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Abstract We showed previously that the neuropeptide pitui-
tary adenylyl cyclase-activating polypeptide (PACAP) nega-
tively regulates proliferation of postnatal rat retinal progenitor
cells through the downregulation of cyclin D1 in a
cAMP/protein kinase A dependent manner. In the present
study, we describe by microarray analysis several putative
PACAP targets regulated by different transcription factor fam-
ilies. One of these families is the Sp/Klf family of

transcriptional factors capable of regulating cyclin D1, and
among members, we demonstrate by immunocytochemistry
that KLF4 is expressed throughout rat retinal development by
retinal progenitor cells and in most differentiated cell types.
Using retinal explants preparations, PACAP treatment can
transiently increase Klf4 mRNA levels; from electrophoretic
mobility shift assays, PACAP is also able to increase the
nuclear KLF4 content. From these results, we suggest that
KLF4 may be involved in the anti-proliferative effects of
PACAP as one mechanism regulating progenitor cell transi-
tion from proliferation to differentiation throughout retinal
development.
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KLF Kruppel-like factor
BrdU 5-Bromo-2-deoxyuridine
CREB cAMP response element-binding protein
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DPM Disintegrations per minute
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HRP Horseradish peroxidase
INL Inner cell layer
PAC1 Pituitary adenylyl cyclase activating

polypeptide-specific receptor
PACAP Pituitary adenylyl cyclase-activating

polypeptide
PCNA Proliferating cell nuclear antigen
pCREB Phosphorylated cAMP response element-

binding protein
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qRT-PCR Quantitative real-time polymerase chain
reaction

Shh Sonic hedgehog
VIP Vasoactive intestinal peptide
VPAC Receptor activated by both pituitary

adenylyl cyclase-activating polypeptide
and vasoactive intestinal peptide

Introduction

The vertebrate retina is composed of six types of neurons and
one type of glia (Müller glia) organized in alternate cellular
and synaptic layers. During development, multipotent retinal
progenitor cells (RPCs) proliferate and pass through an over-
lapping sequence of events in which the cells commit to
particular fates, exit the cell cycle, and differentiate to give
rise to various retinal cell types in an orderly manner that is
conserved in vertebrates (Cepko 1999; Marquardt and Gruss
2002; Hatakeyama and Kageyama 2004).

The proliferation of RPCs is regulated by the coordination
of cell-intrinsic and cell-extrinsic factors. Soluble factors such
as sonic hedgehog (Shh), fibroblast growth factors (FGFs),
epidermal growth factor (EGF), transforming growth factor-α
(TGF-α) and transforming growth factor-β (TGF-β), gluta-
mate and pituitary adenylyl cyclase-activating polypeptide
(PACAP), among others, affect cell proliferation in the retina
(Anchan et al. 1991; Lillien and Cepko 1992; Anchan and Reh
1995; Jensen and Wallace 1997; Young and Cepko 2004;
Close et al. 2005; Martins et al. 2006; Martins and Pearson
2008; Njaine et al. 2010). PACAP is a neuroactive peptide of
the secretin/glucagon/vasoactive intestinal peptide (VIP) su-
perfamily. It was first isolated for its ability to induce the
production of cAMP in the anterior pituitary of rats (Miyata
et al. 1989). Its precursor is post-translationally processed into
two biologically active products, PACAP38 and PACAP27
(Miyata et al. 1989, 1990), which share high amino acid
homology with VIP. In the nervous system, PACAP has been
associated to the regulation of cell proliferation (Lu et al.
1998; Suh et al. 2001; Carey et al. 2002; Njaine et al. 2010),
differentiation (Grumolato et al. 2003; Borba et al. 2005), and
cell survival (Silveira et al. 2002; Kanekar et al. 2010; Baxter
et al. 2011; Reglodi et al. 2012). Our group demonstrated that
mRNA for both PACAP as well as its receptors is detected
throughout retinal development and that PACAP behaves as
an antiproliferative agent that negatively regulates cyclin D1
expression in a cAMP/PKA-dependent manner (Njaine et al.
2010).

Several transcription factors directly modulate the expres-
sion of cell cycle genes, through interactions with their regu-
latory regions. KLF4 is both a well-known regulator of cyclin
D1 expression (Chen et al. 2003) and a target of PACAP

signaling in sympathetic neurons (Braas et al. 2007). KLF4
(originally termed gut Kruppel-like factor (GKLF)) is in-
volved in the control of cell proliferation, tissue homeostasis,
inhibition of neuronal fiber outgrowth, and promotion of
stemness in coordination with other transcription factors
(Ehlermann et al. 2003; Katz et al. 2005; Rowland et al.
2005; Takahashi and Yamanaka 2006; Takahashi et al. 2007;
Moore et al. 2009). In controlling cell proliferation, the over-
expression of Klf4 in a colon cancer cell line has been shown
to decrease DNA synthesis through downregulation of cyclin
D1 and upregulation of p21 (Chen et al. 2003). Moreover,
expression of KLF4 is decreased in certain tumor cell lines
and tumors of the digestive tract, which supports its role as a
tumor suppressor (Chen et al. 2001; Yoon et al. 2003; Katz
et al. 2005). Notwithstanding, a context-dependent oncogene
function has also been proposed for KLF4 (Rowland et al.
2005).

