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A Core Paired-Type and POU Homeodomain-Containing
Transcription Factor Program Drives Retinal Bipolar Cell
Gene Expression

Douglas S. Kim,' Takahiko Matsuda,' and Constance L. Cepko'?
'Department of Genetics and 2Howard Hughes Medical Institute, Harvard Medical School, Boston, Massachusetts 02115

The diversity of cell types found within the vertebrate CNS arises in part from action of complex transcriptional programs. In the retina,
the programs driving diversification of various cell types have not been completely elucidated. To investigate gene regulatory networks
that underlie formation and function of one retinal circuit component, the bipolar cell, transcriptional regulation of three bipolar
cell-enriched genes was analyzed. Using in vivo retinal DNA transfection and reporter gene constructs, a 200 bp Grmé6 enhancer sequence,
a445 bp Cabp5 promoter sequence, and a 164 bp Chx10 enhancer sequence, were defined, each driving reporter expression specifically in
distinct but overlapping bipolar cell subtypes. Bioinformatic analysis of sequences revealed the presence of potential paired-type and
POU homeodomain-containing transcription factor binding sites, which were shown to be critical for reporter expression through
deletion studies. The paired-type homeodomain transcription factors (TFs) Crx and Otx2 and the POU homeodomain factor Brn2 are
expressed in bipolar cells and interacted with the predicted binding sequences as assessed by electrophoretic mobility shift assay. Grmé,
Cabp5, and Chx10 reporter activity was reduced in Otx2 loss-of-function retinas. Endogenous gene expression of bipolar cell molecular
markers was also dependent on paired-type homeodomain-containing TFs, as assessed by RNA in situ hybridization and reverse
transcription-PCR in mutant retinas. Cabp5 and Chx10 reporter expression was reduced in dominant-negative Brn2-transfected retinas.
The paired-type and POU homeodomain-containing TFs Otx2 and Brn2 together appear to play a common role in regulating gene

expression in retinal bipolar cells.
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Introduction

Retinal function is carried out by diverse cell types that exhibit
distinct morphology, connectivity, and physiology. The diversity
of retinal cell types is also evident in the considerable gene expres-
sion heterogeneity observed in developing and mature retinal
cells (Blackshaw et al., 2004; Gray et al., 2004; Trimarchi et al.,
2007, 2008). The mechanisms underlying molecular diversity of
retinal cells could be further revealed by examining transcrip-
tional programs that orchestrate gene expression in specific cell
types. In this study, the regulation of gene expression in retinal
bipolar cells was investigated. Bipolar cells are the first relay in-
terneurons in the visual system. They connect rod and cone pho-
toreceptor cells to amacrine and ganglion cells and are critical in
processing and routing visual signals. Bipolar cells express unique
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combinations of molecules important for form and function
(Greferath et al., 1990; Berrebi et al., 1991; Euler and Wissle,
1995; Burmeister et al., 1996; Takebayashi et al., 1997; Vardi and
Morigiwa, 1997; Fletcher et al., 1998; Koulen et al., 1998; Vardi,
1998; Baas et al., 2000; Haeseleer et al., 2000; Chow et al., 2001;
Ohtoshi et al., 2001; Haverkamp et al., 2003a,b; Huang et al.,
2003; Bramblett et al., 2004; Ghosh et al., 2004; Pignatelli and
Strettoi, 2004; Kim et al., 2008). However, the transcriptional
mechanisms regulating bipolar cell gene expression remain es-
sentially unknown, particularly regarding the signaling mole-
cules, transcription factors (TFs), and genomic cis-regulatory el-
ements (CREs) that direct specific gene expression patterns.
Previous studies have examined retinal phenotypes resulting
from mutation of TF genes expressed within bipolar cells and/or
their progenitor cells in mice. Several TFs expressed in progenitor
cells are required individually or in combination for genesis of
bipolar cells in general, including Chx10, Mash1, Math3, and
Ngn2 (Burmeister et al., 1996; Tomita et al., 2000; Green et al.,
2003; Akagi et al., 2004; Livne-Bar et al., 2006). Other TFs that
initiate expression in exiting or postmitotic cells in the develop-
ing retina have been shown to play important roles in driving
differentiation and/or survival of various types of bipolar cells,
including Otx2, Crx, Vsx1, Isl1, Irx5, Bhlhb4, and Bhlhb5 (Bram-
blett et al., 2004; Chow et al., 2004; Ohtoshi et al., 2004; Cheng et
al., 2005; Feng et al., 2006; Clark et al., 2007; Elshatory et al.,
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2007). Despite the elucidation of the roles of many individual TFs
in bipolar cell development, relationships among TFs and their
targets have not been defined.

To examine mechanisms of bipolar cell transcriptional con-
trol, the relationship of CREs of several bipolar cell genes and TFs
was investigated. CREs for the bipolar cell-enriched and -specific
genes, metabotropic glutamate receptor 6 (Grm6), calcium-
binding protein 5 (Cabp5), and C. elegans ceh-10 homeodomain
containing homolog (Chx10), were defined by in vivo retinal
transfection of CRE-reporter DNA constructs. TFs regulating
these genes were identified using comparative bioinformatic
analysis of CRE sequences from different species, biochemical TF
binding assays, and examination of reporter and endogenous
gene expression in TF loss-of-function retinas. The results reveal
that paired-type and POU homeodomain-containing TFs play a
common role in regulating bipolar cell gene expression.

Materials and Methods

Plasmid DNA constructs. The CAG-GFP and UB-GFP plasmids, which
contain broadly active promoters that drive green fluorescent protein
(GFP) expression, were from Matsuda and Cepko (2004). UB-tdTomato
was constructed by excising the tdTomato cDNA from RSET-B-tdTo-
mato (Shaner et al., 2004) and using it to replace the GFP sequence in
UB-GFP. The 10 kb mouse genomic fragment [—9727 to +409 relative
to the first nucleotide of GenBank accession number BC021919, Na-
tional Institutes of Health (NIH)] Grm6—LacZ construct was the plasmid
MG6-Z, from Ueda et al. (1997). A BglII deletion construct (sequence left
in construct: —9727 to —8127 and —2331 to +409) was made by BgIII
restriction enzyme digestion and religation. An MscI deletion construct
(sequence left in construct: —9727 to —7113 and —76 to +409) was
made by Mscl restriction enzyme digestion and religation. The construct
containing the 1 kb critical region and the 3" 0.5 kb sequence (—8126 to
—7113 and —76 to +409) was made by PCR amplification of genomic
sequence from the Mscl deletion construct using primers
5-GATCTCCAGATGGCTAAAC-3" and 5'-GGCGGACGAAGCTG-
CCACCC-3" and insertion of this fragment into the LacZ reporter vector.
The construct containing the 1 kb critical region without the conserved
5" sequence and with the 3’ 0.5 kb sequence (—7946 to —7113 and —76
to +409) was made by PCR amplification of genomic sequence from the
Mscl  deletion construct using primers 5-GGCTCAAACAAGA-
CTGGTTG-3" and 5'-GGCGGACGAAGCTGCCACCC-3" and inser-
tion of this fragment into the LacZ reporter vector. The construct con-
taining the 0.5 kb 3" sequence alone (—76 to +409) was made by PCR
amplification of genomic sequence from the original 10 kb construct
using primers 5-CCAAGCTTATTGGTGTTGC-3" and 5'-GGCGGA-
CGAAGCTGCCACCC-3' and insertion of this fragment into the LacZ
reporter vector. The simian virus 40 (SV40) basal promoter—LacZ con-
struct was made by excising the SV40 basal promoter from the GL3
plasmid (Promega) and inserting it into the LacZ reporter vector. The
construct containing the 200 bp region (—8126 to —7927) and the SV40
basal promoter was made by PCR amplification of a fragment from
mouse genomic DNA using primers 5 -GATCTCCAGAT-
GGCTAAAC-3" and 5'-CAACCAGTCTTGTTTGAGCC-3" and inser-
tion of this fragment into the SV40 basal promoter—LacZ vector.

The 4.7 kb mouse genomic fragment (—4529 to +156 relative to the
first nucleotide of GenBank accession number NM_013877) from the
Cabp5 gene was inserted upstream of GFP or tdTomato by excision from
the Cabp5—-dsRed plasmid (Matsuda and Cepko, 2004) and insertion
into the UB-GFP or UB-tdTomato constructs, replacing the human
ubiquitin C promoter. The construct containing the 445 bp sequence
(—289 to +156) and GFP or tdTomato was made by PCR amplification
of a fragment from mouse genomic DNA using primers 5'-
GCATCTTGTTCCTTTGGGCG-3" and  5'-CATTGGAGCAGG-
TAGTG-3" and insertion of this fragment into the UB-GFP or UB-
tdTomato constructs, replacing the human ubiquitin C promoter.

