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Cone photopigments, known as opsins, are pivotal elements and the first detection module used in color vision. In mice, cone photore-
ceptors are distributed throughout the retina, and short-wavelength (S) and medium-wavelength (M) opsins have unique expression
patterns in the retina with a gradient along the dorsoventral axis; however, the mechanisms regulating the spatial patterning of cone opsin
expression have not been well documented. The purpose of this study was to define the mechanisms regulating the spatial patterning of
cone opsin expression. By analyzing knock-outs for bone morphogenetic protein (BMP) signaling, we found an essential role for BMP in
forming cone opsin expression patterns in the retina; however, BMP signaling is activated only transiently in the dorsal half of the retina
during early retinal development. Thus, BMP is not likely to play a direct role in opsin gene expression, which starts at a later stage of
retinal development. We identified the chicken ovalbumin upstream promoter-transcription factor (COUP-TF) nuclear receptor as
alink between BMP and opsin expression. BMP signaling is essential for the correct dorsoventral spatial expression of COUP-TFI and
COUP-TFIIL Through gain- and loss-of-function analyses, we found that both COUP-TFI and COUP-TFII are required to suppress S-opsin
expression in the dorsal retina but that only COUP-TFI plays an essential role in suppressing M-opsin expression in the ventral retina.
Based on these findings, we propose a new molecular cascade involving BMP and COUP-TFs that conveys dorsoventral information to

direct the expression of cone opsins during retinal development.

Introduction

Cone photopigments, known as cone opsins, are pivotal elements
and the first detection module used in color vision. Several dif-
ferent cone opsins exist, each with a distinct wavelength sensitiv-
ity (Dartnall et al., 1983). In vertebrates, the spatial expression
pattern of cone opsins across the retina defines the retinal field
(the fovea in primates, the visual streak in chickens, or the
simple dorsal-ventral and nasal-temporal gradients in fish and
rodents) (Bruhn and Cepko, 1996; Szel et al., 1996; Takechi and
Kawamura, 2005). However, the mechanisms that regulate the
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expression patterns of these cone opsins during establishment of
the retinal field remain poorly understood. In mice, short-
wavelength (S) and medium-wavelength (M) opsins have unique
expression patterns in the retina, with gradients along the dorso-
ventral axis, although cone photoreceptors are distributed through-
out the entire retina (Applebury et al., 2000).

The molecular players involved in establishing such spatial
expression patterns have been reported and include several opsin
expression-specific transcription factors, such as thyroid hor-
mone receptor B2 (TRB2), retinoid X receptor y (RXRy),
and retinoid-related orphan receptor 8 (RORB) (Ngetal., 2001;
Roberts et al., 2005; Srinivas et al., 2006). However, because these
transcription factors are expressed uniformly across the ret-
ina, other factors expressed in either the dorsal or ventral
retina may regulate the establishment of mouse cone opsin
expression patterns.

During early embryogenesis, secreted factors, such as the dor-
sally localized bone morphogenic protein-4 (BMP4) and the ven-
trally localized sonic hedgehog within the optic cup, appear to
control dorsoventral axis patterning in the developing retina
(Jean etal., 1998; Koshiba-Takeuchi et al., 2000; Zhang and Yang,
2001; Murali et al., 2005). Dorsal BMP signaling controls retinal
ganglion cell axon projection through establishment of the
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dorsoventral expression pattern of related genes in the retina;
however, the involvement of BMP signaling in later retinal
differentiation has not been reported.

Nuclear receptors, a large family of ligand-dependent tran-
scription factors, have been shown to be involved in gene net-
works during embryonic development and in adult physiology.
In this study, we focused on chicken ovalbumin upstream promoter
transcription factors (COUP-TFs), which are highly conserved
members of the steroid/thyroid hormone receptor superfamily.
Mice have two COUP-TF homologs, COUP-TFI and COUP-
TFIL, with an exceptionally high degree of homology at the amino
acid level (Qiu et al., 1994; Tsai and Tsai, 1997). COUP-TFs are
expressed in several organs during embryonic development.
COUP-TFI-null mice die perinatally from starvation and dehy-
dration and exhibit defects in neuronal development and axon
guidance (Qiu et al., 1997). In contrast, COUP-TFII-null mu-
tants exhibit defects in angiogenesis and heart development and
die before embryonic day 10.5 (E10.5) (Pereira et al., 1999). To
circumvent this early embryonic lethality, tissue-specific ab-
lation of COUP-TFII has been attempted in several organs
(Lee et al., 2004; Bardoux et al., 2005) but not in ocular tissue.
The importance of COUP-TFs in retinogenesis was demon-
strated initially in Drosophila (Mlodzik et al., 1990). Zebrafish
COUP-TF homologs svp[40] and svp[44] are also known to be
expressed in the retina (Fjose et al., 1993). However, the role of
COUP-TFs in retinal development in vertebrates has not been
demonstrated.

