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Purpose: Specific mutations of the retinal guanylyl cyclase-1 (retGC1) gene have been linked to Leber congenital amau-
rosis type 1 (LCA1) and cone-rod dystrophies in humans, diseases that are amenable to treatments using molecular based
therapies. As a step towards developing a therapeutic transgene for LCA1, we analyzed the cell specific and developmen-
tal activity profiles of fragments of the human retGC1 5' flanking region in vivo.

Methods: We generated self inactivating lentiviral vector constructs carrying three different fragments of the human
retGC1 promoter fused to a nuclear localipeghlactosidase reporter gene (nlacZ). The transgenes were packaged into
lentiviral vectors, which were then used to transduce retinal progenitor cells of the developing chick. We monitored the
expression of nlacZ in the retina over the course of development and in the retina, brain and pineal gland just prior to
hatching.

Results:A 1.8 kb fragment of the retGC1 5' flanking region upstream of Exon 2 was capable of targeting nlacZ expression
to photoreceptor cells in vivo and its activity was augmented by the presence of intron 1. We also demonstrated that the
cell specific activity of this fragment arises, at least in part, by silencing expression in non-photoreceptor cells during the
final stages of retinal development.

Conclusions:We have identified a human retGC1 promoter fragment that exhibits photoreceptor cell specific activity in
vivo. Our results suggest that an element located in the proximal promoter may play a role in silencing expression of this
gene in non-photoreceptor cells, thereby by shaping the restricted expression pattern of GC1 in the retina.

Signaling cascades mediated by the intracellular seconghotoreceptors of the rod-dominant rat retina and the cone
messenger cyclic guanosine 3',5'-monophosphate (cGMPigh retina of chicken appear similar [9], while levels of retGC1
have been described in numerous cells types and tissues [djppear to be higher in cone cells in cat, monkey and human
The role of cGMP is perhaps best understood in the outer segtinas [6,9,10]. Immunocytochemical and biochemical stud-
ments of vertebrate retinal photoreceptor cells where cGMRs show that retGC1 and retGC2 are co-expressed in rat rod
serves as the key second messenger of visual signal transdphetoreceptor cells and that these two proteins preferentially
tion [2,3]. In photoreceptor cells, retinal guanylyl cyclasesorm homomers in vivo [11]. RetGC1, but not retGC2, is also
(GCs) catalyze the formation of cGMP in response to decreasegpressed in the pineal gland and may play a role in pinealocyte
in intracellular calcium levels that result from light triggeredfunction [8,12,13].
hydrolysis of cGMP and closure of cGMP gated ion channels. The gene encoding retGC1 has been mapped to human
The regulation of retinal GC activity by calcium is mediatedchromosome 17p13 and its genomic organization has been
by calcium binding proteins called guanylate cyclase activadescribed [14]. Specific mutations of the human retGC1 gene
ing proteins [4,5]. have been causally linked to autosomal recessive Leber con-

At least two eye specific membrane bound GC isoformsgenital amaurosis type 1 (LCA1) [15,16] and to autosomal
termed retGC1 and retGC2 in human, are predominantly, batominant cone-rod dystrophy (CORDG6) [15-19]. With recent
not exclusively, localized to the photoreceptor outer segmentglvances in molecular technologies and the availability of both
[6-8]. The relative amounts of retGCL1 in the rod and con@aturally occurring and transgenic animal models carrying null
mutations in retGC1 [20,21], it is now feasible to conduct de-
tailed cellular and molecular studies of retGC1 in normal and
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cells, we found that segments located in both the proximalas slowly injected into the ventricular space of the neural
and distal regions of the human retGC1 promoter are requirddbe. The egg was then sealed with parafilm and incubation
to achieve photoreceptor specific expression of a lentiviravas continued until the embryo reached the desired age for

transgene over the course of development. analysis. In a typical experiment, six embryos were injected
with viral vector. The survival rate averaged greater than 80%
METHODS and 3-4 of the surviving embryos (at least 6 retinas) were used

