing 20
nM LNA-124 or scrambled 5'-DIG-labeled probes overnight at 40°C. Sections
were washed twice with 2X SSC at 40°C and three times in 2X SSC, 50%
formamide at 40°C and incubated overnight in blocking buffer (PBS with 2%
goat serum, 2 mg/ml BSA, 0.1% Tween 20) containing an alkaline phosphatase
(AP)-labeled anti-DIG antibody (1/2,000) (Roche). Nitroblue tetrazolium
(NBT)-5-bromo-4-chloro-3-indolylphosphate (BCIP) was used as a substrate for
the AP. Sections of different genotypes were processed and developed in parallel
for the same amounts of time.

FACS analysis. Briefly, for fluorescence-activated cell sorter (FACS) analysis,
wild-type and EfnBI-deficient neurospheres were dissociated with trypsin and
fixed in 4% PFA, and the cell suspension was incubated first with Tuj-1 antibody
(2 pg/ml) and then with a secondary antibody coupled to AlexaFluor 647 (Mo-
lecular Probes). Cells were resuspended in PBS and results acquired with a
FACSCalibur cytometer (Becton Dickinson).

Statistics. Analysis of variance (ANOVA) with Dunnett’s posthoc test was
applied to significant main effects. The differences between groups were consid-
ered statistically significant when the P value was <0.05.

RESULTS

Expression of ephrin-B1 is posttranscriptionally regulated.
In the course of our studies of EfnBI expression in primary
NPCs, we found that endogenous EfnBIl transcripts were
highly unstable, with a half-life of 35 min (Fig. 1A). To test
whether EfnB1 mRNA instability was associated with the 3'-
UTR of the gene, we used a glioma cell line, U251, which
expresses low levels of endogenous ephrin-B1 (see Fig. S1 in
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FIG. 1. The 3'-UTR of EfnB1 causes a decrease in mRNA levels.
(A) Endogenous levels of EfnB1 in NPCs were measured by qRT-
PCR at different time intervals after actinomycin D treatment.
U251 cells were transiently transfected with EfnB1 expression con-
structs with (pcmv-EfnB1-3'-UTR) or without (pcmv-EfnBI) the
3'-UTR, and levels of ectopic EfnBI transcripts were measured by
qRT-PCR at different time intervals after actinomycin D treatment.
Results are the means * standard errors (SE) from 3 independent
experiments, each measured in duplicate. (B) U251 cells were tran-
siently transfected with EfnB1 expression constructs with (EfnBI-
3’-UTR) or without (EfnB1) the 3’-UTR, and steady-state levels of
ectopic EfnB1 transcripts were measured by qRT-PCR. Results are
the means = SE from 3 independent experiments, each measured in
duplicate.

MoL. CELL. BIOL.

the supplemental material). We transfected U251 cells with
expression vectors containing the EfnBI cDNA with and with-
out the 3’-UTR and measured EfnBI mRNA degradation.
Ectopic EfnBI mRNA with no 3’-UTR sequence was more
stable than the transcript containing the 3’-UTR (92-min half-
life for transcripts without the 3’-UTR, versus 27 min for
transcripts with the 3’-UTR) (Fig. 1A). Furthermore, the in-
creased instability of the transcripts with the 3'-UTR corre-
lated with a 2-fold reduction in steady-state levels of ectopic
EfnBI mRNA (Fig. 1B). These results indicate that the 3'-
UTR of EfnBI1 alters gene expression by decreasing mRNA
stability.

