
L3/Lhx8 is a pivotal factor for cholinergic
differentiation of murine embryonic stem cells
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L3/Lhx8 is a member of the LIM-homeobox gene family. Previously, we demonstrated that L3/Lhx8-null mice specifically lacked
cholinergic neurons in the basal forebrain. In the present study, we conditionally suppressed L3/Lhx8 function during retinoic
acid-induced neural differentiation of a murine embryonic stem (ES) cell line using an L3/Lhx8-targeted small interfering RNA
(siRNA) produced by an H1.2 promoter-driven vector. Our culture conditions induced efficient differentiation of the ES cells into
neurons and astrocytes, but far less efficient differentiation into oligodendrocytes. Suppression of L3/Lhx8 expression by siRNA
led to a dramatic decrease in the number of cells positive for the cholinergic marker ChAT, and overexpression of L3/Lhx8
recovered this effect. However, no significant changes were observed in the number of Tuj1þ neurons and GABAþ cells.
These results strongly suggest that L3/Lhx8 is a key factor in the cholinergic differentiation of murine ES cells and is involved in
basal forebrain development.
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Recently, L3/Lhx8 was identified as a member of the LIM
homeobox gene family and is selectively expressed in the
medial ganglionic eminence (MGE).1 Previously, we gener-
ated mice with disrupted expression of the L3/Lhx8 gene and
reported that L3/Lhx8-null mice had a clearly visible pheno-
type; homozygous mice had a cleft palate.2 In addition, we
reported that L3/Lhx8-null mice had lost a significant number
of basal forebrain cholinergic neurons, while an L3/Lhx8-
knockdown cell line specifically lacked the cholinergic
phenotype.2,3 Intriguingly, GABAergic differentiation was
increased in the differentiating L3/Lhx8-knockdown N2a
cells.3 In the basal forebrain, cholinergic and GABAergic
neurons mediate the majority of excitatory and inhibitory
neurotransmission, respectively. The differentiation mechan-
isms of cholinergic neurons are of special interest because an
abnormality of the cholinergic projection neurons in the basal
forebrain has been implicated in neurodegenerative diseases
such as Alzheimer’s disease.4,5

Murine embryonic stem (ES) cells can contribute to the

formation of all tissues and are an ideal tool for examining
differentiation mechanisms in vitro. Recently, effective neuro-

genesis from ES cells was achieved using an in vitro stromal

cell-derived inducing activity (SDIA) method.6 Oct3/4, which
plays a critical role in maintaining ES cell pluripotency,7 can

also promote neuroectoderm formation by ES cells when

expression is sustained, and this leads to neural differentia-
tion.8 Previous reports have demonstrated that retinoic acid

(RA) enhances the cholinergic phenotype in various cell lines

in which differentiation can be induced.3,9–17 A combination of
the above-mentioned culture conditions allows us to achieve

effective cholinergic differentiation of ES cells.

To explore the role of the L3/Lhx8 gene, we employed the
RA-induced neural differentiation model in ES cells that stably
express Oct3/4 (EB5 cells). Here, we report the effects of
small interfering RNA (siRNA) against L3/Lhx8 mRNA on
neural differentiation in this system with special reference to
the neurotransmitter phenotype.

Results and Discussion

Our previous study demonstrated that L3/Lhx8-null mice
significantly and specifically lacked cholinergic neurons in the
MGE and basal forebrain.2 Furthermore, cholinergic differ-
entiation was diminished by L3/Lhx8-knockdown in neuro-
blastoma Neuro2a (N2a) cells.3 Intriguingly, the expression of
GABAergic markers and the number of GABAergic cells were
dramatically increased in differentiating L3/Lhx8-knockdown
N2a cells. These results suggest the possibility that L3/Lhx8 is
involved in the determination of neurotransmitter phenotypes
(GABAergic or cholinergic cell fate) in a population of neurons
during basal forebrain development. However, in that experi-
mental system, N2a cells are committed to a neuronal fate,
and it is therefore difficult to clarify whether GABAergic
differentiation is promoted as a secondary result of the
inhibition of cholinergic differentiation following L3/Lhx8-
knockdown or whether the L3-depletion positively leads cells
toward GABAergic differentiation. On the other hand, in an
experimental system using ES cells, which are not committed
to a neuronal fate, ES cells may differentiate into cells other
than GABAergic neurons, such as glial cells. Therefore, we
decided to investigate the role of L3/Lhx8 in phenotype-
specific differentiation (and/or developmental) steps via a
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loss-of-function study of L3/Lhx8 in ES cells in vitro using an
RNAi strategy. We used a vector-based RNAi approach to
intracellularly produce a short hairpin double-stranded RNA
(dsRNA) from a DNA template under the control of the histon
H1.2 promoter.3 The H1.2 promoter in this vector is an
engineered inducible promoter containing a tetracycline (Te)
operator (TetO1). A clone stably transfected with this vector
expresses green fluorescent protein (GFP) under the control
of the cytomegalovirus (CMV) promoter in a Te independent
manner.
First, we established the conditions for neural differentiation