Recent studies showed that sustained expression of Klf4
inhibits neural stem cells (NSCs) self-renewal and yet attenu-
ates neuronal differentiation in the cerebral cortex (Qin et al.
2011; Qin and Zhang 2012), suggesting that the expression of
Klf4 must be finely tuned to allow proper cell cycle exit and
differentiation. The roles of KLF4 in retinal development have
not been well described; however, it was recently shown to act
as a transcriptional repressor of axon regeneration in retinal
ganglion cells (Moore et al. 2009).

To further establish and characterize the pleiotropic roles of
PACAP in retinal development, we examined the abilities for
PACAP to regulate the retinal transcriptome. In good agree-
ment with our previous work (Njaine et al. 2010), the data
showed that PACAP treatment decreased cyclin D1 transcript
levels. In assessing the roles of Klf4, our findings indicate that
Klf4 expression may participate in the control of cell prolif-
eration and differentiation throughout retinal development and
that its regulation by PACAP signaling may represent a mech-
anism underlying PACAP-mediated inhibition of retinal pro-
genitor cells proliferation.

Material and Methods

Material

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum, and Trizol were from Invitrogen (Carlsbad, CA, USA).
PACAP38 was obtained from Bachem (Torrance, CA, USA).
Primary antibodies are described in Table 1. Sp1 consensus
and mutant oligonucleotides (cat# 2502 and cat# 2503) were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Secondary antibodies linked to horseradish peroxidase
(HRP) (cat# 7074 and cat# 7076) were from Cell Signaling
(Beverly, MA, USA). Fluorescent secondary antibodies used
were Alexa Fluor 555-conjugated goat anti-rabbit and Alexa
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Fluor 488-conjugated donkey anti-mouse from Molecular
Probes (Eugene, OR, USA). First-strand cDNA kit was from
GEHealthcare (Little Chalfont, UK). In addition, recombinant
DNase I (cat# AM1906) was from Ambion (Austin, TX,
USA), Power SYBR Green PCR Master Mix (cat#
4367659) was from Applied Biosystems (Foster City, CA,
USA), Luminata™ Western Chemiluminescent HRP
Substrate was from Millipore (cat# WBLUC0100) (Billerica,
MA, USA), and GoTaq® DNA Polymerase (cat# M829) was
from Promega (Fitchburg, WI, USA).

Tissue Culture and Histology

All experimental procedures with animals were approved by
the Ethics Committee on Animal Experimentation of the
Health Sciences Center of the Federal University of Rio de
Janeiro (CEUA/CCS/UFRJ) under protocol #IBCCF121,
based on currently accepted international rules. Retinal ex-
plants were maintained in vitro as previously described
(Rehen et al. 1996; Varella et al. 1997, 1999; Silveira et al.
2002). In brief, P1 Lister hooded or Sprague Dawley rats were
euthanized by instantaneous decapitation, their eyes were
dissected, and retinas were cut into 1-mm2 pieces (total of
eight explants per P1 retina). For each experimental design,
both retinas from at least four rats were used in each of two to
five independent experiments. All explants in each experiment
were pooled, and at least eight explants were used for each
replicate of each experimental group. Retinal explants were
maintained in DMEM supplemented with 5 % fetal bovine
serum, 2 mM glutamine, 10 U/mL penicillin, and 100 μg/mL
streptomycin at pH 7.4 for 24 h (except where noted) in
Erlenmeyer flasks with orbital agitation. For histological and
immunofluorescence analysis, at the end of each experiment,
the explants were fixed by immersion in 4 % paraformalde-
hyde in sodium phosphate buffer (pH 7.4) for 2 h and
cryoprotected in 30 % sucrose in 0.2 M phosphate buffer for
cryosectioning (10 μm sections). Except for microarray anal-
ysis, most experiments were performed with Lister hooded
rats; key experiments were also reproduced with Sprague
Dawley rats as described in “Results.” In all experiments,
PACAP was used at 10 nM in accordance with our previous
studies to allow comparative analyses (Silveira et al. 2002;
Njaine et al. 2010).