To better characterize the mechanisms regulating EfnBI
expression at the posttranscriptional level, we used luciferase
reporter assays, both with U251 cells and with primary NPCs,
which express high levels of endogenous EfnBI (see Fig. S1 in
the supplemental material). Inserting the entire 3'-UTR of
EfnBI1 (FL) downstream of a luciferase cDNA resulted in an
85% decrease in luciferase activity in U251 cells compared to
that for the control reporter (Fig. 2A). To localize this post-
transcriptional regulatory activity, we generated serial dele-
tions from the distal and proximal ends of the EfnB1 3'-UTR,
as illustrated in Fig. 2B (left). Luciferase assays with these
reporters demonstrated that a strong negative regulatory ele-
ment is located in the first 450 bp (Fig. 2B, right), while a
second destabilizing element was identified in the region cor-
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FIG. 2. A posttranscriptional regulatory motif is located in the first 450 bp of the EfnuB1 3’-UTR. (A) Normalized luciferase activity in U251
cells transfected with either a reporter construct containing the full-length EfnB1 3'-UTR (FL) or a control construct (pmiR-control). (B, left)
Schematic representation of various luciferase reporter constructs. The numbers at right indicate the nucleotide positions included in the reporter
constructs. (B, right) Corresponding normalized luciferase activity in U251 cells. (C) Normalized luciferase activity in NPCs electroporated with
pmiR-control, FL, and T1 reporters. Results are the means = standard errors from 6 independent experiments, each measured in duplicate. ##,
significantly different from pmiR-control, P < 0.001; #, significantly different from pmiR-control, P < 0.05.
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FIG. 3. miR-124 targets the 3'-UTR of EfnBI. (A) Normalized luciferase activity in U251 cells cotransfected with FL, T1, or T6 in the absence
(—) or presence (+) of a miR-124 expression construct, as indicated. (B) Normalized luciferase activity in U251 cells cotransfected with T1 or a
reporter carrying a mutation in the miR-124 binding site (T1#), in the absence or presence of a miR-124 expression construct. (C) Normalized
luciferase activity in U251 cells cotransfected with FL, T1, or T6 with (+) or without (—) LNA-124 or scrambled sequences, as indicated. Results
are the means = standard errors (SE) from 3 independent experiments, each measured in duplicate. (D) U251 cells were cotransfected with
pemv-EfnBI or pemv-EfnB1-3'-UTR in the absence or presence of a miR-124 expression construct, and ephrin-B1 protein levels were determined
by Western blot analysis. Quantification of three independent experiments was performed using the Grb2 protein level as a loading control. Results
are the means = SE from 3 independent experiments, each measured in duplicate. (E) E14.5 developing cortices were coelectroporated with a GFP
reporter plasmid and with either a scrambled oligonucleotide (a) or a miR-124 (b) expression construct. Images show nuclei in blue and
GFP-positive cells in green. Quantification of GFP-positive cells in the VZ is also shown (c). Images are representative of 3 independent

electroporations. 1Z, intermediate zone. * P < 0.05; **, P < 0.01.

responding to nucleotide positions 653 to 1211. Interestingly,
in primary NPCs, which express high levels of endogenous
ephrin-B1, the decrease in luciferase activity observed with the
FL and T1 reporters was not as extensive as that observed for
U251 cells (52%, versus 85% with the FL reporter) (Fig. 2C),
underlying the potential importance of posttranscriptional reg-
ulation in the control of steady-state EfnBI expression levels.

Altogether, these results indicate that expression of eph-
rin-B1 is posttranscriptionally regulated and that a strong reg-
ulatory element is located in the first 450 bp of the EfnBI
3'UTR.

Posttranscriptional regulation of EfnB1 by miR-124. Be-
cause AU-rich elements (AREs) have been identified in mem-
bers of the ephrin family (32), we tested whether EfnBI tran-
scripts were subjected to ARE-mediated posttranscriptional
regulation. To experimentally determine whether EfnBI tran-
scripts were subjected to ARE-mediated posttranscriptional
regulation, we assessed the effect of the ubiquitous RNA-
binding proteins AUF-1, which destabilizes ARE-containing
mRNAs, and HuR, which stabilizes ARE-containing mRNAs,
on the EfuB1 3'-UTR. We cotransfected the FL reporter with
the AU-binding protein AUF-1 or HuR and performed lucif-
erase assays. Expression of AUF-1 and HuR was verified by
RT-PCR (see Fig. S2A in the supplemental material). There
was no significant change in luciferase activity associated with
the FL reporter when cotransfected with either the AUF-1- or
the HuR-expressing vector (see Fig. S2B in the supplemental
material), indicating that the EfnBI 3'-UTR is not sensitive to

AUF-1 or HuR overexpression and suggesting that the de-
creased EfnBI mRNA stability associated with the 3’-UTR is
independent of ARE-mediated mRNA decay.