The 210 kb ChxI0-containing plasmid (—109,003 to +101,164 rela-
tive to the first nucleotide of GenBank accession number NM_007701)
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was bacterial artificial chromosome (BAC) RP23-240D15 (BACPAC Re-
sources, Children’s Hospital Oakland Research Institute, Oakland, CA).
For unbiased CRE screening, an SV40 basal promoter—GFP construct
was made by excising the SV40 basal promoter from the GL3 plasmid and
inserting it into the UB-GFP construct, replacing the human ubiquitin C
promoter. For CRE library construction, ~200 ng of EcoRI-digested
BAC DNA was ligated with ~10 ng of digested SV40 basal promoter—
GFP vector. An alkaline phosphatase (AP) reporter construct was made
by inserting encephalomyocarditis virus internal ribosomel entry site
(IRES) (Matsuda and Cepko, 2004) and human placental AP (Fields-
Berry et al., 1992) sequences into the SV40 basal promoter—GFP vector
downstream of the GFP sequence. Similar to this SV40 basal promoter—
GFP-IRES-AP vector, an SV40 basal promoter—tdTomato—IRES-AP
construct was also made. The constructs containing the 164 bp region
(—17,748 to —17,585) and the SV40 basal promoter were made by PCR
amplification of a fragment from mouse genomic DNA using primers
5'-GAGAAGAGCACTGGCTGGGG-3" and 5'-AATTCCATTTGA-
TGCATTAGAACTAATTCTCCTCC-3" and insertion of this fragment
into the SV40 basal promoter—GFP-IRES-AP or SV40 basal promoter—
tdTomato—IRES—AP vector. Grm6, Cabp5, and Chx10 CRE deletion con-
structs were made using PCR-based mutagenesis to remove sequences
detailed in Results.

A CAG-Brn2 construct was made by PCR amplification of a fragment
from mouse retinal ¢cDNA wusing primers 5'-CATGGCGACCG-
CAGCGTCTAACC-3" and 5'-TCACTGGACGGGCGTCTGCAC-3’
and insertion of this fragment into the CAG-GFP vector, replacing the
GFP sequence. A CAG-CrxMyc construct was made by PCR amplifica-
tion of a fragment from mouse retinal ¢cDNA using primers 5'-
GTGTGAGGGGACCTATTTCC-3" and 5'-CAAGATCTGAAACTTC-
CAGG-3’ and insertion of this fragment and a C-terminal Myc tag se-
quence (gaacaaaaacttatttctgaagaagatctgtg) into the CAG-GFP vector, re-
placing the GFP sequence. A CAG-Otx2Myc construct was made by PCR
amplification of a fragment from mouse retinal cDNA using primers
5'-CTGGAACGTGGAGGAAGCTG-3" and 5'-CAAAACCTGGAAT-
TTCCATG-3’ and insertion of this fragment and a C-terminal Myc tag
sequence into the CAG-GFP vector, replacing the GFP sequence. CAG—
Cre was from Matsuda and Cepko (2007). The dominant-negative CAG—
Brn2-DBD-EnR construct was made by PCR amplification of a frag-
ment from mouse retinal ¢cDNA using primers 5-CCATGGGC-
ACGCCGACCTCAGACGACCTGGAGC-3' and 5'-ACCGGT-
CCGGGAGGGGTCATCCTTTTCTC-3' and insertion of this fragment
and a C-terminal engrailed repressor domain (EnR) (Conlon et al., 1996)
into the CAG-GFP vector, replacing the GFP sequence.

Animals. Wild-type (WT) neonates used for electroporation were ob-
tained from pregnant Sprague Dawley rats (Taconic Farms) and CD-1
mice (Charles River Laboratories). Omx2"¥/°% mice were obtained from
S. Aizawa (RIKEN Center for Developmental Biology, Kobe, Japan)
(Tian et al., 2002). An Otx2 null allele resulted from mating to human
B-actin:Cre transgenic deleter mice (Lewandoski et al., 1997) (The Jack-
son Laboratory), and mice carrying this mutation were then crossed with
Crx~/~ mice (Furukawa et al., 1999). Intercrosses of Otx2 "/ ~; Crx*/~
mice led to generation of WT, Otx2™~, Crx™/~, and Otx2™/~; Crx™/~
mice used for RNA in situ hybridization and reverse transcription (RT)-
PCR. All animals were used in accordance with the guidelines for animal
care and experimentation established by the National Institutes of Health
and the Harvard Medical Area Standing Committee on Animals.

DNA transfection of retinas by electroporation. DNA transfection by in
vivo electroporation was performed as described by Matsuda and Cepko
(2004). For cotransfection, equimolar quantities of plasmid were used,
and DNA concentration per plasmid was ~2—4 mg/ml. The injection
volume was 0.2 ul. DNA transfection by in vitro electroporation was
performed as described by Kim et al. (2008). For unbiased CRE screen-
ing, miniprep DNA was used (~0.1 mg/ml). For all other in vitro elec-
troporations, DNA concentration per plasmid was ~1-2 mg/ml. The
volume for in vitro electroporations was 70 ul.

Histochemical staining. To assess 3-galactosidase activity, 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-gal) (Research Organics)
staining was performed as described by Furukawa et al. (2002), except
retinas were fixed in 4% paraformaldehyde in PBS for 30 min at 22°C.
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Retinas were stained for 16 h at 37°C. To assess AP activity, staining with
5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Sigma) and nitroblue
tetrazolium (NBT) (Sigma) was performed described by Fields-Berry et
al. (1992), except retinas were fixed in 4% paraformaldehyde in PBS for 5
min on ice. Retinas were stained for 16 h at 37°C and then prepared for
sectioning.

Preparation of retinal sections. For experiments in which X-gal or
BCIP/NBT staining was not performed, harvested retinas were dissected
or removed from culture and rinsed in PBS, pH 7.4, fixed in 4% parafor-
maldehyde in PBS for 30 min at 22°C, and rinsed three times in PBS. All
retinas were cryoprotected for 1 h in 30% sucrose in PBS and embedded
in OCT (Sakura Finetek). Sections (20 wm) were cut and slide mounted
using a cryostat microtome. Sections were stained overnight with 4',6-
diamidino-2-phenylindole (DAPI) (1 pg/ml in PBS; Roche).

Immunohistochemistry. Retinal sections were stained with antibodies
as described by Kim et al. (2008). Primary antibodies included a rabbit
anti-Chx10 (1:500) (Morrow et al., 2008), rabbit anti-Pax6 (1:400; Co-
vance), and rabbit anti-cyclin D3 (1:300; Santa Cruz Biotechnology)
antibody. A cyanine 3-conjugated goat anti-rabbit IgG secondary anti-
body was used (1:250; Jackson ImmunoResearch).

Bioinformatic sequence analysis. Sequence analysis was based on the
February 2006 (mm8) mouse genome assembly from the University of
California, Santa Cruz (UCSC) Genome Browser Project (Santa Cruz,
CA) (Kent et al., 2002). Output of the phastCons program downloaded
from the UCSC Genome Browser was used initially to compare syntenic
sequences across genomes of different species (Karolchik et al., 2003;
Siepel et al., 2005). The rVista program (version 2.0) (Loots and
Ovcharenko, 2004) was used to filter isolated CRE sequences through the
TRANSFAC database (version 10.2) (Matys et al., 2006) of 467 vertebrate
TF binding sequences. Individual mouse sequences were submitted to
rVista using the zPicture program, and thresholds for sequence match to
TRANSFAC entries were set so that they were optimized for function
(Ovcharenko et al., 2004). Percentage identity of mouse CRE sequences
to those in other genomes was calculated after alignment using CLUST-
ALW (Larkin et al., 2007).

Image analysis. Confocal photomicrographs were acquired witha DM-
RXE upright microscope using a TCS SP2 AOBS laser scanner (Leica).
GFP and tdTomato fluorescence intensities of cells were measured from
maximum intensity projections (16 um thick) of confocal images of
retinal sections using NIH Image] software (version 1.37a).

Electrophoretic mobility shift assay. Approximately 1 X 10°293T cells
transfected for 36 h with 3 ug of CAG-GFP, CAG-Brn2, CAG-CrxMyc,
or CAG-Otx2Myc plasmid DNA using Lipofectamine 2000 (Invitrogen)
according to the protocol of the manufacturer were used. Nuclear ex-
tracts were prepared from these cells or adult mouse retinas using NE-
PER nuclear and cytoplasmic extraction reagents (Pierce) according to
the protocol of the manufacturer. Complementary oligonucleotides were
annealed to make double-stranded probes with tetranucleotide over-
hangs. These were end labeled with [a-**P]dCTP (GE Healthcare) using
Klenow enzyme (Roche). Probes were purified of free nucleotide using
Sephadex G-25 spin columns (Roche). Binding reactions were per-
formed for 30 min at 22°C using 1 pg of nuclear extract protein and
~2 X 10° cpm of probe in 10% glycerol, 10 mm Tris, pH 7.5, 50 mm KCl,
0.5 mMm DTT, and 3 pg of poly(dI-dC). Binding reactions were electro-
phoresed on 6% polyacrylamide gels (Invitrogen) buffered in 0.5X Tris-
borate EDTA at 200 V for 30 min. Dried gels were exposed to Amersham
Hyperfilm MP (GE Healthcare) for 1 h for transfected cell nuclear ex-
tracts or 16 h for retinal nuclear extracts. These and complementary
oligonucleotides with overhangs were used: Grm6 Pax6 site, 5'-ctagCTA-
AACTTTTAAATCATGAATGAAGTAGA-3'; Grm6 Pou3f2 site, 5'-ctagCTT-
TAATCTGTTAATGTAGT-3'; Grm6 Crx site, 5'-ctagCAAATCGTTAATCT-
GCTAAAG-3'; Cabp5 Crx site, 5'-ctagCCTCACCCTAATCCCTCTTTC-3;
Cabp5 5' Brn2 site, 5'-ctagCCCTCTTTCAAAATGTACTATC-3'; Cabp5 Pitx2
site, 5'-ctagAGAGCTCTAATCCCTCCACT-3'; Cabp5 3’ Brn2 site, 5’ -ctagTA-
AGTAGAATTTTCCATGAGCTGT-3'; Chxl0 Crx site, 5'-ctagTTGC-
CCGCTAATCCCAGCTG-3"; Chx10 Pou3f2 site, 5'-ctagCTGCCATTA-
AAATATTAAAG-3"; Chx10 Otxsite, 5'-ctagAGATAAATCTAATCGTCTCT-
3';and Chx10 Brn2 site, 5'-ctagTCTCTTTATCCAAAATAAGCGACT-3'.