of ES cells to determine the optimal conditions for the RNAi
experiments (Figure 1a–d). Our established conditions
effectively induced Tuj1þ -neural differentiation of ES cells

(25.672.2%, n¼ 3; Figure 1c and m). Furthermore, immuno-
staining for GFAP demonstrated that both trypsin-treated
dispersed cells (55.776.9%, n¼ 3; Figure 1n) and trypsin-
untreated spheres (Figure 1j) differentiated into GFAP-
positive astrocytes. However, there was no detectable
immunoreactivity to CNPase (an oligodendrocyte marker) in
differentiated cells, from either dispersed cells or spheres,
despite abundant expression of GFP (dispersed cells: Figure
1k and l; spheres: Figure 1g and h). The ES cells used in
the present study stably express Oct3/4, which promotes
neuronal differentiation (neither astrocytes nor oligodendro-
cytes appear within 10 days of culture) via the SDIA method.8

In our study, using a different RA-mediated neural differentia-
tion method, gave rise to a number of GFAP-positive

Figure 1 Characterization of the ES cells used in the present study. (a–d) Schematic representation of the strategy for neural differentiation of murine ES cells. Cells
cultured under each of the conditions were fixed and immunostained with an anti-Nestin (a, b) or an anti-Tuj1 (c, d) antibody. Scale bar, 50mm. (e–f) Selection and
characterization of the stable clones used in the present study. (e) Effects of induction of an L3/Lhx8 siRNA on the inhibition of L3/Lhx8 mRNA expression in ES cells. Mock
and tetracycline (Te)-inducible L3/Lhx8 siRNA vectors were transfected into ES cells using Targefect F-1, and each clone was picked up after cell selection with hygromycin.
The cells were maintained under sphere-formation conditions for 4 days (lane 2, Sph, sphere), followed by specification under differentiation conditions for 14 days (lane 3,
Dis., dissociated) with (e, lower panel, Te-on) or without (e, upper panel, Te-off) Te. Te-untreated (upper panel, Te-off) and Te-treated (lower panel, Te-on) ES cells were
collected at each step and total RNA was extracted. RNA was quantified by real-time RT-PCR assays as described in the Materials and Methods. (f) Data show mean7S.E.
for n¼ 3 separate experiments. The Te-induced L3/Lhx8 siRNA efficiently inhibits the L3/Lhx8 mRNA expression underlying the differentiation processes. Native, untreated
cells cultured under standard conditions. (g–n) Characterization of differentiated ES cells by immunocytochemical analysis. ES cells were maintained in sphere-formation
medium (�FCS,�LIF, �RA, þ KSR) for 4 days in bacterial-grade dishes, followed by passage on courting dishes with (k–n) or without (g–j) trypsin treatment. After 14 days,
differentiated ES cells were fixed and immunostained with antibodies against GFP (g, e) or CNPase (k, l) or Tuj1 (i, m) and GFAP (j, n). Scale bar, 20mm
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astrocytes (Figure 1j and n), which is convenient for our
purposes, since the cells are not exclusively committed to a
neuronal fate.
We obtained stable clones of Te-inducible L3/Lhx8

siRNA-expressing ES cells utilizing an H1.2 promoter-driven
double-stranded hairpin siRNA-producing vector (see
Materials and Methods; Figure 1e and f). The vector harbored

a CMV promoter-driven GFP cassette, which could
label the transfected cells irrespective of the presence or
absence of Te. Real-time RT-PCR assays demonstrated
that more potent inhibition of L3/Lhx8 expression
occurred in the clone under the Te-on condition than the
Te-off condition (Figure 1e, lower panel; Figure 1f). However,
no significant depletion of L3/Lhx8 mRNA was detected