Isolation of human BAC clones: Bacterial Artificial Chromo-  for analysis.
some (BAC) genomic clones containing the human retGC1  Tissue preparation, X-gal histochemistry and microscopy:
gene were obtained from Research Genetics after screenifige neural retinas were dissected from the eyes of injected
human BAC plasmid DNA pools by PCR with specific oligo- embryos at selected ages and dispase (Sigma, St. Louis, MO)
nucleotides. Initial primer design was based on human retGGAas used as necessary to aid in the removal of the pigmented
cDNA (GenBank accession number M92432) and genomiepithelium. Retinal whole mounts were prepared by placing
sequences. the retinas photoreceptor side down on a Millicell (Millipore,
Genome walking, DNA sequencing and analysis. Hu- Billerica, MA) insert containing PBS and using fine tipped
man retGC1 5' flanking region was amplified and subclonedlass rods to flatten the tissue. To detect expression of nlacz,
using a TOPO® Walker Kit (Invitrogen, Carlsbad, CA). Theretinas were fixed by gently immersing the Millicell mem-
nucleotide sequence of both strands was determined using larane in 4% paraformaldehyde for 15 min at room tempera-
ABI Prism dRhodamine terminator cyclase sequencing kit antlire. The retinas and membrane were then rinsed three times
an ABI Prism 310 Genetic Analyzer with POP-6 separationn PBS and incubated in PBS (pH 7.9) containing 35 mM po-
polymer according to the manufacturer’s instructions (Appliedassium ferrocyanide, 35 mM potassium ferricyanide, 2 mM
Biosystems, Foster City, CA). magnesium chloride, 0.02% NP-40 and 40 mg/ml| 5-bromo-
Generation of DNA constructs. Selected retGC1 promoter 4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) atG7
fragments were amplified using PCR and recombidnt for 16-18 h. Following this incubation, the retinas were rinsed
DNA polymerase (Stratagene, La Jolla, CA) and sequence wésree times in PBS, cryoprotected with 30% sucrose and
verified as described above. The core sequences of the primounted in OCT compund (Tissue-Tek, Tokyo, Japan) for
ers for the designated retGC1 promoter fragments and theiryosectioning. Serial sections (20) were obtained through
positions are shown in Table 1. Short sequence extensions tlaaéas positive for X-gal staining, mounted on slides, and coun-
includedNotl andPmel restriction sites were added to the 5'terstained with 4,6-diamidino-2-phenylindole (DAPI; Molecu-
ends of the core sequence of the sense and antisense primknsProbes, Eugene, OR). The sections were then coverslipped
respectively. The following cycle parameters were used: 9dsing an aqueous based mounting medium (Gel Mount,
°C for 1 min (once); 94C for 30 s, 60C for 30 s, 72C for ~ BioMedia, Foster City, CA). Thirty to eighty sections, taken
1 min/kb (30 times); 72C for 10 min (once); 4C soak. The from the retinas of at least three different animals injected with
CMV promoter was excised from the pTYF.CMV.nlacZ vec-the human retGC1 promoter-nlacZ viral vectors were analyzed
tor usingNotl and Pmel and the selected retGC1 promoter for each time point. In some cases the pineal glands and brains
fragments flanked biotl andPmel were inserted to generate of E18 embryos that had been injected with virus were re-
the promoter-nlacZ expression vectors depicted in Figure 1Anoved and fixed in 4% paraformaldehyde. Pineal glands were
The pTYF vector backbone (self inactivating (SIN) lentiviral stained with X-gal in toto and processed for cryosectioning as
vector transducing vector) used in these studies has been described above. The brains were cut into 100 tqu298ec-
scribed elsewhere [22]. Transfection grade plasmid DNA wasons using a vibratome and placed in the wells of a 12 well
prepared using Qiagen endotoxin-free MaxiPrep kits (Valenica,

CA). TaBLE 1. PCRPRIMER DATA

Production of lentiviral vector and titers: The produc- v mor_sequence and position (5 o 39
tion, concentration and titering of viruses used for experimentS.grene =~ Somee T sense T
in this study were performed as described previously [22].cei”  cacrammacrrroraacron (1680 to -700)  GOTCATTGIOGECTT (-9 1o 46)
Particle titers were determined using a p24 ELISA (BeCtOnaer  rcrectacteatccsscartr (-1746 to -1726)  GTCATIGIIGELTT (-9 to 46)
Dickinson, Franklin Lakes, NJ) following the protocol pro- o=  TCTecTOCTCATGOAAGATTT (-1746 to -1726)  CACAGGTCTTCCTTGOCA (403 to -386)
vided by the manufacturer. The p24 concentrations for eactyezse  ccocrceaasTTasaTTeTTCTG COOGCTGTACTGEAGECTGAA

viral stock used in the experiments were as follows: 250 ngvhe primers listed were used for cloning the human GC1 promoter
ml pTYF.GCE1.nlacZ, 1610 ng/ml pTYF.GCE7.nlacZ, 1830fragments (GenBank accession number M92432) and for genomic
ng/ml pTYF.GCE8.nlacZ. DNA analysis. The GCE primers were used to amplify selected frag-

Embryonic injections: Neural tube injections of ments of the human GC1 5' flanking region. The positions of the

Hamberger-Hamilton stage 10-12 embryos [23] were per(_3CE1 and GCE7 sense primers were selected to generate two frag-

. . . . ments containing intron 1 that differ only in the size of region up-
formed as described previously [24]. Briefly, SPF grade VVhlt%tream of exon 1. The positions of the GCE7 and GCES8 antisense