Western blots. Nuclear extract protein (1 ug) was subjected to SDS-
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PAGE using 4-20% Tris-glycine gels (Invitrogen) and transferred to
nitrocellulose filters (Invitrogen). Membranes were probed with a goat
polyclonal anti-Brn2 antibody (1:500, s.c.-6029; Santa Cruz Biotechnol-
ogy) or a mouse monoclonal anti-Myc antibody (1:500, 9E10, s.c.-40;
Santa Cruz Biotechnology) and then with horseradish peroxidase-
conjugated donkey anti-goat (1:5000; Jackson ImmunoResearch) or goat
anti-mouse (1:5000; Jackson ImmunoResearch) antibodies. Immunore-
activity was revealed using enhanced chemiluminescence detection re-
agents (GE Healthcare).

RNA in situ hybridization. Hybridization of riboprobes to retinal sec-
tions was performed as described by Murtaugh et al. (1999) with modi-
fications detailed by Trimarchi et al. (2007). Riboprobes used have been
described previously (Kim et al., 2008).

RT-PCR. Total RNA was extracted from postnatal day 14 (P14) mouse
retinas using the TRIzol reagent (Invitrogen). Transcriptor reverse tran-
scriptase (Roche) was used to produce cDNA. Real-time PCR was per-
formed using a LightCycler 2000 machine (Roche) with DNA Master
SYBR Green I reagents (Roche). Cycle conditions for all genes assayed
included an initial denaturation step (95°C for 30 s) and then amplifica-
tion cycles (95°C for 0's, 60°C for 5 s, 72°C for 15 s). Primer pairs that
spanned at least one intron for each gene were as follows: Grm6 (5'-
cgtgtacggtgtatgecatc-3' and  5'-cagtcagtgtggtcgtttgg-3'), Cabp5 (5'-
ggatgattggtgtccaggag-3' and 5'-caacagtgccatctccattg-3'), Chx10 (5'-ttca-
atgaagcccactacce-3" and 5'-catactcagcecatgacgetg-3'), Og9x (5'-cagtect-
gtggaggcatctc-3’  and  5'-atcttggcttcaggcaggtg-3'), Scgn  (5'-cccag-
aagtggatggatttg-3’ and 5’-gacacagtgccagctcagac-3'), and Acth (5'-
ctttgeagetecttegttge-3' and 5'-tegtcacccacataggagte-3'). Relative concen-
trations were calculated from crossing point analysis and six-log stan-
dard curves using LCDA software (version 3.5.28; Roche). Relative
concentrations for Grm6, Cabp5, Chx10, Og9x, and Scgn were normal-
ized to those for Actb.

Results

Grm6 CRE isolation

In an initial effort to characterize the CREs regulating bipolar cell
genes, an analysis was conducted using in vivo retinal electropo-
ration. A DNA construct containing a 10 kb mouse genomic
fragment (—9727 to +409 relative to the first nucleotide of Gen-
Bank accession number BC021919, NIH) encompassing 5’ flank-
ing sequence of the Grm6 gene that was inserted upstream of a
LacZ reporter gene was transfected into neonatal rat retinas in
vivo. This construct was shown previously to be sufficient to drive
LacZ reporter gene expression specifically in ON bipolar cells, in
which Grmé6 is normally expressed, in transgenic mouse lines
(Nakajima et al., 1993; Ueda et al., 1997; Vardi and Morigiwa,
1997). Retinas were also cotransfected with a plasmid containing
a broadly active promoter driving GFP expression as a transfec-
tion control. Mature retinas were harvested, and histochemical
staining revealed reporter gene expression specifically in ON bi-
polar cells, as assessed by morphological criteria. Stained cell
bodies were present in the upper (scleral) part of the inner nu-
clear layer (INL) (Fig. 1 A), and, in intensely stained cells, it was
possible to observe axons that projected to the lower (vitreal) half
of the inner plexiform layer (IPL) in which axon terminals were
visible, consistent with the morphology of ON bipolar cells. GFP
signal from the cotransfected plasmid was observed in many
other cell types, including photoreceptor cells in the outer nu-
clear layer (ONL) and other INL cells (Fig. 1B), as reported pre-
viously (Matsuda and Cepko, 2004).

To determine which sequences within the original 10 kb
genomic fragment were important in driving specific expression,
a 5.7 kb region was removed from the construct (sequence left in
construct: —9727 to —8127 and —2331 to +409). Despite ex-
pression from the cotransfected GFP plasmid in many ONL and
INL cells, LacZ reporter activity was absent from transfected re-
gions, indicating that sequences in the deleted 5.7 kb region were
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Figure 1.  Grm6 CRE isolation. Representative sections from in vivo neonatal rat retinal transfections with Grmé —LacZ and UB—GFP or CAG—GFP constructs. Retinas were harvested at P15—P22.
A CE G, 1 KL M,O0, X-gal (dark blue) and DAPI (light blue) staining. B, D, F, H, J, L, N, P, GFP fluorescence (green) and DAPI staining (blue) in the same section. 4, The 10 kb 5" flanking mouse
genomic sequence Grm6—LacZ transfection (Ueda et al., 1997). B, UB—GFP cotransfection. C, Bg/ll deletion construct—LacZ transfection. D, CAG—GFP cotransfection. E, Mscl deletion construct—LacZ
transfection. F, CAG—GFP cotransfection. G, The 1kb critical region—3" 0.5 kb sequence—LacZ transfection. H, CAG—GFP cotransfection. /, The 1kb critical region without conserved 5" sequence—3"
0.5 kb sequence—LacZ transfection. J, CAG—GFP cotransfection. K, The 3" 0.5 kb sequence—LacZ transfection. L, CAG—GFP cotransfection. M, The 200 bp Grm6—SV40 promoter—LacZ transfection. N,
UB-GFP cotransfection. 0, SV40 promoter—LacZ transfection. P, UB—GFP cotransfection. Grm6 partial mouse genomic structure is shown in light blue. The 10 kb 5’ flanking genomic sequence is
shown in purple. Conservation of syntenic regions of genomes of several species is plotted in dark blue. Pairwise comparison of mouse sequence and syntenic regions of other species is plotted below.
Numbers in black are sequence positions relative to first nucleotide of accession number BC021919 (GenBank, NIH). The 1kb critical region (green). The 200 bp CRE (red). S, Sphl restriction enzyme
site; B, Bglll; M, Mscl; N, Nael; GCL, ganglion cell layer. Scale bar, 100 m.
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Figure2. Cabp5 CREisolation. Representative sections from in vivo neonatal mouse retinal transfections with Cabp5—tdTomato and Cabp5—GFP constructs. Retinas were harvested at P14. 4, The
4.7kb 5’ flanking mouse genomic sequence—tdTomato transfection (Matsuda and Cepko, 2004). B, The 4.7 kb 5" flanking mouse genomic sequence—GFP transfection. ¢, Merged images, tdTomato
fluorescence (red), GFP fluorescence (green), DAPI staining (blue). D, The 4.7 kb 5" flanking mouse genomic sequence—tdTomato transfection. E, The 445 bp Cabp5—GFP transfection. F, Merged
images. Cabp5 partial mouse genomic structure is shown in dark blue. The 4.7 kb 5 flanking genomic sequence is shown as black rectangle to the left of the Cabp5 partial mouse genomic structure.
Conservation of syntenic regions of genomes of several speciesis plotted in dark blue. Pairwise comparison of mouse sequence and syntenic regions of other species s plotted below. Numbers in black
are sequence positions relative to first nucleotide of GenBank accession numbers NM_013877. Scale bar, 100 m.
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Figure 3.  Chx10 CRE screening and isolation. A, Unbiased CRE screening scheme. Reporter vector contains a cloning site the PhastCons program (Siepel et al,

inserted upstream of an SV40 basal promoter and GFP. A mouse Chx70 BAC was digested with EcoRl, and fragments wereusedto ~ 2005). Within the critical region, only the

constructa CRE library. B, Representative section from in vitro neonatal mouse transfection of a CRE clone containing five genomic 5" 200 bp of the critical region (—8126 to

fragments. Retina was harvested after 9 d of culture. GFP fluorescence (green) and DAPI staining (blue) are shown. , Represen-  —7927) exhibited signiﬁcant conservation

tative sections from in vivo neonatal rat transfection of positive CRE clone. Retinas were harvested at P14. D, The 2.5 kb Chx70— (Fig. 1). This mouse sequence was 94%

SV40 promoter—tdTomato transfection. Retinas were harvested at P14. tdTomato fluorescence (red) is shown. E, The 164 bp

(hx10-SV40 promoter—GFP—IRES—AP transfection. Retinas were harvested at P14. BCIP/NBT staining (dark purple) is shown.