Figure 2 siRNA-mediated reduction of L3/Lhx8 expression decreases cholinergic differentiation of ES cells (single cells). (a–p) Spheres of ES cells were treated with
trypsin, and then incubated in differentiation medium with (knockdown; Te-on; b, d, g, i, l, n) or without (untreated; Te-off; a, c, f, h, k, m) Te for 14 days. After incubation, the
cells were fixed and immunostained with antibodies against GFP (a, b, f, g, k, l), ChAT (c, d), GABA (h, i) or Tuj1 (m, n). Quantitative data from four separate experiments are
shown as the percentages of ChAT- (e), GABA- (j), Tuj1- (o) or GFAP- (p) positive cells among the GFP-positive cells (n¼ 4). (q) Effects of Te-on or -off on cell death assay in
ES cells. Quantitative data from three separate experiments are shown as the percentages of TUNEL-positive cells in the total cell number. Scale bar, 20mm
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in the Te-untreated (Te-off) cells (Figure 1e, upper panel;
Figure 1f).
In our preliminary experiments, suppression of L3/Lhx8

expression by the Te-on system caused a reduction in the
number of cholinergic projections from differentiated spheres
(data not shown). In order to quantify these results, we treated
spheres with trypsin to disperse the cells and performed
immunofluorescence staining (Figure 2). Cholinergic differ-
entiation was significantly decreased in the L3/Lhx8-knock-
downTe-onEScells compared to theTe-off cells (Figure 2a–e).
However, no significant alterations were observed in the
number of GABA-, Tuj1- or GFAP-positive cells between the
Te-on and Te-off conditions (Figure 2f–p). In addition, Te-
treatment did not significantly influence the rate of cell death in
the L3/Lhx8-knockdown clone (Figure 2q) or the number of
processes (Te-off; 2.4671.04, Te-on; 2.4370.96).
In the present study, there was a significant reduction in the

expression of a cholinergic marker in RA-treated ES cells after
treatment with L3/Lhx8 siRNA (Figure 2a–e). The present
results, together with those of our previous study,3 confirm
that L3/Lhx8 positively regulates cholinergic differentiation.
Although GABAergic differentiation was increased in differ-
entiating L3/Lhx8-knockdown N2a cells,3 the number of ES
cells positive for a GABAergic marker did not change
significantly in this study (Figure 2f–j) and so the effect of
L3/Lhx8 on GABAergic differentiation remains uncertain.
If L3/Lhx8 is a key factor for cholinergic differentiation,

overexpression of L3/Lhx8 alone would increase cholinergic
marker expression and neuronal numbers. Moreover, the
suppressed differentiation of cholinergic neuronsmediated by
L3/Lhx8 siRNA should be recovered by overexpression of L3/

Lhx8. In order to prove these hypotheses, we overexpressed
the L3/Lhx8 gene at the time when differentiation appeared to
begin. In L3/Lhx8-overexpressing cells, a greater number of
cells were positive for the cholinergic marker ChAT (Figure
3a–e), but there was no change in the number of GABAergic
cells (Figure 3f) or Tuj1 (Figure 3g), compared with control
cells (transfection efficiency; 53.7%75.6). In addition, there
was no significant change in the rate of cell death following
transfection of this clone (Figure 3h).
We went on to examine whether suppression of the