Microarray

Following retinal explant exposure to vehicle or 10 nM
PACAP38 (4 h), total RNA was prepared using RNASTAT-
60 total RNA/mRNA isolated reagent (Tel-Test B Inc.,
Friendswood, TX, USA) and submitted to the Vermont
Cancer Center Microarray Facility for target preparation using
standard Affymetrix protocols. The Bioinformatics Core
Facility at the University of Vermont performed the initial

analyses. The data with statistical analysis was included as
Supplementary Material. Subsequent gene ontology analyses
were performed with GOToolBox (http://genome.crg.es/
GOToolBox) using the rat genome as the reference data set.
WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt/) was
used in the enrichment analysis for targets of transcription
factors among PACAP-regulated genes.

mRNA Extraction, cDNA Synthesis, and RT-PCR

Total RNA from rat retinas of the following developmental
stages: E18, E21, P1, P3, P4, P6, P10, P16, P22, P35, and P45
was extracted with Trizol following manufacturer’s instruc-
tions. RNA integrity was confirmed by visualization of Rn18s
and Rn28S in 1 % agarose gel electrophoresis. RNA was
treated with DNA-free kit following manufacturer’s instruc-
tions, quantified with NanoDropTM Spectrophotometer ND-
1000 (Thermo Scientific), and stored at −80 °C. Quantity and
quality of RNA extracted were assessed to confirm good RNA
yields and purity with a mean A260/A280 ratio of 1.9±0.2.
DNA contamination was ruled out by standard PCR and
agarose gel electrophoresis. cDNA was synthesized from
1 μg of RNA with pd(N)6 random primers, as described in
kit manual. For RT-PCR, amplification was performed with a
pair of primers that recognize the N-terminal region Klf4 FW
5′-TGATGGGCAAGTTTGTGCTGAAGG-3′, Klf4-REV 5′-
ACAGTGGTAAGGTTTCTCGCCTGT-3′; Klf5 FW 5′-
TCGCCAAATATCCAACCTGTCCGA-3′, Klf5 REV 5′-
TCTTGACAATCTGTACTGGGTCCT-3′; Klf7 FW 5′-
AGCAGGACTTTGCACACACAAGG-3′, Klf7 REV 5′-
ACCCACACACATACCCACTGTCAT-3′; or Actb FW 5′-
TCATGAAGTGTGACGTTGACATCCGT-3′, Actb REV
5′-CCTAGAAGCATTTGCGGTGCACGATG-3′.

Quantitative Real-Time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (qRT-PCR)
reactions were performed with Power SYBR Green PCR
Master Mix using an ABI7500 System (Applied
Biosystems). Control without reverse transcriptase was in-
cluded to ensure that the results were not caused by amplifi-
cation of genomic DNA. PCR product identity was confirmed
by electrophoresis and by melting-point analysis. Primers
used for qRT-PCR were: Klf4 FW 5′-ACCCCTCTCTCTTC
TTCGG-3′, Klf4 REV 5′-GAGTTCCTCTCGCCAACG-3′;
Klf5 FW 5′-TATCTGACACCTCAGCTTCCTCCA-3′, Klf5
REV 5′-TGTGTTACGCATGGTCTCTGGGAT-3′; and Klf7
FW 5′-TGACACCAGCTGGAGCAGTTAAGA-3′, Klf7
REV 5′-ACAGCGATGGACCCTCTTCTTGTT-3′. For en-
dogenous control, Gapdh (FW 5′-GACATGCCGCCTGG
AGAAA-3′, Gapdh REV-5′-AGCCCAGGATGCCCTTTA
GT-3′) and Mapk1 (FW 5′-TGTTGCAGATCCAGACCATG
-3′, Mapk1 REV 5′-CAGCCCACAGACCAAATATCA-3′)
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were previously validated as reference genes for expression
analysis over retinal development (Rocha-Martins et al.
2012). Actb (FW 5′-TCATGAAGTGTGACGTTGACATCC
GT-3′ and REV 5′-CCTAGAAGCATTTGCGGTGCACGA
TG-3′) was also determined to be adequate for comparisons
on a specific developmental stage (Njaine et al. 2010).
Expression levels of all the samples were determined in the
exponential phase by the number of cycles necessary to reach
the prior established threshold (Ct). The comparative Ct meth-
od (ΔΔCt) was used to determine the target quantity in
sample as compared with the mean of different reference
genes in combination and relative to a calibrator [(Cttarget gene−
Ctreference gene)sample−(Cttarget gene−Ctreference gene)calibrator]. A
mathematical correction similar to the one of the software
qBase, which is based on the use of the average of ΔCt of all
groups, was applied to define the calibrator (Hellemans et al.
2007; Rocha-Martins et al. 2012).

Immunofluorescence

To examine KLF4 immunoreactivity, retinal explants from
E18, P1, and P10 rats were acutely fixed as described above;
the methodological details for each antibody are described in
Table 1. For PACAP-induced changes in protein content, P1
explants were maintained in vitro with culture medium for 3 h.
After this period, the explants were treated either with or
without 10 nM PACAP38 for 1 h, and the tissue was proc-
essed as described above. The sections were immunostained
overnight with anti-KLF4, or anti-cyclin D1. 4,6-Diamidino-
2-phenylindole (DAPI) was used for nuclear staining. All
immunofluorescence reactions were processed using Alexa
Fluor conjugate secondary antibodies (Alexa Fluor 555-
conjugated goat anti-rabbit or Alexa Fluor 488-conjugated
donkey anti-mouse) at room temperature for 2 h.

