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RIT2, a neuron-specific small guanosine triphosphatase, is

expressed in retinal neuronal cells and its promoter is modulated

by the POU4 transcription factors
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Purpose: Ras-like without CAAX 2 (RIT2), a member of the Ras superfamily of small guanosine triphosphatases,
is involved in regulating neuronal function. RIT2 is a unique member of the Ras family in that RIT2 is preferentially
expressed in various neurons, including retinal neurons. The mechanisms that regulate RIT2 expression in neurons
were studied.

Methods: Reverse transcription-quantitative PCR (RT-qPCR), immunohistochemistry, western blotting, bioinformatic
prediction, electrophoretic mobility shift assay (EMSA), and cell transfection methods were used.

Results: With immunohistochemistry of the mouse retina, RIT2 protein was detected in the ganglion cell layer (GCL),
inner plexiform layer, inner nuclear layer, and outer plexiform layer, with the strongest staining in the GCL and the inner
plexiform layer. RT-qPCR combined with laser capture microdissection detected Riz2 messenger RNA in the GCL and
the inner nuclear layer. Western blot analysis showed a large increase in the RIT2 protein in the retina during maturation
from newborn to adult. Transient transfection identified the 1.3 kb upstream region of human R/72 as capable of driving
expression in neuronal cell lines. Based on the known expression pattern and biological activity, we hypothesized that
POU4 family factors might modulate RI72 expression in retinal ganglion cells (RGCs). Bioinformatic analyses predicted
six POU4 factor-binding sites within the 1.3 kb human R/72 promoter region. EMSA analyses showed binding of POU4
proteins to three of the six predicted sites. Cotransfection with expression vectors demonstrated that POU4 proteins
can indeed modulate the human R/72 promoter, and that ISL1, a LIM homeodomain factor, can further modulate the
activity of the POU4 factors.

Conclusions: These studies confirm the expression of RIT2 in retinal neuronal cells, including RGCs, begin to reveal the
mechanisms responsible for neuronal expression of RIT2, and suggest a role for the POU4 family factors in modulating
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RIT2 expression in RGCs.

The Ras superfamily of small guanosine triphosphate—
binding proteins (small GTPases) comprises a large family
of structurally related molecules that are involved in signal
transduction and the regulation of a wide variety of cellular
processes [1,2]. These small GTPases act as molecular
switches for intracellular signaling cascades by alternating
between an inactive guanosine diphosphate (GDP)—bound
form and an active GTP-bound form [1,3,4]. At least five
distinct families of the Ras superfamily have been defined:
Ras, Rho, Rab, Arf, and Ran [1,2,4]. Within the Ras family,
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a distinct subclass is defined by mammalian Ras-like without
CAAXI1 (RITI; formerly RIT) and RIT2 (formerly RIN) and
Drosophila Ric [5-8]. RIT1 and RIT2 share many features of
Ras, but they also demonstrate unusual structural characteris-
tics, such as a distinct G2 domain and the absence of a CAAX
motif for isoprenylation [5].

RIT1, like most of the Ras family members, is expressed
ubiquitously; RIT2, however, is preferentially expressed in
subsets of neurons, including retinal ganglion cells (RGCs)
and selected neurons in the brain [5]. Accumulating reports
suggest RIT2 has an important role in neuronal differentia-
tion and function, and perhaps in neurological disease [9].
RIT2 couples stimulation by nerve growth factor to the p38
mitogen-activated protein kinase and v-raf murine sarcoma
viral oncogene homolog Bl (BRAF) signaling pathways that
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are required for neuronal differentiation of PC6 pheochromo-
cytoma cells [9]; RIT2 promotes neurite outgrowth through
activation of Rac/Cdc42 and association with calmodulin
[10]. RIT2 seems to be involved in downstream signaling of
plexin B3, which stimulates neurite outgrowth of primary
murine cerebellar neurons [11]. Pituitary adenylate cyclase-
activating polypeptide 38, a potent neuropeptide, influences
neuronal differentiation, and this effect is mediated, at least
in part, by the Ga-Src-RIT2-HSP27 signal transduction
pathway [12]. In addition, recent studies indicate a potential
connection of RIT2 to human disease. Analyses of genome-
wide copy number variation found that R/72 deletions were
significantly overrepresented in schizophrenia cases [13]. In
two patients with expressive speech delay, the smallest region
commonly deleted at chromosome 18q12.3 contained R/72 as
one of the likely candidate genes [14]. Furthermore, Rit2 is
highly and preferentially expressed in dopaminergic neurons
in the substantia nigra [15], and meta-analysis of genome-
wide association studies identified R/72 as a novel Parkinson
disease susceptibility locus [16]. RIT2 directly interacts with
the dopamine transporter and is required for its internaliza-
tion and functional downregulation, which controls extracel-
lular dopamine concentrations and half-life [17].

Based on the increasing evidence implicating RIT2
in neuronal differentiation and function, we became inter-
ested in the mechanisms regulating RIT2 neuron-specific
expression in the retina, particularly in RGCs. Using a yeast
two-hybrid screen, Calissano et al. found that RIT2 binds
to the N-terminus of the POU4F1 transcription factor and
modulated POU4F1-mediated activation of the Egrl promoter
[18]. These findings are of particular interest because the
class IV POU domain (POU4, also known as BRN3) family
of transcription factors is involved in the development,
axonal growth, and pathfinding of RGCs and other sensory
neurons [19-25]. In the eye, POU4F1 (also known as BRN3A),
POU4F2 (BRN3B), and POU4F3 (BRN3C) are expressed
in distinct but overlapping subsets of RGCs [19,21,26-29].
Although mouse knockouts indicate that POU4F1, POU4F2,
and POU4F3 are essential for the development and survival
of neurons in the trigeminal ganglia, RGCs, and auditory and
vestibular hair cells, respectively [30-33], knock-in experi-
ments indicate that these POU4 factors are largely function-
ally equivalent in terms of RGC development [34,35].

Here we report studies exploring the mechanisms
regulating neuronal expression of RIT2. We identified a
S'-upstream region of human R/72 that demonstrates promoter
activity preferentially in neuronal cells. Based on the studies
cited above, we hypothesized that R/72 expression in RGCs
might be modulated by POU4 proteins. Using a combination
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of bioinformatic analyses and biochemical promoter studies,
we present data supporting this hypothesis.

METHODS

Plasmid construction: To obtain human R/72 genomic
clones, we screened a human genomic P1 library with RIT2
cDNA probes following standard procedures [36]. Briefly,
a P1 library that consisted of eight Southern membranes
containing a high density array of DNAs (Genome Systems,
St Louis, MO) was hybridized with *P-labeled probes at 65
°C overnight, washed several times, and exposed to X-ray
films. The films with positive spots were laid on the original
membrane to identify the location of positive signals, and
then positive clones were purchased (Genome Systems).
RIT?2 promoter-luciferase reporter vectors were constructed
with two human RIT?2 5'-upstream fragments, —1290 to +76
bp (RIT2-1290/luciferase) and —374 to +76 bp (RIT2-374/
luciferase), that were amplified by PCR using a P1 clone as
the template and the primers listed in Appendix 1. Both frag-
ments were ligated into the Smal site of pGL2-Basic, which
contains the firefly luciferase gene (Promega, Madison, WI),
and confirmed by sequencing.

To construct human POU4 expression vectors, full-
coding cDNAs of POU4F1, POU4F2, and POU4F3 were
generated by reverse transcription (RT)-PCR using total RNA
from SK-N-MC human neuroblastoma cells by oligo(dT)
priming and PCR amplification (Appendix 1). Forward
primers for all POU4 factors included an EcoRI site. Reverse
primers included a HindIII site for POU4F1 and POU4F2,
and a BamHI site for POU4F3. The cDNA fragments were
inserted into the EcoRI/HindIII or EcoRI/BamHI sites in
the pcDNA3.1/Myc-His(-) B vector (Invitrogen, Carlsbad,
CA), and confirmed by sequencing. A human ISL1 expres-
sion vector was constructed in the same manner except that
the ISL1 cDNA was made using retinal RNA from human
donor eyes (National Disease Research Interchange, NDRI).
The forward primer included an EcoRI site, and the reverse
primer included a HindIII site (Appendix 1).

Cell culture and reverse transcription polymerase chain
reaction: Human neuroblastoma cell lines, SK-N-MC [37],
SK-N-AS [38], and SK-N-DZ [39], and the human embryonic
kidney line HEK293 [40] (American Type Culture Collec-
tion [ATCC], Manassas, VA), were cultured in Dulbecco’s
Modified Eagle Medium (Invitrogen) containing 10% fetal
bovine serum supplemented with penicillin and streptomycin
(Invitrogen) at 37 °C with 5% CO, and 95% air. Total RNAs
were extracted using TRIzol (Invitrogen) from subconfluent
cell cultures or human retina (NDRI), and human brain RNA
was purchased (Clontech, Mountain View, CA). First-strand
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cDNAs were synthesized from 1 pg of total RNAs with
oligo(dT) primer and SuperScript I1I reverse transcriptase
(Invitrogen). A 381 bp RIT2 fragment was amplified by 35
cycles of PCR using a forward primer in exon 4 and a reverse
primer in exon 5, and ribosomal protein S/6 was used as the
control (Appendix 1).