Using the online algorithms TargetScan and PicTar, we
identified conserved target sites for two miRNAs, miR-124 and
miR-195, in the 3'-UTR of EfnBI mRNA (see Fig. S3 in the
supplemental material). Both miR-124 and miR-195 are ex-
pressed in U251 cells and NPCs, albeit at different levels (see
Fig. S4A in the supplemental material), indicating that both
miRNAs are valid candidates for posttranscriptional regula-
tion of ephrin-B1. Since the predicted miR-124 target site is
located within the first 450 bp of the EfnBI 3’-UTR and levels
of miR-124 in U251 cells versus those in NPCs matched the
differential posttranscriptional regulation observed between
these two cell types, miR-124 appeared to be a more promising
candidate than miR-195. To directly test whether the EfnBI
3'-UTR is targeted by miR-124 or miR-195, we performed
luciferase assays in the presence or absence of ectopic miR-124
and miR-195. Cotransfection of the miR-124-expressing con-
struct with the FL or T1 reporter in U251 cells resulted in a
48% or 52% further decrease in luciferase activity, respec-
tively, compared to that for the control situation (FL alone)
(Fig. 3A), indicating that miR-124 does target the EfnBI 3'-
UTR. Cotransfection of miR-124 with T6, which does not
contain the miR-124 binding site, showed no change in lucif-
erase activity (Fig. 3A). Moreover, a mutation in the miR-124
specific binding site in the EfnB1 3'-UTR increased luciferase
activity compared to that for the nonmutated sequence and
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FIG. 4. Reverse signaling downregulates miR-124 levels. (A) Wild-type NPCs were stimulated with Fc, EphA4-Fc, or EphB2-Fc, and levels of
P-STAT3 and P-ERK were assessed by Western blot analysis (left). Ratios of phosphorylated protein levels versus total protein amounts are shown
for both STAT3 and ERK1/2 (right). (B) Wild-type NPCs were stimulated with Fc or EphB2-Fc, and miR-124 levels (left) and miR-200C levels
(right) were determined by qPCR. (C) miR-124 levels in wild-type (WT) and EfnBI '~ (KO) NPCs were determined by qPCR. Results are the
means * standard errors from 3 independent experiments, each measured in duplicate. % P < 0.05. (D) In situ hybridization of coronal sections
of E13.5 wild-type (a, b, d, and €) and EfnBI '~ (c and f) embryos, carried out using either a scrambled LNA as a control (a and d) or LNA-124
as a probe for miR-124 expression (b, c, e, and f). Two different samples at two different magnifications are shown for each condition.

abolished the effect of ectopic expression of miR-124 (Fig. 3B).
Unlike miR-124, coexpression of miR-195 with FL, TS, or T6
had no impact on luciferase activity (see Fig. S4B in the sup-
plemental material). To further confirm that the posttranscrip-
tional regulation associated with the 3’-UTR of EfnBI was due
to miR-124, we repeated the luciferase assays in the presence
of LNA-124, an inhibitor of miR-124. Introduction of LNA-
124 with the FL or T1 construct in U251 cells resulted in an
increase in luciferase activity (70% or 63%, respectively), while
no difference in luciferase activity was observed with scrambled
LNA sequences or T6 (Fig. 3C). To test whether miR-124
posttranscriptional regulation impacted ephrin-B1 protein lev-
els, we performed a Western blot analysis of U251 cells after
ectopic expression of EfnB1 with and without the 3'-UTR and
with and without ectopic miR-124. We observed decreased
ephrin-B1 protein levels following overexpression of miR-124
and the full-length EfnBI transcript (Fig. 3D). Altogether,
these data indicate that EfnB] is a bona fide target of miR-124
in vitro.

In the developing cortex, ephrin-B1 is expressed in neural
progenitors located in the ventricular zone (VZ) and turned off
in neurons (28). This expression pattern is opposite that of
miR-124 (18), providing evidence that EfnbI may be a target of
miR-124 in vivo. To test whether miR-124 targets EfnBI in
vivo, we overexpressed miR-124 in neural progenitors in the

developing cortex and assessed the consequence for EfnBI
expression. First, we ascertained that electroporation of the
miR-124 expression construct did lead to ectopic miR-124 ex-
pression (see Fig. SSA in the supplemental material). Next, we
stained electroporated sections to detect ephrin-B1; however,
we noticed that as early as 16 h postelectroporation, the ma-
jority of cells overexpressing miR-124 had left the VZ and were
located in the cortical plate (CP), an ephrin-Bl-negative ter-
ritory (Fig. 3E; also see Fig. S5B in the supplemental material).
On the contrary, the majority of cells electroporated with a
scrambled oligonucleotide were still located in the VZ (Fig.
3E). Because miR-124-overexpressing cells rapidly exited the
ephrin-Bl-enriched VZ, we were not able to address whether
miR-124 directly targeted ephrin-B1 in vivo. However, these
experiments showed that overexpression of miR-124 promotes
precocious exit of the VZ, which phenocopies the downregu-
lation of ephrin-B1 in vivo (24), suggesting that EfnbI is likely
a target of miR-124 in vivo and indicating that miR-124 and
ephrin-B1 exert opposite effects on neural progenitors in vivo.