Materials and Methods

Mice and rat. ICR mice and Wister rats were obtained from Japan SLC.
Instructions for generating retina-specific BMP receptor conditional
knock-out mice, BMPria ;BMPrib™’~;Six3—-Cre (BMPR CKO), have
been described previously (Murali et al., 2005). For controls, we used
retinas from BMPria*”*;BMPrib*’~;Six3-Cre mice. We maintained
these mice in a mixed 129-C57BL/6 background. COUP-TFI-null mice
have been described previously (Qiu et al., 1997). In this study, COUP-
TFIP**;Rx—Cre mice are referred to as retina-specific COUP-TFII-null
mice (K. Tang, S. Y. Tsai, and M.-]. Tsai, unpublished observations). For
this study, we defined the day that the vaginal plug was detected as EO0,
and we defined the day of birth as postnatal day 0 (P0). All animal
experiments were approved by the animal care committees of the Insti-
tute of Medical Science, University of Tokyo, Baylor College of Medicine,
and The University of Texas M. D. Anderson Cancer Center.

Cell lines and retinal explant culture. We obtained Y79 cells (Reid et al.,
1974) from the Riken Cell Bank (identification number RCB1645) and
cultured them in RPMI 1640 medium (Nakarai) supplemented with 10%
fetal calf serum. COS7 cells were grown in DMEM (Nakarai) supple-
mented with 10% fetal calf serum. We used a mouse retinal explant
culture, which was suitable for testing the effect of environmental tissues
on the neural retina because all relevant tissues [e.g., retinal pigment
epithelium (RPE), ciliary body, iris, stroma, and cornea] were removed.
Retinal explant cultures were prepared as described previously (Tabata et
al., 2004). Briefly, retinas derived from mouse embryos, in which dorso-
ventral orientations were marked by making small incision, were placed
on a Millicell chamber filter insert (Millipore Corporation). Filters were
placed into a six-well plate containing 1 ml of explant media, comprising
50% MEM (Invitrogen), 12.5 um HEPES (Invitrogen), 25% HBSS(—)
(Invitrogen), 25% horse serum (JRH Biosciences), 5.75 mg/ml glucose,
200 uM L-glutamine, and penicillin/streptomycin (Nakarai), and were
cultured.

Immunostaining. Immunostaining of frozen-sectioned eyes or retina
was done as described previously (Tabata et al., 2004) using the following
primary antibodies: mouse monoclonal antibodies against COUP-TFI
(1:500; PPMX) and COUP-TFII (1:500; PPMX), and rabbit polyclonal
antibodies against S-opsin (1:2000; Millipore Corporation), M-opsin (1:
2000; Millipore Corporation), and mouse cone arrestin (mCAR)
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(1:2000; kind gift from Dr. C. M. Craft, The Keck School of Medicine of
the University of Southern California, Los Angeles, CA). We visualized
the binding of primary antibodies by using appropriate secondary anti-
bodies conjugated to Alexa-488 or Alexa-594 (1:1000; Invitrogen).
Whole-mount immunostaining of retinal explant was done with the
same protocols of sections, except for the presence of 0.1% of Triton
X-100. The samples were mounted in 50% glycerol and analyzed using a
Carl Zeiss Axioplan.

Quantifying opsin- and mCAR-positive cells in frozen-sectioned eyes. To
quantify the number of opsin- and mCAR-positive cells in the dorsal and
ventral regions of the retina, we used opsin- or mCAR-immunostained
frozen sections of meridian line. Under the binocular, we counted posi-
tive cells in the region up to 350 um from the tip of the dorsal and ventral
peripheries of the retina. We examined retinas from at least three BMPR
CKO and control mice.

Plasmids. cDNAs encoding mouse COUP-TFI, COUP-TFII, ROR[2,
BMP4, and Tbx5 open reading frames (ORFs) were isolated by reverse
transcription (RT)-PCR using mouse retinal RNA and then cloned into
pGEM-T-Easy vector (Promega). Expression vectors containing COUP-
TFI (pcDNA/COUP-TFI), COUP-TFII (pcDNA/COUP-TFII), RORB2
(pcDNA/RORP2), BMP4 (pcDNA/BMP4), and Tbx5 (pcDNA/Tbx5)
cDNA were made by inserting the ORF into the Notl site of
pcDNA3.1(+) (Invitrogen). pcDNA3/FLAG—Crx was kindly provided
by Drs. Y. Yanagi and S. Kato (University of Tokyo, Tokyo, Japan).
Constitutively active type I BMP receptor-expression plasmids, pcDNA/
ALK3(QD) and pcDNA/ALK6(QD), were kindly provided by Drs. T.
Imamura (The Japanese Foundation for Cancer Research, Tokyo, Japan)
and K. Miyazono (University of Tokyo, Tokyo, Japan). To construct
S-opsin—luc and rhodopsin—luc reporters, DNA fragments of mouse
S-opsin and mouse rhodopsin promoter/enhancers, which contain 523
and 107 bp upstream region from ATG start codon, respectively, were
cloned from mouse genomic DNA by PCR. Then, the fragments were
inserted into the pGL3 basic vector (Promega). To construct S-opsinA—
luc reporter, which has internal deletion from 251 to 286 of S-opsin
promoter/enhancer (supplemental Fig. S5A, available at www.jneurosci.
org as supplemental material), internally deleted fragment of S-opsin
promoter/enhancer was obtained by PCR-mediated mutagenesis, and
cloned into the pGL3 basic vector (Promega). To construct short hairpin
RNA (shRNA) vectors, a target sequence of human COUP-TFII corre-
sponding to nucleotide positions 1018—1040 (5'-AAGTCTCAGTGTGCTT-
TGGAAGA-3") was selected using siDirect (http://design.rnai.jp/), and
that of human COUP-TFI corresponding with nucleotide positions 321-
343 (5'-AAGTTTCTTCAAGAGGAGCGTCC-3') was selected using
Gene Link RNAi Explorer. Basic local alignment search tool analysis
showed that no homology existed between each target sequence and any
other sequence in the human genome database. For shRNA expression, a
double-stranded oligonucleotide covering shRNA sequences was sub-
cloned as described previously (Lin et al., 2009) using pU6 shRNA ex-
pression vector (Yamamichi et al., 2005).