(hx10 partia! mouse genomic structure is sho.wn.in dark blye. The 2.5kb ge.no!nic sequenFe is shown in purple. Conservation (?f found in syntenic human (78% identical)
syntenic regions of genomes of several species is plotted in dark blue. Pairwise comparison of mouse sequence and syntenic

o . .
regions of other species is plotted below. Numbers in black are sequence positions relative to first nucleotide of GenBank accession and dog (72./0) Senomlc regions but
number NM_007701. Scale bars, 100 . showed lower identity. Removal of almost

identical with the syntenic rat sequence
(see Fig. 8A). Similar sequences were also
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Characterization of Grm6, Cabp5, and Chx10 CREs by labeling of transfected retinas with immunohistochemical markers of bipolar and other retinal cells. Representative sections from

in vivo neonatal mouse retinal transfections with the 200 bp Grm6—SV40 promoter—GFP construct (A’~C"), 445 bp Cabp5—GFP construct (D"—F"), 164 bp Chx70-SV40 promoter—GFP construct
(6"-I"),and UB—GFP (J'~L'). Retinas were harvested at P21. 4, D, G, J, Chx10 antibody staining signal is shown in red. B, E, H, K, Pax6 antibody staining signal is shown in red. C, F, I, L, Cyclin D3
antibody staining signal is shown in red. A”-L", Merged images, antibody signal (red), GFP fluorescence (green), DAPI staining (blue). Scale bar, 100 wm.

all of the 5" 200 bp sequence from the construct containing the 1
kb critical region and 3" 0.5 kb sequence (sequence in left con-
struct: —7946 to —7113 and —76 to +409) resulted in loss of
reporter expression (Fig. 11). The 200 bp sequence, positioned 8
kb upstream of the transcriptional start site (—8126 to —7927),
together with a heterologous 219 bp SV40 basal promoter was
sufficient to drive specific reporter expression in bipolar cells
(Fig. 1 M). The SV40 basal promoter alone did not exhibit detect-
able activity (Fig. 10). Additional fine-scale analysis of this 200
bp Grmé6 CRE is discussed below.

Cabp5 CRE isolation

A 4.7 kb mouse genomic fragment (—4529 to +156 relative to the
first nucleotide of GenBank accession number NM_013877)
overlapping the 5" untranslated region of the Cabp5 gene was
inserted upstream of a GFP or tdTomato reporter construct. This
genomic fragment was shown previously to direct reporter ex-

pression in a subset of bipolar cells (Matsuda and Cepko, 2004).

Consistent with previous results, cotransfection of the 4.7 kb
Cabp5:tdTomato and 4.7 kb Cabp5:GFP constructs into neonatal
mouse retinas in vivo resulted in colabeling of bipolar cells when
mature retinas were examined (Fig. 2A-C).

A bioinformatic comparison was made of this mouse Cabp5
flanking sequence and syntenic sequences found in the rat, hu-
man, and dog genomes. The 3’ 445 bp of the 4.7 kb sequence
exhibited significant conservation across several species. This 445
bp mouse sequence was 90% identical with the syntenic rat se-
quence (see Fig. 8 B). Similar sequences were also found in syn-
tenic human (64% identical) and dog (64%) genomic regions but
showed lower identity. This 445 bp sequence (—289 to +156) was
inserted upstream of a GFP reporter construct. Cotransfection of
this 445 bp Cabp5-GFP construct and the 4.7 kb Cabp5:tdTo-
mato construct resulted in colabeling of bipolar cells, indicating
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Grm6-SV40-tdTomato

Grm6-5V40-tdTomato
ACrx site-SV40-GFP

GrmE-SV40-tdTomato
APou3f2 ACrx sites-
SV40-GFP

GrmE-5V40-tdTomato
SV40-GFP

Figure 5.  Grm6 CRE deletion analysis. Representative sections from in vivo neonatal mouse
retinal transfections with the 200 bp Grm6-SV40 promoter—tdTomato construct and Grmé6—
SV40 promoter—GFP deletion constructs. Retinas were harvested at P14—P21.4,D, G, J,M, P,
The 200 bp Grm6-SV40 promoter—tdTomato transfection. C, F, I, L, 0, R, Merged images,
tdTomato fluorescence (red), GFP fluorescence (green), DAPI staining (blue). B, The 200 bp
Grm6-SV40 promoter—GFP transfection. E, Pax6 site deletion. H, Pou3f2 site deletion. K, Crx
site deletion. N, Pou3f2 and Crx site deletion. Q, SV40 promoter—GFP transfection. Scale bar,
100 pm.

that these 445 bp are sufficient to promote Cabp5 expression (Fig.
2 D-F). Additional fine-scale analysis of this 445 bp Cabp5 CRE is
discussed below.

Chx10 CRE isolation

A previous study characterized a 2.4-kb Chx10 CRE overlapping
the 5’ untranslated region that was sufficient to drive reporter
expression in dividing progenitor cells and bipolar cells in trans-
genic mouse lines (Rowan and Cepko, 2005). In an effort to iden-
tify additional Chx10 regulatory elements, an unbiased screen for
CREs was conducted. A 210 kb BAC containing the Chx10 gene
(—109,003 to +101,164 relative to the first nucleotide of Gen-
Bank accession number NM_007701) was digested with a restric-
tion enzyme, and fragments were cloned into a reporter vector
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Cabp5-tdTomato Cabp5-tdTomato Cabp5-tdTomato Cabp5-tdTomato Cabp5-tdTomato
APitx2 site-GFP A5’ Brn2 site-GFP ACrx site-GFP Cabp5-SV40-GFP

A3' B2 site-GFP

Cabp5-tdTomato
A5' Brn2 A3’ Brn2
sites-GFP

Figure 6.  Cabp5 CRE deletion analysis. Representative sections from in vivo neonatal mouse
retinal transfections with the 445 bp Cabp5—tdTomato construct and Cabp5—GFP deletion con-
structs. Retinas were harvested at P14. 4, D, G, J, M, P, The 445 bp Cabp5—tdTomato transfec-
tion. C, F, I, L, 0, R, Merged images, tdTomato fluorescence (red), GFP fluorescence (green),
DAPI staining (blue). B, The 445 bp Cabp5—GFP transfection. E, Crx site deletion. H, The 5" Brn2
site deletion. K, Pitx2 site deletion. N, The 3’ Brn2 site deletion. @, The 5’ Brn2 and 3’ Brn2 site
deletion. Scale bar, 100 wm.

upstream of an SV40 basal promoter and a GFP reporter (Fig.
3A). Cloned fragments were tested for CRE activity by transfec-
tion by in vitro electroporation into neonatal mouse retinal ex-
plants. After 9 d of culture, retinas were examined for GFP ex-
pression. One of the 20 constructs tested was able to drive GFP
expression in bipolar cells (Fig. 3B). Transfection of this con-
struct into rat retinas by in vivo electroporation also resulted in
specific reporter expression in bipolar cells, including bipolar
cells projecting to the upper and lower half of the IPL, consistent
with the pan-bipolar cell expression of Chx10 (Fig. 3C) (Liu et al.,
1994; Burmeister et al., 1996; Rowan and Cepko, 2004).
Sequencing of the insert revealed the presence of five distinct
genomic fragments (—2933 to —125; —99,065 to —95,466;
—20,102 to —17,589; +41,068 to +41,175; and —33,406 to
—33,367), all oriented in the forward direction relative to the
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ABm2 site-SV40-GFP-IRES-AP
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Figure7.  Chx10 CRE deletion analysis. Representative sections from in vivo neonatal mouse
retinal transfections with the 164 bp Chx70—SV40 promoter—GFP—IRES—AP construct, Chx70—-
SV40 promoter—GFP deletion constructs, and UB—tdTomato or UB—GFP constructs. Retinas
were harvested at P14—P21. A, C, E, G, I, K, BCIP/NBT (dark purple) and DAPI (light blue)
staining. B, D, F, H, J, L, tdTomato fluorescence (red), GFP fluorescence (green), DAPI staining
(blue). A, The 164 bp Chx70-SV40 promoter—GFP—IRES—AP transfection. C, Crx site deletion. E,
Pou3f2site deletion. G, Otxsite deletion. /, Brn2 site deletion. K, SV40 promoter—GFP—IRES—AP
transfection. Scale bar, 100 m.

direction of Chx10 transcription. The middle 2.5 kb fragment
(—20,102 to —17,585) situated 19 kb upstream of the ChxI0
transcriptional start site together with an SV40 basal promoter
was sufficient to drive expression of a fluorescent reporter con-
struct specifically in bipolar cells when transfected into mouse
retinas by in vivo electroporation (Fig. 3D). The SV40 basal pro-
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moter alone exhibited virtually no detectable background expres-
sion (see Fig. 5Q).

A comparison was made of this 2.5 kb Chx10 CRE sequence
and syntenic sequences found in other vertebrate genomes. The
3" 164 bp of the 2.5 kb sequence exhibited significant conserva-
tion across several species (rat, 95% identical; human, 91%; dog,
92%; opossum, 88%; chicken, 85%) (see Fig. 8C). This 164 bp
sequence (—17,748 to —17,585) together with an SV40 basal pro-
moter was sufficient to drive specific AP reporter expression in
bipolar cells (Fig. 3E). Additional fine-scale analysis of this 164 bp
Chx10 CRE is discussed below. Because Chx10 is normally ex-
pressed in both bipolar cells and dividing progenitor cells, the 164
bp CRE was tested for activity in embryonic retinas when many
progenitor cells are present and bipolar cells are not yet present.
Reporter expression was not observed after in vitro transfection
of plasmids with thel64 bp sequence (—17,748 to —17,585) to-
gether with an SV40 basal promoter inserted upstream of a tdTo-
mato construct, suggesting a specific role for this CRE in ChxI10
bipolar cell expression (supplemental Fig. 1, available at www.j-
neurosci.org as supplemental material) (SV40 promoter—tdTo-
mato fluorescence to UB—GFP fluorescence ratio, 0.25 *= 0.05;
164 bp Chx10-SV40 promoter—tdTomato fluorescence to UB—
GFP fluorescence ratio, 0.23 = 0.02; mean = SEM; n = 3 retinas
per construct). The AP reporter was not used in the in vitro trans-
fections of embryonic retinas because of high background activ-
ity of the SV40 basal promoter, which contrasts with results from
in vivo transfections of neonatal retinas (see Fig. 7K).