Image Acquisition

Images were acquired with structural illumination microscopy
(Imager. M2 Apotome; Zeiss GmbH, Jena, Germany). Proper
filter sets were used for specific detection of each fluoro-
chrome. Apotome images were acquired with a Plan-

Neofluar 40/1.3 Oil DIC objective, using Axio Vision 4.8.2
software and AxioCam MRm. Confocal microscope images
were acquired with a LSM 510 META (Zeiss GmbH, Jena,
Germany) using the 488-nm band of an Ar laser and the 543-
nm band of an He/Ne laser for excitation of Alexa Fluor 488
and Alexa Fluor 555, respectively. All paired images were
obtained with the same acquisition parameters.

Western-Blotting

Retinal explants were washed with phosphate-buffered saline,
and total retinal protein was extracted (10 mM Tris–HCl,
150 mM NaCl, 1 % NP-40, 1 % Triton X-100, 5 mM EDTA,
0.1 % sodium dodecyl sulfate, 1 % sodium deoxycholate, 1 mM
phenylmethylsulfonyl fluoride, 1 μg/mL aprotinin, 1 μg/mL
pepstatin, 1 μg/mL leupeptin, 1 % sodium orthovanadate, and
50 mM sodium fluoride). Protein concentrations in the lysates
were determined by the Lowry assay (Lowry et al. 1951).
Lysates (30 μg) were electrophoresed in 12 % sodium dodecyl
sulfate–polyacrylamide gels and transferred to nitrocellulose
membranes. Membranes were blocked with either 5 % bovine
serum albumin or 5 % non-fat dry milk and incubated with
primary antibodies for KLF4 (1:2,000) or MAPK1/ERK2
(1:4,000) (Rocha-Martins et al. 2012) followed by secondary
antibodies (1:2,000 goat HRP-conjugated anti-rabbit and 1:2,000
horse HRP-conjugated anti-mouse) for protein detection using a
Luminata system according to the manufacturer’s instructions.

Electrophoretic Mobility Shift Assay

Oligonucleotides (5 pmol) were end-labeled with [γ-32P]
ATP, T4 polynucleotide kinase and purified in Promega
Biogel 30 column (Fitchburg, WI, USA). For binding reac-
tions, 10-μg nuclear protein extracts were incubated with
labeled consensus or mutant probe in 1× binding buffer
(10 mM Hepes pH 7.9, 60 mM KCl, 1 mM MgCl2, 0.5 mM
EDTA, 1 mM DTT, 10 % glycerol, and 1 μg of poly(dI-dC)–
poly(dI-dC) sodium salt) for 40 min at room temperature. The
samples were then fractionated on 4 % native PAGE in 0.5×
TBE (1× TBE is 45 mM Tris/borate/1 mM EDTA) at 4 °C.
The following oligonucleotides were used: Oligo Sp1

Table 1 Antibodies and condi-
tions of use for
immunofluorescence

Antigen Host species Source, cat# Working dilution

Cyclin D1 Mice Cell Signalling Technology, 2926 1:100

GS Mice Abcam, ab49873 1:100

KLF4 Rabbit Santa Cruz Biotechnology, sc20961 1:100

PCNA Mice Dako, M0879 1:200

PKC-α Mice Upstate, 05154 1:100

Rhodopsin Mice Gift from Dr. Robert Molday 1:200

βIII-Tubulin Mice Cell Signalling Technology, 4466 1:200
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wildtype (wt), 5′-ATT CGA TCG GGG CGG GGC GAG
C-3′; and Oligo Sp1 mutated (mut), 5′ATT CGA TCG GTT
CGG GGC GAG C-3′. For supershift analysis, protein ex-
tracts were incubated for 1 h with 2, 4, or 6 μg of the anti-
KLF4 at 4 °C prior to probe addition. The antibody (H-180;
Santa Cruz Technology) was directed against an epitope cor-
responding to amino acids 1–180 mapping to the amino-
terminal activation domain of KLF4. The assays were ana-
lyzed on an Amersham Phosphorimager (Amersham
Pharmacia).

Statistical Analyses

Prism 5.0 software (GraphPad Software, San Diego, CA,
USA) was used for all analyses. Statistical comparisons be-
tween two experimental groups were made with Student’s
two-tailed unpaired t test. For experiments with more than
two groups, either one-way or two-way ANOVA tests were

used, as appropriate, followed by Tukey or Bonferroni multi-
ple comparisons tests, respectively. Results are reported as
means±standard error of the mean (SEM), and the level of
significance was set as p<0.05.