Luciferase reporter assay. GeneJuice (Novagen) was used to transfect
cells in 12-well dishes with 100 ng of reporter and 300 ng of expression
plasmids and/or shRNA-expressing plasmids as indicated in the figures.
Total amount of plasmid DNA was adjusted to 1 g by adding
pcDNA3.1(+) empty vector (Invitrogen). Cells were harvested at 24 h
(COS7) and 48 h (Y79) after transfection, and luciferase activity was
examined by a luminometer. Values were expressed as relative luciferase
activities normalized to protein concentration. Experiments were per-
formed in triplicate, and all assays were repeated at least two times.

Semiquantitative RT-PCR. Total RNA was purified from Y79 cells
transfected with expression plasmids using TRIZOL reagent (Invitro-
gen), and cDNA was synthesized using Superscript II (Invitrogen). All
primer sets were tested using different numbers of cycles (18—34 cycles)
with rTaq (Takara, Shiga, Japan), and the semiquantitative cycle number
was determined for each primer set. PCR products were visualized with
ethidium bromide.

Quantitative PCR. Levels of glyceraldehyde-3-phosphate dehydroge-
nase (G3PDH), long-wavelength (L) opsin, M-opsin, COUP-TFI, and
COUP-TFII mRNA were measured by SYBR Green-based quantitative
PCR (qPCR), using cDNA prepared from Y79 transfectants. In the case
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of that of S-opsin, hydrolysis probe-based qPCR assays, conventionally
called TagMan assays, was performed using #18 probe from the universal
probe library (Roche Diagnostics). All qPCR analysis was performed
using the Roche LightCycler 1.5 apparatus and analyzed by the Second
Derivative Maximum Method for quantification (Roche Diagnostics).

Fluorescence-activated cell sorting. Y79 cells were transfected with
shRNA expression plasmids together with pCS2+/enhanced green fluo-
rescent protein (EGFP), which was used to mark transfected cells. After
48 h, EGFP-positive cells were sorted by FACSAria (BD Biosciences) and
subjected to RT-PCR for monitoring the level of gene expression in the
transfected cells.

Results

Topographical information during early embryogenesis
determines opsin expression pattern

During early retinal development, the dorsal and ventral hemi-
spheres of the retina are asymmetrically formed when the optic
vesicle undergoes active invagination to form a goblet-shaped
optic cup, suggesting that the dorsal and ventral halves of the
retina attach differently to adjacent tissues. Therefore, we hy-
pothesized that this interaction creates an asymmetrical environ-
ment in the dorsal or ventral hemisphere of the retina to establish
unique opsin expression patterns. To test whether environmental
tissues of retina are required to establish the spatial patterns of
cone opsin expression, we analyzed S-opsin and M-opsin expres-
sion in the mouse retina cultivated by a retinal explant culture. In
this type of culture, mouse retina at the embryonic stage differ-
entiates into a three-layered structure. The mature retina of ICR
mice exhibited a dorsoventral gradient of opsin gene expression,
which was also observed in C57BL/6 mice (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). First,
we examined whether S-opsin and M-opsins are expressed prop-
erly in a retinal explant culture prepared from an E17 ICR mouse.
S-opsin was expressed in the ventral half after 14 d of culture (Fig.
1, left column, second panel from the bottom), which was con-
sistent with previous results from the PO retina (Wikler et al.,
1996). Although previous studies failed to observe M-opsin ex-
pression in retinal explant cultures (Soderpalm et al., 1994;
Wikler et al., 1996), we observed M-opsin expression with a clear
dorsal-to-ventral gradient as seen in vivo (Applebury et al., 2000)
(Fig. 1, right column, second panel from the bottom). Next we
examined the time course of S-opsin and M-opsin expression.
S-opsin and M-opsins were first detected after 3 and 7 d of cul-
ture, respectively, which is consistent with the in vivo observation
that S-opsin expression starts earlier than M-opsin expression.
The experiment was then repeated using a retinal explant pre-
pared from an E12 retina. Again, a unique dorsoventral gradient
of S-opsin and M-opsin expression was established during cul-
ture (Fig. 1, bottom panels). These results suggest that positional
information to regulate opsin expression is imposed by E12 and is
maintained intrinsically in the retina during development.