Laser capture microdissection and reverse transcription
quantitative polymerase chain reaction: All mice were
treated in accordance with the Guide for the Care and Use
of Laboratory Animals and the Animal Welfare Act as well
as the guidelines of the Institutional Animal Care and Use
Committee at Johns Hopkins University. Tissues of individual
retinal layers of adult C57BL/6J mice were collected by laser
capture microdissection (LCM) as previously described
[41-43]. Briefly, after the cornea and lens were removed,
the eyecups were immersed in 10%, 15%, and 25% sucrose
for 30 min each, and frozen in optimal cutting temperature
compound (OCT) with 25% sucrose. Sections were cut at
7 um, mounted onto slides with charged PEN-foil membranes
(Leica Microsystems, Deerfield, IL), fixed in 70% ice-cold
ethanol for 30 s, stained with hematoxylin for 10 s, and dehy-
drated in 70% and 100% ethanol for 1 min each. Tissues of
the outer nuclear layer (ONL), inner nuclear layer (INL), and
ganglion cell layer (GCL) were isolated separately using an
LMD6000 laser capture microdissection microscope (Leica
Microsystems). Total RNAs were extracted from each layer
using an RNeasy Micro kit (Qiagen, Valencia, CA), and first-
strand cDNAs were synthesized by random hexamer priming
with SuperScript I11 reverse transcriptase (Invitrogen). Quan-
titative PCR (qPCR) analyses were performed with primers
listed in Appendix 1 using iQ SYBR Green SuperMix on an
iQ5 Real-Time PCR Detection System (Bio-Rad, Hercules,
CA). A relative amount of cDNA of each gene was normal-
ized to that of control Gapdh.

Immunohistochemistry of retinal flat mounts and eye
sections: Protein expression of RIT2 and POU4F2 was
analyzed by immunohistochemistry of retinal flat mounts
and eye sections using 7- to 9-week-old C57BL/6J mice as
well as mouse eye sections at embryonic day 15.5 (E15.5) and
postnatal day 0 (PO) following published protocols [35,44].
Briefly, after the cornea and lens were removed, the eyecups
were fixed in ice-cold 4% paraformaldehyde in phosphate-
buffered saline (PBS; 10 mM Na,HPO,, 2 mM KH, PO,,
137 mM NaCl, 2.7 mM KCIl, pH 7.4) for 1 h, and washed in
0.3% Triton X-100 in PBS (0.3% PBST). The retinas were
dissected, cut from the periphery toward the optic disc, and
placed on a slide with the GCL facing up. The retinal flat
mounts were blocked with 10% normal donkey serum in 0.1%
PBST for 1 h, and then incubated with a primary antibody,
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anti-RIT2 antibody (1:200; PA1-25559, rabbit polyclonal,
Thermo Scientific, Rockford, IL) or anti-POU4F2 antibody
(1:500; sc-6026, goat polyclonal, Santa Cruz Biotechnology,
Santa Cruz, CA), in 5% normal donkey serum in 0.1% PBST
at 4 °C for 2 days. After several washes with 0.1% PBST, the
flat mounts were incubated with a secondary antibody, Alexa
Fluor 488 donkey anti-rabbit immunoglobulin (IgG; 1:1,000;
A-21206, Invitrogen) for RIT2 or Alexa Fluor 647 donkey
anti-goat IgG (1:1,000; A-21447, Invitrogen) for POU4F2, for
2 h at room temperature. The flat mounts were washed with
0.1% PBST, mounted in VECTASHIELD HardSet Mounting
Medium with 4°, 6-diamidino-2-phenylindole (H-1500,
Vector Laboratories, Burlingame, CA), and examined on an
LSM 510 inverted laser scanning confocal microscope (Carl
Zeiss, Thornwood, NY). For the initial analyses of RIT2
expression by immunohistochemistry of the retinal sections,
the mouse eyes were fixed in ice-cold 4% paraformaldehyde
in PBS for 1 h, washed in 0.3% PBST, cryoprotected in 20%
sucrose in PBS at 4 °C overnight, embedded in OCT Tissue-
Tek (Ted Pella, Redding, CA), and cut at 12 um on a cryostat.
The eye sections were incubated with the same primary and
secondary antibodies as used for the flat mounts, and exam-
ined in the same manner as described above.

For immunohistochemistry to further analyze cell-
type-specific RIT2 expression in the INL, eye tissues were
processed using shorter fixation as previously described
[43,45]. Briefly, after the anterior segment of the eye was
removed, the eyecups were fixed for 25 min in cold 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and
subjected to an increasing gradient of sucrose (6.75%,
12.5%, and 25%) in phosphate buffer. The eyecups were
then immersed for 1 h in a 2:1 ratio of 25% sucrose in 0.1
M phosphate buffer and OCT Tissue-Tek (Ted Pella), and
snap frozen on dry ice in isopentane. Cryosections were
cut at 8—10 pum, simultaneously blocked and permeabilized
in 2% normal donkey serum in 0.1% PBST, and incubated
overnight with a primary antibody in the blocking solution.
Primary antibodies used were anti-RIT2 (1:200; PA1-25559,
Thermo Scientific), anti-PAX6 (1:500; Developmental Studies
Hybridoma Bank, DSHB, mouse monoclonal, University of
Iowa, Iowa City, 1A), anti-calbindin D28 (1:1,000; CL300,
mouse monoclonal, Sigma, St. Louis, MO), anti-vimentin
(1:100; DSHB), anti-LIM1 (1:50; DSHB), and anti-visual
system homeobox 2 (VSX2; 1:1,000; Ab9016, sheep poly-
clonal, Millipore, Billerica, MA). Secondary antibodies
were anti-mouse, anti-sheep, and anti-rabbit IgG (heavy and
light chains) coupled to Alexa Fluor 488 or 647 (1:1,000;
Invitrogen). Hoechst 3342 (Molecular Probes, Invitrogen)
was used at 10 pg/ml to visualize cell nuclei. Serial sections
processed similarly but without a primary antibody were used
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as the control for the background. Images of retinal sections
were acquired with Zeiss laser scanning confocal micro-
scopes LSM 510 and LSM 710, and images were adjusted for
brightness and contrast using ImageJ (NIH, Bethesda, MD)
or Photoshop (Adobe, San Jose, CA).

Western blotting: Protein lysates were prepared from the
mouse retinas at P2, P5, P15, and adult (8 weeks old) and used
for western blot analysis. Briefly, the retina was harvested
from two eyecups at each time point, rinsed with ice-cold
PBS, and lysed by sonication in 200 pl radio immunopre-
cipitation assay (RIPA) lysis buffer (R0278, Sigma) on ice.
The lysed retinal tissues were mixed gently, kept on ice for
15 min, and centrifuged at approximately 14,000 xg for 15
min to pellet the debris. The supernatant was transferred to
a fresh tube, and the protein concentration was measured
using DC Protein Assay (500-0113, 5000114, and 5000115,
Bio-Rad). After heating at 99 °C for 5 min, 30 pg of protein
lysates for each sample were resolved with sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred
to a nitrocellulose membrane. The blotted membrane was
then blocked in TBST (10 mM Tris-Cl [pH 7.5], 100 mM
NaCl, 0.1% Tween-20) containing 5% non-fat dry milk
at room temperature for 1 h and probed with anti-RIT2
antibody PA1-25559 (1:1,000; Thermo Scientific) or anti-o
tubulin antibody (1:500; T9026, mouse monoclonal, Sigma)
in TBST containing 5% non-fat dry milk at 4 °C overnight.
After washing with TBST three times, the membrane was
incubated with horseradish peroxidase—conjugated anti-
rabbit IgG and anti-mouse IgG antibodies (1:10,000; 7074
and 7076, Cell Signaling Technology, Danvers, MA) for
detecting RIT2 and a tubulin, respectively, at room tempera-
ture for 1 h. After washing with TBST, protein signals were
visualized with chemiluminescence using SuperSignal West
Femto Maximum Sensitivity Substrate (P134095, Thermo
Scientific) with BioMax MR X-ray films (8941114, Kodak,
Rochester, NY), and the signal intensity was analyzed with
ImageJ (NIH).

Bioinformatic analysis of RIT2 upstream region: Matln-
spector [46] was used in combination with the Matrix Family
Library database (Genomatix, Munich, Germany), and more
recently with the MatBase database (Genomatix), to analyze
the upstream region of R/72. The matrix-based pattern
matching program Patser [47,48] (Regulatory Sequence Anal-
ysis Tools) [49] was used with two published position-specific
scoring matrices, Matrix 1 for POU4F1/F2 [50] and Matrix 2
for POU4F2 [27], to scan for the presence of potential binding
sites for POU4 proteins in the R/72 upstream region from
—1290 to +76 bp.
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Electrophoretic mobility shift assays: Electrophoretic
mobility shift assays (EMSAs) were performed as previously
described [51,52]. Briefly, proteins to be tested, POU4F1-s
(short), POU4F1-1 (long), POU4F2-s, POU4F2-1, and POU4F3,
as well as control luciferase protein, were generated in vitro
using the TnT T7 Quick Coupled Transcription-Translation
System (Promega). Synthesis of the appropriate protein was
confirmed in a separate reaction by **S-methionine labeling
followed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis separation and autoradiography. Six oligo-
nucleotide probes (Probes 1-6), which were 24 bp long and
contained each predicted POU4 binding site in the middle,
were labeled by fill-in reaction as previously described
[53]. Briefly, oligonucleotide pairs complementary to each
other were annealed to create overhangs, mixed with [0-*?P]
deoxycytidine triphosphate and a mixture of non-radioactive
deoxyadenosine triphosphate, deoxythymidine triphosphate,
and deoxyguanosine triphosphate, and the recessed ends were
extended using Klenow fragment. Mutated probes were made
for Sites 1, 2, and 6 (Probes 1m, 2 m, and 6 m, respectively)
by introducing a mutation (TTAA to GGCC). The labeled
probe (about 30,000 cpm) was incubated with 3 pl of in vitro
generated protein in binding solution (10 mM Tris-Cl, pH 7.9,
100 mM KCI, 5 mM MgCl,, 1 mM EDTA, 1 mM dithioth-
reitol, 0.5 mM phenylmethylsulfonyl fluoride, 5% glycerol)
containing 1 pg poly(dI-dC) on ice for 30 min and analyzed
on a 5% polyacrylamide gel. For cold oligomer competition,
labeled Probe 2 was mixed with 1-, 10-, 100-, and 1,000-fold
molar excess of unlabeled competitor oligonucleotides, and
then added to the binding solution containing the POU4F1-s
protein.

