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During mammalian embryogenesis, precise coordination of progenitor cell proliferation and differentiation is
essential for proper organ size and function. The involvement of TLX (NR2E1), an orphan nuclear receptor,
has been implicated in ocular development, as Tlx−/− mice exhibit visual impairment. Using genetic and
biochemical approaches, we show that TLX modulates retinal progenitor cell proliferation and cell cycle
re-entry by directly regulating the expression of Pten and its target cyclin D1. Additionally, TLX finely tunes
the progenitor differentiation program by modulating the phospholipase C and mitogen-activated protein
kinase (MAPK) pathways and the expression of an array of cell type-specific transcriptional regulators.
Consequently, Tlx−/− mice have a dramatic reduction in retina thickness and enhanced generation of S-cones,
and develop severe early onset retinal dystrophy. Furthermore, TLX interacts with atrophin1 (Atn1), a
corepressor that is involved in human neurodegenerative dentatorubral-pallidoluysian atrophy (DRPLA) and
that is essential for development of multiple tissues. Together, these results reveal a molecular strategy by
which an orphan nuclear receptor can precisely orchestrate tissue-specific proliferation and differentiation
programs to prevent retinal malformation and degeneration.
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The mammalian central nervous system (CNS) is com-
prised of a variety of cell types. Proliferation and differ-
entiation are major forces driving its formation. Com-
mitment of multipotent progenitor cells to specific lin-
eages and precise organization of the generated cell types
determine regional identity, while production of suffi-
cient cell numbers governs size. Correct balancing of
these two events is required for a functional CNS of the
proper size and cytoarchitecture. Nonetheless, how this
balance is achieved is poorly understood.

The retina is an ideal model system to study CNS
formation, as it is easily accessible, has a relatively
simple structure, and is constituted by a manageable
number of cell types; namely, six neuronal cell types and
one class of glia, which are organized into three charac-
teristic cellular layers. The light-sensing rod and cone
photoreceptors are localized in the outer nuclear layer
(ONL), while projection neurons occupy the innermost
ganglion cell layer (GCL). Separating these two layers is
the inner nuclear layer (INL) containing amacrine, bipo-

lar and horizontal interneurons, and Müller glia. Birth
dating analyses have demonstrated that all seven cell
types are generated from a common progenitor cell in an
evolutionarily conserved order; ganglion, horizontal, and
cone cells are born first, followed by the remaining cell
types in overlapping phases (Price et al. 1987; Turner and
Cepko 1987). Thus, the timing of proliferation and dif-
ferentiation of the retinal progenitor cells (RPCs) must
be tightly modulated to produce sufficient numbers of all
of the necessary cell types. While emerging evidence
shows that cell type specification and differentiation
from the RPCs is controlled by a series of intrinsic fac-
tors, such as homeobox-containing genes (Mathers and
Jamrich 2000; Martinez-Morales et al. 2001; Dyer 2003)
and bHLH (basic helix–loop–helix) proteins (Hatake-
yama and Kageyama 2004), little is known about how
the tissue-specific proliferation is modulated and how
these two processes are coordinated.

Nuclear receptors constitute a superfamily of tran-
scription factors characterized by a DNA-binding do-
main (DBD) and a ligand-binding domain (LBD) (Man-
gelsdorf and Evans 1995). TLX belongs to the so-called
orphan nuclear receptor family for which ligands have
not yet been identified (Yu et al. 1994). Its expression
starts at embryonic day 8 (E8) and is localized in the
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neuroepithelium of the developing CNS, including tel-
encephalon, diencephalon, nasal placodes, neural retina,
and optic stalk (Yu et al. 1994). Loss of TLX function in
mouse leads to reduced brain size, thin cerebral cortices,
and visual impairment (Monaghan et al. 1997; Yu et al.
2000). TLX also plays an essential role in maintaining
the proliferative state of adult neural stem cells in mouse
forebrain (Shi et al. 2004); but the genetic circuits by
which TLX regulates neural progenitor proliferation are
unclear. Using combined genomewide expression profil-
ing and histological and biological analysis, we show
that TLX interacts with the corepressor atrophin1 (Atn1)
and is required for coordinating retina-specific prolifera-
tion and differentiation programs to prevent retinal dys-
trophy, while it is not essential for retinal cell type speci-
fication.

Results

Dystrophic retina and loss of visual acuity
in Tlx−/− mice

Previously we have shown that Tlx−/− mice have visual
defects (Yu et al. 2000). To further characterize these
defects, we performed immunostaining on flat-mounted
neural retinas from adult Tlx−/− or wild-type mice using
an antibody (against rhodopsin) that recognizes the outer
segments (OS) of rod photoreceptors. Unlike the con-
tinuous and compact staining of the wild-type retinas,
there are numerous unstained “voids” in the Tlx−/− reti-
nas (indicated by arrows in Fig. 1A,B). Retinal voids are
preceded by zones of OS thinning at earlier developmen-
tal stages (postnatal day 10 [P10]) (Fig. 1C) that progress
to patchy fenestrations beginning around P21 (Fig. 1D).

Although Tlx−/− mice lack a normal light response as
measured by electroretinograms (Yu et al. 2000), their
loss of visual acuity has not been directly examined. On
the standard visual cliff paradigm (Crawley 2000), we
found that Tlx−/− mice cannot distinguish the cliff and
spend equal amounts of time on either side of the cliff
edge, indicating complete loss of visual acuity (Fig. 1E).
This conclusion was further strengthened by results
from light/dark transition tests, in which Tlx−/− mice fail
to recognize the safe environment of the dark box (Fig.
1F) and spend 80% of the time in the well-lit box relative
to 20% for the wild-type controls (Fig. 1G).

Reduced retinal size and cell number in Tlx−/− mice

To understand the cellular mechanisms underlying the
loss of vision found in Tlx−/− mice, we conducted de-
tailed histological analyses of mutant eyes from E10.5 to
adulthood. Between E10.5 and E14.5, no obvious histo-
logical defects were observed (data not shown). However,
beginning at E15.5 and particularly by E16.5, the Tlx−/−

neural retinas were significantly thinner (16% at E16.5
and 43% at P21) than that of wild-type littermates (Fig.
2A–D; data not shown). This was most evident in the

late-forming nuclear layers such as the INL and ONL
(Fig. 2A,C,D).