Results

Microarray Analyses from Neonatal Rat Retina After PACAP
Treatment

We and others have shown previously that PACAP signaling
in the retina prevents cell death from apoptotic challenges
(Silveira et al. 2002; Atlasz et al. 2009, 2011; Wada et al.
2013; Szabadfi et al. 2014) and is antiproliferative (Njaine
et al. 2010). To understandwhich gene targets are regulated by
PACAP signaling in developing retina, we performed a mi-
croarray analysis after acute (4 h) treatment of newborn

Fig. 1 PACAP signaling
regulates targets classified in
diverse cellular processes. Retinal
explants were treated for 4 h with
10 nM PACAP. a PACAP
regulated transcripts identified on
the Affymetrix 230A microarray
are represented as correlation
between gene expression ratio
(log2) and p value (−log10(p)).
All 261 genes plotted showed at
least a 1.2-fold variation between
control and PACAP treated
groups, p<0.05. Upregulated
transcripts are shown in the upper
half and downregulated
transcripts in the lower half of the
graph. b Gene Ontology of
biological processes among
PACAP target genes. Data
represent enrichment and number
of target genes in each category. c
Enrichment analysis for the
targets of different transcription
factors among PACAP regulated
genes. The number of target genes
in each category is shown
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Sprague Dawley rat retinal explants with PACAP and per-
formed comparative analyses against untreated controls. The
rat strain and treatment time were selected initially to allow
comparisons of PACAP-regulated genes in other neuronal
populations (Braas et al. 2007). All genes plotted (261 genes)
in visual two-dimensional representation of the data showed at
least a 1.2-fold difference between control and PACAP-treated
groups, where log2-fold change (M) for each gene was
expressed as a function of −log10p. Upregulated genes (191
genes) are plotted in the upper half of the graph, whereas the
downregulated transcripts (70 genes) are shown in the lower
half (Fig. 1a). A survey of the functional annotations of
PACAP gene targets by Gene Ontology (http://www.
geneontology.org) revealed a wide spectrum of biological
activities (Fig. 1b). Biological processes significantly
enriched in this data set confirmed, at the expression level,
the pleiotropic functions of PACAP signaling in the retina and
reinforced the hypothesis of its involvement in the control of
cell proliferation and differentiation. Some enriched biological
processes match previously reported functions for PACAP
signaling in retinal tissue, including its neuroprotective effect
in the developing retina (e.g., “regulation of programmed cell
death”), antiproliferative effect (e.g., “regulation of cell cycle,
cell proliferation, and neurogenesis”), and cAMP/PKA acti-
vation (e.g., “response to cAMP”). Other ontology groupings,

such as axonal projection and synaptic transmission, have not
beenwell-studied with respect to PACAP function and may be
important for retinal differentiation. WebGestalt software
(http://bioinfo.vanderbilt.edu/webgestalt) was used to
analyze enriched targets of transcription factors in this data
set. This approach may indicate possible mediators of PACAP
signaling that may account for changes in gene expression
upon treatment. Many of the identified genes were targets of
cAMP-responsive element binding-protein (CREB). PACAP
has been shown to potently stimulate CREB phosphorylation
in a variety of cell types, including retinal progenitor cells
(Njaine et al. 2010).

Among transcripts, the notable decrease in Sprague
Dawley retinal cyclin D1 transcript levels in response to
PACAP treatment was also identified in our related PACAP
work using Lister hooded rats (Njaine et al. 2010). Several rat
strains have been used to examine retina development, and
although the PACAP-mediated changes in Sprague Dawley
cyclin D1 expression were congruent with those in the well-
studied Lister hooded rats, we sought to verify that the
PACAP effects in Sprague Dawley retina were meaningful
and similar among strains. In cell proliferation assays, PACAP
significantly decreased the number of bromo-deoxyuridine
(BrdU)-labeled cells in P1 Sprague Dawley retinas more than
60 % compared to untreated controls (control=100.0±21.9 %

Fig. 2 Expression of Klf4 during
retinal development. a
Representative RT-PCR for Klf4,
Klf5, and Klf7 from E18 through
P45 rat retinas. b qRT-PCR and c
western blotting for KLF4
transcript and protein show
temporal differences in
expression during development. d
Densitometric analysis of tissue
KLF4 protein levels normalized
to ERK2. Results are presented as
means±SEM pooled from three
independent experiments.
**p<0.01 and *p<0.05 in one-
way ANOVA followed by
Tukey’s multiple comparison’s
test
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vs PACAP=38.4±3.3 %; p<0.05). As the antiproliferative
effects of PACAP were similar to those observed in Lister
hooded rat retinas (Njaine et al. 2010), these results suggested
that the PACAP-regulated transcripts identified in the micro-
array analyses may represent broad and shared retinal targets
across rat strains.