The identity of cells expressing the 200 bp Grm6-SV40 pro-
moter—GFP, 445 bp Cabp5-GFP, and 164 bp Chx10-SV40 pro-
moter—GFP constructs was ascertained using immunohisto-
chemical analysis (Fig. 4). Virtually all GFP-positive cells
expressed Chx10, which marks all bipolar cells and a subset of
Miiller glial cells (Fig. 4A",D",G") (Liu et al., 1994; Burmeister et
al., 1996; Rowan and Cepko, 2004). In rare cases in which a
reporter-positive cell body appeared unlabeled by the Chx10 an-
tiserum in a maximum intensity projection of confocal images,
examination of individual optical sections revealed absence of
most or all of a DAPI-stained nucleus, in which Chx10 immuno-
reactivity would normally be confined. Almost no reporter-
expressing cells were labeled with a Pax6 antibody, which marks
amacrine, horizontal, and ganglion cells (Fig. 4B',E',H’) (de
Melo etal., 2003). Similarly, virtually no reporter-expressing cells
were labeled with a cyclin D3 antibody, which marks Miiller glial
cells (Fig. 4C',F',I') (Dyer and Cepko, 2000). Reporter-
expressing cells were almost never found in the outer nuclear
layer, in which rod and cone photoreceptor cells are located. It
should be noted that transfection of DNA constructs by electro-
poration with a broadly active promoter driving GFP into neo-
natal rodent retinas does not lead to reporter expression in hor-
izontal cells, and thus reporter activity in this cell type was not
examined (Matsuda and Cepko, 2004). Together, the data indi-
cate that the great majority of cells expressing the 200 bp Grm6—
SV40 promoter—GFP, 445 bp Cabp5-GFP, and 164 bp Chx10—
SV40 promoter—GFP constructs are bipolar cells. As a positive
control, immunohistochemistry was also performed with retinas
transfected with UB-GFP (Fig. 4]'-L").

CRE deletion analysis

In an additional effort to characterize the transcriptional pro-
grams regulating bipolar cell genes, the 200 bp Grm6 CRE, 445 bp
Cabp5 CRE, and 164 bp Chx10 CRE sequences were subjected to
bioinformatic analysis to identify putative transcription factor
binding sites (TFBSs) conserved in genomes of several species.
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This was done using the rVista program
(version 2.0) (Loots and Ovcharenko,
2004) to filter sequences through the
TRANSFAC database (version 10.2) (Ma-
tys et al., 2006) of 467 vertebrate TF bind-
ing sequences. Each of the three regulatory
elements had putative binding sites for
paired-type and POU homeodomain-
containing TFs. The 200 bp Grm6 CRE
contained conserved sequences matching
the Pax6, Pou3f2, and Crx TFBS matrices
annotated in the TRANSFAC database
(see Fig. 8A). In contrast, the 445 bp
Cabp5 CRE contained marginally con-
served sequences matching the Crx, Brn2,
and Pitx2 TFBS matrices (see Fig. 8 B). Fi-
nally, the 164 bp ChxI0 CRE contained
highly conserved sequences matching the
Crx, Pou3f2, Otx, and Brn2 TFBS matrices
(see Fig. 8C).

The occurrence of putative paired-type
and POU homeodomain-containing TF-
BSs in each of the regulatory sequences
suggested that these elements might be im-
portant for expression of these bipolar cell
genes. To address this possibility, deletions
of each of these sites were made individu-
ally and in various combinations, and re-
porter constructs were transfected into
mouse retinas in vivo. In a positive control
experiment, cotransfection of equimolar
amounts of plasmids containing the 200
bp Grm6 CRE and an SV40 basal promoter
inserted upstream of either a tdTomato
construct or a GFP construct resulted in a
high incidence of colabeling of bipolar
cells (Fig. 5A-C). This tdTomato-
containing plasmid was then cotransfected
as a control together with deletion con-
structs inserted upstream of an SV40 basal
promoter and GFP. Fluorescent reporters
were used to facilitate assessment of coex-
pression. Constructs containing the 200
bp CRE with the putative Pax6 site (acttt-
taaatcatgaatgaagtag) deleted were still able
to drive GFP reporter expression in bipo-
lar cells (Fig. 5D-F). Deletion of the puta-
tive Pou3f2 site (ctgttaatgt) resulted in a
decrease of GFP fluorescence in bipolar
cells with only the most strongly trans-
fected cells exhibiting GFP expression
(Fig. 5G-I). Deletion of the putative Crx
site (cgttaatctgcta) also resulted in a dimi-
nution of GFP signal from bipolar cells
(Fig. 5/-L). Deletion of both the putative
Pou3f2 and Crx sites led to an even greater

reduction of GFP fluorescence in bipolar cells (Fig. 5M-0O). The
putative Pou3f2 and Crx sites are thus important in activating
Grmeé6 reporter expression. The SV40 basal promoter alone exhib-
ited virtually no detectable background GFP expression (Fig.
5Q). These results were quantitated by measuring the ratio of
GFP fluorescence to tdTomato fluorescence in bipolar cells (see

Fig. 8D).
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Conservation of putative transcription factor binding sites in Grm6, Cabp5, and Chx10 CREs and quantitation of CRE

deletion analyses. 4, Alignment of mouse 200 bp Grm6 CRE and syntenic sequence from rat, human, and dog genomes. Asterisks
denote conserved nucleotides. Pax ite, Pou3f2 site, and Crx site are boxed. B, Alignment of mouse 445 bp Cabp5 CRE and syntenic
sequence from rat, human, and dog genomes. Crx site, 5" Brn2 site, Pitx2 site, and 3" Brn2 site are boxed. €, Alignment of mouse
164 bp Chx10 CRE and syntenic sequence from rat, human, dog, opossum, and chicken genomes. Crx site, Pou3f2 site, Otx site, and
Brn2 site are boxed. D, GFP fluorescence to tdTomato fluorescence ratios are shown for the 200 bp Grm6-SV40 promoter—
tdTomato and Grm6—SV40 promoter—GFP control and deletion constructs. E, GFP fluorescence to tdTomato fluorescence ratios
are shown for the 445 bp Cabp5—tdTomato and Cabp5—GFP control and deletion constructs. Mean == SEM is shown (n = 3 retinas
per construct). Comparison with control: **p << 0.01, ***p < 0.001, ****p << 0.0001 (1-way ANOVA and 1-tailed Tukey's post

hoc test).

The putative Crx, Brn2, and Pitx2 sites identified in the Cabp5
CRE were tested in a similar manner. The 445 bp Cabp5 CRE
inserted upstream of a tdTomato construct was used as a positive
control, and deletion constructs were inserted upstream of GFP.
Deletion of the putative Crx site (ccctaatcectet) resulted in a
marked reduction of GFP signal from bipolar cells (Fig. 6 D-F).

Deletion of the 5’ putative Brn2 site (tctttcaaaatgtact) (Fig. 6G—
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Grmé Paxé CTAARACTTTTAAATCATGAATGAAGTAGA FOU
Grmé Pou3f2 CTTTAATCTGTTAATGTAGT POU/PHD
Grmé Crx CAAATCGTIAATCTGCTAARG POU/PHD
Cabps Crx CCTCACCCTAATCCCTCTTTC PHD
Cabps 5' Brn2 CCCTCTTTCAAAATGTACTATC POU
Cabp5 Pitx2 AGAGCTC, EQTCCCTCCACT PHD
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Figure 9.  EMSA analysis. Autoradiograms of EMSAs using nuclear extract from 293T cells

transfected with CAG—GFP, CAG-Brmn2, CAG—CrxMyc, or CAG—-0tx2Myc (4-C) and nuclear ex-
tract from adult mouse retinas (F-H ). A, F, EMSA results using oligonucleotide probes overlap-
ping the Grm6 Pax6, Pou3f2, and Crx sites. Negative control reactions without nuclear extract
(—). Experimental reactions with nuclear extract (+ NE). B, G, EMSA results using oligonucle-
otide probes overlapping the Cabp5 Crx, 5" Brn2, Pitx2, and 3" Brn2 sites. C, H, EMSA results
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I), the putative Pitx2 site (ctctaatccctec) (Fig. 6J-L), or the 3’
putative Brn2 site (agaattttccatgage) (Fig. 6 M—0) led to a slight
diminution of GFP fluorescence in bipolar cells. Deletion of both
the 5’ putative Brn2 site and 3’ putative Brn2 site resulted in a
near total loss of GFP signal from bipolar cells (Fig. 6 P-R). The
putative Crx site alone and the putative Brn2 sites together are
thus critical for driving Cabp5 reporter expression. Quantitation
of these results is shown in Figure 8 E.

To test the importance of putative TFBSs in the 164 bp Chx10
CRE, deletion constructs were cotransfected with a plasmid con-
taining a broadly active promoter driving GFP or tdTomato as a
transfection control. Deletion of the putative Crx site (ccgctaatc-
ccag) resulted in reduction of AP reporter-positive bipolar cells
(Fig. 7C). Some rod photoreceptor and cone OFF bipolar cells
projecting to the upper half of the IPL were visible, suggesting
that this site is weakly repressive in rod photoreceptor cells and is
not absolutely required for expression in cone OFF bipolar cells.
Deletion of the putative Pou3f2 site (ttaaaatatt) led to near com-
plete loss of reporter-positive cells (Fig. 7E). Deletion of the pu-
tative Otx site (ctaatcgt) resulted in reduction of reporter-
positive bipolar cells (Fig. 7G). Some rod photoreceptor and cone
OFF bipolar cells projecting to the upper half of the IPL were
observed, suggesting that this site is weakly repressive in rod pho-
toreceptor cells and is not absolutely required for expression in
cone OFF bipolar cells. Deletion of the putative Brn2 site (ttatc-
caaaataagcg) led to reduction of reporter-positive cells (Fig. 7I).
Some Miiller glial cells were visible, suggesting that this site is
weakly repressive in Miiller glial cells. The putative Crx, Pou3f2,
Otx, and Brn2 sites are thus each important in activating Chx10
expression in bipolar cells (Fig. 8).