Thinning of the retina could be caused by reduction in
cell size and/or number. Confocal microscopy showed
that while there was no significant difference in nucleus
size (data not shown), there was a marked reduction in
the thicknesses of the inner plexiform layer (IPL), outer
plexiform layer (OPL), and photoreceptor OS, which in-
dicates shortened axons and dendrites (Fig. 2A). To com-
pare cell numbers, neural retinas were dissociated and
stained for nuclei. Total nuclei counts revealed that mu-
tant retinas had nearly 50% fewer cells at P0 and P10
(Fig. 2E). We conclude that a dramatic reduction of cell
number and a proportional reduction in both axonal and
dendritic length result in an overall thinner retina in the
Tlx−/− mice. Additionally, we noticed many scattered
clusters of cells in the mutant retinas that aberrantly
protrude from the INL into the IPL and ONL, and from
the ONL into the OS (Fig. 2A), defects resembling those
found in cyclin D1−/− and Foxn4−/− retinas (Ma et al.
1998; Li et al. 2004) and suggesting improper cell migra-
tion and/or differentiation.

The major classes of cell types in the mouse retina can
be identified by morphology, location, and antigenic
markers. Immunohistochemistry was performed on
cryosections from E16.5, P0, P4, P10, P21, and P28 with
various markers specific for each retinal cell type. Strik-
ingly, despite the severity of the retinal thinning, all
seven cell types could be identified, indicating that they
are normally generated, and demonstrating that TLX is
not required for cell type specification (Fig. 3).

Figure 1. Retinal degeneration and blindness in TLX mutant
mice. (A,B) Flatmounts of adult retinas immunostained for rho-
dopsin showing degenerative regions (indicated by arrows). (A)
View of the entire retina. (B) Higher magnification of boxed area
in A. (C,D) Cross-sections of the retinas from P10 (C) and P21
(D) stained for rhodopsin. Arrows indicate degenerative areas.
(E) Behavioral visual acuity by visual cliff tests. Tlx−/− mice
spent equal amounts of time on both sides of the cliff edge.
Dotted line indicates chance performance. N � 8; P < 0.001.
(F,G) Light/dark transition tests. Tlx−/− mice take much longer
to enter dark box (F) and spent most of the time in the light
environment (G). N � 8; P < 0.001.
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Extended cell cycle and increased apoptosis
in Tlx−/− retina

The retinal phenotype of the Tlx−/− mice might result
from a reduction in cell proliferation, early cell cycle
withdrawal, and/or increased cell death. Cell prolifera-
tion was examined by in vivo BrdU incorporation to la-
bel cells in S phase. Significantly fewer labeled cells
(∼70% reduction) were observed in Tlx−/− retinas than in
controls, which was confirmed in dissociated cells (Fig.
4A,B). To examine the cell cycle dynamics in further
detail, total dissociated retinal cells from P0 mice were
quantified for the fraction of proliferating cells, which
were identified by Ki67 staining. Ki67 is a nuclear pro-
tein that is expressed in all phases of the cell cycle except
the resting phase (Scholzen and Gerdes 2000). Thus, the
fraction of Ki67 negative cells represents the relative
number of cells that have exited from the cell cycle.
Examination of cells from seven retinas revealed a 32%
increase in cells that exited from the cell cycle in mutant
versus control retinas (Fig. 4C).

In mammalian cells, the length of the G1 phase con-
trols the rate of cell proliferation while the S phase re-
mains rather constant (DiSalvo et al. 1995). Therefore
the relative cell cycle length can be estimated by the
percentage of proliferating cells labeled by a brief pulse of

BrdU. If the cell cycle is prolonged, the relative propor-
tion of proliferating cells labeled by BrdU incorporation
will decrease. Quantification indicated that the rate of
RPC proliferation was markedly reduced in Tlx−/− reti-
nas (Fig. 4D). In addition, results from FACS analysis
also pointed to a significant reduction of cells in S phase,
which was accompanied by the complementary increase
of cells in G0/G1 phase (Fig. 4E).

Apoptosis occurs during normal retinal development,
and its increase may contribute to the reduction of total
retinal cell number. We examined this possibility by
TUNEL assays in retina sections from various develop-
mental stages (Fig. 4F,G). Quantification of TUNEL-
positive cells showed a consistent increase in apoptotic
cells in Tlx−/− retinas starting from P0. By P21, few apo-
ptotic cells were observed in controls, but continuous
cell death occurred in Tlx−/− retinas, often in clusters
(Fig. 4F).

Global gene regulation by TLX

TLX belongs to the nuclear receptor superfamily of tran-
scription factors. We reasoned that the phenotype ob-Figure 2. Hypoplasic and dysplasic retina in Tlx−/− mice. (A)

Nuclear staining of the retinal cell layers. Clusters of cells pro-
truding from the INL into the IPL and ONL or from the ONL
into the OS of the photoreceptors are indicated by arrows. (GCL)
Ganglion cell layer; (INL) inner nuclear layer; (IPL) inner plexi-
form layer; (NBL) neural blast layer; (ONL) outer nuclear layer;
(OPL) outer plexiform layer; (OS) outer segment. Bar, 20 µm.
(B–D) Thicknesses of all nuclear layers (B), INL (C), or ONL (D)
were measured in central retinal sections. N = 5; P < 0.002 at
each point. (E) Cell numbers were counted for each retina.
N = 4; (*) P < 0.002.

Figure 3. Normal cell-type specification in Tlx−/− retina. Cryo-
sections of neural retinas from E16.5 to P21 mice were stained
for cell-type-specific markers (red or green) by immunohisto-
chemistry. The sections were then counterstained for nuclei to
reveal the nuclear layers (blue). Typical images from P21 sec-
tions are shown. (A,B) Immunohistochemistry for rods (rhodop-
sin) and cones (PNA). Asterisks indicate the protrusions from
inner nuclear layer. Please note the discontinuous staining for
rods and cones (arrows) around the protrusions. (C,G) PKC�-
and Chx10-positive bipolar cells. (D,E) Vimentin- and Cralbp-
positive Müller glia. (F,H) Calretinin- and calbindin-positive
horizontal cells. (H) Calbindin-positive amacrine cells.
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served in Tlx−/− mice may be caused by dysregulation of
a series of genes controlled by TLX. To identify those
genes, we performed global expression analyses at E15.5
and P0, two critical points during mouse RPC prolifera-
tion and differentiation (Marquardt and Gruss 2002). At
E15.5, early-born neurons, which include ganglion, cone,
horizontal, and amacrine cells, are at the peak of their
differentiation, while the late-born neurons are just
emerging. At this stage, RPCs undergo rapid prolifera-
tion to expand the progenitor pool in order to give rise to
sufficient numbers of early- and late-born neurons. By

birth, the specification of early-born neurons is nearly
complete, while late-born neurons are undergoing expan-
sion.