Transient transfection: In all experiments, cells were trans-
fected 24—48 h after plating using Lipofectamine LTX (Invi-
trogen). For transfection with a R/72 promoter-luciferase
construct alone, neuroblastoma cells in a 60-mm dish were
transfected with 3 ug of a luciferase construct (R/72-1290/
luciferase, RIT2-374/luciferase, or empty pGL2-Basic) and
0.5 pg of pCMV-lacZ as the internal control. Cell lysates
were prepared 48—60 h after transfection using Reporter
Lysis Buffer (Promega), and luciferase and -galactosidase
activities were measured as previously described [53]. Lucif-
erase activity was normalized with B-galactosidase activity,
and relative luciferase activity was calculated as the ratio
of the normalized luciferase activity with R/72 promoter
constructs to that with pGL2-Basic. For cotransfection with
a RIT?2 promoter-luciferase construct and POU4 and/or ISL1
expression vectors, SK-N-AS cells in 12-well plates were
transfected with 0.2 pg of a firefly luciferase construct, 0.4 pug
of each pcDNA3.1 expression vector (either with cDNA or
no insert), and 0.1 ng of pRL-CMYV containing the Renilla

1374


http://www.molvis.org/molvis/v19/1371
http://rsb.info.nih.gov/ij/
http://rsat.ulb.ac.be/rsat
http://rsat.ulb.ac.be/rsat

Molecular Vision 2013; 19:1371-1386 <http://www.molvis.org/molvis/v19/1371>

luciferase gene (Promega). The total amount of the expression
vectors was adjusted to 0.8 pg with empty pcDNA3.1 in all
experiments. Cell lysates in Passive Lysis Buffer (Promega)
were analyzed using the Dual-Luciferase Reporter System
(Promega). Firefly luciferase activity was normalized with
Renilla luciferase activity, and relative luciferase activity
was calculated as the ratio of the normalized luciferase
activity with pcDNA3.1 containing cDNA to that with
empty pcDNA3.1. Three to four independent transfections
were performed in duplicate each time. Statistical analysis
was performed using the Student 7 test to compare relative
luciferase activity with a POU4 factor and ISLI to that with
a POU4 factor alone.

RESULTS

The 5'-upstream region of human RIT2 drives expression in
neuronal cells: As an initial step for identifying the RIT2
promoter, we searched genomic databases at the National
Center for Biotechnology Information (NCBI) and the
University of California Santa Cruz (UCSC) genome browser.
These analyses revealed that the human and mouse genes
encoding RIT2 are unusually large; they contain only five
exons, with the coding region totaling 651 bp, but span 300 kb
due to their extensive introns. In contrast, the genes encoding
RIT1, a homolog of RIT2, are small and extend only a little
over 10 kb (Appendix 2). Although the presence of such large
introns in R/72 raises the possibility that intronic sequences
could contribute to its neuron-specific expression pattern,
we decided initially to focus on R/72’s immediate upstream
region. We first determined the transcription start site for
RIT2? by primer extension using total RNA from human
retinas. The strongest signal was seen at 179 bp upstream
of the initiation ATG (data not shown). This position is 5 bp
upstream of the messenger RNA (mRNA) 5-end annotated in
RefSeq (GenBank: NM_002930). Sequence alignment of the
5'-flanking region of human and mouse Rif2 revealed many
blocks of conserved sequences within the 1 kb upstream from
the transcription start site and in the 5’-untranslated region.
Based on the concept that the conserved regions are more
likely to contain functional regulatory elements, we chose
the 1.3 kb upstream containing the conserved 1 kb region
as a tentative promoter, and constructed two human R/72
promoter-luciferase reporter vectors, RI72 —1290 to +76
bp (RI72-1290/luciferase) and —374 to +76 bp (RIT2-374/
luciferase), by PCR. As the template for PCR, we used a P1
genomic clone for human R/72, instead of human genomic
DNA, because RI/T2 genomic clones had already been
obtained earlier by screening a human genomic P1 library,
and therefore were available in the laboratory.
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Next, we used transient transfection assays to identify
promoter activity of the 5-upstream region of human R/72.
For these studies, we sought a cell line expressing R/72, since
such a cell line would more likely mimic the in vivo regula-
tory milieu compared to non-expressing cells. We screened
three human neuroblastoma cell lines, SK-N-MC, SK-N-
AS, and SK-N-DZ [37-39], and the transformed embryonic
kidney line HEK293 [40] for RIT2 expression by RT-PCR
using the human brain as the positive control. Morphologi-
cally, SK-N-MC (labeled as MC) and SK-N-AS (AS) did not
show notable neurite outgrowth, whereas SK-N-DZ (DZ)
extended long processes and formed intricate networks of
neurites (Figure 1A). Interestingly, given that RIT2 has been
implicated in neurite outgrowth [10], the expression levels
of endogenous RIT2 generally correlated with the degree of
neurite outgrowth, with SK-N-DZ expressing RIT2 at the
highest level (Figure 1B). RIT2 expression was undetectable
in HEK293. Using the three neuroblastoma and HEK293
cell lines, we performed transient transfection with R/72-
1290/luciferase and RIT2-374/luciferase. Promoter activity
of RIT2-1290/luciferase overall correlated with the level
of endogenous RIT2 expression, with the highest activity
observed in SK-N-DZ (Figure 1C). Promoter activity of RI72-
374/luciferase was approximately 40% of that of R/72-1290/
luciferase in SK-N-DZ, but the difference in activity between
the cell lines was not as prominent as seen with the longer
—1290 fragment. These results suggest that the RI72 —1290
to +76 bp region has promoter activity that drives expres-
sion preferentially in differentiated neuronal cells, and that at
least some of the regulatory elements responsible for neuronal
expression are located in the region between —1290 and —374
bp.

Rit2 is expressed in the ganglion cell layer and inner nuclear
layer of the mouse retina: Because of our interest in retinal
biology, we next aimed to clarify the expression pattern of
Rit2 in the retina. Although we had previously shown by in
situ hybridization that Riz2 mRNA is present in RGCs [5],
we wanted to examine RIT2 expression at the protein level
by immunostaining retinal flat mounts and sections with a
focus on RGCs. We analyzed the expression of RIT2 and
POUA4F?2 proteins, with the latter serving as an RGC marker.
In retinal flat mounts (Figure 2A-D), RIT2 was detected
in the cell body with stronger staining in cell membranes,
and RIT2-positive cells were more numerous than POU4F2-
positive cells. Because approximately 70% of RGCs express
POU4F2, and the GCL contains displaced amacrine cells,
the staining pattern suggests that RIT2 is expressed in both
RGCs and amacrine cells. Immunohistochemistry of retinal
sections (Figure 2E—H) showed RIT2 protein in all GCL
cells, and this distribution was broader than that of POU4F2,
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Figure 1. The 5"-upstream region
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C: RIT2 promoter activity was analyzed by transfection. A luciferase construct containing a 5'-upstream fragment of R/72, either —1290 to
+76 (labeled as —1290, open column) or —374 to +76 bp (=374, solid column), or empty pGL2-Basic vector as the background control was
transiently transfected into the indicated cells together with pCMV-/acZ as internal control for transfection efficiency. Luciferase activities
were normalized with -galactosidase activities, and relative luciferase activities were calculated as the ratio of the normalized luciferase
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confirming the results of the flat mounts. In addition, RIT2
protein was also detected in the inner plexiform layer (IPL)
and in cells located at the inner and outer borders of the INL
(Figure 2E; short and long arrowheads, respectively). We also
analyzed RIT2 expression in the mouse embryonic retina by
immunohistochemistry. Weak staining of the RIT2 protein
was observed in the GCL and inner neuroblastic layer (NBL)
at E15.5, and RIT2 expression significantly increased from
E15.5 to newborn to adults (Appendix 3).

We further analyzed Rit2 retinal expression using
LCM. The GCL, INL, and ONL fractions were collected by
LCM of mouse retinal sections, and the resulting samples
were analyzed by RT-qPCR to measure the mRNA levels
of Rit2, Poudfl, Poudf2, and Gapdh. Consistent with the
immunohistochemistry data, Riz2 was highly expressed in
the GCL and INL, but Riz2 mRNA was not detected in the
ONL sample (Figure 21). Pou4f1 and Pou4f2 mRNAs were
detected predominantly and exclusively in the GCL, which is
consistent with published results [26,27,29,34]. Interestingly,
Poudfl mRNA was also detected in the INL, albeit at a low
level. This observed Pou4f1 expression in the INL is unlikely
due to contamination of the samples because Pou4f2 mRNA

was not similarly detected in the INL (Figure 2I). We also
analyzed RIT2 protein levels in the mouse retina at different
ages by western blotting. RIT2 protein levels increased from
P2 to adults by more than 15-fold (Figure 2J,K).