Ephrin-B1 reverse signaling downregulates miR-124. The
fact that ephrin-B1 and miR-124 seemed to have opposite
effects on neural progenitors led us to ask whether ephrin-B1
and miR-124 could in fact be part of a regulatory loop. To
address this possibility, we assessed the effect of activating
ephrin-B1 reverse signaling on the levels of miR-124. First, we
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ensured that we could activate reverse signaling in primary
NPCs. We incubated NPCs with clustered Eph receptors that
bind to ephrin-B1 and tested whether this treatment resulted
in increased levels of P-STAT3, which is one hallmark of eph-
rin-B1 reverse signaling activation (2). We observed that acti-
vation of reverse signaling in NPCs led to increased P-STAT3
but not P-ERK1/2 levels (Fig. 4A). We then measured miR-
124 levels by real-time PCR analysis and found that stimula-
tion of reverse signaling in primary NPCs led to a decrease in
miR-124 levels (Fig. 4B, left) but had no effect on an unrelated
miRNA, miR-200c (Fig. 4B, right). To further show that eph-
rin reverse signaling modulates miR-124 levels, we measured
miR-124 levels in both wild-type (WT) and EfnBI-deficient
(EfnB1 /") NPCs. Quantitative PCR analysis showed that
miR-124 levels were increased in EfnB1 '~ NPCs (Fig. 4C).
Furthermore, levels of miR-124 appeared elevated in the tel-
encephalons of E13.5 EfnB1~/~ embryos compared to those
for WT controls (Fig. 4D). Altogether, these results indicate
that ephrin reverse signaling regulates miR-124 levels in vitro
and in vivo.

The expression of ephrin-B1 is regulated by ephrin reverse
signaling. Since EfnBI is a target of miR-124, one expectation
from the data presented above is that its expression should be
regulated upon activation of reverse signaling. To test for this,
we measured EfnB] mRNA levels by qRT-PCR following ac-
tivation of ephrin reverse signaling in NPCs. As expected, we
observed that activation of reverse signaling led to increased
levels of EfnBI transcripts (Fig. 5A). Expression of Sox9, which
is a recently validated target of miR-124 (6), was also increased
in response to reverse signaling (Fig. 5B), suggesting that mod-
ulation of miR-124 levels by reverse signaling might have a
ripple effect on multiple miR-124 targets. These results reveal
the existence of a feedback loop controlling EfnBI expression
downstream of ephrin reverse signaling. To confirm that reg-
ulation of EfnBl expression downstream of ephrin reverse
signaling involves posttranscriptional regulation, we performed
luciferase assays with the FL reporter with and without stim-
ulation of reverse signaling in primary NPCs. Activation of
reverse signaling in WT but not in EfnBI1 '~ NPCs led to an
increase in luciferase activity associated with the FL reporter
(Fig. 5C), suggesting that posttranscriptional regulation is in-
deed part of the feedback loop identified. However, the fact
that the increase in FL-associated luciferase activity did not
match the increase in Efnbl mRNA levels suggests that post-
transcriptional regulation might not be the only mechanism at
play in the feedback loop.

Mutual inhibition between ephrin-B1 and miR-124 controls
neuronal differentiation. We next asked whether mutual inhi-
bition between EfnBI and miR-124 is relevant to the physio-
logical function of these molecules, focusing on their role in
neurogenesis. First, we used primary neural progenitors in
culture as a model system of neurogenesis (see Fig. S6 in the
supplemental material). We observed that EfnBI and miR-124
exhibited opposite changes in expression over the course of
differentiation (Fig. 6A). Second, we observed that EfnBI "/~
NPCs, which exhibit higher miR-124 levels (Fig. 4C), also
exhibit increased levels of tubb3 transcripts at 6 days of differ-
entiation (Fig. 6B), indicating that neuronal differentiation is
promoted in EfnB1 '/~ NPCs. Furthermore, FACS analysis
using the Tuj-1 antibody to detect BIII-tubulin revealed that
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FIG. 5. Reverse signaling regulates the expression of miR-124 tar-
get genes. (A) Wild-type NPCs were stimulated with Fc (control) or
EphB2-Fc (reverse), and EfnBI levels were determined by qRT-PCR.
(B) Wild-type NPCs were stimulated with Fc (control) or EphB2-Fc
(reverse), and Sox9 levels were determined by qRT-PCR. (C) Normal-
ized luciferase activity in wild-type (WT) and EfnBI-deficient (KO)
NPCs electroporated with the T1 reporter and stimulated with Fc
(control) or EphB2-Fc (reverse). Results are the means *+ standard
errors from 3 independent experiments, each measured in duplicate.
*%x, P < 0.01.