Total RNA from neural retinas (nine mice per geno-
type per developmental stage) were used in gene expres-
sion profiling analysis. Known genes that had at least
1.6-fold changes with p � 0.05 were clustered by biologi-
cal functions, which were derived from Gene Ontology
(Fig. 5A,B; Supplementary Tables S1, S2). A total of 83
and 130 known genes showed changes at E15.5 and P0,
respectively. Transcription factors and related proteins

Figure 4. Cell cycle progression defects and increased
apoptosis in Tlx−/− retinas. (A) Immunohistochemistry
of BrdU-positive, dividing retinal progenitors at E16.5
(red signal). (B–D) Progenitor cells from P0 retinas
(N = 4 per group) were identified by Ki67 staining while
cells in mitosis were stained by anti-BrdU antibody.
Relative cell cycle length is represented as the ratio
BrdU/Ki67. (*) P < 0.01; (**) P < 0.0001. (E) DNA con-
tents of cells from P0 retinas (N = 6) were analyzed by
FACS. (*) P < 0.001. (F) Neural retinas from E16.5 to P21
eyes were analyzed for apoptosis by TUNEL (green) and
counterstained for nuclei (blue). Samples from P10 and
P21 are shown. Arrows indicate dysplasic regions in
Tlx−/− mutant retinas. (G) Quantification of TUNEL-
positive cells at indicated stages. (*) P < 0.04.

Figure 5. Systematic regulation of genes involved in
diverse processes of retinal development by TLX. (A)
Clustering and distribution of known genes identified
in the expression profiling with a p value �0.05 and a
minimum 1.6-fold change at E15.5 and P0, respectively.
(B) Twenty-seven known genes showed significant
changes at both E15.5 and P0. (C) Signaling pathways
significantly perturbed in Tlx−/− retinas at either E15.5
or P0.

TLX coordinates retinal development

GENES & DEVELOPMENT 1311



comprised the largest group at both stages, with 18 genes
at E15.5 and 27 genes at P0. The next largest group in-
cluded genes involved in signal transduction, such as
chemokines and their receptors, G-protein-coupled re-
ceptors and calcium channels, with changes in 24 genes
at P0 and 16 genes at E15.5. Comparison between the
two developmental stages revealed that, while the ex-
pression of 27 known genes changed at both stages, 56
genes had significant changes only at E15.5 and 103
genes only at P0, suggesting stage-specific regulation of
target gene expression by TLX (Fig. 5A,B; Supplementary
Tables S1, S2).

Microarray data sets were further annotated for Bio-
Carta signaling pathways through the VAMPIRE suite
analyses (Hsiao et al. 2005). The expression of several
genes was identified as being significantly altered in
Tlx−/− retinas (Fig. 5C). Of these, TGF�, mTOR, eIF4e,
and p70 S6 kinase signaling pathways were largely
changed at E15.5, while many components of mitogen-
activated protein (MAP) kinase and IL-2 receptor �-chain
signaling were altered at P0. In response to mitogens, the
mTOR-p70 S6 kinase pathway plays a central role in
translational regulation, which in turn controls cell
growth and cell cycle progression (for review, see Gin-
gras et al. 2001). On the other hand, signaling through
IL-2 receptor �-chain leads to T-cell proliferation and
survival. The unexpected alteration of this pathway in
Tlx−/− retinas implies that a similar mechanism might be
employed during retinogenesis. Similarly, the changes in
TGF� and MAP kinase signaling pathways are consis-
tent with their known roles in regulation of cell growth,
proliferation, and differentiation.

Regulation of Pten–Cyclin D1 expression by TLX

Among the 27 genes that exhibited a change in expres-
sion between wild-type and Tlx−/− retinas at both E15.5
and P0, one of the most intriguing was Pten, which nega-
tively regulates neural stem cell proliferation (Supple-
mentary Table S1). We further confirmed its expression
by quantitative RT–PCR (Q-PCR) analysis in indepen-
dent RNA pools from wild-type and mutant retinas at
E14.5 and P0. The fold changes were consistent with that
from microarray gene profiling, with 1.6- and 2.2-fold
up-regulation at E14.5 and P0, respectively (Fig. 6A). The
changes in mRNA levels were reflected in the levels of
PTEN protein, which were analyzed by Western blotting
using specific antibodies (Fig. 6C).

The Akt/PKB signaling pathway, which modulates
cell proliferation and survival, is a known PTEN target
(Downward 2004). To test whether up-regulation of
PTEN leads to altered Akt signaling, we examined the
activation status of Akt and its upstream activating ki-
nase, PDK1, by using antibodies that specifically recog-
nize the activated forms. However, no significant
changes were observed, suggesting that the Akt pathway
itself was not altered in Tlx−/− retinas (data not shown).

Other downstream targets of PTEN include p27kip1
and cyclin D1 (Gottschalk et al. 2001; Weng et al. 2001a).
Studies have demonstrated that the cyclin kinase inhibi-

tors p27kip1 and p57kip2 play important roles in regu-
lating RPC proliferation (Dyer and Cepko 2001). By Q-
PCR analysis, the expression of p27kip1 was found to be
similar in wild-type and mutant retinas, while p57kip2
expression was increased >50% in Tlx−/− mutants, con-
sistent with its function as a negative regulator of RPC
proliferation (Fig. 6B; Dyer and Cepko 2001; data not
shown). Western blot analysis revealed that cyclin D1
protein levels were markedly lower in mutant retinas;
this effect was specific since the expression of cyclin D3
was not altered (Fig. 6C). Together, these data suggest
that the proliferation defects observed in Tlx−/− retinas
may result from down-regulation of cyclin D1 via over-
expression of PTEN.