RIT?2 protein is detected in all neuronal cell types in the
inner nuclear layer: During the initial analyses of RIT2
expression with a focus on RGCs, we also detected RIT2
expression in cells of the INL by immunohistochemistry of
the retinal sections. To identify the cell types that express
RIT2 in the INL, we performed double-labeling immunohis-
tochemistry (Figure 3) with markers preferentially expressed
in horizontal cells (LIM1), bipolar cells (VSX2), and Miiller
glia (vimentin, labeled as VIM) as well as two markers that
stain horizontal, amacrine, and ganglion cells (calbindin
and PAX6). We observed colocalization between RIT2 and
each of the neuronal cell markers, but failed to see overlap
with vimentin. Nuclear localized LIM1 expression had a
near perfect overlap with RIT2 in cells located at the outer
aspect of the INL where horizontal cells are present (Figure
3A,F,K). Similar colocalization was observed between VSX2
and RIT2 (Figure 3B,G,L). Antibodies against calbindin D28
labeled horizontal cells, including their dendrites, as well as
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Figure 2. Expression of Rit2 mRNA and protein in the mouse retina. The top panels show immunohistochemistry of retinal flat-mounts (A-D)
and retinal sections (E-H). Images are staining with anti-RIT2 antibody (A, E), anti-POU4F2 antibody (B, F), merged image of RIT2 and
POU4F2 (C, G), and nuclear staining by 4°, 6-diamidino-2-phenylindole (DAPI; D, H). RIT2-positive cells are more numerous than POU4F2-
positive RGCs. E: RIT2 protein is detected in the ganglion cell layer (GCL), inner plexiform layer (IPL), and cells in the inner nuclear layer
(INL). Short arrowheads point to RIT2-positive cells located at the inner border of the INL; long arrowheads point to RIT2-positive cells
at the outer aspect of the INL. Scale bar: 50 um. I: This panel shows Riz2 mRNA expression. Laser capture microdissection was used to
collect tissues of GCL, INL, and outer nuclear layer (ONL) from mouse retinal sections, and RNA of each layer was analyzed by reverse
transcription-quantitative polymerase chain reaction. The mRNA level of Rit2, Poudf1, and Pou4f2 was normalized by that of Gapdh. J:
RIT2 protein levels were analyzed at different ages. Protein lysates were prepared from mouse retinas at postnatal day 2 (P2), PS5, P15, and
adult (8 weeks old), and analyzed by western blotting with anti-RIT2 antibody and anti-a tubulin antibody for control. Protein signals were
visualized by chemiluminescence with X-ray films. K: This panel shows relative quantification of RIT2 protein levels. Western blot signals
on the X-ray films were scanned and analyzed with ImageJ software. The signal intensity of RIT2 was normalized by that of o tubulin and
presented as the RIT2/tubulin ratio. RIT2 protein levels increased from P2 to adults by more than 15 fold.
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Figure 3. Double-label immunohistochemistry reveals RIT2 expression in neuronal cells in the inner nuclear layer (INL). Images are double
labeling of RIT2 with the horizontal cell marker LIM1 (A, F, K), the bipolar marker VSX2 (B, G, L), markers for a mixed population of
horizontal, amacrine, and ganglion cells calbindin D28 (C, H, M) and PAX6 (D, I, N). Non-neuronal Miiller glia was detected with an
antibody against vimentin (E, J, O). Color images in the top panels represent merged images of double labeling for RIT2 and one of the
cell-type-specific markers (A—E). Black and white images in the middle and bottom panels show single channel images of RIT2 (F-J)
and the cell-type-specific markers (K—0), respectively. Arrows indicate representative cells that exhibit colocalization of RIT2 and each
cell-type-specific marker, which is shown in a higher magnification in the insets. Scale bar: 20 pm. GCL, ganglion cell layer; INL, inner

nuclear layer; ONL, outer nuclear layer.

a subset of amacrine cells and cells in the GCL. Although
calbindin D28 generally has a stronger and more discrete
signal and a better separation of sublaminae of the IPL, RIT2
and calbindin D28 exhibited a high degree of overlap, particu-
larly regarding horizontal cell bodies and their dendritic
arbors (Figure 3C,H,M). PAX6, although often used as a
marker for amacrine and ganglion cells, is also expressed
in horizontal cells; however, the spatial separation of these
cells in the retina makes it easy to distinguish them (Figure
3D,I,N). Therefore, we confirmed the identity of these cells
by the association of RIT2 and PAX6. The only marker that
failed to show a close association with RIT2 was the Miiller
radial glial marker vimentin (Figure 3E,J,O). The thin thread-
like projections spanning the retina were intensely labeled
with vimentin but not with RIT2. Taken together, it appears
that all neuronal cell types in the INL express RIT2, while
Miiller glia does not. In addition to cells in the INL, we also
observed RIT2 positive staining, although weaker, in the

inner segments of photoreceptors. This observation conflicts
with the LCM RT-qPCR results, which showed no detectable
Rit2 expression in the ONL (Figure 2I), and remains to be
resolved.

Bioinformatic prediction of POU4 protein binding sites: To
identify candidate regulatory elements within the R/72 1.3 kb
promoter region, we repeatedly searched for the presence of
predicted transcription factor binding sites using MatInspector
and found a number of consensus binding sites, including
multiple AP1, four E-box, multiple POU domain factor
including seven POU4F, a CREBI, and an SP1 sites. Based
on the essential role of POU4 factors in the development and
survival of sensory ganglion neurons that also express RIT2,
we hypothesized that POU4 factors might regulate R/72 in
RGCs. We therefore searched possible binding sites for POU4
proteins in the R/72 upstream region in further detail using
a different program, Patser [49], with the published position-
specific scoring matrices for POU4F1/F2 (Matrix 1) [50] and
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-1290 -374 > +76
12 3 4 > 6 Prediction

Matrix 1 Matrix 2

Site 1 AGCTCACTTAATGAGTTAACAAAG R (8.25)

Site 2 AGGGTTTTAATTAACTATTCAGTG R (3.69) R (3.25)

Site 3 CTCAGTGCACATATTATAGAATCA  F (3.91)

Site 4 TCTACAATCTTTTATGCTAGTATA R (4.97)

Site 5 AGATCCATCCTTATGAGCCCTGAG R (4.52)

Site 6 AGAAATCCTTATTAATTGACTTTG  F (4.09) R (6.35)

Figure 4. Bioinformatic prediction of POU4 protein binding sites.
Nucleotide sequence of the RIT2 upstream region from —1290 to
+76 bp was scanned to search potential POU4 protein binding
sites using the Patser program with two position-specific scoring
matrices, POU4F1/F2 matrix (Matrix 1) [50] and POU4F2 matrix
(Matrix 2) [27]. The transcription start site (+1) is indicated with an
angled arrow, and the position of —374 bp is marked with a vertical
line. Using 3.0 as a cut-off score, four sites were predicted with
each matrix, and two sites (Sites 2 and 6) were predicted with both
matrices. The positions of the predicted sites (Sites 1-6) are indi-
cated by short lines with numbers under the R/72 —-1290 to +76 bp
genomic segment. The sequences of oligonucleotides containing
the predicted sites in the middle for EMSA are shown. Core binding
motifs predicted by Matrices 1 and 2 are marked with dotted and
solid underlines, respectively (see also Appendix 4). Strands of the
predicted sites are also shown as F (forward) or R (reverse) with
scores in parentheses.

POU4F2 (Matrix 2) [27], of which the consensus elements
are gcATAATTAAT and a/gCTCATTAAt/c, respectively.
Although the former consensus site was shown to have 1,000-
fold higher affinity than the latter consensus site [S0], we
used both matrices for comparison in the case of our native
RIT2 promoter elements. Patser predicted 15 and 17 sites
using Matrices 1 and 2, with scores ranging from 4.97 to
0.07 (highest possible score 12.195) and 8.25 to 0.05 (highest
possible score 12.542), respectively. Using a semiarbitrary
cut-off score of 3.0, four sites were predicted with each
Matrix, and Sites 2 and 6 were predicted with both matrices,
resulting in a total of six predicted sites (Sites 1-6; Figure 4
and Appendix 4).

POU4 proteins bind to the predicted sites: To experimen-
tally validate Sites 1-6, we performed EMSAs with proteins
made by in vitro translation for all POU4 factors and their
isoforms [34,54]. The production of five POU4 (POU4F1-s
[short isoform], POU4F1-1 [long], POU4F2-s, POU4F2-],
and POU4F3) and control luciferase proteins was confirmed
by 33S-methionine labeling, and clear major bands of the
expected size were obtained for all (Figure 5A). First, we
performed EMSAs using Probes 1—6, corresponding to Sites
1-6 (Figure 4), with unlabeled POU4 and luciferase proteins.

© 2013 Molecular Vision

Probe 2 yielded strong shifted bands with all POU4 proteins
within an hour of autoradiography (Figure 5C), whereas
2-3 days of exposure were required to obtain clear bands
with Probes 1 and 6 (Figure 5B, D), and even after exposure
for 7 days, Probes 3, 4, and 5 did not show detectable shifts
(data not shown). Next, we tested the sequence-specificity
of binding using wild-type (Probes 1, 2, and 6) and mutated
(TTAA to GGCC; Probes 1m, 2m, and 6m) probes with the
POU4 and luciferase proteins. All shifted bands were lost
with the mutated probes (Figure 5B—D). To compare the
relative binding strength of these sites, we employed cold
oligomer competition. Binding of **P-labeled Probe 2 to
POUA4F1-s protein was competed with unlabeled “competitor”
oligonucleotides containing Sites 1, 2, 4, 6, and 2m as well
as the reported POU4F1 consensus site [S0]. The strongest
competition, i.e., competition with the lowest amount, was
observed with the POU4F1 consensus site (Figure S5E). The
competition with Site 2 was 10-fold weaker than that with the
consensus site, but 10-fold- to 100-fold stronger than that with
Sites 1 and 6. In contrast, Site 4 competed only marginally,
and Site 2m hardly competed (Figure SE). In summary, of the
six predicted sites, three were bound by POU4 proteins under
the conditions used, and the relative binding strength was
approximately 1,000, 100, 1-10, and 1-10 for the POU4F1
consensus site, Sites 2, 6, and 1, respectively.