BMP signaling regulates expression of opsin in dorsal cones

Because dorsally localized BMP signaling is known to control
retinal dorsoventral patterning, we hypothesized that determina-
tion of opsin expression patterns is also under the control of BMP
signaling in the early developing retina. To test this possibility, we
used retina-specific BMPR CKO (BMPrla "*;BMPr1b™’~;Six3—
Cre) mice and control littermates (BMPria™*BMPrib*’~;
Six3—Cre) (Murali et al., 2005). BMPR CKO is a heterozygous
knock-out of BMPR 1a and 1b, with the other allele of BMPR la
deleted by Six3 promoter-driven Cre recombinase, which begins
to exhibit activity in the retina at E9.0—E9.5 (Furuta et al., 2000).
High levels of phosphorylated Smad1/5/8, which directly reflects
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Figure 1. Opsin expression patterns in retinal explant cultures. Retinal explants prepared
from E17 or E12 mice were cultured for the indicated number of days. Whole-mount immuno-
staining was performed for S-opsin and M-opsin expression, and the signals were visualized
using secondary antibodies conjugated to Alexa-488 (green). Photos were taken from the bot-
tom of the explants (ONL). The pictures show the top of the dorsal side. D, Dorsal; V, ventral.
Scale bars, 500 pm.

active BMP signaling, were observed in the dorsal retinas of wild-
type mice but not of BMPR CKO mice at E11.5, suggesting that
BMPrlaislost between E9.0 and E11.5 in the BMPR CKO mouse
retina (Murali et al., 2005). BMPR CKO mice exhibit character-
istic defects in retinal dorsoventral polarity without overt mor-
phological defects in the eye (Murali et al., 2005). We examined
cone opsin expression pattern in BMPR CKO mice at the adult
stage by immunostaining using frozen-sectioned eyes. In the ret-
ina of the control mice, the number of cones expressing S-opsin
in the dorsal periphery was approximately half that in the ventral
periphery (Fig. 2 A, bottom left panels, C); the intensity and num-
ber of M-opsin-expressing cells in the dorsal area was higher than
that in the ventral area (Fig. 2 B, bottom left panels, D). In BMPR
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Figure 2. S-opsin and M-opsin expression in BMPR CKO (BMPr1a™"%:BMPr1b ™"~ ,Six3—Cre) mouse retina. A, B, Frozen-sectioned eyes from adult control or BMPR CKO mice were immuno-
stained with anti-S-opsin (4) and anti-M-opsin (B) antibodies; the signals were visualized using a secondary antibody conjugated to Alexa-488 (green). The nuclei were visualized by 4',6"-
diamidino-2-phenylindole (DAPI) staining (blue). The middle and bottom are enlarged views of the dorsal and ventral periphery. The control retinas were taken from BMPr1a™*/*:8MPrib™/~;
Six3—Cre mice. D, Dorsal; V, ventral. (—E, Immunostaining for mCAR (pan-cone cell marker) was performed using frozen-sectioned eyes from adult control and BMPR CKO mice. The number of
S-opsin-positive (€), M-opsin-positive (D), and mCAR-positive (E) cells in the peripheral area (from the peripheral tip to 350 im inside of the retina) on the dorsal and ventral sides was quantified

(n = 3 for each genotype).

CKO mice, S-opsin expression in dorsal cones increased to ap-
proximately the level observed in ventral cones (Fig. 2 A, bottom
right panels, C), whereas both the number of cells expressing
M-opsin and the level of M-opsin expression decreased (Fig. 2 B,
bottom right panels, D). The number of cone cells, indicated by
the number of mCAR/pan-cone cell marker-positive cells, did
not differ between the control and BMPR CKO mice in the dorsal
and ventral peripheries (Fig. 2E). These data suggest that the
attenuation of BMP signaling in BMPR CKO mice causes S-opsin
and M-opsins to be expressed improperly in the dorsal cone cells
without affecting the number of cone cells.

Dorsoventral expression patterns of COUP-TFI

and COUP-TFII

BMP signaling is transiently activated in the dorsal retina at ap-
proximately E11, whereas expression of the S-opsin and M-opsin
genes begins at approximately E13 and P6, respectively (Fei,
2003; Applebury et al.,, 2007). Therefore, intermediate mole-

cule(s) that mediate BMP signaling may serve to establish the
positional information necessary for directing opsin expression
at a later stage. We focused on the orphan nuclear receptors
COUP-TFI and COUP-TFII as candidate downstream effectors
of dorsal BMP signaling, because dorsoventral expression of
these factors was observed in the retina. We examined the de-
tailed expression patterns of COUP-TFs by immunostaining
(Fig. 3). COUP-TFI expression was detected throughout the op-
tic vesicle at E9, but the intensity was slightly higher in the ventral
half of the optic vesicle (Fig. 34, left, arrows). At E11 and E14,
strong expression of COUP-TFI was maintained in the ventral
half of the retina, whereas its expression levels in the dorsal half
were markedly lower (Fig. 3A). After birth, retinal expression of
COUP-TFI was maintained throughout the ganglion cell layer
(GCL) and the inner nuclear layer (INL); we also observed a
dorsoventral expression gradient but with a weak incline.