In assessing mechanisms underlying the anti-proliferative
actions of PACAP in retinal progenitor cell development, we
reasoned that KLF4 may be one upstream regulator of cyclin
D1. In fact, CREB has been described to bind KLF4 gene
regulatory regions (Zhang et al. 2005), and transcription factor
analyses showed one CREB binding site in the putative rat
Klf4 promoter (Supplementary Figure). It is well-established
that KLF4 may act on cyclin D1 promoter (Chen et al. 2003),
and our previous work in sympathetic neurons demonstrated
robust PACAP effects in upregulating Klf4 (Braas et al. 2007).
Although an increase in the expression of Sp/Klf family
members was not noted under the parameters we defined for

the current array study, previously described targets for Sp/Klf
transcription factors were enriched among PACAP-regulated
genes (Fig. 1c). Based on these findings, we examined the
expression pattern and the possible regulation by PACAP of
Klf4 and other Sp/Klf family members during retinal
development.

Expression of KLFs Throughout Retinal Development

Given the similarities in PACAP responses between strains,
the Lister hooded rats were used in the remaining studies for
experimental coherency with previous work (Njaine et al.
2010). The expression of Klf4, as well as two related family
members Klf5 and Klf7, was studied in several stages of
retinal development (from embryonic day (E) 18 up to post-
natal day (P) 45) by RT-PCR. We detected Klf4, Klf5, and
Klf7 transcripts in all stages analyzed, although the levels for
Klf5 transcripts appeared low from P16 to P45 (Fig. 2a). We

Fig. 3 Analysis of KLF4
expression in specific cell layers
early in retinal development.
Sections from E18 rat retinas
were stained in green for KLF4 (a
and i) and in red for PCNA (b) or
βIII-tubulin (j). Sections from P1
rat retinas were stained in green
for KLF4 (e) and in red for PCNA
(f). DAPI was used for nuclear
stain (c, g, and k) and merged
images are shown in d, h, and l.
Results are representative of two
independent experiments, and
images were obtained with
Imager. M2 Apotome
microscope. GCL ganglion cell
layer, NBL neuroblastic layer.
Calibration bar=20 μm
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decided to analyze further the expression of Klf4; notably,
Klf4 mRNA levels appeared to increase slightly from P10 to
mature stages. This dynamic pattern of Klf4 expression was
confirmed when qRT-PCR analysis was performed (Fig. 2b)
with endogenous controls more suitable for quantitative anal-
yses among various developmental stages (Rocha-Martins
et al. 2012). In addition, we quantified KLF4 protein content
by western blotting (Fig. 2c, d). Interestingly, unlike transcript
levels, protein content was elevated from P1 until P10 and
declined at later stages of retinal development.

To investigate the expression pattern of KLF4 in specific
cell layers, we examined KLF4 staining patterns during de-
velopment. KLF4 immunoreactivity was present both in nu-
clei as well as in the cytoplasm, and was not limited to the
proliferative neuroblastic layer (NBL) of the retina. In agree-
ment with a previous study (Moore et al. 2009), intense
staining was detected in ganglion cells (GCs) in E18 and P1
(Figs. 3 and 4).

To test whether both progenitors and differentiated cells
express KLF4, we used a panel of antibodies to label specific
retinal cell types. E18 and P1 rat retinas were stained with
antibodies for KLF4 and proliferating cell nuclear antigen
(PCNA), a marker of retinal progenitor cells (Fig. 3a–d and
e–h, respectively). E18 retinas were also processed for both
KLF4 and βIII-tubulin to identify early generated neurons,
such as ganglion cells (Fig. 3i–l). As expected, we identified
KLF4 immunoreactivity both in βIII-tubulin positive cells
and in proliferating cells in E18 and P1 (Fig. 3). In P10 retinas,
KLF4 was detected in the inner nuclear layer (INL), which in
mature retina contains bipolar, horizontal, and amacrine neu-
rons, as well as Müller glial cells (Fig. 4). Double labeling for
KLF4 and PKC-alpha (Fig. 4a–d) or KLF4 and glutamine
synthetase (GS) (Fig. 4e–h) showed for the first time the
expression of KLF4 in rod-bipolar cells and Müller cells,
respectively. At this stage, KLF4 immunoreactivity was also
detected in βIII-tubulin positive cells, but it was absent in

Fig. 4 Analysis of KLF4
expression in specific cell
populations in P10 retinas.
Sections from P10 rat retinas were
stained in green for KLF4 (a, e,
and i) and in red for PKC, a
bipolar cell marker (b); glutamine
synthetase (GS), a Muller cell
marker (f), or rhodopsin, a rod
marker (j). DAPI was used for
nuclear stain (c, g, and k) and
merged images are shown in d, h,
and l. Results are representative of
two independent experiments,
and images were obtained with
Imager. M2 Apotome
microscope. GCL ganglion cell
layer, IPL inner plexiform layer,
INL inner nuclear layer, OPL
outer plexiform layer, ONL outer
nuclear layer. Calibration bar=
20 μm
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rhodopsin-labeled rod photoreceptors at the outer nuclear
layer (ONL) (Fig. 4i–l).