Leghorn eggs (Charles River Laboratories, Wilmington, MA),imers were selected to amplify two promoter fragments that con-

were set on day O and incubated on their sides without rotgsin identical regions upstream of exon 2, but that carry or lack in-

tion at 37.5C and 60% humidity. A small opening was madetron 1, respectively. The nlacZ456 primer set was used to amplify a

in the eggshell overlying the embryo and abouty0.%irus 456 bp region of the nlacZ reporter gene from mouse genomic DNA.
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tissue culture plate. The brain sections were stained with Xpoint (tsp) of the human retGC1 gene was identified (Eukary-
gal for 16-18 h, rinsed in PBS and viewed under a Zeiss Steratic Neural Network Promoter Prediction program) within
SV6 dissecting microscope. Brightfield and fluorescence miexon 1 at nucleotide -347 (score=1.00) just downstream of
croscopy were performed as described previously [24]. the site that corresponds to the empirically determined bovine
Genomic PCR:  Following X-gal staining, E18 retinal tsp [28] (shown as the turquoise “A” at position -425 in Fig-
cross-sections (2(m) were microdissected under a Zeissure 1B). The tsp at -425 is associated with a putative tran-
Stemi SV6 microscope using a fine razor blade shard frascription initiator (Inr) site (Figure 1B, shown in lowercase at
tured from a blade cooled in liquid nitrogen [25]. The cells inposition -421 to -427) [28]. Five 12 bp AT rich repeated ele-
the ONL were cut away from the cells in the INL and GCL.ments (5'-TAT ATAATT GCT-3') of unknown function were
Approximately five tissue fragments 5-7 mm in length (ONLalso identified further upstream (shown in purple in Figure
only, INL/GCL only or all retinal layers) were cut from sec- 1B).
tions and collected into a 0.5 ml tube. For pineal gland analy-  Expression of the human RetGC1 gene promoter in vivo:
ses, pineal cross sections were scraped from the slides awe examined the cell specific and developmental activity of
collected into 0.5 ml tubes. Genomic DNA was extracted fronthe human retGC1 promoter in vivo, taking advantage of the
these tissues by digestion with [7l0of proteinase K solution unique properties of a (SIN) lentiviral vector system [22,24].
(Arcturus Picopure DNA Extraction Kit, Carlsbad, CA). Ge- The LTR regions of the SIN vector have been modified so that
nomic DNA was isolated from fixed and X-gal stained flatthe viral promoter elements are lost following integration of
mounted retinas using a Qiagen DNeasy kit. Integratethe proviral SIN transgene into the host cell genome. This fea-
lentiviral vector transgenes were detected using PCR primetgre permits the analyses of the activities of promoters placed
flanking a 456 bp region of the nlacZ gene as shown in Tabhithin the vector transgene without interference from viral
1. DNA (5ul from proteinase K samples and 100-200 ng DNApromoter elements [24,29,30]. In addition, intron containing
from fixed whole retinas) was amplified using Amplitaq Gold promoters remain intact in the packaged vector genomes and
(Applied Biosystems, Foster City, CA) and the following cycleare retained in the integrated transgenes [30]. Activity data
parameters: 95C for 3 min once; 98C for 1 min, 60°C for ~ obtained from previous transient transfection assays of hu-
1 min, 72°C for 30 s 30 times; 72C for 10 min once; 4C  man retGC1 promoter constructs in WERI-Rb1 cells [31] were
soak. Amplified products were resolved on 2.0% agarose gelssed as a guide to select the following promoter fragments for
further study in vivo: (1) the proximal promoter including In-
RESULTS tron 1 (GCEL), (2) the distal and proximal promoter including
Primary analyses of upstreamregulatory sequences. The or-  Intron 1 (GCE7), and (3) the distal and proximal promoter
ganization of the 5' UTR in the human retGC1 gene is sunwithout Intron 1 (GCE8). The selected promoter fragments
marized in Figure 1A and matches that of bovine retGC1 savere cloned upstream of a nuclear localigeghlactosidase
guences (GenBank accession number AH005629). The geneporter gene (nlacZ) and were packaged into lentiviral vec-
contains a non-coding exon (Exon 1) that is interrupted by ators. The packaged virus was injected into the neural tubes of
intron, thereby placing the translation initiation site (ATG =Hamberger-Hamilton stage 10-12 chicken embryos, and the
+1to +3) in Exon 2. Our retGC1 sequence was identical to thectivities of the various promoters were qualitatively moni-
corresponding region of human chromosome 17p13 (GenBan&red in retinas of embryos at selected stages of development
accession number NT_010718) and the only other humausing routine X-gal histochemistry and light microscopy.
retGC1 promoter sequence in GenBank (accession number Tissue specificity and relative strength of expression: In