In sharp contrast to COUP-TFI, the distal region on the dorsal
side of the optic vesicle strongly expressed COUP-TFII (Fig. 3B,
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Expression of COUP-TFI and COUP-TFII during mouse retinal development. 4, B, Frozen-sectioned eyes from wild-type mice at the indicated developmental stage were immunostained

with anti-COUP-TFI and -COUP-TFIl antibodies (green). The nuclei were stained with DAPI (blue). The arrows and arrowheads in the panels are described in Results. Scale bars, 100 wm. D, Dorsal;
V, ventral. C, D, Schematic representation of the expression patterns of COUP-TFI (red, €) and COUP-TFII (yellow and brown, D). L, Lens; NBL, neuroblastic layer.

left, red arrows) and presumptive RPE (Fig. 3B, left, arrows) at
E9. We observed that COUP-TFII was expressed exclusively at
Ell in the dorsal area, which is consistent with previous data
(McCaffery et al., 1999), and that this expression persisted until
adulthood (Fig. 3B). In the INL, we observed scattered cells ex-
pressing strong COUP-TFII at E14, and these cells became re-
stricted to the INL as the retina matured (Fig. 3B, arrowheads).
Double immunostaining for several retinal subtype markers,
such as HuC/HuD and glycine transporter 1, suggested that the
positive cells were amacrine cells (data not shown). The third
member of the COUP-TF family, COUP-TFy (COUP-TFIII)
(Jonk et al., 1994), is evolutionarily distant from COUP-TFI and
COUP-TFII, which exhibit exceptionally high homology; in con-
trast, the primary structures of COUP-TFy and COUP-TFI are
only 60% identical. RT-PCR experiments revealed expression of
COUP-TFy mRNA in developing mouse retina, but immuno-
staining experiments failed to reveal COUP-TFvy protein expres-
sion in embryonic retina (data not shown). Results of additional
studies also suggest that COUP-TFvy plays a role distinct from

those of COUP-TFI and COUP-TFII in retinal development.
Summaries of the COUP-TFI and COUP-TFII expression pat-
terns are given in Figure 3, C and D.

Perturbed dorsoventral expression patterns of COUP-TFI
and COUP-TFII in BMPR CKO mouse retina

We examined whether BMP signaling regulates the unique dor-
soventral expression patterns of COUP-TFI and COUP-TFII in
the retina. We used immunostaining to examine COUP-TFs ex-
pression in the retina of E14 BMPR CKO mice (Fig. 4). COUP-
TFI expression in the dorsal region was enhanced in BMPR CKO
mice; however, on the ventral side, no apparent difference was
observed with the control littermate retina (Fig. 44, B). In con-
trast, we found that COUP-TFII expression on the dorsal side was
completely abolished in BMPR CKO mice (Fig. 4C,D), whereas
strong amacrine cell staining in the central region of the retina
was present in both BMPR CKO and control animals (Fig. 4C,
arrowheads).
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Expression of COUP-TFs in BMPR CKO mouse retina. A-D, Frozen sections of control and BMPR CKO mouse eyes at E14.5 were immunostained with anti-COUP-TFI (A, B) and

anti-COUP-TFII (C, D) antibodies. The panels in the left column show nuclear staining by DAPI. B and D are enlarged views of the dorsal and ventral regions in the right panels of A and C. The regions

are indicated by dashed boxes. D, Dorsal; V, ventral. Scale bars: 4, C, 100 m.

Altered expression of cone opsin in COUP-TF null

mouse retina

Based on these results, we hypothesized that BMP signaling regulates
the expression of opsins by regulating COUP-TF expression, at least
on the dorsal side. Thus, we next used COUP-TFI-null (Qiu et al.,
1997) and retina-specific COUP-TFII-null mice (COUP-TEIF*:
Rx—Cre) to examine whether COUP-TFI and COUP-TFII are re-
quired for normal expression pattern of opsins in vivo (Fig. 54, B).
Immunostaining revealed that the expression of both S-opsin and
M-opsin was severely perturbed in the COUP-TFI-null mice.
COUP-TFI-null mice expressed S-opsin at nearly equal levels on the
dorsal and ventral sides of the retina, whereas the expression of
M-opsin was upregulated on the ventral side, resulting in loss of
expression gradient on the dorsoventral axis. The retina-specific
COUP-TFII-null mice expressed upregulated S-opsin on the dorsal
side, although the expression was not as strong as it was in the
COUP-TFI-null mice; these mice expressed a normal M-opsin pat-
tern. These data indicated that COUP-TFI and COUP-TFII are
necessary to suppress S-opsin in the dorsal cones, whereas only
COUP-TFI is required to suppress M-opsin in the ventral cones.

COUP-TFs suppress S-opsin

To gain more mechanistic insights into transcriptional control of
cone opsin genes, we performed a series of experiments using the
Y79 human retinoblastoma and COS7 monkey fibroblast cell
lines. The 0.5 kb mouse S-opsin enhancer/promoter, which is
activated by specific Crx and RORB2 binding (Srinivas et al.,
2006), was conjugated with luciferase (S-opsin—luc). S-opsin—luc
was weakly activated by the expression of Crx or RORB2; more-
over, we observed a synergistic effect in Y79 cells (Fig. 6A) and
COS7 cells (supplemental Fig. S2, available at www.jneurosci.org
as supplemental material). COUP-TFI or COUP-TFII strongly
suppressed luciferase activity induced by Crx and RORp2.
COUP-TFI or COUP-TFII suppressed Crx-induced luciferase
activity (Fig. 6 B, arrows) but slightly enhanced the activity in-
duced by RORB2 (Fig. 6B, arrowheads). We confirmed that
forced COUP-TF expression did not decrease the level of Crx or
RORP2 expression by Western blotting (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material). The
COUP-TFs did not suppress Crx- and Nrl-induced luciferase
activity driven by the mouse rhodopsin enhancer/promoter,
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The expression of shRNAs against either

COUPI KO control

control

COUPII CKO

human COUP-TFI or COUP-TFII effec-
tively and specifically suppressed the en-
dogenous mRNA expression of COUP-TFI
or COUP-TFII, respectively (Fig. 6E). In
Y79 cells, Crx-induced S-opsin was en-
hanced by the knockdown of either COUP-
TFI or COUP-TFII (Fig. 6E), confirming
that both COUP-TFs have suppressive ef-
fects on S-opsin.