Different POU4 proteins show distinct activities in modu-
lating the RIT2 promoter: We next performed cotransfection
assays with POU4 expression vectors to test whether POU4
factors can modulate the R/T2 promoter. We used SK-N-AS
cells as host for these studies because 1) the cells express
endogenous RIT2 at a detectable level (Figure 1B), indicating
that they contain the transcriptional machinery for activating
the RIT2 promoter; ii) their endogenous R/T2 expression is
low (Figure 1B), suggesting that background activation of the
RIT2 promoter would be low; and iii) they express POU4
factors at low or undetectable levels as analyzed by RT-PCR
(data not shown), suggesting that these cells might be respon-
sive to increased expression of POU4 factors. The results
of the cotransfection studies were somewhat complicated,
with different POU4 factors and isoforms having different
effects (Figure 6). The effects of POU4 factors were generally
stronger with R/72-1290/luciferase, as compared to RIT2-374/
luciferase. With the RIT2-1290/luciferase construct, POU4F1-
s, POU4F2-1, and POU4F3 all significantly increased reporter
activity to different degrees, whereas POU4F2-s significantly
repressed it, with POU4F1-1 showing no effect. With the
RIT2-374/1uciferase construct, POU4F1-s still significantly
increased reporter activity; however, the effects of POU4F2-
1 and POU4F3 were no longer significant. Both POU4F1-1
and POU4F2-s significantly decreased reporter activity.
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Figure 5. POU4 proteins bind to
the predicted sites in a sequence-
specific manner. A: This panel
shows POU4 proteins produced by
in vitro transcription and transla-
tion. The efficiency of protein
synthesis was tested by labeling
proteins with **S-methionine during
translation, followed by sodium
dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS—PAGE)
fractionation and autoradiography.
Proteins were POU4F1-s (labeled
as 1-s), POU4F1-1 (1-1), POU4F2-s
(2-s), POU4F2-1 (2-1), POU4F3 (3),
and luciferase (luc). B: Electropho-
retic mobility shift assay (EMSA)
was performed with probes
containing Site 1. The sequence of
Probe 1, which is 24 bp annealed
oligonucleotides containing Site 1
in the middle, is shown in Figure 4.
Mutated Probe 1 contains a muta-
tion (TTAA to GGCC) in the core
binding sequence of Site 1. Either
32P-labeled wild-type (labeled as
Mut -) or mutated (Mut +) Probe
1 was incubated with 3 pl of each
in vitro translated protein. A non-
specific band seen in all lanes is
indicated by arrow. Proteins were
same as in A. C: This panel shows
EMSA with probes containing Site
2. The experimental design and
result presentation are the same as
in B, except that Probe 2 containing
Site 2 was used, and a non-specific
band was not observed. D: This
panel shows EMSA with probes
containing Site 6. The experimental
design and result presentation are
the same as in B, except that Probe
6 containing Site 6 was used. E:
EMSA was also performed for cold
oligomer competition. **P-labeled
Probe 2 was mixed with 1x, 10x,
100x, and 1000x(fold) molar
excess of unlabeled competi-
tors, and then incubated with
POUA4F1-s protein. Competi-
tors used were oligonucleotides

containing Sites 1, 2, 4, 6, mutated 2 (2m), and the reported POU4F1 consensus site. Binding with no competitor (labeled as Competitor -)

is included as control.
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In addition to POU4 factors alone, we also tested whether
ISL1, a LIM homeodomain transcription factor expressed in
RGCs [55,56], has an effect on the R/72 promoter modula-
tion by POU4 factors. ISL1 by itself had no effect on either
construct; however, ISL1 modestly but significantly enhanced
the activity of POU4F2-1 with both the —1290 and —374
constructs (Figure 6). The effect of ISL1 was also signifi-
cant on the activity of POU4F1-s with the =374 construct,
POU4F1-1 with the —1290 construct, and POU4F2-s with both
constructs. These results suggest that the POU4 factors can
indeed modulate the RI72 promoter, and that various POU4
factors and their isoforms have distinct activities, which can
be further modulated by the activity of ISLI.

DISCUSSION

In this paper, we have begun to explore the mechanisms medi-
ating the neuron-specific expression of RIT2. We previously
found by in situ hybridization that Rit2 is expressed in RGCs
[5], and here we confirmed the expression of Riz2 in RGCs at
the mRNA and protein levels. In addition, we showed for the
first time RIT2 protein expression in non-RGC cells in the
GCL and all three neuronal cells in the INL, i.e., horizontal,
bipolar, and amacrine cells, suggesting that RIT2 is expressed
in a broader set of neurons than previously identified. As for
Rit2 expression in photoreceptors, we obtained conflicting
results with the two methods, RT-qPCR of LCM samples
and immunohistochemistry of retinal sections, leaving the
issue unresolved in the present study and requiring future
investigation. Transient transfection analyses indicated that
the human RI72 —1290 to +76 bp region could drive expres-
sion preferentially in differentiated neuronal cells, and that
the —1290 to —374 bp region might contain elements involved
in such expression. The next question was what transcrip-
tion factors might mediate the neuronal activity of the R/72
upstream region. Because of our interest in RGCs, we were
most interested in transcription factors expressed in these
cells. Several observations suggested POU4 family members
were interesting candidates. i) POU4 family members are
expressed in RGCs, in which RIT?2 is also highly expressed.
i1) Our bioinformatic analysis indicated the presence of
possible POU4 protein binding sites in the R/72 promoter. iii)
Although the expression of RIT2 is broader than that of the
POU4 family, RIT2 seems to be expressed in most neurons
that express a POU4 factor [19,21,26-29]. iv) Similar to RIT2,
POU4 factors have been implicated in neurite outgrowth. For
example, induction of neurite outgrowth in ND7 neuronal
cells by serum removal increases Pou4f1 expression [57],
and overexpression of POU4F1 in ND7 induces neurite
outgrowth [58]. v) Furthermore, RIT2 was identified by a
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Figure 6. POU4 factors modulate the R/7T2 promoter. A firefly
luciferase construct containing a fragment R/72 —1290 to +76 bp
(labeled as —1290) or —374 to +76 bp (-374) was cotransfected into
SK-N-AS cells with pcDNA3.1 expression vectors containing cDNA
of the indicated transcription factors, together with pRL-CMV
containing the Renilla luciferase gene for normalization. Expres-
sion vectors tested were for POU4 factor (labeled as POU4F1-s,
POUA4F1-1, POU4F2-s, POU4F2-1, and POU4F3 on the x-axis),
ISL1, or no insert as control (labeled as pcDNA). Relative luciferase
activity was calculated as the ratio of the normalized luciferase
activity with POU4 and/or ISL1 expression vectors to that with
empty pcDNA3.1. The values represent the mean and SEM (error
bar). Statistical significance: * p<0.05, ** p<0.001, *** p<0.0001.

yeast two-hybrid screen as a protein that interacts with the
N-terminus of POU4F1 [18]. These findings raised the inter-
esting possibility that RIT2 might modulate POU4 factor
activity and thus form a feedback or feed forward loop for
autoregulation.

To test the hypothesis that POU4 factors may modulate
RIT2 expression, we examined all known POU4 factors
and their isoforms, short and long forms of POU4F1 and
POUA4F2 [34,54]. These isoforms are derived from the same
gene by alternative promoter usage and splicing. POU4F1-
s and POU4F2-s are produced from a downstream intronic
promoter, and therefore lack the N-terminus of their corre-
sponding long forms. POU4F1-s and POU4F2-s are missing
84 and 97 N-terminal amino acids, respectively, and POU4F2-
s contains nine unique N-terminal residues [34,54]. The
relative proportion of the long and short forms of POU4F1
and POUA4F2 varies in different parts of the nervous system
[54,59]. Interestingly, differentiation-inducing stimuli such as
cyclic adenosine monophosphate induce POU4F1-s mRNA
in ND7 and primary dorsal root ganglion cells, paralleling
the rise in total POU4F1, but barely increase or decrease
POUA4F1-1 mRNA, resulting in the up to 10-fold increase in
the ratio of the short to long form. For POU4F2, changes are
in the opposite direction, i.e., differentiation stimuli decrease
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POU4F2-s mRNA, and the ratio of the short to long form
decreases [54].

Of the six predicted POU4 protein binding sites, three
showed detectable binding in EMSA, with the order of
binding Site 2 > Site 6=Site 1. This order did not correlate
well with the scores derived from the binding matrices used
[27,50]; for example, scores for Site 2 ranked fourth with both
matrices. Nevertheless, in cold oligomer competition EMSA
the Matrix 1 consensus site (gcATAATTAAT) showed the
strongest competition, which was tenfold stronger than Site
2, consistent with the finding that the Matrix 1 consensus
site had the highest affinity among the elements tested [50].
However, in more complex in vivo situations, which involve
chromatin structures and interaction with other DNA-binding
proteins and cofactors, relatively low affinity sites can still
be functionally significant through the mechanisms such as
protein—protein interaction and cooperative binding. Also
of interest, the different POU4 factors, and their isoforms,
demonstrated distinct binding profiles. For example, while
Probe 2 was bound well by all proteins, Probe 1 was bound
only weakly, if at all, by POU4F2-1, and Probe 6 was weakly
bound by POU4F2-1 and POU4F3. Even proteins containing
identical POU domains (e.g., POU4F2-s and POU4F2-1)
showed differential binding, suggesting that protein regions
outside the POU domain can modulate binding activity.

Further suggesting the complexity of DNA interac-
tions with the POU4 family of proteins, our cotransfection
studies showed that POU4 proteins not only can modulate
the RIT2 promoter but also have distinct activities. The data
showed that, at least in some circumstances, POU4F1 and
POU4F2 can have opposite effects, as can the respective
isoforms. These results are consistent with several earlier
reports describing differential activities of the POU4 factors.
POU4F1 and POU4F3 can activate the a-internexin promoter,
while POU4F2 represses it and can prevent activation by
POU4F1 [60]. Overexpression of POU4F1 in ND7 cells
induces neurite outgrowth and the expression of synaptic
proteins [58]; in contrast, overexpression of POU4F2 reduces
neurite outgrowth and synaptic vesicle-related gene expres-
sion by a stimulus that would normally induce differentia-
tion [61]. Of interest, a single amino acid at position 22 in
the POU homeodomain, valine in POU4F1 and isoleucine
in POU4F2, determines the function of these factors. The
mutation 122V converts POU4F2 from a repressor to an acti-
vator of the SNAP25 promoter; the converse mutation V221
alters POU4F1 from an activator to a repressor [62]. These
results are consistent with our data in that the “pro-neuronal
differentiation” forms of POU4F1 and POU4F2 (POU4F1-
s and POU4F2-1) are the ones that positively modulate the
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RIT2 promoter, suggesting that the neurite-promoting activity
of these isoforms may, at least in part, be mediated by the
upregulation of RIT2 expression.