Klf4 mRNA and Protein Levels Increase Transiently
in Response to PACAP

From the results above, we assessed whether changes in the
expression of Sp/Klf family members could be detected upon
PACAP signaling in P1 rat retinas. As transcription factors of
this family are described as early response genes, transcript
levels for Klf4, 5, and 7 and KLF4 protein content were
measured after stimulation of retinal tissue with PACAP.
Klf4 transcripts were slightly increased already at 0.5 h after
PACAP treatment although a significant difference was only
observed at 1 h after treatment. This upregulation of Klf4
mRNA was transient as the levels declined to baseline after
3–6 h of treatment (Fig. 5a). The same PACAP-induced Klf4
transcription expression pattern was observed with Sprague
Dawley retinas (data not shown). Hence, while there can be
strain differences in retinal development and function, our
studies to date have failed to reveal any differences with
respect to the antiproliferative effect of PACAP in the devel-
oping retina. The PACAP-induced changes in expressionwere
specific to Klf4, since no effect was observed for Klf5
(Fig. 5b) or Klf7 (Fig. 5c). KLF4 protein levels were also
transiently increased after 1 h of PACAP treatment
(Fig. 5d, e). Three hours after PACAP treatment, the levels

of KLF4 are similar in treated and untreated conditions
(Fig. 5d, e).

As described above, KLF4 immunoreactivity was detected
in both GCL as well as NBL. As we had observed a transient
induction of Klf4 expression by qRT-PCR and western blot-
ting, we tested KLF4 immunoreactivity after 1 h PACAP
treatment. Interestingly, KLF4 labeling at the NBL was great-
ly increased after 1 h of PACAP treatment (Fig. 6d), compared
with untreated explants (Fig. 6a). Consistent with the idea that
retinal progenitor cells directly respond to this peptide, the
PACAP-induced increase in KLF4 labeling was clearly ob-
served in cyclin D1-positive cells (Fig. 6).

KLF4 Protein Is Detected in the Nucleus of Retinal Cells
Upon PACAP Signaling

As described in the microarray analysis, Sp/Klf target genes
were enr iched among PACAP-regula ted genes .
Electrophoretic mobility shift assay (EMSA) was used to test
whether the nuclear content of KLF4 was increased upon
treating P1 retinal explants with PACAP. Probes containing
Sp1 motifs found in cyclin D1 promoter were used. A com-
plex was detected in control conditions (Fig. 7, lane 1), which
was greatly increased in extracts from PACAP-treated retinas
(Fig. 7, lane 2), whereas no complex was observed with a
mutant probe (Fig. 7, lanes 3 and 4). Pre-incubation of nuclear
extracts with increasing concentrations of an antibody to

Fig. 5 PACAP induces a
transient increase in the
expression of Klf4 in neonatal
retina. Protein and RNA extracts
were obtained from P1 rat retinal
explants maintained in vitro for
the indicated times and treated
with PACAP. qRT-PCR analysis
for (a) Klf4 (n=4), (b) Klf5 (n=
3), and (c) Klf7 (n=3) after
treatment for 0.5, 1, 3, and 6 h.
Western-blotting and
densitometric analysis for KLF4
after treatment for 1 and 3 h (d, e)
(n=3).***p<0.001 in two-way
ANOVA followed by
Bonferroni’s post hoc test (a)
**p<0.01 in two-way ANOVA
followed byBonferroni’s post hoc
test (e)
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KLF4 progressively reduced the amount of protein-probe
complex (Fig. 7, lanes 5–10), suggesting that KLF4 was a
component of the complex with Sp1 probe and that the incu-
bation with the antibody prevented KLF4 binding to the
probe. Altogether, these findings indicate that activation of
PACAP signaling in early postnatal rat retina leads to a KLF4-
mediated inhibition of retinal progenitor cells proliferation.

Discussion

The transcription factor KLF4 has been implicated in a wide
variety of cellular events including cell proliferation (Wei et al.
2008; Hu et al. 2009; Shimizu et al. 2010), cell differentiation
(Dai and Segre 2004; Ghaleb et al. 2005), tumorigenesis
(Rowland et al. 2005), maintenance of pluripotency and cell
reprogramming (Takahashi and Yamanaka 2006; Takahashi
et al. 2007), and axon regeneration (Moore et al. 2009; Moore
and Goldberg 2011). In this report, we present data in support
of KLF4 roles in retinal development, particularly in the
regulation of progenitor cells proliferation after PACAP treat-
ment. We showed that KLF4 is expressed in both retinal

progenitor cells as well as postmitotic differentiated cells in
various stages of retinal development in the rat. Furthermore,
we demonstrate that PACAP treatment leads to a rapid and
transient induction of KLF4 levels and DNA-binding activity.