Next we examined whether the basal
level of S-opsin expression is regulated by
endogenous COUP-TFI or COUP-TFIlin
the absence of exogenous Crx. Unfortu-
nately, we were unable to draw any con-
clusions from the results shown in Figure
6 E because not all of the cells were trans-
fected with the shRNA construct. There-
fore, we used cells cotransfected with an

control COUPI KO control

Figure5.

COUPII CKO

V \

Expression of S-opsin and M-opsin in COUP-TFI-null and retinal-specific COUP-TFIl-null mouse retina. 4, B, S-opsin (A
and M-opsin (B) expression was examined by immunostaining using frozen-sectioned eyes from COUP-TFI knock-out mice ((OUPI

EGFP expression plasmid to purify the
shRNA-transfected cells by cell sorting. In
this way, we detected clear augmentation
of S-opsin after treating with shRNAs for
COUP-TFI or COUP-TFII (Fig. 6 F), sug-
gesting that COUP-TFI and COUP-TFII
also regulate the basal level of S-opsin.

Finally, we analyzed the effect of BMP
signaling on endogenous L-opsin, M-opsin,
and COUP-TFIin Y79 cells (Fig. 6G). Hu-
mans have a third opsin gene (L-opsin)
that arose through duplication, resulting
in a tandem array of L-opsin/M-opsin
genes on the X chromosome. BMP4 en-
hanced L-opsin and M-opsin but sup-
pressed COUP-TFI. These results are
consistent with our in vivo data showing
that BMP signaling had negative and pos-
itive effects on the expression of COUP-
TFI and M-opsin, respectively.

K0) at P23 and COUP-TFII retina-specific knock-out mice (COUP-TFII**Rx—-Cre: COUPII CKO) at 3 months of age. The signals were

visualized using a secondary antibody conjugated to Alexa-488 (green). The nuclei were visualized by DAPI staining (blue). The
middle and hottom are enlarged views of the dorsal and ventral periphery. The control samples were taken from each littermate of

the COUP-TFI KO and COUP-TFII CKO mice. D, Dorsal; V, ventral.

which contains a 107 bp upstream region (Chen etal., 1997) (Fig.
6C). These results suggest that COUP-TFs specifically suppress
S-opsin at the level of transcription within the S-opsin promoter,
probably through the suppression of Crx activity. Moreover, the
suppressive effect depends on the promoter context, based on our
observation that neither COUP-TF suppressed the activity of the
rhodopsin promoter.

Y79 is a human retinoblastoma cell line, and forced Crx ex-
pression induces S-opsin (human blue opsin) (Peng and Chen,
2007). Therefore, we examined how COUP-TFs affect human
S-opsin expression by looking at the expression of endogenous
S-opsin mRNA via semiquantitative and quantitative RT-PCR.
As we expected, Crx increased the level of endogenous S-opsin
expression in Y79 cells; however, the effect was abolished by
COUP-TFI or COUP-TFII (Fig. 6D).

Knockdown of COUP-TF augmented S-opsin
We examined the effects of the shRNA-mediated knockdown of
COUP-TFI or COUP-TFII on S-opsin expression in Y79 cells.

Discussion
Initially, we thought that the unique dor-
soventral expression patterns of S-opsin
and M-opsin were achieved through their
interaction with the surrounding tissues
during development. However, we found that isolated retinas
could establish the correct spatial expression patterns for S-opsin
and M-opsin in vitro even at E12, suggesting that the positional
information required for proper opsin expression is established
before E12 and that the surrounding tissues of the retina are
dispensable in maintaining the spatial opsin expression pattern.
We found that BMP signaling, although essential for opsin
expression patterning, is not the only signal that regulates opsin
expression; we observed that opsin expression in BMPR CKO
mice was perturbed but not abolished. Although researchers have
thoroughly characterized retinal projections are regulated along
the dorsoventral axis by BMP in the early stages of retinal
development (Koshiba-Takeuchi et al., 2000; Trousse et al.,
2001; Murali et al., 2005), little is known about the role of BMP in
the later stages of retinal development, especially in retinal cell-
type specification. The activation of Smad1/5/8 in the dorsal ret-
inas of BMPR CKO mice is lost at E11.5 (Murali et al., 2005). We
detected alterations in the expression of COUP-TF and opsin in
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Figure6. Effects of changesin COUP-TF expression on opsin expression. A-(, Transient reporter assays were performed using Y79 (4, €) and C0S7 (B) cells. The cells were transiently transfected
with plasmids as indicated in the figure and cultured for 24 h (COS7) or 48 h (Y79). Luciferase activity was then examined. The luciferase reporters were S-opsin--luc for A and B and rhodopsin—
lucfor €. The arrows and arrowheads in B are discussed in Results. D—F, Y79 cells were transiently transfected with the indicated plasmids, and, after 48 h of culture, total RNA was extracted and used
for ONA synthesis. In F, Y79 cells transfected with the indicated plasmid along with an EGFP expression plasmid were purified by cell sorting based on EGFP expression, and total RNA was extracted
for cDNA synthesis. Semiquantitative (top) and quantitative (bottom) PCR was done using primers for S-opsin, COUP-TFI (COUPI), COUP-TFII (COUPII), and G3PDH. G, Y79 cells were transfected with
a control vector or BMP4 expression plasmid and cultured for 48 h. The cells were then harvested, and the expression of L-opsin, M-opsin, COUP-TFI, and G3PDH was examined by semiquantitative
(top) and quantitative (bottom) RT-PCR. The results of quantitative PCR were shown by the relative expression level of each gene normalized to G3PDH. COUPI, COUP-TFI; COUPII, COUP-TFI.