The N-terminal domain of POU4F1 and POU4F2 likely
mediates the differential activity of the isoforms, since this is
the major difference between the molecules [63]. In addition
to the conserved C-terminal POU domain that functions for
DNA-binding and transcriptional activation, an N-terminal
activation domain has been identified in all three POU4
factors [60,64,65]. Although the POU domain activates some
targets, activation of a subset of target promoters requires
the N-terminal domain [60,65-67]. In addition, as already
described, RIT2 interacts with the N-terminal domain of
POU4F1 in a yeast two-hybrid screen and several in vitro
binding assays [18]. These published results together with our
data suggest the possibility of a complex network of interac-
tions between RIT2 and POU4 factors.

It is reported that POU4F2 and ISLI1 synergistically regu-
late the expression of a common set of RGC-specific genes
[55,56]. The cooperative function of POU4F2 and ISL1 seems
critical for RGC development, as Pou4f2 and Is/I double
knockout mice showed a near complete loss of RGCs, a
phenotype more severe than that of each single gene knockout
[56]. In the present study, we found that ISL1 modestly but
significantly enhanced RIT2 promoter activation by POU4F2-
1. In addition, we found significant effects of ISL1 on RIT2
promoter modulation by other POU4 factors, depending on
the combination of POU4 factors and the promoter constructs.

Although we feel the evidence presented makes a reason-
able argument suggesting the existence of modulatory inter-
actions between RIT2 and POU4 factors, some data, at least
at first glance, do not suggest such interactions. To identify
downstream targets of POU4 factors and ISL1, cDNA micro-
array analyses using mice with targeted disruption of Pou4f1,
Poudf2, or Isll were performed [55,68,69]. These studies did
not report changes in Rit2 expression associated with Pou4f1,
Poudf2, or Isll deletion. However, this finding does not rule
out possible effects of these factors on Rit2 because the
studies cited analyzed only embryonic time points, and Rit2
is expressed at much higher levels in differentiated tissues, in
the brain as reported [5] and in the retina as our immunohisto-
chemistry and western blot analysis revealed in this study. For
genes that are expressed at low levels, microarray analysis is
generally more variable, and as a result, it is more difficult to
demonstrate small changes in expression. In addition, failure
to observe an effect following knockout of a transcription
factor can also be due to redundancy and possible compen-
sation by other POU4 factors. Furthermore, the regulatory
mechanism of Rit2 expression might be different between
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embryonic and adult tissues due to possible changes in regu-
latory components, such as the availability of other factors,
chromatin structure, and epigenetic state. Future studies,
including examination of conditional Pouf4 knockouts at
postnatal stages, are needed to resolve these issues.

APPENDIX 1. PRIMER SEQUENCES.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. GENE STRUCTURE OF RIT1 AND
RIT2.

To access the data, click or select the words “Appendix 2.”

APPENDIX 3. RIT2 EXPRESSION IN THE MOUSE
RETINA AT EMBRYONIC, NEWBORN, AND ADULT
STAGES.

To access the data, click or select the words “Appendix 3.”

APPENDIX 4. BIOINFORMATIC PREDICTION
OF POU4 PROTEIN BINDING SITES IN THE RIT2
PROMOTER.

To access the data, click or select the words “Appendix 4.”

ACKNOWLEDGMENTS

This work was supported by research grants from the National
Institutes of Health (RO3EY015410 and ROIEY016398 to
N.E.; ROIEY009769 to D.J.Z.; and core grant P30EY001765
to Wilmer Eye Institute), an award from Wilmer Pooled
Professor Research Fund, unrestricted funds from Research
to Prevent Blindness, Inc., and generous gifts from Mr. and
Mrs. Robert and Clarice Smith and the Guerrieri Family
Foundation. None of the authors have conflicts of interests.

REFERENCES

1. Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins.
Physiol Rev 2001; 81:153-208. [PMID: 11152757].

2. Wennerberg K, Rossman KL, Der CJ. The Ras superfamily
at a glance. J Cell Sci 2005; 118:843-6. [PMID: 15731001].

3. Mitin N, Rossman KL, Der CJ. Signaling interplay in Ras
superfamily function. Curr Biol 2005; 15:R563-74. [PMID:
16051167].

4.  Vigil D, Cherfils J, Rossman KL, Der CJ. Ras superfamily
GEFs and GAPs: validated and tractable targets for cancer
therapy? Nat Rev Cancer 2010; 10:842-57. [PMID:
21102635].

5. Lee CH, Della NG, Chew CE, Zack DJ. Rin, a neuron-specific
and calmodulin-binding small G-protein, and Rit define a

10.

11.

12.

13.

14.

15.

16.

17.

1383

© 2013 Molecular Vision

novel subfamily of ras proteins. J Neurosci 1996; 16:6784-
94. [PMID: 8824319].

Wes PD, Yu M, Montell C. RIC, a calmodulin-binding Ras-like
GTPase. EMBO J 1996; 15:5839-48. [PMID: 8918462].

Shao H, Kadono-Okuda K, Finlin BS, Andres DA. Biochem-
ical characterization of the Ras-related GTPases Rit and Rin.
Arch Biochem Biophys 1999; 371:207-19. [PMID: 10545207].

Reuther GW, Der CJ. The Ras branch of small GTPases: Ras
family members don’t fall far from the tree. Curr Opin Cell
Biol 2000; 12:157-65. [PMID: 10712923].

Shi GX, Han J, Andres DA. Rin GTPase couples nerve growth
factor signaling to p38 and b-Raf/ERK pathways to promote
neuronal differentiation. J Biol Chem 2005; 280:37599-609.
[PMID: 16157584].

Hoshino M, Nakamura S. Small GTPase Rin induces neurite
outgrowth through Rac/Cdc42 and calmodulin in PC12 cells.
J Cell Biol 2003; 163:1067-76. [PMID: 14662747].

Hartwig C, Veske A, Krejcova S, Rosenberger G, Finckh U.
Plexin B3 promotes neurite outgrowth, interacts homophili-
cally, and interacts with Rin. BMC Neurosci 2005; 6:53-
[PMID: 16122393].

Shi GX, Jin L, Andres DA. Pituitary adenylate cyclase-acti-
vating polypeptide 38-mediated Rin activation requires Src
and contributes to the regulation of HSP27 signaling during
neuronal differentiation. Mol Cell Biol 2008; 28:4940-51.
[PMID: 18541665].

Glessner JT, Reilly MP, Kim CE, Takahashi N, Albano A, Hou
C, Bradfield JP, Zhang H, Sleiman PM, Flory JH, Imielinski
M, Frackelton EC, Chiavacci R, Thomas KA, Garris M,
Otieno FG, Davidson M, Weiser M, Reichenberg A, Davis
KL, Friedman JI, Cappola TP, Margulies KB, Rader DJ,
Grant SF, Buxbaum JD, Gur RE, Hakonarson H. Strong
synaptic transmission impact by copy number variations in
schizophrenia. Proc Natl Acad Sci USA 2010; 107:10584-9.
[PMID: 20489179].

Bouquillon S, Andrieux J, Landais E, Duban-Bedu B, Boidein
F, Lenne B, Vallee L, Leal T, Doco-Fenzy M, Delobel B. A
5.3Mb deletion in chromosome 18q12.3 as the smallest region
of overlap in two patients with expressive speech delay. Eur
J Med Genet 2011; 54:194-7. [PMID: 21145994].

Zhou Q, Li J, Wang H, Yin Y, Zhou J. Identification of nigral
dopaminergic neuron-enriched genes in adult rats. Neurobiol
Aging 2011; 32:313-26. [PMID: 19303663].

Pankratz N, Beecham GW, DeStefano AL, Dawson TM,
Doheny KF, Factor SA, Hamza TH, Hung AY, Hyman BT,
Ivinson AJ, Krainc D, Latourelle JC, Clark LN, Marder K,
Martin ER, Mayeux R, Ross OA, Scherzer CR, Simon DK,
Tanner C, Vance JM, Wszolek ZK, Zabetian CP, Myers RH,
Payami H, Scott WK, Foroud T. Meta-analysis of Parkinson’s
disease: identification of a novel locus, RIT2. Ann Neurol
2012; 71:370-84. [PMID: 22451204].

Navaroli DM, Stevens ZH, Uzelac Z, Gabriel L, King MJ,
Lifshitz LM, Sitte HH, Melikian HE. The plasma membrane-
associated GTPase Rin interacts with the dopamine


http://www.molvis.org/molvis/v19/1371
http://www.molvis.org/molvis/v19/appendices/mv-v19-1371-app-1.pdf
http://www.molvis.org/molvis/v19/appendices/mv-v19-1371-app-2.pdf
http://www.molvis.org/molvis/v19/appendices/mv-v19-1371-app-3.pdf
http://www.molvis.org/molvis/v19/appendices/mv-v19-1371-app-4.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11152757
http://www.ncbi.nlm.nih.gov/pubmed/15731001
http://www.ncbi.nlm.nih.gov/pubmed/16051167
http://www.ncbi.nlm.nih.gov/pubmed/16051167
http://www.ncbi.nlm.nih.gov/pubmed/21102635
http://www.ncbi.nlm.nih.gov/pubmed/21102635
http://www.ncbi.nlm.nih.gov/pubmed/8824319
http://www.ncbi.nlm.nih.gov/pubmed/8918462
http://www.ncbi.nlm.nih.gov/pubmed/10545207
http://www.ncbi.nlm.nih.gov/pubmed/10712923
http://www.ncbi.nlm.nih.gov/pubmed/16157584
http://www.ncbi.nlm.nih.gov/pubmed/14662747
http://www.ncbi.nlm.nih.gov/pubmed/16122393
http://www.ncbi.nlm.nih.gov/pubmed/18541665
http://www.ncbi.nlm.nih.gov/pubmed/20489179
http://www.ncbi.nlm.nih.gov/pubmed/21145994
http://www.ncbi.nlm.nih.gov/pubmed/19303663
http://www.ncbi.nlm.nih.gov/pubmed/22451204

Molecular Vision 2013; 19:1371-1386 <http://www.molvis.org/molvis/v19/1371>

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

transporter and is required for protein kinase C-regulated
dopamine transporter trafficking. J Neurosci 2011; 31:13758-
70. [PMID: 21957239].