Characterization of protein interactions with putative
binding sites

To investigate whether POU and paired-type homeodomain-
containing TFs can interact in vitro with putative binding site
sequences, electrophoretic mobility shift assays (EMSAs) were
conducted using nuclear extracts from transfected 293T cells
and from adult mouse retinas. Nuclear extracts from cells
transfected with Brn2, Crx, and Otx2 were used for binding
experiments because these POU and paired-type
homeodomain-containing TFs have been shown to be ex-
pressed in developing and mature bipolar cells, among other
retinal cell types (Chen et al., 1997; Furukawa et al., 1997;
Rowan and Cepko, 2005; Koike et al., 2007). Binding activity
in nuclear extracts from cells transfected with a Brn2 expres-
sion construct interacted with double-stranded oligonucleo-
tides overlapping the putative Pax6 site in the Grm6 CRE (Fig.
9A). Binding activity was not observed when nuclear extracts
from cells transfected with a GFP, myc-tagged Crx (CrxMyc),
or myc-tagged Otx2 (Otx2Myc) expression construct was
used, suggesting that Brn2 can interact with this Pax6 site with
some degree of selectivity. Nuclear extracts from cells trans-
fected with Brn2, CrxMyc, and Otx2Myc each contained bind-
ing activity that could interact with oligonucleotides contain-

<«

using oligonucleotide probes overlapping the Chx70 Crx, Pou3f2, Otx, and Brn2 sites. D, Western
blot analysis of nuclear extracts using an anti-Brn2 or anti-Myc antibody. Numbers denote
molecular weight in kilodaltons. E, Sequence alignment of oligonucleotides overlapping the
Grmé6, Cabp5, and Chx10 sites. Underlined sequences are TAAT sequences or closest matches.
Summary of interactions with TFs from two families is listed on right. POU, POU homeodomain-
containing TF interaction; PHD, paired-type homeodomain-containing TF interaction. /, Sum-
mary of interactions.
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Figure 10.  0tx2 conditional loss-of-function analysis. Representative sections from in vivo
neonatal retinal transfections of 0tx2™"* mice with UB—GFP, reporter constructs, and CAG—
Cre. Retinas were harvested at P14 —P15. A-C, G-I, M-0, Control transfection without CAG—
Cre. D-F, J-L, P-R, Otx2 conditional loss-of-function resulting from CAG—Cre transfection. B,
E H,K,N,Q, UB-GFP transfection. C, F, I, L, 0, R, Merged images, tdTomato fluorescence (red),
GFP fluorescence (green), DAPI staining (blue). 4, D, The 200 bp Grm6—SV40 promoter—tdTo-
mato transfection. G, J, The 445 bp Cabp5—tdTomato transfection. M, P, The 164 bp Chx10—
SV40 promoter—tdTomato transfection. Circles, UB—GFP-transfected bipolar cells. Scale bar,

100 m.

ing the putative Pou3f2 site or the putative Crx site, suggesting
that Brn2, Crx, and Otx2 can all interact with the Pou3f2 or
Crx site (Fig. 9A). The Brn2 binding activity was of greater
molecular weight than that of the CrxMyc and Otx2Myc bind-
ing activities, consistent with the relative differences in pre-
dicted molecular weights of the Brn2 (47 kDa), CrxMyc (34
kDa), and Otx2Myc (33 kDa) proteins (He et al., 1989; Fu-
rukawa et al., 1997). Most bands appeared as singlets after gel
electrophoresis, but the binding activity in nuclear extracts
from cells transfected with the Brn2 was sometimes present as
a doublet, which might reflect Brn2 binding to some tested
sites as an oligomer or complexed with other proteins. West-
ern blotting showed that only nuclear extract from cells trans-
fected with Brn2 exhibited immunoreactivity with an anti-
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Figure 11.  Dominant-negative Brn2 effects. Representative sections from in vivo neonatal
mouse retinal transfections of WT mice with UB—GFP, reporter constructs, CAG—EnR, and CAG-
Brn2—-DBD—EnR. Retinas were harvested at P14 —P21. A-(, G-I, M-0, CAG—EnR transfection.
D-F,J-L, P-R, CAG-Brn2—-DBD—-EnR transfection. B, E, H, K, N, @, UB—GFP transfection. C, F, I,
L, 0, R, Merged images, tdTomato fluorescence (red), GFP fluorescence (green), DAPI staining
(blue).A, D, The 200 bp Grm6—SV40 promoter—tdTomato transfection. G, J, The 445 bp Cabp5—
tdTomato transfection. M, P, The 164 bp Chx70-SV40 promoter—tdTomato transfection. Cir-
cles, UB—GFP-transfected bipolar cells. Scale bar, 100 wm.

Brn2 antibody (Fig. 9D). A major band of ~47 kDa and several
lower bands, perhaps degradation products, were observed. A
similar experiment demonstrated that only nuclear extracts
from cells transfected with CrxMyc and Otx2Myc showed im-
munoreactivity with an anti-Myc antibody (Fig. 9D). CrxMyc
and Otx2Myc bands were ~34 and ~33 kDa, respectively.
Together, the data suggest that the 200 bp Grmé6 CRE contains
one relatively specific POU homeodomain-containing TFBS
and two sites that can be bound by either POU or paired-type
homeodomain-containing TFs (Fig. 91I).

The putative binding sites found in the Cabp5 CRE were also
subjected to EMSA analysis. Nuclear extracts from cells trans-
fected with a CrxMyc or Otx2Myc construct contained binding
activity that interacted with oligonucleotides containing the Crx
or Pitx2 site in the Cabp5 CRE (Fig. 9B). In contrast, nuclear
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Figure 12. Quantitation of Otx2 conditional loss-of-function analysis and dominant-
negative Brn2 effects. 4, D, Bipolar cell tdTomato fluorescence to GFP fluorescence ratios for the
200 bp Grm6—SV40 promoter—tdTomato construct. B, E, Bipolar cell tdTomato fluorescence to
GFP fluorescence ratios for the 445 bp Cabp5—tdTomato construct. C, F, Bipolar cell tdTomato
fluorescence to GFP fluorescence ratios for the 164 bp Chx70—SV40 promoter—tdTomato con-
struct. A—=C, 0tx2™™ retinas transfected without or with CAG—Cre construct. D—F, WT retinas
transfected with CAG—EnR or CAG-Brn2—-DBD—EnR construct. Mean = SEM is shown (n = 3
retinas per construct). Comparison with control or CAG—EnR: *p << 0.05, **p << 0.01, ***p <
0.001 (1-tailed Student’s t test).

extract from cells transfected with a Brn2 construct contained
binding activity that interacted with oligonucleotides overlap-
ping the 5" Brn2 or 3’ Brn2 site. The results indicate that the 445
bp Cabp5 CRE contains two paired-type homeodomain-
containing TFBSs and two POU homeodomain-containing TF-
BSs (Fig. 9I).

The putative binding sites identified in the Chx10 CRE were
also analyzed using EMSAs. Nuclear extracts from cells trans-
fected with CrxMyc or Otx2Myc contained binding activity
that could interact with oligonucleotides overlapping the Crx
site in the Chx10 CRE (Fig. 9C). In contrast, nuclear extracts
from cell transfected with Brn2 contained binding activity that
could interact with oligonucleotides overlapping the Pou3f2
or Brn2 site. Additionally, nuclear extracts from cells trans-
fected with Brn2 or Otx2Myc contained binding activity that
could interact with oligonucleotides overlapping the Otx site.
Together, the data suggest that the 164 bp Chx10 CRE contains
one relatively specific paired-type homeodomain-containing
TEBS, two relatively specific POU homeodomain-containing
TFBSs, and one site that can be bound by either POU or
paired-type homeodomain-containing TFs (Fig. 9I).
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EMSA analysis was also conducted using the same oligonu-
cleotides overlapping identified sites in the Grmé6, Cabp5, and
Chx10 regulatory sequences and nuclear extracts from adult
mouse retinas. Only 7 of 11 sites tested interacted with binding
activity in retinal nuclear extract, although low-molecular-
weight, nonspecific bands could be observed for all probes
assayed (Fig. 9F-H). In general, there was an almost complete
correlation between presence of binding activity in retinal nu-
clear extracts and presence of binding activity in cells trans-
fected with CrxMyc (Fig. 9I), suggesting that Crx expressed in
photoreceptor cells, which are an abundant cell type in the
retina (>70%) (Young, 1985), could be the factor in native
retinal nuclear extracts interacting with these sites. Addition-
ally, in every case except for one putative binding site (Chx10
CRE, Pou3f2 site), when binding activity was observed only in
cells transfected with Brn2 for a given site, no binding activity
was detected in nuclear extract from retinas. This suggests
that, although Brn2 can bind to these sites when nuclear extract
from transfected cells is used, the in vivo Brn2 expression levels could
be too low for binding activity to be detected in EMSAs when nuclear
extract from adult mouse retinas is used.