TLX is a transcriptional repressor (Yu et al. 2000; Shi

Figure 6. Regulation of Pten–cyclin D1 expression by TLX in
retinas. (A,B) Q-PCR analysis of candidate genes in Tlx−/− (KO)
and wild-type (WT) retinas at E14.5 and P0 (N = 6 in triplicate
for each group). Gene expression was normalized to that of Hprt
and presented as fold changes against wild-type expression. (*)
P < 0.05; (**) P < 0.01. (C) Protein expression of candidate genes
in E18 and P4 retinal extracts by Western blotting. Ponceau
staining of the membrane serves as input controls (input). (Cyc
D1) Cyclin D1; (Cyc D3) cyclin D3. (D) Regulation of Pten pro-
moter activity by TLX. Values are expressed as relative lucifer-
ase activity compared with that of the control reporter pGL3-
basic. (E) Evolutionally conserved sequence in Pten promoter
that can be bound by TLX. The numbers indicate distance from
the translation start site. (F) Direct binding of TLX to the Pten
promoter region in gel shift assays. TNT lysates were used as a
control (Ctrl). Binding activity of TLX to DNA was competed
away by unlabeled wild-type (Pten) but not mutant (Mut) oligos.
The TLX–DNA complex is supershifted with an antibody
against the epitope tag on the protein (i.m.) but not by a control
antibody (p.i.).
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et al. 2004), raising the possibility that it might directly
inhibit Pten expression. We tested this hypothesis with a
luciferase reporter construct under the control of the
Pten promoter. Expression of full-length TLX in NIH3T3
cells resulted in a striking suppression of Pten reporter
activity in a dose-dependent manner; this suppression
requires DNA binding of TLX since a truncated version
of TLX lacking the DBD (TLX�DBD) cannot repress this
reporter (Fig. 6D). Analysis of the Pten promoter region
identified a stretch of evolutionally conserved sequence
containing the consensus TLX-binding site (Fig. 6E). In
gel shift assays TLX can directly bind to this sequence
(Fig. 6F). This binding was sequence specific since mu-
tations in the core recognition sites (Mut) abolished the
formation of DNA–protein complexes. Together, these
data suggested that TLX modulates the expression of
Pten by directly binding to its promoter.

Enhanced neuronal differentiation in Tlx−/− retina

Pou4f3 was among the transcription factors that showed
significant up-regulation in Tlx−/− retinas at both E15.5
and P0 (Supplementary Table S1). It belongs to a subfam-
ily of POU domain-containing factors essential for reti-
nal ganglion cell (RGC) differentiation and survival, in-
cluding Pou4f1, Pou4f2, and Pou4f3 (Liu et al. 2000,
2001; Wang et al. 2002). Since Pou4f1 and Pou4f2 were
not represented in the Affymetrix chips we used, we fur-
ther examined the expression of all three genes by Q-
PCR analysis using independent pools of retinal RNAs
isolated from various developmental stages. Although
the expression of Pou4f2 was not significantly altered
(except at P0), Pou4f1 and Pou4f3 expression were dra-
matically up-regulated in the mutant retinas at both
E14.5 and P0 (Fig. 7A). Since ectopic expression of any
one of the Pou4f factors has been shown to promote RGC
differentiation during retinogenesis (Liu et al. 2000), our
data suggested an enhancement of RGC differentiation
in Tlx−/− retinas during development.

bHLH transcription factors are another family of pro-
teins that play dominant roles in promoting neuronal
differentiation (Hatakeyama and Kageyama 2004). Al-
though no changes were identified for neurogenin 1
(Ngn1), neurogenin 2 (Ngn2), and NeuroD in our global
expression analysis at E15.5 and P0, we checked the ex-
pression of these genes by Q-PCR at more developmental
stages and found that Ngn1 was specifically and signifi-
cantly up-regulated at P5 in the Tlx−/− retinas (Fig. 7A;
data not shown). Global gene analysis also identified an-
other bHLH factor, Bhlhb4, which was ectopically ex-
pressed at E14.5, but down-regulated at P14 in mutant
retinas. Since Bhlhb4 is required for the maturation and
survival of rod bipolar cells (Bramblett et al. 2004), our
results imply that TLX plays a role in suppressing key
transcriptional programs controlling the differentiation
and apoptosis of rod bipolar cells. The predicted increase
in the pan-neuronal marker �III-tubulin in Tlx−/− retinas
further supports the proposal that TLX controls cell pro-
liferation by preventing premature cell cycle exit and
precocious differentiation (Fig. 7B).

Mutation of TLX results in enhanced S-cone syndrome

Previous studies have shown that mutation of either Nrl or
the TLX-related receptor Pnr (nr2e3) leads to enhanced
S-cone syndrome in humans and mice, characterized by an
excess of S-cones and reduced rod photoreceptors (Haider
et al. 2000; Mears et al. 2001). S-cones respond to blue
(short wavelength) light while M-cones respond to green
(middle wavelength) light. Importantly, the expression of
Pnr and Nrl in the Tlx−/− retina was down-regulated at P0
by 1.9- and 1.7-fold, respectively (Supplementary Table S2),
prompting us to examine whether these retinas had excess
S-cones. While the expression of rhodopsin was decreased
and that of M-opsin was unchanged in Tlx−/− retinas,
S-cone opsin mRNA was increased more than twofold
(Fig. 7C). Immunohistochemical analysis with confocal
microscopy further revealed that S-opsin in wild-type
retinas was localized in the OS, whereas in Tlx−/− retinas
it was distributed throughout the ONL (Fig. 7D).

Regulation of genes required for calcium release by TLX

Among the genes involved in signal transduction, we
chose to further analyze those that regulate intracellular

Figure 7. Modulating the expression of cell-type-specific genes
by TLX. (A) Quantitative analyses of mRNA by Q-PCR at the
indicated developmental stages. Gene expression was normal-
ized to that of Hprt. N = 9; (*) P < 0.04; (**) P < 0.004. (B) West-
ern blotting for a pan-neuronal marker �III-tubulin. Ponceau
staining shows equal loading of the protein. (C) Altered expres-
sion of photoreceptor genes assayed by Q-PCR. N = 9; (*)
P < 0.04; (**) P < 0.004. (D) Immunostaining using a cone-spe-
cific marker (S-opsin) showing enhanced S-cones in Tlx−/− retina.
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calcium levels, which are known for their roles in cell
proliferation, differentiation, and apoptosis (Gu et al.
1994; Orrenius and Nicotera 1994; Spitzer et al. 1994;
Takuwa et al. 1995). Cacna1d and Cacng5 are two L-
type, voltage-gated calcium channels whose expression
was notably up-regulated in the Tlx−/− retinas as early as
E14.5, a time point for the differentiation of early-born
neurons (Fig. 8A,B).