Calissano M, Latchman DS. Functional interaction between
the small GTP-binding protein Rin and the N-terminal of
Brn-3a transcription factor. Oncogene 2003; 22:5408-14.
[PMID: 12934100].

He X, Treacy MN, Simmons DM, Ingraham HA, Swanson LW,
Rosenfeld MG. Expression of a large family of POU-domain
regulatory genes in mammalian brain development. Nature
1989; 340:35-41. [PMID: 2739723].

Eng SR, Gratwick K, Rhee JM, Fedtsova N, Gan L, Turner
EE. Defects in sensory axon growth precede neuronal death
in Brn3a-deficient mice. J Neurosci 2001; 21:541-9. [PMID:
11160433].

Turner EE, Jenne KJ, Rosenfeld MG. Brn-3.2: a Brn-3-related
transcription factor with distinctive central nervous system
expression and regulation by retinoic acid. Neuron 1994;
12:205-18. [PMID: 7904822].

Gan L, Wang SW, Huang Z, Klein WH. POU domain factor
Brn-3b is essential for retinal ganglion cell differentiation and
survival but not for initial cell fate specification. Dev Biol
1999; 210:469-80. [PMID: 10357904].

Erkman L, Yates PA, McLaughlin T, McEvilly RJ, Whisen-
hunt T, O’Connell SM, Krones AI, Kirby MA, Rapaport
DH, Bermingham JR, O’Leary DD, Rosenfeld MG. A POU
domain transcription factor-dependent program regulates
axon pathfinding in the vertebrate visual system. Neuron
2000; 28:779-92. [PMID: 11163266].

Wang SW, Mu X, Bowers WJ, Kim DS, Plas DJ, Crair MC,
Federoff HJ, Gan L, Klein WH. Brn3b/Brn3c double
knockout mice reveal an unsuspected role for Brn3c in retinal
ganglion cell axon outgrowth. Development 2002; 129:467-
77. [PMID: 11807038].

Badea TC, Cahill H, Ecker J, Hattar S, Nathans J. Distinct roles
of transcription factors brn3a and brn3b in controlling the
development, morphology, and function of retinal ganglion
cells. Neuron 2009; 61:852-64. [PMID: 19323995].

Xiang M, Zhou L, Peng YW, Eddy RL, Shows TB, Nathans J.
Brn-3b: a POU domain gene expressed in a subset of retinal
ganglion cells. Neuron 1993; 11:689-701. [PMID: 7691107].

Xiang M, Zhou L, Macke JP, Yoshioka T, Hendry SH, Eddy
RL, Shows TB, Nathans J. The Brn-3 family of POU-domain
factors: primary structure, binding specificity, and expres-
sion in subsets of retinal ganglion cells and somatosensory
neurons. J Neurosci 1995; 15:4762-85. [PMID: 7623109].

Fedtsova NG, Turner EE. Brn-3.0 expression identifies early
post-mitotic CNS neurons and sensory neural precursors.
Mech Dev 1995; 53:291-304. [PMID: 8645597].

Xiang M. Requirement for Brn-3b in early differentiation of
postmitotic retinal ganglion cell precursors. Dev Biol 1998;
197:155-69. [PMID: 9630743].

McEvilly RJ, Erkman L, Luo L, Sawchenko PE, Ryan AF,
Rosenfeld MG. Requirement for Brn-3.0 in differentiation

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

1384

© 2013 Molecular Vision

and survival of sensory and motor neurons. Nature 1996;
384:574-7. [PMID: 8955272].

Xiang M, Gan L, Zhou L, Klein WH, Nathans J. Targeted dele-
tion of the mouse POU domain gene Brn-3a causes selective
loss of neurons in the brainstem and trigeminal ganglion,

uncoordinated limb movement, and impaired suckling. Proc
Natl Acad Sci USA 1996; 93:11950-5. [PMID: 8876243].

Erkman L, McEvilly RJ, Luo L, Ryan AK, Hooshmand F,
O’Connell SM, Keithley EM, Rapaport DH, Ryan AF, Rosen-
feld MG. Role of transcription factors Brn-3.1 and Brn-3.2
in auditory and visual system development. Nature 1996;
381:603-6. [PMID: 8637595].

Gan L, Xiang M, Zhou L, Wagner DS, Klein WH, Nathans J.
POU domain factor Brn-3b is required for the development of
a large set of retinal ganglion cells. Proc Natl Acad Sci USA
1996; 93:3920-5. [PMID: 8632990].

Liu W, Khare SL, Liang X, Peters MA, Liu X, Cepko CL,
Xiang M. All Brn3 genes can promote retinal ganglion cell
differentiation in the chick. Development 2000; 127:3237-
47. [PMID: 10887080].

Pan L, Yang Z, Feng L, Gan L. Functional equivalence of Brn3
POU-domain transcription factors in mouse retinal neuro-
genesis. Development 2005; 132:703-12. [PMID: 15647317].

Sambrook J, Fritsch EF, Maniatis T, eds. Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor: Cold Spring Harbor
Laboratory Press; 1989.

Barnes EN, Biedler JL, Spengler BA, Lyser KM. The fine
structure of continuous human neuroblastoma lines SK-N-
SH, SK-N-BE(2), and SK-N-MC. In Vitro 1981; 17:619-31.
[PMID: 7327593].

Sugimoto T, Tatsumi E, Kemshead JT, Helson L, Green AA,
Minowada J. Determination of cell surface membrane anti-
gens common to both human neuroblastoma and leukemia-
lymphoma cell lines by a panel of 38 monoclonal antibodies.
J Natl Cancer Inst 1984; 73:51-7. [PMID: 6610792].

Helson L, Helson C. Human neuroblastoma cells and 13-cis-
retinoic acid. J Neurooncol 1985; 3:39-41. [PMID: 2987426].

Shaw G, Morse S, Ararat M, Graham FL. Preferential trans-
formation of human neuronal cells by human adenoviruses
and the origin of HEK 293 cells. FASEBJ 2002; 16:869-71.
[PMID: 11967234].

Hackler L Jr, Masuda T, Oliver VF, Merbs SL, Zack DJ. Use of
laser capture microdissection for analysis of retinal mRNA/
miRNA expression and DNA methylation. Methods Mol Biol
2012; 884:289-304. [PMID: 22688715].

Wahlin KJ, Hackler L Jr, Adler R, Zack DJ. Alternative
splicing of neuroligin and its protein distribution in the outer
plexiform layer of the chicken retina. J Comp Neurol 2010;
518:4938-62. [PMID: 21031560].

Wahlin KJ, Moreira EF, Huang H, Yu N, Adler R. Molecular
dynamics of photoreceptor synapse formation in the devel-
oping chick retina. J Comp Neurol 2008; 506:822-37.
[PMID: 18076030].


http://www.molvis.org/molvis/v19/1371
http://www.ncbi.nlm.nih.gov/pubmed/21957239
http://www.ncbi.nlm.nih.gov/pubmed/12934100
http://www.ncbi.nlm.nih.gov/pubmed/2739723
http://www.ncbi.nlm.nih.gov/pubmed/11160433
http://www.ncbi.nlm.nih.gov/pubmed/11160433
http://www.ncbi.nlm.nih.gov/pubmed/7904822
http://www.ncbi.nlm.nih.gov/pubmed/10357904
http://www.ncbi.nlm.nih.gov/pubmed/11163266
http://www.ncbi.nlm.nih.gov/pubmed/11807038
http://www.ncbi.nlm.nih.gov/pubmed/19323995
http://www.ncbi.nlm.nih.gov/pubmed/7691107
http://www.ncbi.nlm.nih.gov/pubmed/7623109
http://www.ncbi.nlm.nih.gov/pubmed/8645597
http://www.ncbi.nlm.nih.gov/pubmed/9630743
http://www.ncbi.nlm.nih.gov/pubmed/8955272
http://www.ncbi.nlm.nih.gov/pubmed/8876243
http://www.ncbi.nlm.nih.gov/pubmed/8637595
http://www.ncbi.nlm.nih.gov/pubmed/8632990
http://www.ncbi.nlm.nih.gov/pubmed/10887080
http://www.ncbi.nlm.nih.gov/pubmed/15647317
http://www.ncbi.nlm.nih.gov/pubmed/7327593
http://www.ncbi.nlm.nih.gov/pubmed/6610792
http://www.ncbi.nlm.nih.gov/pubmed/2987426
http://www.ncbi.nlm.nih.gov/pubmed/11967234
http://www.ncbi.nlm.nih.gov/pubmed/22688715
http://www.ncbi.nlm.nih.gov/pubmed/21031560
http://www.ncbi.nlm.nih.gov/pubmed/18076030

Molecular Vision 2013; 19:1371-1386 <http://www.molvis.org/molvis/v19/1371>

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Yang Z, Ding K, Pan L, Deng M, Gan L. Math5 determines the
competence state of retinal ganglion cell progenitors. Dev
Biol 2003; 264:240-54. [PMID: 14623245].