Alignment and comparison of TFBS sequences revealed at
least three types of sites with regard to binding activities in trans-
fected cell nuclear extracts. Sites that contained AAAT or GAAT
sequences interacted only with binding activities in nuclear ex-
tract from cells expressing the POU homeodomain-containing
TF, Brn2, in almost every case (Fig. 9E). In contrast, sites that
contained the core TAAT homeodomain-binding sequence
could interact with binding activities in nuclear extracts from
cells transfected with paired-type homeodomain-containing TFs,
Crxand Otx2, and sometimes also with those in Brn2-transfected
cells (Laughon, 1991). Finally, sites that contained a CTAATCC
sequence interacted only with binding activities in nuclear ex-
tracts from CrxMyc- and Otx2Myc-transfected cells.

Otx2 conditional loss-of-function effects on

reporter expression

Otx2 is highly enriched in its expression in the INL, in which it is
found in the majority of bipolar cells of the adult retina (Koike et
al., 2007). Previous studies have shown that Otx2 plays a critical
role in bipolar cell terminal differentiation (Koike et al., 2007). To
test the hypothesis that Otx2 regulates expression of Grmeé,
Cabp5, and ChxI10, reporter expression was examined in control
and Otx2 conditional loss-of-function retinas. Retinas from neo-
natal Otx2"*/°* mice were transfected by in vivo electroporation
with a plasmid containing the 200 bp Grmé6 regulatory element
inserted upstream of an SV40 basal promoter and a tdTomato
construct as well as with a plasmid with a broadly active promoter
driving GFP. Otx2 loss-of-function was achieved by cotransfect-
ing a subset of retinas with reporters and a plasmid containing a
broadly active promoter driving Cre recombinase expression.
Cotransfected cells, indicated by GFP expression, would be ex-
pected to have undergone Cre-mediated deletion of the Otx2
gene. When mature control retinas were examined, tdTomato
signal was observed in many transfected bipolar cells (Fig. 10A),
but virtually no tdTomato signal could be seen in Otx2 condi-
tional knock-out (CKO) retinas, suggesting that Otx2 is required
for activation of this Grmé6 regulatory element (Fig. 10 D-F).
Similarly, the activity of both the 445 bp Cabp5-tdTomato (Fig.
10J-L) and 164 bp Chx10-SV40 promoter—tdTomato (Fig.
10 P-R) reporter constructs was attenuated in Otx2 CKO retinas,
despite the presence of cotransfected GFP-positive bipolar cells,
suggesting that Otx2 is also required for activation of the Cabp5
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and Chx10 regulatory elements. These re- WT
sults were quantitated by measuring the
ratio of tdTomato fluorescence to GFP flu- A ]
orescence in bipolar cells (see Fig. 12 A-C).
'“M.flr bl o ,..,‘h'

Dominant-negative Brn2 effects on
reporter expression

Brn2 has been demonstrated to be ex-
pressed in bipolar cells, among other cell
types in the retina (Rowan and Cepko,
2005). To address the hypothesis that Brn2
is required for expression of bipolar cell
genes, reporter expression was examined
in retinas transfected with a dominant-
negative CAG-Brn2-DBD-EnR construct
containing the Brn2 DNA binding domain
fused to the Drosophila engrailed tran-
scriptional repressor domain. In control
experiments, neonatal retinas were trans-
fected with a plasmid containing a broadly
active promoter driving the engrailed re-
pressor alone, a plasmid containing the
200 bp Grm6 CRE inserted upstream of an
SV40 basal promoter and a tdTomato con-
struct, and a plasmid with a broadly active
promoter driving GFP. Examination of
mature retinas revealed tdTomato signal
in many transfected bipolar cells (Fig.
11A). The tdTomato signal was similar in
bipolar cells from retinas cotransfected
with the CAG-Brn2-DBD-EnR construct
(Fig. 11 D). In contrast, the tdTomato sig-
nal was substantially reduced in bipolar
cells from retinas cotransfected with the
445 bp Cabp5-tdTomato and CAG-Brn2—
DBD-EnR constructs (Fig. 11G-L). Fi-
nally, tdTomato signal was reduced to
background levels in retinas cotransfected
with the 164 bp Chx10-SV40 promoter—
tdTomato and CAG-Brn2-DBD-EnR
constructs, despite the presence of co-
transfected GFP-positive bipolar cells (Fig.
11 M—-R). Quantitation of these results is
shown in Figure 12 D-F. The data suggest
that recruitment of a transcriptional re-
pressor to Brn2 binding sites can reduce
Cabp5 and Chx10 expression.

Figure 13.
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Gene expression patterns in Otx2 and Crx loss-of-function mutant retinas. RNA in situ hybridization patterns from
representative sections of P14 mouse retinas. A-G, WT retinal sections. A’~G’, 0tx2™/~ retinal sections. A"~G", (/" retinal
sections. A”—G",0tx2 ™~ ; (™~ retinal sections. A-A", Grm6. B-B"", Cabp5.C-C",Chx10.D-D"", Prkca. E-E",0g9. F-F",

Car8. G—G", Nfasc. Scale bar, 100 wm.

Otx2 and Crx loss-of-function effects on

endogenous bipolar gene expression

The functional requirement for the paired-type homeodomain-
containing TFs Otx2 and Crx in regulating endogenous gene ex-
pression was assayed by RNA in situ hybridization. Retinal sec-
tions from WT, Otx2™/~, Crx™/~, and Otx2"/"; Crx™/~ mice
were examined at P14 before onset of retinopathy observed in
Crx-deficient mice. Otx2-deficient mice were not examined be-
cause the forebrain neuroectoderm fails to develop in these em-
bryos, and homozygous null mutations lead to embryonic lethal-
ity (Acampora et al., 1995). The hybridization signals for Grmeé,
Cabp5, and Chx10 were all attenuated in Otx2™/~ retinas (Fig.
13A',B’,C"). The hybridization signals for these genes appeared
unaltered in Crx™’/~ retinas (Fig. 13A",B",C"). However, for
Grm6, Cabp5, and Chx10, Crx deficiency led to an even greater

attenuation of hybridization signal in the Otx2™’~ background
(Fig. 13A™,B",C"). These results are consistent with a role for
Otx2 by itself in activation of Grm6, Cabp5, and Chx10 transcrip-
tion in bipolar cells and previously described roles for Otx2 to-
gether with Crx in bipolar cell genesis and/or survival (Koike et
al., 2007; Sato et al., 2007).

To assess to extent of genes potentially regulated by Otx2
and/or Crx, additional bipolar cell markers were examined by
RNA in situ hybridization, including the rod bipolar-selective
makers Prkca, Og9x, Car8, and Nfasc (Fig. 13D-G"), the mixed
rod and cone bipolar-selective markers Pcp2, Trpml, and
2300002D11Rik (Fig. 14 A—C"), and the cone bipolar cell markers
Scgn, 6330514A18Rik, and Lhx3 (Fig. 14 D-F") (Kim et al., 2008).
The hybridization signals for these genes were all attenuated in
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Figure 14.  Additional gene expression patterns in 0tx2 and Crx loss-of-function mutant retinas. RNA in situ hybridization
patterns from representative sections of P14 mouse retinas. A-F, WT retinal sections. A’~F’, 0tx2™™/~ retinal sections. A"~F",
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<500 bp were identified upstream of the
mouse Grm6, Cabp5, and Chx10 genes that
were capable of driving bipolar cell-
specific reporter expression. These se-
quences each contained predicted paired-
type and POU homeodomain-containing
TFBSs, and these sites were shown to be re-
quired, individually or in combination, for
reporter expression. Sites upstream of each
gene were also demonstrated to be able to
interact with the POU homeodomain-
containing TF Brn2 and the paired-type
homeodomain-containing TFs Crx and
Otx2. Conditional inactivation of Otx2led to
loss of reporter expression, and dominant-
negative Brn2-DBD-EnR expression re-
duced activity of two reporters. Endogenous
Grmé6, Cabp5, and Chxl0 expression ap-
peared reduced in Otx2"~ mutant retinas,
and the expression of or the number of cells
transcribing these genes also appeared fur-
ther reduced in Ot2*'; Crx™/" retinas.
Similar results were obtained for other bipo-
lar cell-enriched genes, perhaps indicating
the general importance of these paired-type
homeodomain-containing TFs in bipolar
cell gene expression.

It is possible that other TFs interact
with the identified CREs. Evaluation of the
importance of the predicted paired-type
and POU homeodomain-containing TF-
BSs was based primarily on recognition of
these putative sites by a limited database of
TFBS matrices of varying information
content. However, even using this limited
set, occurrence of binding sites for these
TF families was selective in that, for exam-
ple, no putative LIM homeobox TFBSs
were found, despite representation in the
database. Moreover, binding sites that
were represented for other paired-type

Scgn. E-E™, 6330514A18Rik. F~F", Lhx3. Scale bar, 100 wm.

Otx2™'" retinas. The hybridization signals for these genes were
mostly unchanged in Crx™’™ retinas. However, Crx deficiency led
to an even greater attenuation of hybridization signal in the
Otx2"’~ background.

RT-PCR was performed to quantitate the relative expression
levels of several genes examined by RNA in situ hybridization.
The relative concentrations of real-time PCR products amplified
from P14 retinal cDNAs for Grmé6, Cabp5, Chx10, Og9x, and Scgn
were measured and normalized to those for the ubiquitously ex-
pressed gene B-actin (Actb). For Grmé6, Og9x, and Scgn, relative
concentrations were markedly reduced in Otx2™/~ and Otx2*/~;
Crx™’" retinas compared with WT retinas (Fig. 15A,D,E). For
Cabp5 and Chx10, relative concentrations trended downward in
Otx2*/~ and Otx2""~; Crx™/" retinas compared with WT reti-
nas, but differences did not reach significance (Fig. 15B,C).