Smad4 retina-specific knock-out mice (data not shown), sup-  Although BMPR CKO mice showed a loss of COUP-TFII expres-
porting the notion that canonical BMP signaling through Smadis  sion in the dorsal retina, activating BMP-related signaling in re-
important for COUP-TF and opsin regulation. Tbx5 is a major ~ sponse to the expression of a constitutively active form of
downstream target of BMP signaling that leads to the activa-  BMPR1a or BMPRIb, or adding recombinant BMP4 into Y79 or
tion and repression of dorsal- and ventral-specific genes, re-  retinal explants did not stimulate COUP-TFII expression (sup-
spectively (Koshiba-Takeuchi et al., 2000). However, we did  plemental Fig. S3 B, C, available at www.jneurosci.org as supple-
not detect the modulation of COUP-TF expression in re-  mental material). We observed that COUP-TFI was suppressed
sponse to Tbx5 (supplemental Fig. S3A, available at www.  only when BMP4 was expressed in Y79 cells. Therefore, BMP
jneurosci.org as supplemental material), leading us to  signalingisessential but may not be sufficient for the induction of
speculate that BMP uses a Tbx5-independent signaling cas- ~ COUP-TFII expression. Alternatively, BMP may act in a stage-
cade to regulate COUP-TFs expression. BMPRI1b, one of the  and/or cell-specific manner or may simply maintain the expres-
type I BMP receptors, is expressed exclusively in the ventral  sion pattern of COUP-TFII without affecting the initiation of
retina during the embryonic period (Liu et al.,, 2003). In  transcription. The latter notion is supported by the observed di-
BMPR1b knock-out mice, the axon pathfinding of ventrally ~ vergent responses of COUP-TFI and COUP-TFII to the loss of
localized retinal ganglion cells is perturbed, whereas the ex-  BMP signaling. Currently, we are investigating the mechanism
pression pattern of both cone opsins appears to benormal (Liu ~ how BMP signaling regulates the expression of COUP-TFs using
etal., 2003); this research indicates that ventral BMP signaling  the isolated promoter regions of COUP-TFI and COUP-TFIL.
through BMPR1b may not significantly affect cone opsin Retinoids stimulate the expression of COUP-TFI in the
patterning. WERI-Rb1 human retinoblastoma cell line (Li et al., 2003), and
COUP-TFs are expressed as early as E9, which is almost the ~ we also found that adding retinoic acid to Y79 cells induced
same stage at which BMP4 expression begins (Furutaand Hogan, = COUP-TFI but not COUP-TFII (supplemental Fig. S4A, avail-
1998), suggesting that BMP directly affects COUP-TF expression.  able at www.jneurosci.org as supplemental material). The reti-
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noic acid signaling pathway is involved in retinal dorsoventral
patterning (Marsh-Armstrong et al., 1994; Hyatt et al., 1996;
McCaffery et al., 1999), and retinoic acid synthetases, such as
Raldhl and Raldh3, are differentially distributed along the
dorsoventral axis of the retina (Li et al., 2000; Mic et al., 2000).
Therefore, ventral retinoic acid may positively regulate COUP-TFI
expression.

The nonoverlapping and temporally distinct expression pat-
terns of COUP-TFI and COUP-TFII in various organs during
development (Lu et al., 1994; Qiu et al., 1994; Tang et al., 2005;
Suh et al., 2006) suggest that the expression of COUP-TFI and
COUP-TFII is regulated independently. However, the comple-
mentary expression patterns of COUP-TFI and COUP-TFII in
the retina suggest reciprocal suppressive regulation of their ex-
pression. Indeed, the downregulation of COUP-TFII in Y79 cells
led to a slight enhancement in COUP-TFI expression, supporting
this notion; COUP-TFII was not enhanced after the downregu-
lation of COUP-TFL Furthermore, overexpression of COUP-TFI
or COUP-TFII did not alter the level of COUP-TFII or COUP-
TFI, respectively (supplemental Fig. 4B, available at www.
jneurosci.org as supplemental material). Because complementary
COUP-TFI and COUP-TFII expression in the retina was observed
only at the embryonic stage, such reciprocal regulation may be a
retina stage-specific phenomenon.