Another gene regulating intracellular calcium levels is
phospholipase C epsilon (Plce1). Activation of Plce1 gen-
erates inositol 1,4,5-triphosphate (IP3) and diacyl glyc-
erol (DAG) by hydrolyzing phosphatidylinositol bisphos-
phate (PIP2). Increased levels of IP3 cause calcium re-
lease from intracellular stores via the IP3 receptors
(Schmidt et al. 2001). In Tlx−/− retinas, expression of
Plce1 was up-regulated over fourfold at E14.5 and two-
fold at P0 (Fig. 8C). To test whether Plce1 was a TLX
downstream target, we linked a 3-kb upstream genomic
sequence of the Plce1 promoter to a luciferase reporter
and found that TLX could suppress the activity of this
reporter in a dose- and DNA-binding-dependent manner
(Fig. 8D). A stretch of conserved sequence within the
promoter region was identified that is directly and spe-
cifically bound by TLX (Fig. 8E).

Elevated intracellular Ca2+ levels trigger the MAPK
pathway, a signaling cascade shown to play important
roles in neuronal differentiation, maturation, and cell
death (Berridge et al. 2000; Taylor 2002). We examined
components of the MAPK pathway by using phospho-
specific antibodies. Although the level of ERK activation
was not significantly altered, Tlx−/− retinas had nearly
twofold up-regulation of activated p38 and JNK (Fig. 8F),
in agreement with pathway analysis of global gene ex-
pression profiling and with previous findings that el-
evated Ca2+ levels lead to the activation of MAP kinases
(Agell et al. 2002).

TLX interacts with corepressor Atn1

While our studies suggest that TLX acts as a transcrip-
tional repressor, the mechanism by which TLX mediates
the repression and the identity of associated corepressors
remains unclarified. To map the repression domain, a

series of TLX deletion constructs was linked to GAL4-
DBD. Using standard luciferase assays, we found that the
LBD of TLX is sufficient for repression while the DBD is
dispensable (Fig. 9A,B). Further deletion analysis demon-
strated that a region spanning the last 45 amino acids in
the C terminus of TLX is required for transcriptional
repression (Fig. 9B).

NCoR and SMRT are established corepressors for
many nuclear receptors (Ordentlich et al. 2001). How-
ever, our preliminary studies did not detect interaction
between these two corepressors and TLX, suggesting
that TLX represses transcription through other yet un-
known mechanisms (data not shown). To identify the
corepressors for TLX, we performed extensive yeast two-
hybrid screens using a rat hippocampus library and the
LBD of TLX as the bait. Three independent positive
clones corresponding to the C terminus of rat Atn1 were
recovered from the screens. These clones were retested
in the yeast two-hybrid system and found to specifically
bind to the LBD (180–385) but not the N terminus of
TLX or a negative control MEF2C (Fig. 9C,E). The inter-
action between TLX and mouse Atn1 was also confirmed
in mammalian cells. Consistent with our yeast two-hy-
brid studies, full-length Atn1 was found to bind to the
LBD of TLX in vivo (Fig. 9D,E). To further examine this
interaction, we conducted a GST pull-down assay using
purified, bacterially expressed GST-TLX (amino acids
281–385) and in vitro translated Atn1 proteins. In these
assays, TLX specifically binds to the carboxyl region of
Atn1, which is consistent with the clones we recovered
from our yeast two-hybrid screens (Fig. 9G,H).

These data suggest that Atn1 is recruited by TLX to
repress transcription. However, whether mouse Atn1
works as a transcriptional repressor has not been dem-
onstrated. We tested this possibility using a standard lu-
ciferase reporter assay and found that full-length Atn1 or
a truncated version containing the TLX-interacting re-
gion can repress transcription (Fig. 9F). This finding is in
agreement with the notion that the Drosophila homolog
of Atn1 acts as a transcriptional corepressor during fly
development (Zhang et al. 2002) and is consistent with
studies on human Atn1 as a putative transcriptional re-
pressor (Wood et al. 2000).

Figure 8. Regulation of the calcium-releasing pathway
by TLX. (A–C) Expression analyses of candidate genes
by Q-PCR. Gene expression was normalized to that of
Hprt and represented as fold changes against expression
in wild-type retinas. N = 9; (*) P < 0.05; (**) P < 0.01;
(***) P < 0.001. (D) Regulation of Plce1 promoter activ-
ity by TLX. Values were normalized to the transfection
efficiency control and to that of the pGL3-basic re-
porter. (E) Direct binding of TLX to the Plce1 promoter
was determined by gel shift assays as described in Fig-
ure 6F. Evolutionally conserved sequences that were
used for the gel shift assays are shown on the bottom.
Numbers indicate the distance from translation start
sites. (F) Enhanced activation of p38 and JNK was moni-
tored using phospho-specific antibodies. Ponceau stain-
ing of the blot shows protein input.
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Discussion

During retinogenesis, RPCs must coordinate two driving
forces, proliferation and differentiation. In this study, we
show that a single gene, TLX, functions to establish the
balance between RPC proliferation and differentiation
through three interlinked steps, including (1) the control
of proliferation via the Pten–cyclin D1 pathway; (2) the
modulation of differentiation through the PLC, Ca2+ re-
lease, and MAPK cascade; and (3) by control of the ex-
pression of multiple cell-type-specific regulators, which
include bHLH factors, POU domain-containing proteins,
and the expression of multiple cytokines and cytokine
receptors. Furthermore, we show that the global control
by TLX may be mediated through recruitment of the
corepressor Atn1, a protein involved in human neurode-
generative disease.

TLX controls the rate of RPC proliferation via
Pten–Cyclin D1

Taking advantage of a LacZ reporter that is knocked into
the Tlx locus, we found that Tlx is highly expressed in

the neuroblastic layer during the early phase of retino-
genesis and its expression is down-regulated during neu-
ronal differentiation (Supplementary Fig. S1). Our cell
cycle analysis demonstrated that RPCs in the Tlx−/− reti-
nas have impaired control of proliferation, which is re-
flected by their early exit from the cell cycle and the
extended cell cycle length. In agreement with our re-
sults, others also reported reduced progenitor prolifera-
tion in Tlx−/− retinas (Miyawaki et al. 2004).