Barthel LK, Raymond PA. Improved method for obtaining
3-microns cryosections for immunocytochemistry. J Histo-
chem Cytochem 1990; 38:1383-8. [PMID: 2201738].

Quandt K, Frech K, Karas H, Wingender E, Werner T. MatInd
and Matlnspector: new fast and versatile tools for detection
of consensus matches in nucleotide sequence data. Nucleic
Acids Res 1995; 23:4878-84. [PMID: 8532532].

Hertz GZ, Hartzell GW 3rd, Stormo GD. Identification of
consensus patterns in unaligned DNA sequences known to
be functionally related. Comput Appl Biosci 1990; 6:81-92.
[PMID: 2193692].

Hertz GZ, Stormo GD. Identifying DNA and protein patterns
with statistically significant alignments of multiple
sequences. Bioinformatics 1999; 15:563-77. [PMID:
10487864].

van Helden J. Regulatory sequence analysis tools. Nucleic
Acids Res 2003; 31:3593-6. [PMID: 12824373].

Gruber CA, Rhee JM, Gleiberman A, Turner EE. POU domain
factors of the Brn-3 class recognize functional DNA elements
which are distinctive, symmetrical, and highly conserved
in evolution. Mol Cell Biol 1997; 17:2391-400. [PMID:
9111308].

Esumi N, Kachi S, Campochiaro PA, Zack DJ. VMD2
promoter requires two proximal E-box sites for its activity
in vivo and is regulated by the MITF-TFE family. J Biol
Chem 2007; 282:1838-50. [PMID: 17085443].

Esumi N, Kachi S, Hackler L Jr, Masuda T, Yang Z, Campo-
chiaro PA, Zack DJ. BEST1 expression in the retinal pigment
epithelium is modulated by OTX family members. Hum Mol
Genet 2009; 18:128-41. [PMID: 18849347].

Esumi N, Oshima Y, Li Y, Campochiaro PA, Zack DJ. Analysis
of the VMD2 promoter and implication of E-box binding
factors in its regulation. J Biol Chem 2004; 279:19064-73.
[PMID: 14982938].

Liu YZ, Dawson SJ, Latchman DS. Alternative splicing of the
Brn-3a and Brn-3b transcription factor RNAs is regulated
in neuronal cells. J Mol Neurosci 1996; 7:77-85. [PMID:
8835784].

Mu X, Fu X, Beremand PD, Thomas TL, Klein WH. Gene
regulation logic in retinal ganglion cell development: Isl1
defines a critical branch distinct from but overlapping with
Pou4f2. Proc Natl Acad Sci USA 2008; 105:6942-7. [PMID:
18460603].

Pan L, Deng M, Xie X, Gan L. ISL1 and BRN3B co-regulate
the differentiation of murine retinal ganglion cells. Develop-
ment 2008; 135:1981-90. [PMID: 18434421].

Lakin ND, Morris PJ, Theil T, Sato TN, Moroy T, Wilson MC,
Latchman DS. Regulation of neurite outgrowth and SNAP-25

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

1385

© 2013 Molecular Vision

gene expression by the Brn-3a transcription factor. J Biol
Chem 1995; 270:15858-63. [PMID: 7797590].

Smith MD, Dawson SJ, Latchman DS. The Brn-3a transcrip-
tion factor induces neuronal process outgrowth and the
coordinate expression of genes encoding synaptic proteins.
Mol Cell Biol 1997; 17:345-54. [PMID: 8972215].

Thomas GR, Faulkes DJ, Gascoyne D, Latchman DS. EWS
differentially activates transcription of the Brn-3a long and
short isoform mRNAs from distinct promoters. Biochem
Biophys Res Commun 2004; 318:1045-51. [PMID: 15147979].

Budhram-Mahadeo V, Morris PJ, Lakin ND, Theil T, Ching
GY, Lillycrop KA, Moroy T, Liem RK, Latchman DS. Acti-
vation of the alpha-internexin promoter by the Brn-3a tran-
scription factor is dependent on the N-terminal region of the
protein. J Biol Chem 1995; 270:2853-8. [PMID: 7852360].

Smith MD, Dawson SJ, Latchman DS. Inhibition of neuronal
process outgrowth and neuronal specific gene activation
by the Brn-3b transcription factor. J Biol Chem 1997;
272:1382-8. [PMID: 8995448].

Morris PJ, Dawson SJ, Wilson MC, Latchman DS. A single
residue within the homeodomain of the Brn-3 POU family
transcription factors determines whether they activate or
repress the SNAP-25 promoter. Neuroreport 1997; 8:2041-5.
[PMID: 9223099].

Faulkes DJ, Ensor E, Le Rouzic E, Latchman DS. Distinct
domains of Brn-3a regulate apoptosis and neurite outgrowth
in vivo. Neuroreport 2004; 15:1421-5. [PMID: 15194866].

Martin SE, Mu X, Klein WH. Identification of an N-terminal
transcriptional activation domain within Brn3b/POUA4{2.
Differentiation 2005; 73:18-27. [PMID: 15733064].

Smith MD, Morris PJ, Latchman DS. The Brn-3c transcrip-
tion factor contains a neuronal-specific activation domain.
Neuroreport 1998; 9:851-6. [PMID: 9579678].

Clough RL, Sud R, Davis-Silberman N, Hertzano R, Avraham
KB, Holley M, Dawson SJ. Brn-3¢ (POU4F3) regulates
BDNF and NT-3 promoter activity. Biochem Biophys Res
Commun 2004; 324:372-81. [PMID: 15465029].

Smith MD, Dawson SJ, Boxer LM, Latchman DS. The
N-terminal domain unique to the long form of the Brn-3a
transcription factor is essential to protect neuronal cells from
apoptosis and for the activation of Bcl-2 gene expression.
Nucleic Acids Res 1998; 26:4100-7. [PMID: 9722627].

Eng SR, Lanier J, Fedtsova N, Turner EE. Coordinated
regulation of gene expression by Brn3a in developing
sensory ganglia. Development 2004; 131:3859-70. [PMID:
15253936].

Mu X, Beremand PD, Zhao S, Pershad R, Sun H, Scarpa A,
Liang S, Thomas TL, Klein WH. Discrete gene sets depend
on POU domain transcription factor Brn3b/Brn-3.2/POU4{2
for their expression in the mouse embryonic retina. Develop-
ment 2004; 131:1197-210. [PMID: 14973295].


http://www.molvis.org/molvis/v19/1371
http://www.ncbi.nlm.nih.gov/pubmed/14623245
http://www.ncbi.nlm.nih.gov/pubmed/2201738
http://www.ncbi.nlm.nih.gov/pubmed/8532532
http://www.ncbi.nlm.nih.gov/pubmed/2193692
http://www.ncbi.nlm.nih.gov/pubmed/10487864
http://www.ncbi.nlm.nih.gov/pubmed/10487864
http://www.ncbi.nlm.nih.gov/pubmed/12824373
http://www.ncbi.nlm.nih.gov/pubmed/9111308
http://www.ncbi.nlm.nih.gov/pubmed/9111308
http://www.ncbi.nlm.nih.gov/pubmed/17085443
http://www.ncbi.nlm.nih.gov/pubmed/18849347
http://www.ncbi.nlm.nih.gov/pubmed/14982938
http://www.ncbi.nlm.nih.gov/pubmed/8835784
http://www.ncbi.nlm.nih.gov/pubmed/8835784
http://www.ncbi.nlm.nih.gov/pubmed/18460603
http://www.ncbi.nlm.nih.gov/pubmed/18460603
http://www.ncbi.nlm.nih.gov/pubmed/18434421
http://www.ncbi.nlm.nih.gov/pubmed/7797590
http://www.ncbi.nlm.nih.gov/pubmed/8972215
http://www.ncbi.nlm.nih.gov/pubmed/15147979
http://www.ncbi.nlm.nih.gov/pubmed/7852360
http://www.ncbi.nlm.nih.gov/pubmed/8995448
http://www.ncbi.nlm.nih.gov/pubmed/9223099
http://www.ncbi.nlm.nih.gov/pubmed/15194866
http://www.ncbi.nlm.nih.gov/pubmed/15733064
http://www.ncbi.nlm.nih.gov/pubmed/9579678
http://www.ncbi.nlm.nih.gov/pubmed/15465029
http://www.ncbi.nlm.nih.gov/pubmed/9722627
http://www.ncbi.nlm.nih.gov/pubmed/15253936
http://www.ncbi.nlm.nih.gov/pubmed/15253936
http://www.ncbi.nlm.nih.gov/pubmed/14973295

Molecular Vision 2013; 19:1371-1386 <http://www.molvis.org/molvis/v19/1371> © 2013 Molecular Vision

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 17 June 2013. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1386


http://www.molvis.org/molvis/v19/1371

	Reference r1
	Reference r2
	Reference r3
	Reference r4
	Reference r5
	Reference r6
	Reference r7
	Reference r8
	Reference r9
	Reference r10
	Reference r11
	Reference r12
	Reference r13
	Reference r14
	Reference r15
	Reference r16
	Reference r17
	Reference r18
	Reference r19
	Reference r20
	Reference r21
	Reference r22
	Reference r23
	Reference r24
	Reference r25
	Reference r26
	Reference r27
	Reference r28
	Reference r29
	Reference r30
	Reference r31
	Reference r32
	Reference r33
	Reference r34
	Reference r35
	Reference r36
	Reference r37
	Reference r38
	Reference r39
	Reference r40
	Reference r41
	Reference r42
	Reference r43
	Reference r44
	Reference r45
	Reference r46
	Reference r47
	Reference r48
	Reference r49
	Reference r50
	Reference r51
	Reference r52
	Reference r53
	Reference r54
	Reference r55
	Reference r56
	Reference r57
	Reference r58
	Reference r59
	Reference r60
	Reference r61
	Reference r62
	Reference r63
	Reference r64
	Reference r65
	Reference r66
	Reference r67
	Reference r68
	Reference r69