cholinergic phenotype by L3/Lhx8 siRNA would be recovered
by L3/Lhx8 overexpression. We found that exogenous
expression of L3/Lhx8 was effective in offsetting the effects
of L3/Lhx8 siRNA on ES cells (Figure 4a–g), while GABA- or
Tuj1-positive cells remained unaffected by the recovery of
L3/Lhx8 under the same conditions (Figure 4h and i). No
significant changes on cell death of this clone by Te-treatment
or transfection were observed (Figure 4j). However, our
previous study demonstrated that overexpression of L3/Lhx8
alone, in N2a cells, did not alter the RA-mediated differentia-
tion to cholinergic or GABAergic neurons.3 One explanation
for this discrepancy may be that the timing of L3/Lhx8
expression may need to be adjusted to determine the action
of L3/Lhx8 in the cholinergic differentiation process. In fact,
judging by previous reports on the basic helix–loop–helix
transcription factor Mash1 and the homeodomain transcrip-
tion factor Dlx, which are important for neurogenesis in the
basal forebrain at the early and late stages of development,
respectively,18,19 the exact timing of transcription factor
expression during developmental- and differentiation pro-
cesses appears to be important. In any case, these results

Figure 3 Effects of transient transfection of L3/Lhx8 on neural differentiation of ES cells. (a–g) Spheres of ES cells were treated with trypsin, and then seeded onto
courting dishes. Eight hours after seeding out, the cells were transiently transfected with an L3/Lhx8 expression vector (c, d) or a mock vector (Mock; a, b) for 8 h, and then
incubated in differentiation medium for 14 days. After incubation, the cells were fixed and immunostained with antibodies against GFP (a, c) or ChAT (b, d). Quantitative data
from four separate experiments are shown as the percentages of ChAT- (e), GABA- (f) or Tuj1- (g) positive cells among the GFP-positive cells (n¼ 4). *Po0.05. (h) Effect of
transfecting cells with Mock or L3/Lhx8 on cell death assay in ES cells. Quantitative data from three separate experiments are shown as the percentages of TUNEL-positive
cells in the total cell number. Scale bar, 20 mm
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strongly suggest that L3/Lhx8 plays a pivotal role in the
specification of cholinergic neurons.
The results of the present study provide two important

points of information. The first point is that L3/Lhx8 positively
induces cholinergic specification of ES cells under normal
conditions. This is the first study to usemultipotent ES cells for
this purpose and adds further proof to our previous results,
which indicated that L3/Lhx8 plays a role in the development
of cholinergic neurons in the basal forebrain. The second point
is that L3/Lhx8 does not affect GABAergic specification of
ES cells, in contrast to the requirements of the N2a cell line.3

To explain this discrepancy, two possible causes can be
considered, namely the timing of L3/Lhx8 action and the
participation of other factors. As mentioned above, N2a cells
are pre-committed to a neuronal fate, and therefore the
processes that regulate differentiation or the factors partici-
pating in these processes, may be simpler than those involved
in the case of multipotent ES cells. In fact, many transcription
factors besides L3/Lhx8, such as Lhx6, Isl-1, Gbx-1 and Gbx-
2, are either sequentially or simultaneously involved in the

differentiation of the basal forebrain,2,20 and this should be
taken into account in future studies. In summary, the
GABAergic phenotype may involve more complex underlying
mechanisms in the ES cell paradigm; in order to elucidate
these mechanisms, the interactions between L3/Lhx8 and the
promoters of cholinergic andGABAergicmarker genes should
be examined.

Materials and Methods
Cell culture and differentiation. Mouse ES cells were maintained as
monolayer cultures in growth medium consisting of 90% Dulbecco’s modified eagle
medium (DMEM), 10% fetal bovine serum (FBS), 100 U/ml penicillin and 10 mg/ml
streptomycin. The cells were incubated at 371C in a humidified atmosphere of 95%
air/5% CO2 and subcultured into fresh culture vessels when the growth reached
70–90% confluence (i.e. every 2–3 days). For differentiation experiments, cells
were plated on 35-mm dishes at 1.5� 105 cells/dish in FBS�/knockout serum
replacement (KSR)þ DMEM. Following incubation for 1 h, the growth medium was
replaced with FBS�/KSRþ DMEM supplemented with 0.1mM RA. After
incubation for the required length of time, the cells were harvested in
homogenization buffer for RT-PCR or fixation buffer for immunocytochemistry.