How does loss of TLX function impair RPC prolifera-
tion? Previous studies have identified several regulators
of RPC proliferation, such as Pax6, Prox1, Rx1, Six3,
Six6, Chx10, pRb, and p27kip1 (Levine and Green 2004).
However, Q-PCR and Western blotting analysis failed to
detect any significant changes in the expression of these
genes at E14.5, E15.5, E18, P0, P4, P10, or P14, which is
consistent with our global gene profiling and suggests
that TLX functions downstream or parallel to these
genes (Supplementary Fig. S2A,B; data not shown). In
regards to the expression of p27kip1, our results differ
from a recent report (Miyawaki et al. 2004). This discrep-
ancy might result from uneven immunostaining of the
sections and cell counting errors. Expression profiling at
E15.5 and P0 revealed that TLX directly binds to the
promoter region to inhibit the expression of Pten, a tu-
mor suppressor that negatively regulates the expansion
of neural stem cells during mouse cortical development
(Groszer et al. 2001).

Overexpression of PTEN alone can induce cell cycle
arrest through down-regulation of cyclin D1 via tran-

Figure 9. Interactions between TLX and corepressor atrophin1.
(A) Schematic diagram of mouse TLX protein. Full-length pro-
tein consists of 385 amino acids and is organized into three
major domains: DBD, hinge region, and LBD. The bar over the
diagram indicates the minimal region required for repression.
(B) Mapping of the minimal region in TLX required for tran-
scriptional repression. Full-length or truncations of TLX were
fused to GAL4-DBD and used for reporter assays. (C) Confirma-
tion of the interaction between atrophin1 (Atn1) and TLX in
yeast two-hybrid assays. Full-length TLX is toxic to yeast
growth, thus it is not included in the test. Yeast transformants
were first grown on nonselection media and then equal numbers
of cells were spotted on selection or nonselection media for
growth tests. MEF2C bait and VP16 prey were used as negative
controls (ctrl). (D) In vivo interaction between TLX and Atn1 by
coimmunoprecipitation assays. HA-tagged Atn1 and Myc-
tagged full-length or truncations of TLX were cotransfected into
cells. TLX was immunoprecipitated from cell lysates and the
associated Atn1 was detected by Western blotting. Cell lysate
transfected with Atn1 alone (mock) was used as a negative con-
trol. (E) Schematic summary of regions in TLX required for bind-
ing to Atn1. Results were obtained from yeast two-hybrid (C),
coimmunoprecipitation (D), and GST pull-down assays (H). (F)
Atn1 represses transcription. Full-length mouse Atn1 or a trun-
cated version was fused to GAL4-DBD and used for transcrip-
tion reporter assays. (G) Summary of regions in Atn1 required
for interaction with TLX. Results were obtained from GST pull-
down assays (shown in H). (H) Physical interactions between
TLX and Atn1. Bacterially expressed GST or GST-TLX (281–
385) and in vitro translated, 35S-labeled Atn1 were used in pull-
down assays.
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scriptional and translational mechanisms (Paramio et al.
1999; Weng et al. 2001b; Radu et al. 2003). Expression of
cyclin D1 may be additionally regulated by mTOR and
p70 S6 kinase signaling pathways, which are signifi-
cantly altered in Tlx−/− retinas (Hashemolhosseini et al.
1998; Gera et al. 2004). Consistent with these observa-
tions, our Q-PCR and Western blotting analyses demon-
strated that there was a significant decrease in mRNA
levels and a dramatic reduction in cyclin D1 protein in
Tlx−/− retinas (Fig. 6C; Supplementary Fig. S2C), which
was also confirmed by immunohistochemistry (Miya-
waki et al. 2004). Decreased expression of cyclin D1 not
only results in impaired formation of active complexes
with Cdk4 but also retargets the cell cycle inhibitor
p27kip1 to cyclin E/Cdk2, which in combination leads
to delayed G1/S transition of cell cycle (Hashemolhos-
seini et al. 1998).

The expression of cyclin D1 and cell cycle progression
can also be influenced by other factors that show dys-
regulation in Tlx−/− retinas. Most intriguingly, the ex-
pression of DAX1 (NR0B1) is up-regulated at both devel-
opmental points in our microarray analysis (Supplemen-
tary Table S1). Resembling SHP1 (NR0B2), DAX1 is an
orphan nuclear receptor that lacks the conserved DBD. It
functions as an inhibitor of nuclear receptor-dependent
signaling (for review, see Niakan and McCabe 2005), al-
though we have yet to identify its specific target in the
developing retinas (see Supplementary Fig. S3A,B).
Catenin beta-interacting protein 1 (Catnbip1), also called
ICAT, is another interesting gene that is important for
proliferation and is dysregulated in Tlx−/− retinas
(Supplementary Table S2). Since it represses �-catenin-
Tcf4-mediated transactivation (Tago et al. 2000), down-
regulation of ICAT in Tlx−/− retinas may represent a
compensatory mechanism.

TLX modulates RPC differentiation through multiple
transcription factors

Retinal cell types are generated sequentially in a defined
histogenic order appearing at specified times. This pro-
cess is severely disrupted in Tlx−/− retinas. Compared
with wild-type controls at the same developmental
stage, Tlx−/− retinas have more differentiated neurons,
fewer proliferating RPCs, and more cells undergoing ap-
optosis, which in combination lead to progressive retinal
dystrophy (Miyawaki et al. 2004; this study). Hence, TLX
is essential for maintaining the balance between RPC
differentiation and proliferation.

Our gene expression profiling and detailed analyses
demonstrate that multiple factors involved in RPC dif-
ferentiation are modulated by TLX. In Tlx−/− retinas, the
expression of Pou4f and Pnr are dramatically altered.
Ngn1, which promotes neuron formation, is another fac-
tor up-regulated in the mutant retinas. Additionally, the
expression of many other transcription factors poten-
tially involved in RPC differentiation and maturation,
such as Foxg1, Foxd1, Pthr1, Nr0b1, Tcfap2d, Zic5,
Eya2, Ptx3, and Isl2, are also notably dysregulated
(Supplementary Table S2). However, whether these are

direct or indirect targets of TLX and their exact roles in
retina formation require further investigation.