Discussion

Several lines of evidence suggest that a core set of paired-type and
POU homeodomain-containing TFs directly activates transcrip-
tion of bipolar cell-expressed genes. Regulatory sequences of

homeodomain-containing TFs, such as
Chx10, were not observed. Even the sites
identified using the limited database might
be bound by related TFs other than Brn2, Crx, and Otx2, such as
the bipolar cell-expressed TFs Chx10, Vsx1, and Og9x (Liu et al.,
1994; Burmeister et al., 1996; Chow et al., 2001; Kim et al., 2008).
More exhaustive EMSA analysis could aid in identifying other
interacting TFs. However, none of these related TFs except Chx10
is expressed in as many bipolar cells as Otx2 (Koike et al., 2007),
and thus activation of at least the pan-bipolar cell gene Chx10
would have to depend on several proteins. It is also possible that
CREs other than those isolated in this study regulate Grms,
Cabp5, and Chx10 expression. Indeed, a proximal Chx10 CRE has
been characterized containing sequences directing dividing pro-
genitor and bipolar cell expression that can be bound by Brn2
(Rowan and Cepko, 2005). The novel isolated Chx10 and Grm6
regulatory elements are positioned 19 and 8 kb upstream of tran-
scriptional start sites, respectively. Other regulatory elements in
the vicinity of Grmé6, Cabp5, and Chx10 could exist and contain
sites for TFs not discussed here.
Consistent with a role for Otx2 in transcription of the bipolar
cell genes Grm6, Cabp5, and ChxI0 reporter activity for these
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Figure 15. Quantitation of relative gene expression levels by RT-PCR in 0tx2 and Crx

loss-of-function mutant retinas. Relative concentrations of real-time PCR products for
several genes each normalized to 3-actin (Actb) concentrations from P14 WT, o2+,
(™", and Otx2 ™/~ ;Crx /™ mouse retinas are shown. 4, Grmé. B, Cabps. €, Chx10.D,
0g9x. E, Scgn. Mean == SEM is shown (n = 3 retinas per genotype). Comparison with WT:
*p < 0.05, **p < 0.01, ****p < 0.0001 (1-way ANOVA and 1-tailed Tukey’s post hoc
test).

genes and their endogenous expression levels appeared attenu-
ated in Ox2 CKO and Otx2™/~ retinas. In contrast, a previous
analysis found that Om2™/~ mutants exhibit normal Chx10 ret-
inal expression, as assessed by antibody staining (Koike et al.,
2007). Differences in RNA in situ hybridization versus immuno-
histochemical results could reflect uncharacterized translational
control and/or protein stability of Chx10. Furthermore, it is pos-
sible that apparent reduction of Grmé6, Cabp5, and ChxI0 re-
porter activity and endogenous expression levels reflects de-
creases in bipolar cell numbers in Otx2*/~ and Otx2 CKO retinas
through effects on bipolar cell genesis or survival. However, pre-
vious analysis showed that Otx2"/~ retinas did not exhibit ele-
vated cell death during retinogenesis (Koike et al., 2007). Addi-
tionally, Otx2 CKO retinas that were transfected with Cre
exhibited virtually no Grmé6, Cabp5, or Chx10 reporter activity,
but cotransfected GFP-positive bipolar cells identified based on
position and cell body morphology were still evident. Thus, al-
though some bipolar cell death might have resulted from reduc-
tion of Otx2 function, Grm6, Cabp5, and Chx10 gene expression
depends partially on Otx2, and this TF likely directly activates
transcription of these genes. Otx2"/~; Crx™/~ mutant retinas
were shown to exhibit elevated cell death, and so it is unclear
whether additional attenuation of hybridization signals for bipo-
lar cell markers reflects a role for Crx in regulating bipolar cell
genes and/or promoting survival in the Otx2*/~ mutant back-
ground (Koike et al., 2007).

The results also suggest that multiple regulatory elements for
Chx10 exist for control of gene expression timing and/or cell-type
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specificity. The distal 164 bp Chx10 CRE drove fluorescent or AP
reporter expression in bipolar cells relatively late during retino-
genesis but did not activate detectable fluorescent reporter ex-
pression in progenitor cells. In contrast, the previously character-
ized, proximal Chx10 CRE is sufficient for AP reporter expression
in bipolar cells and progenitor cells in transgenic mice (Rowan
and Cepko, 2005). The role of the distal 164 bp Chx10 CRE might
thus be to increase Chx10 transcription at a time when bipolar
cells first appear and/or thereafter. In this regard, it is interesting
that both regulatory elements contain Brn2 binding sites critical
for reporter expression, although a requirement for Brn2 func-
tion has been tested only for the distal 164 bp CRE using the
dominant-negative Brn2 construct. Late activity of the distal 164
bp Chx10 CRE might result from the persistence of high levels of
Otx2 only in developing bipolar cells (Baas et al., 2000; Koike et
al., 2007). It was not possible to address whether Otx2 regulates
the proximal CRE using electroporation because, surprisingly,
this promoter was not active in transfected retinas (data not
shown). The proximal CRE was active in transgenic mice, which
might indicate differences attributable to integration or other
aspects of DNA regulation associated with transgenesis (Rowan
and Cepko, 2005).

Because Chx10 is necessary and sufficient for bipolar cell fate
determination (Burmeister et al., 1996; Green et al., 2003; Livne-
Bar et al., 2006), it could be speculated that Otx2 could drive
bipolar cell fate determination by activating the distal 164 bp
Chx10 CRE and increasing Chx10 expression beyond levels found
in progenitor cells. This notion, coupled with results consistent
with a role for Otx2 in directly activating transcription of differ-
entiation genes, such as Grm6 and Cabp5, as well as Prkca (Koike
et al,, 2007), raises the possibility that Otx2 regulates both early
bipolar cell fate determination genes and late differentiation
genes in a relatively simple transcriptional hierarchy. An alterna-
tive possibility to direct regulation of early and late bipolar cell
genes by Otx2 is that it could activate ChxI10 expression, and
Chx10 could then activate transcription of late differentiation
genes, such as Grm6 and Cabp5. Chx10 has been shown to func-
tion as a transcriptional repressor, and so putative Chx10 activa-
tion of bipolar cell genes would be expected to be indirect or
reflect a dual ability to repress and activate in different contexts
(Dorval et al., 2005, 2006; Livne-Bar et al., 2006).

The results also suggest that paired-type and POU
homeodomain-containing TFs could act together to drive bipo-
lar cell gene expression. Isolated regulatory elements were sensi-
tive to deletions of binding sites for both paired-type and POU
homeodomain-containing TFs. This suggests that action by TFs
from these families is critical in driving transcription at least for
these elements. Joint action of paired-type and POU
homeodomain-containing TFs might aid in refining spatial
and/or temporal expression. It might also provide quantitative
control. For instance, it is apparent that, whereas in Otx2 CKO
and CAG-Brn2-DBD-EnR-transfected retinas the 164 bp Chx10
reporter expression decreased, some endogenous Chx10 expres-
sion persisted above the threshold necessary for bipolar cell de-
velopment because transfected bipolar cells, identified based on
position and cell body morphology, were still present. Although
Otx2 and Brn2 are important for Chx10, Grm6, and Cabp5 ex-
pression, each is not sufficient because many cells contain these
TFs but do not express these genes. For example, Otx2 is ex-
pressed throughout the developing forebrain, in the optic vesicle,
in developing photoreceptor cells, and in the retinal pigmented
epithelium (Acampora et al., 1995; Koike et al., 2007). Brn2 is
found in the developing cortex and many early retinal progenitor
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cells (Sugitani et al., 2002; Rowan and Cepko, 2005). Addition-
ally, in the developing neonatal rat retina, Otx2 misexpression led
to greater photoreceptor cell production (Nishida et al., 2003).
Other investigators found that XOtx2 misexpression in the devel-
oping Xenopus retina can promote the bipolar cell fate (Viczian et
al., 2003).

The results have shed light on the core TFs important in driv-
ing expression of several bipolar cell genes. Determining TFs di-
recting expression of Grm6, Cabp5, and Chx10 in different bipo-
lar cell subtypes will be the subject of future studies. Differentially
expressed TFs that are critical for bipolar cell development and
maintenance, such as Vsx1, Isl1, Irx5, Bhlhb4, and Bhlhb5, could
work in concert with Otx2 and/or Brn2 to shape bipolar cell
subtype gene expression (Bramblett et al., 2004; Chow et al.,
2004; Ohtoshi et al., 2004; Cheng et al., 2005; Feng et al., 2006;
Clark et al., 2007; Elshatory et al., 2007). Additionally, genomic
sequences from other genes sufficient for specific bipolar cell
expression have been identified previously (Oberdick et al., 1990;
Wong et al., 1999). Unbiased screening methods for CREs de-
scribed here will be used to isolate elements from these and other
bipolar cell genes. Screening using a functional criterion was ad-
vantageous compared with relying on a conserved sequence-
based approach because many conserved sequences turned out to
be dispensable for bipolar cell expression. These and future func-
tional analyses of gene regulation will shed greater light on neu-
ronal development and function at the level of molecular and
gene networks. Electroporation of constructs containing rela-
tively short CREs inserted upstream of fluorescent reporters,
transynaptic tracing molecules, toxins, or activity-altering ion
channels (Lagali et al., 2008) have been shown previously and will
prove to be useful for more precise retinal circuitry mapping,
physiological studies, and cell-type-specific gene therapy using
viral vectors.
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