Figure 4 Effect of L3/Lhx8 expression on the L3/Lhx8 siRNA-induced decrease in cholinergic differentiation of ES cells. (a–i) Spheres of ES cells were treated with trypsin,
and seeded onto courting dishes. Eight hours after seeding out, the cells were transiently transfected with an L3/Lhx8 expression vector (e, f) or a mock vector (Mock; c, d) for
8 h, followed by incubation in differentiation medium with (c–f) or without (a, b; untreated) Te for 14 days. After the treatments, the cells were fixed and immunostained with
antibodies against GFP (a, c, e) or ChAT (b, d, f). Quantitative data from three separate experiments are shown as the percentages of ChAT- (g), GABA- (h) or Tuj1-(i) positive
cells among the GFP-positive cells (n¼ 4). *Po0.05. KD-mock; cells that were mock-transfected following knockdown of L3/Lhx8. KD-L3; cells that were L3/Lhx8-transfected
following knockdown of L3/Lhx8. (j) Effects of Te-on or -off and transfection of Mock or L3/Lhx8 on cell death assay in ES cells. Quantitative data from three separate
experiments are shown as the percentages of TUNEL-positive cells in the total cell number. Scale bar, 20mm
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Vector construction. Vectors were constructed as described previously.3,21

Transfections and stable clones. The pcDNA6/TR vector (Invitrogen) and
pRNATin-H1.2 with L3/Lhx8 siRNA-inducible sequences were transfected into ES
cells using Targefect F-1 (Targeting Systems). Individual clones were picked up
after cell selection with hygromycin for pRNATin or Geneticin for pcDNA6/TR.
Transient transfection of pcDNA3.1(þ )-L3/Lhx8 in to ES cells was also performed
using Targefect F-1 while starting specialization conditions (1mg/ml, transfection
efficiency; 53.7%75.6).

Immunocytochemistry. Immunocytochemical analyses were performed as
described previously.3,21 The primary antibodies used were anti-choline
acetyltransferase (ChAT; mouse monoclonal; Chemicon), anti-GABA (rabbit
polyclonal; Sigma) and anti-GFP (mouse monoclonal, Molecular Probes Inc.;
rabbit polyclonal, Molecular Probes Inc.; goat polyclonal, Rockland).

Cell counting and data analysis. ES cells were cultured on Cellocate
coverslips (Eppendorf). After double-label immunocytochemistry for GFP and
cellular markers, the cells were observed under a fluorescence microscope. The
total number of cells (100–150 cells in 3–4 different fields at 100-fold magnification)
was counted using the GFP immunofluorescence to identify cells (labeled with an
Alexa 688-conjugated secondary antibody (Molecular Probes Inc.) in a single
experiment. Cells positive for the given marker were quantified under a fluorescence
microscope with an appropriate filter set for Alexa 546 or Alexa 350 (Molecular
Probes Inc.). The counting experiments were performed in triplicate for each
marker. The results were expressed as the mean7S.E. and analyzed statistically
by Student’s t-test.

Real-time reverse-transcription-PCR. Total RNA was extracted and
purified from ES cells under normal and differentiation conditions using a Trizol
extraction method (Life Technologies). Reverse transcription (RT) of the purified
RNA (1mg) was carried out for 1 h at 421C in 50ml of Tris-HCl buffer (50 mM, pH
8.3) containing KCl (75 mM), MgCl2 (3 mM), oligo(dT) 12–18 (50 pmol) and
deoxynucleotides (200mM) in the presence of murine Moloney leukemia virus
reverse transcriptase (200 U; Promega). Polymerase chain reactions (PCR) were
performed under the following conditions. The sense and antisense primers used
for L3/Lhx8 were 50-ATGTATTGGAAGAGCGATCAG-30 and 50-TCATTGGATGGG
GTAACAAGGGC-30, respectively. A 1ml aliquot of the cDNA was used as the real-
time PCR template in 20ml of reaction mixture containing the two primers. The
amplified products were separated on 1% agarose gels and visualized by ethidium
bromide staining and subsequent UV irradiation.

TUNEL assay. Cells were processed for terminal deoxynucleotidyl transferase
mediated dUTP nick end labeling (TUNEL) by using an in situ cell death detection kit
(Roche) following the protocol provided by the manufacturer.
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