Regulation of Plce1–Ca2+–MAPK cascade by TLX

In this study, we identified Plce1 as a direct downstream
target of TLX transcriptional regulation. This is intrigu-
ing given the roles that PLC family members play in the
regulation of Ca2+ release (Taylor 2002). Plce1 is a new
member of the PLC family, and its expression in the
CNS correlates well with neuronal differentiation of
stem cells (Wu et al. 2003). Furthermore, ectopic expres-
sion of Plce1 inhibits proliferation of a cancer cell line
(Sorli et al. 2005). Cyclic AMP, an inducer for neuronal
differentiation, can activate Plce1, which further leads to
Ca2+ release and MAPK activation (Schmidt et al. 2001;
Agell et al. 2002). We have also demonstrated enhanced
activation of p38 and JNK in Tlx−/− retinas, which is
consistent with the fact that many components of MAP
kinase signaling pathways are up-regulated in Tlx−/− reti-
nas (Fig. 5C). Together, these results suggest that a
Plce1–Ca2+–MAPK cascade may play an unexpected role
in TLX-mediated retinodystrophy.

Transcriptional repression by TLX

Formation of terminal structures during fly embryogen-
esis requires tailless (tll), the Drosophila homolog of
Tlx (Mahoney and Lengyel 1987). TLL functions to es-
tablish anterior and posterior subdomains (head and tail
regions, respectively) by directly repressing the expres-
sion of other gap genes, including kruppel (kr), knirps
(kni), and empty spiracles (ems) (Pankratz et al. 1989;
Hoch et al. 1992; Hartmann et al. 2001). In mammals,
Tlx expression is restricted to the CNS and is required
for proper formation of limbic structures (Monaghan et
al. 1997). Postnatally, TLX maintains the adult neural
stem cells in an undifferentiated state by repressing as-
trocyte-specific genes, such as GFAP (Shi et al. 2004).
Furthermore, our current studies also identified Pten and
Plce1 as direct downstream target genes repressed by
TLX during retinogenesis. Collectively, these data indi-
cate that transcriptional repression mediated by TLX is
critical for its function. However, many genes are actu-
ally down-regulated in Tlx−/− retinas, suggesting that
TLX is required in some way for their transcription.
Whether these genes are direct targets and whether TLX
also activates gene transcription remains unclear at pres-
ent.

Transcriptional repression by many nuclear receptors
are mediated through two well-established corepressors,
NCoR and SMRT (Ordentlich et al. 2001). However, we
did not detect interaction between either of these core-
pressors and TLX (data not shown). Rather, our unbiased
two-hybrid screens identified Atn1 as a corepressor for
TLX. Atn1 is a ubiquitously expressed, evolutionarily
conserved gene from flies to humans. The Drosophila
homolog (also named grunge) is a transcriptional core-
pressor for even-skipped and is required for multiple de-
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velopmental processes (Erkner et al. 2002; Zhang et al.
2002). In our current study, we found that mouse Atn1 is
expressed in developing retinas (Supplementary Fig.
S3C), and demonstrated that mouse Atn1 represses tran-
scription. Our results showed that binding to Atn1 is
important for TLX-mediated repression, since deletions
in the Atn1 interaction region completely abolished the
repression by TLX (Fig. 9B, 1–280). Likewise, human
Atn1 interacts with ETO/MTG8 and represses transcrip-
tion; expansion of a polyglutamine repeat (poly-Q) re-
duces this repressive activity (Wood et al. 2000; Zhang et
al. 2002). Most interestingly, poly-Q expansion in Atn1
is responsible for the human neurodegenerative disease,
dentatorubral-pallidoluysian atrophy (DRPLA), which is
characterized by ataxia, myoclonus, choreoathetosis,
epilepsy, and dementia (Koide et al. 1994; Nagafuchi et
al. 1994). Considering the important role played by TLX
in adult neural stem cell maintenance, it would be in-
teresting to examine whether poly-Q expansion in Atn1
interferes with TLX function and whether DRPLA pa-
tients have impaired adult neurogenesis, which may be
an underlying contributor to dementia.

In conclusion, our results clearly demonstrate that, by
a combination of direct and indirect mechanisms, TLX-
dependent transcriptional repression serves an essential
role in coordinating RPC proliferation and differentia-
tion to prevent retinal malformation and degeneration. It
is notable that Tlx is highly expressed in other regions of
the CNS, such as forebrain and olfactory bulbs, which
are severely affected in Tlx−/− mice (Yu et al. 1994; Mon-
aghan et al. 1997; Shi et al. 2004). Interestingly, stem
cells in these areas persist in adult animals, raising the
possibility that TLX-mediated transcriptional repression
may be a critical component in modulating the differen-
tiation and self-renewal of cells in the affected areas.

Materials and methods

Animals

The generation and use of Tlx-null mice has been described (Yu
et al. 2000). Noon of the day of vaginal plugs was designated as
E0.5. All mice were housed under a 12-h light/dark cycle and
controlled temperature conditions and had free access to food
and water. Experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee at The Salk Institute
for Biological Studies.

Behavior analysis

Visual acuity was examined using visual cliff and light/dark
transition paradigm as described (Crawley 2000). Adult (4- to
5-mo-old) Tlx−/− mice and littermate wild-type controls (n � 8
per group) were handled for at least 3 d before behavioral testing,
and they were tested during their active dark cycle.