EfnB1~'~ NPCs present a higher rate of spontaneous neuronal
differentiation when cultured in the presence of growth factors
(Fig. 6C). To test whether higher miR-124 levels cause ele-
vated neuronal differentiation in EfnBI ~/~ NPCs, we knocked
down miR-124 in these cells and asked whether this affected
neuronal differentiation. Electroporation of LNA-124 in
EfnB1~'~ NPCs led to a modest yet significant decrease in
tubb3 levels but had no effect on levels of gfap (a nonneuronal
transcript) (Fig. 6D). These results indicate that increased
miR-124 levels in EfnBI '~ NPCs are causally linked to in-
creased neuronal differentiation. Further, this suggests that
ephrin-B1 reverse signaling antagonizes neuronal differentia-
tion by keeping miR-124 levels low.

Next, we constitutively expressed miR-124 in NPCs and eval-
uated the effect of ectopic miR-124 on EfnBI expression and
neuronal differentiation. Ectopic expression of miR-124 in
NPCs led to a further decline in EfnB1 messenger levels by day
6 of differentiation compared to those for controls (20% * 6%
versus 40% * 11% of the level at day 0, respectively), as
measured by qRT-PCR. In addition, miR-124-overexpressing
cultures showed an increased rate of neuronal differentiation,
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FIG. 6. Increased neuronal differentiation in EfnBI-deficient NPCs correlates with elevated miR-124 levels. (A) NPCs were cultured on
poly-L-lysine-coated plates and were allowed to differentiate for 3 or 6 days. Levels of miR-124 and EfnBI were measured by qPCR and qRT-PCR,
respectively, and are expressed as percentages of the day 0 levels. Results are the means =+ standard errors (SE) from 3 independent experiments.
(B) tubb3 levels in differentiated wild-type (WT) or EfnBI '~ (KO) NPCs were determined by gqRT-PCR. (C) Spontaneous neuronal differen-
tiation in growing wild-type (WT) and EfnBI '~ (KO) NPCs was assessed by FACS analysis using BIII-tubulin as a marker. FL1-H and FL4-H,
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LNA-124, and gfap and tubb3 levels were determined by qRT-PCR. Results are the means * SE from 3 independent experiments, each measured

in duplicate. *, P < 0.05; #*, P < 0.01.

as determined by HuC/D staining (Fig. 7A). These data
showed that overexpression of miR-124 induces a decrease in
EfnBI levels concomitant with increased neuronal differentia-
tion. To test whether downregulation of ephrin-B1 is relevant
to miR-124-induced differentiation, we coexpressed ephrin-
B1-GFP (20) and miR-124 in NPCs and evaluated neuronal
differentiation by immunostaining for HuC/D. Ectopic expres-
sion of ephrin-B1 delayed miR-124-induced differentiation, as
cells coelectroporated with miR-124 and ephrin-B1-GFP
rarely costained with HuC/D (Fig. 7A). In addition, these cells
primarily remained round (Fig.7Ag). These results suggest that
preventing the downregulation of ephrin-B1 blocked miR-124
promotion of neuronal differentiation.

miR-124 has recently been shown to promote neurite exten-
sion when overexpressed in isolated cortical progenitor cells,
supporting its positive regulation of neurogenesis (18). Simi-
larly, we observed in vivo that neurons overexpressing miR-124
exhibited increased neurite outgrowth compared to that for
neurons expressing GFP alone (Fig. 7B), probably reflecting
the fact that cells electroporated with miR-124 had preco-
ciously entered the differentiation program (Fig. 3E). On the
contrary, neurons that coexpressed ephrin-B1-GFP and miR-
124 did not present these changes in neurite length and were
similar to neurons expressing either ephrin-B1-GFP or GFP
alone (Fig. 7Be and f). Altogether, these results indicate that

mutual inhibition between ephrin-B1 and miR-124 is relevant
to the control of neuronal differentiation.