PACAP has been previously described to play a role in
various processes in both developing andmature nervous system
(Vaudry et al. 2009). Our microarray analyses identified various
genes associated with processes previously described to be reg-
ulated by PACAP in the retina as well as other areas of the
nervous system. Regulation of Klf4 and Cdkn1a mRNA levels
in response to PACAPwas shown in sympathetic neurons (Braas
et al. 2007). Although the current retinal microarray study did not
identify changes in Klf4 transcript levels, our temporal studies
suggested that this likely reflected the transient nature of Klf4
expression. The retinal array study examining PACAP-regulated
transcripts after several hours of peptide treatment was defined
based on previous work on sympathetic neurons. But unlike
sympathetic neurons, our current studies demonstrated that the
PACAP-inducedKlf4 expression in retinal tissues was rapidwith
maximal changes approximately 1 h after treatment, which at-
tenuated to control levels after prolonged PACAP treatments.
While the transient nature of PACAP-regulatedKlf4 obviated the

Fig. 6 KLF4 content is increased
in the neuroblastic layer upon
PACAP treatment. Retinal
explants were maintained in vitro
and treated with PACAP for 1 h.
Images were obtained by confocal
microscopy. KLF4
immunoreactivity was examined
in control (a) and PACAP-treated
(d) P1 rat retinal explants. Cyclin
D1was used as a marker of retinal
progenitors in control (b) and
PACAP-treated retinal explants
(e) and merged images are shown
in c and f. GCL ganglion cell
layer, NBL neuroblastic layer.
Results are representative of three
independent experiments
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detection of its transcripts in the array, we could detect the
regulation of targets of Sp/Klf transcription factors, notably
cyclin D1, which we had shown previously to be downregulated
in response to PACAP treatment (Njaine et al. 2010). Similarly,
the microarray data also showed target regulation by other tran-
scription factors, such as CREB, which was expected from our
previous study (Njaine et al. 2010).

KLF4 has been previously described to regulate down-
stream targets, which are involved in cell cycle control in
various cell types, acting both as a positive or negative regu-
lator of cell proliferation (Wei et al. 2008; Hu et al. 2009;
Shimizu et al. 2010). In targeting and downregulating cyclin
D1 expression (Chen et al. 2003), we propose that the induc-
tion of Klf4 by PACAP signaling is one potential mechanism
for the antiproliferative effect of PACAP in retinal progenitors
(Njaine et al. 2010). Recently, Qin et al. (2011) showed that
Klf4 overexpression impacts cortical development by reduc-
ing proliferation of NSCs in vitro and in subventricular zone
in transgenic mice. Moreover, the artificial regulation of Klf4
levels in the developing cortex interfered with both neuronal
differentiation as well as migration (Qin and Zhang 2012).
Interestingly, Klf4 overexpression also led to hydrocephalus
in mice (Qin et al. 2011), the same phenotype observed after
overexpression of PACAP-specific G-protein coupled recep-
tor, PAC1 (Lang et al. 2006), which reinforces the putative
link between PACAP signaling and Klf4 regulation.

EMSA results also indicate that KLF4 is present in the
nucleus and binds to the Sp1 probe alone or as a complex with
other transcription factors. The absence of supershift on
EMSA assay may suggest the presence of protein complexes
associatedwith Sp1DNAmotif, which were dissociated when
KLF4 antibody was added to nuclear extract. For example, in
EMSA assays using TM4 cells as a model of Sertoli cell, Sze
et al. (2008) described a ternary protein complex composed by
GATA-1/GATA-6/KLF4, which was completely abolished
with the use of specific antibodies. Similar data was obtained
before for various transcription factors (Leone et al. 1995;
Grueneberg et al. 1997; Feng et al. 1998; Husmann et al.
2000; Hurgin et al. 2002). However, the precise mechanism
of how KLF4 represses expression of PACAP-dependent
genes, which contain Sp1 motifs such as cyclin D1, remains
unclear.

As proliferation is one of the processes influenced by
PACAP in the nervous system both in the retina (Njaine
et al. 2010) and in cortical (Suh et al. 2001; Carey et al.
2002) and cerebellar progenitors (Nicot et al. 2002; Lelievre
et al. 2008), our current findings together with data from the
literature suggest that PACAP regulation of Klf4 may be one
molecular mechanism underlying PACAP control of progen-
itor cell proliferation in different tissues.

In conclusion, we propose that PACAP induces a transient
increase in Klf4 expression, which could result in a reduction
in cyclin D1 levels in a subpopulation of retinal progenitors
(Njaine et al. 2010), leading to cell cycle withdrawal and
perhaps affecting the specification and/or differentiation of
retinal cell types.
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