Immunohistochemistry, in vivo BrdU labeling,
and TUNEL assay

After euthanization, eyes from staged embryos and postnatal
pups were isolated and fixed with 4% paraformaldehyde (PFA)
in 1× PBS at 4°C for 2 h. After washing with PBS, tissues were

cryoprotected by immersion in 30% sucrose in PBS, embedded
in OCT compound, and sectioned on a cryostat (Leica) at 16 µm.
For immunostaining, sections on slides were rinsed with PBS,
permeabilized with PBS containing 0.1% Triton X-100 (PBST)
for 10 min, and blocked for 30 min with PBST containing 3%
BSA. Sections were incubated with primary antibodies in block-
ing solution overnight at 4°C. Alexa 488- or Alexa 594-conju-
gated secondary antibodies (Molecular Probes) were used for
indirect immunodetection. Proliferating RPCs were labeled
with BrdU (50 mg/kg) by i.p. injection of pregnant mothers at
E15.5 for 1 h. BrdU-labeled cells were detected by using a pro-
liferation detection kit (Roche) and confocal images were ob-
tained (Bio-Rad). For TUNEL assays (Roche), TUNEL-positive
cells were counted on five sections per retina, and at least four
independent eyes were analyzed for each genotype and normal-
ized to total area measured with the ImageJ (NIH) program. We
used the following primary antibodies: anti-rhodopsin (Chemi-
con, 1:250); anti-cellular retinaldehyde-binding protein (ABR,
1:500); anti-recoverin (Chemicon, 1:1000); anti-calbindin
(Sigma, 1:2000); anti-calretinin (Novus, 1:200); anti-neuron spe-
cific enolase (Chemicon, 1:800); anti-PKC� (Novus, 1:250); anti-
Chx10 (Santa Cruz, 1:100); and anti-S opsin and anti-M opsin
(Dr. J. Nathans, Johns Hopkins University School of Medicine,
Baltimore, MD, 1:5000). Cone cells were identified with FITC-
conjugated peanut agglutinin (PNA from Sigma, 1:500). Nuclei
were stained with DAPI (Sigma).

Dissociation of retinal cells, cell counting,
and FACS analysis

Neural retinas dissected free of surrounding tissues from P0
mice were digested with trypsin (0.1 mg/mL) in HBSS (Invitro-
gen) for 10 min at 37°C. After gentle trituration with P1000 tips,
trypsin inhibitor (0.1 mg/mL) and DNase I (20 µg/mL) were
added and incubated for another 10 min at 37°C. Dissociated
cells were then fixed with 4% paraformaldehyde containing
DAPI and counted using a cytometer and epifluorescent micro-
scope (Leica). To quantify cell proliferation, dissociated cells
were cultured in DMEM:F12 (45:45) medium containing 10%
fetal bovine serum (FBS) for 2 h at 37°C on chamber slides
coated with poly-L-Lysine (Becton Dickinson) before addition of
BrdU (10 µM) for an additional hour. Proliferating cells and cells
in S phase were identified with Ki67 and BrdU labeling, respec-
tively. For FACS analysis of DNA content, dissociated cells
were washed with ice-cold PBS and fixed with 70% ice-cold
ethanol for 1 h. Cells were then washed with cold PBS and
incubated for 30 min at 37°C in 0.5 mL PBS containing 10 mg/
mL of propidium iodine (Sigma) and 5 mg/mL RNase A (Invit-
rogen). After filtering through a 40-µm nylon mesh, cells were
analyzed on a FACScan (Becton Dickinson). At least four inde-
pendent experiments were performed for each genotype.

Gene expression profiling and Q-PCR analysis

RNA was isolated from retinas pooled from three staged em-
bryos or neonatal pups. Three pools were collected for each
genotype. Preparation of samples, oligonucleotide array hybrid-
ization, scanning, and analysis were performed according to Af-
fymetrix protocols. Data with an average fold change of 1.6 at
p � 0.05 for each comparison (total of nine) were considered for
GO analysis. VAMPIRE suite (Hsiao et al. 2005) was used for
BioCarta pathway annotation. For Q-PCR analysis, 2 µg of total
RNA from each of three independent pools was used to synthe-
size first-strand cDNA. PCR primers were designed to span in-
trons whenever possible. Q-PCR reactions were performed in
triplicate for each of the pooled samples in 384-well plates. Dis-
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sociation curves were generated to monitor the quality of
primer sets, and standard curves were used for quantification.

Protein extraction and immunoblotting

Retinas from at least three embryos or neonatal pups were lysed
directly in SDS sampling buffer, sonicated, and boiled. Equal
amounts of proteins were loaded and separated through 8%–
12% SDS-PAGE. Western blotting was done as described (Zhang
et al. 2001). Anti-PTEN, anti-phospho-PKB-Ser 473, anti-phos-
pho-PDK1 (Cell Signaling Technologies), anti-�III-tubulin (Co-
vance), anti-cyclin D1, and anti-cyclin D3 (Upstate) antibodies
were used at 1:1000 dilutions.

Transient transfections and gel shift assays

NIH3T3 and HEK293 cells in 48-well plates were transfected in
triplicate with the indicated plasmids using Lipofectamine 2000
(Invitrogen). Transfection efficiency was normalized by cotrans-
fected �-galactosidase. Cells were harvested 48 h after transfec-
tion, and luciferase and �-galactosidase activities were mea-
sured under conditions of linearity with respect to time and
extract concentration. The following plasmids were used:
pCMV-LacZ, pGL3-Basic (Promega), pPten (−4 kb)-luciferase,
pPlce1 (−3 kb)-luciferase, MH100-tk-luciferase, pCMX-mTlx
and deletion constructs as indicated, pM1-mTlx and deletions
as indicated, and pM1-mAtn1 and deletions as indicated. Gel
shift assays were done as described (Yu et al. 1994) using in
vitro-translated TLX and 32P-labeled double-stranded DNA
oligo probes. The probe sequences for Pten promoter are 5�-GG
TGCTCAGATAAGTCACTTGGCTGAG-3� and 5�-GCTCAG
CCAAGTGACTTATCTGAGCAC-3�, and the probe sequences
for Plce1 promoter are 5�-GTTCTGGAGTCAGGCTTCTTAG
ATCTGAAT-3� and 5�-GATTCAGATCTAAGAAGCCTGAC
TCCAGAA-3�.

Yeast two-hybrid screen, coimmunoprecipitation,
and GST interaction assays

A rat hippocampus cDNA library in HybriZAP vector (Strata-
gene) was screened with GAL4-TLX (amino acids 180–385) bait
in the yeast two-hybrid system, as described previously (Zhang
et al. 2001). Positive clones were subjected to specificity tests
using the GAL4 DBD alone as bait. Those clones that were
specific for interaction with GAL4-TLX bait were sequenced
and further analyzed. Coimmunoprecipitation and GST inter-
action assays were done essentially as described (Zhang et al.
2001). HA-tagged full-length mouse Atn1 and Myc-tagged full-
length or deletion versions of TLX were used for coimmunopre-
cipitation assays. GST, GST-TLX (amino acids 281–385), and
Flag-tagged, in vitro-translated full-length or deletion versions
of Atn1 were used for GST interaction assays.
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