DISCUSSION

Our study describes a feedback mechanism regulating eph-
rin-B1 expression that involves posttranscriptional regulation
via a miRNA. While our results clearly show that EfnBI is a
target of miR-124, expression of EfnB1 is probably also con-
trolled by yet-undescribed transcriptional mechanisms both de-
pendent and independent of reverse signaling. We propose
that posttranscriptional regulation by miR-124 provides a re-
finement to the transcriptional regulation of EfnBI, in accor-
dance with the proposed role of miRNAs in buffering stochas-
tic variations in gene expression (16). It has been shown
recently that some members of the Eph/ephrin family possess
posttranscriptional regulatory motifs in the 3'-UTR, consistent
with a possible posttranscriptional regulation by the mRNA
decay pathway (32). EfuB1 was not tested directly in that study,
and we found that overexpression of HuR and AUF-1 had no
effect on posttranscriptional regulation via the EfnBI 3'-UTR.
We identified a single, highly conserved miR-124 target site in
the Efnbl 3’-UTR, and we found that posttranscriptional reg-
ulation of EfnBI involved mRNA instability. This is consistent
with a recent report showing that the majority of miR-124
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targets are regulated predominantly via mRNA degradation
(15).

Our results indicate that activation of reverse signaling leads
to changes in miR-124 levels, which has consequences for the

expression of miR-124 targets. This is significant because only
a few reports have proposed that reverse signaling might im-
pinge on gene expression. We showed recently that stimulation
of ephrin-B1 reverse signaling in fibroblasts resulted in global
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gene expression changes (3), and it has been reported that the
cytoplasmic domain of ephrin-B1 interacts with a transcrip-
tional repressor that regulates maintenance of NPCs (33).
Lastly, activation of the transcription factor STAT3 down-
stream of ephrin reverse signaling has been described previ-
ously (2). Ephrins are well known for their role in regulating
cell morphology, and it has been shown that they do so by
directly regulating cytoplasmic effectors involved in the dynam-
ics of the actin cytoskeleton, such as small GTPases (21). Our
data suggest that ephrin reverse signaling could also control
cell morphology via regulation of miR-124 levels. Although the
entire repertoire of miR-124 targets is not known, there is
accumulating evidence that this miRNA targets genes coding
for proteins involved in the regulation of the cell cytoskeleton
(5, 35).

A recent report has shown that the RE1 silencing transcrip-
tion factor (REST/NRSF) binds to the promoter of mamma-
lian miR-124 genes to repress their expression in nonneuronal
cells (9). Although we do not know yet whether ephrin-B1
reverse signaling regulates miR-124 levels via REST/NRSEF, it
is interesting to note that a physical and functional interaction
between ephrin-B1 and a transcriptional coactivator, TAZ, has
been reported very recently (34).

A role for miR-124 in promoting neurogenesis in vivo has
been reported in the last few years (6, 18, 31), and we have
shown that ephrin-B1 was required to maintain the progenitor
fate in the developing murine cortex (24). Here, we used these
known functions to demonstrate the physiological relevance of
the mutual inhibition between ephrin-B1 and miR-124. We
showed that downregulation of ephrin-Bl is important for
miR-124-induced necuronal differentiation: in cultured NPCs,
ectopic expression of ephrin-B1 delayed miR-124-induced ex-
pression of neuron-specific genes, and in ex vivo explants, ec-
topic ephrin-B1 inhibited miR-124-induced neurite extension.
Conversely, our data suggest that ephrin-B1 maintains the pro-
genitor fate by keeping levels of miR-124 low.

Mutually repressive interactions, such as the one described
here, occur frequently during segmentation and neurogenesis
(two processes involving Eph/ephrin signaling), and mathemat-
ical analysis has shown that these interactions may be impor-
tant to sharpen expression boundaries and confer robustness to
developmental processes (17). However, the regulatory mech-
anism between ephrin-B1 and miR-124 may also be relevant to
carcinogenesis. For example, it has been shown that miR-124
expression is downregulated in several carcinomas (14, 26)
while ephrin-B1 upregulation seems to be associated with car-
cinoma tumorigenesis (25, 30). Further studies are warranted
to test for a direct miRNA-ephrin-B relationship in cancer.
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