When S-opsin expression began at approximately E13, weak
COUP-TFI expression and strong COUP-TFII expression were
observed on the dorsal side of the retina. The overexpression of
COUP-TFI or COUP-TFII indicated that they are capable of sup-
pressing S-opsin, and our results in COUP-TFI/COUP-TFII
knock-out mice indicate that both COUP-TFI and COUP-TFII
are essential to suppress S-opsin (Fig. 7A). Therefore, we surmise
that the lack of COUP-TFII expression in the dorsal retinas of

Postnatal stage

Model of the regulation of opsin spatial expression in mice. A, Summary of opsin and COUP-TF expression in the
mutant mice used in this study. The depth of each color indicates the intensity of expression for each gene. ND, Not determined.
B, Schematic representation of the regulation of opsin expression. COUPI, COUP-TFI; COUPII, COUP-TFII.

J. Neurosci., October 7, 2009 - 29(40):12401-12411 - 12409

BMPR CKO mice resulted in increased
S-opsin expression in the dorsal cone
cells, although COUP-TFI expression in-
creased. Because COUP-TFI ceases in
the cells of the outer nuclear layer
(ONL) after birth, the cooperative sup-
pression of S-opsin by COUP-TFs may
not be involved in maintaining the sup-
pression of S-opsin in dorsal cone cells.
TRPB2 and RXRy are expressed in post-
mitotic cone cells, and the enhanced ex-
pression of S-opsin in the dorsal retina
was observed in TRB2 and RXRy knock-
out mice (Ng et al., 2001; Roberts et al.,
2006). However, both proteins are uni-
formly expressed in the retina, so it is
unclear how they suppress S-opsin only
on the dorsal side. Because COUP-TFI
and COUP-TFII expression began ear-
lier than TRB2 and RXRYy expression,
COUP-TFs may determine opsin ex-
pression pattern, and TRB2 and RXRry
may directly or indirectly maintain the
dorsal suppression of S-opsin (Fig. 7B).
Our analysis of COUP-TFI and COUP-
TFII expression in the retina at an early
developmental stage shows that expres-
sion is not restricted to cone or cone
progenitor cells. We do not think that
the expression of COUP-TFs is limited
to cells of the cone lineage, because
COUP-TFs might function only when opsin gene activation
modules are present.

Recently, COUP-TFI and COUP-TFII were shown to func-
tion cooperatively in neural stem/progenitor cells for the acqui-
sition of gliogenic competence (Naka et al., 2008). We observed
the unique expression of COUP-TFs in certain retinal cell sub-
types in the INL during late development, suggesting that COUP-
TFs play cooperative roles in determining the fate of retinal
progenitor cells in the retina.

COUP-TFs have been reported to act as transcriptional re-
pressors by either recruiting a corepressor, such as N-CoR (nu-
clear receptor corepressor) or SMRT (silencing mediator of
retinoic acid and thyroid hormone receptor), or competing for
DNA binding with a transcriptional activator (Tsai and Tsai,
1997). In the latter case, a putative binding site for COUP-TF has
been reported (Tsai and Tsai, 1997), and we found putative bind-
ing sites for COUP-TF within the S-opsin enhancer used in our
study; however, the deletion of these sites did not affect the sup-
pressive effect of COUP-TFs (supplemental Fig. S5, available at
www.jneurosci.org as supplemental material). Conversely, opsin
gene regulation by COUP-TFs via epigenetic effects is feasible. In
fact, DNA methyltransferase 3a and 3b were identified as inter-
acting partners of COUP-TFI, and their role in the regulation of
target genes by COUP-TFI has been suggested previously (Gallais
etal., 2007). Because COUP-TFI and COUP-TFII are highly con-
served, similar interactions may also be possible for COUP-TFIL.
We believe that this may also explain why the established opsin
expression pattern persists until adulthood when COUP-TFI is
not expressed in mature cone cells.

Finally, we asked whether the unique expression patterns and
functions of COUP-TFs are conserved in other animals. In the rat
retina, M-opsin and S-opsin are expressed homogeneously through-
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out the retina, whereas S-opsin is present in only 5-10% of cones
(supplemental Fig. S6 A, available at www.jneurosci.org as sup-
plemental material). We found that, similar to the mouse retina,
COUP-TFI expression decreased from the ventral to the dorsal
side in the rat retina during embryogenesis (supplemental Fig.
S6C, available at www.jneurosci.org as supplemental material).
In the adult rat retina, we observed that COUP-TFI was expressed
in the cells of the GCL and INL and that it maintained its expres-
sion gradient (supplemental Fig. S6 B, available at www.jneurosci.
org as supplemental material). COUP-TFII was detected in the
dorsal retinas of rat embryos, which was similar to our findings in
the dorsal mouse retina; moreover, we observed weak but clear
COUP-TFII expression in other parts of the retina (supplemental
Fig. S6C, two-headed arrow, available at www.jneurosci.org as
supplemental material). Based on these findings, we hypothesize
that the presence of both COUP-TFI and COUP-TFII through-
out the retina in the rat embryos may contribute to the suppres-
sion of S-opsin in cone cells, whereas the presence of COUP-TFII
on only the dorsal side of the retina in mouse embryos leads to the
suppression of S-opsin in dorsal cone cells. Although opsin ex-
pression pattern varies by species, COUP-TFs may commonly
regulate the formation of opsin expression patterns. Additional
elucidation of the molecular mechanism of opsin patterning in
mouse retina will shed light on the formation of the human fovea,
in which M-opsin and L-opsin are exclusively expressed.
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