AY037782). Comparisons of all three human sequences ra-previous study, we showed that the lentiviral vector system
vealed that the AY037782 entry contains 500 bp of duplicatedsed in the current study is capable of achieving retinal trans-
sequence located between nucleotides 1615 and 2113 that vaagtion efficiencies of up to 80% following neural tube injec-
not present in either our sequence or the genomic contig etien [22]. Although variable, the transduction efficiencies of
try. all the promoter-nlacZ vectors were high enough to analyze
The human and bovine retGC1 5' UTRs share 48% iderthe cell specificity of expression in clusters of nlacZ positive
tity and some conserved cis-elements. Two putative, head tells, an issue that was discussed in a previous study where
tail cone-rod homeobox protein (CRX) binding elementsve employed a similar experimental paradigm [24].
(CBEs; consensus CTAATNAGCTY [26], shown in orange) Additionally, we examined brain and pineal gland at E18
were identified in the human retGC1 promoter, one betweebecause lentiviral vectors injected into the neural tube also
nucleotides -459 to -469 (CBE1) and one further upstrearmansduce these tissues [22]. None of the retGC1 promoters
between nucleotides -1539 to -1549 (CBEZ2; Figure 1). Thevere active in brain at this age (data not shown). The GCE7
sequence and location of the downstream head to tail CBE jsomoter was the only promoter that exhibited activity out-
100% conserved in the bovine retGC1 promoter, as is a putside of the retina. Analyses of embryos injected with GCE7-
tive Ret-1 binding site [27] between nucleotides -463 and nlacZ vector revealed that a small number of cells were posi-
469, indicated by the green highlight in Figure 1B. Two additively stained in serial sections of the pineal gland. These cells
tional inverted CRX/OTX-like binding sites were identified were positioned near the lumens within the gland suggesting
at positions -452 to -446 and -480 to -474 indicated by théhat the transgene was being expressed in pinealocytes (Fig-
brown highlights on Figure 1B. A putative transcription starture 2A). In contrast, neither GCE1 nor GCE8 was active in
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Figure 1. Schematics and sequence of the hu-
man retGC1 promoter-nlacZ transgenes used
in the lentiviral vectorsA: Schematics show-
ing the exon-intron structure and location of
putative cis-elements in the human retGC1 5'
flanking sequence and the lentiviral vector
transgene constructs that were used to gener-
ate virus. Exons are shown as red rectangles
surrounding intron 1 (bent line). The nlacZ
open reading frame is shown as a blue rect-
angle. ATG represents the translation start site
(arrow denotes the position of A= +1); “?tsp”
marks a putative transcription start point (ar-
row denotes the position of first “A” that
aligns with the “A” in the bovine GC1 tsp;
see text and, below); brown rectangles il-
lustrate putative inverted cone-rod homeobox
(CRX) protein binding sites; orange diamonds
refer to putative head to tail CRX binding el-
ements (CBES); the green rectangle represents
a putative Ret-1 binding site. The color cod-
ing and nucleotide positions are uniform
across panels and figur®.Sequence show-
ing the entire GCE7 promoter fragment
(which also contains the GCE1 and GCES8
fragment sequences) and the point of fusion
with the nlacZ gene in the lentiviral vector
constructs. Théurquoise Aat position -425
indicates the putative tsp identified by align-
ing the human and bovine retGC1 promoter
sequences (GenBank accession number
U77096). The Inr-like sequence that is also
found in the bovine retGC1 5' flanking region
is shown in lowercase [28]. The putative in-
verted CRX binding elements and Ret-1 bind-
ing element are highlighted inrown and
green respectively. The AT rich repeats are
shown inpurple Exon 1 and exon 2 sequences
flanking intron 1 are shown ired The red
line ()) indicates the translation start point of
human retGC1 (ATG, where the A is defined
as position +1); the sequence at the start of
the nlacZ open reading frame isdlue Vec-

tor and restriction enzyme cloning sequences
are indark purple
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Figure 2. Cell specific and develop-
mental activity of human retGC1
promoters.A: Brightfield (left pan-
els) and brightfield-DAPI merged
images (right panels) of cross sec-
tions of embryonic age (E) 18 pineal
glands transduced with either the
GCE7-nlacZ (GCET7) or the GCE8-
nlacZ (GCES8) lentiviral vector. Ar-
rows indicate lumens in the field of
view with pinealocytes positioned
around the perimeter. X-gal staining
is shown as blue under brightfield
optics (left panels) or red in the nega-
tive image overlaid with the DAPI
image to show cell positions (right
panels)B: Brightfield-DAPI merged
images showing cross sections of
retinas taken from stage 10-13 em-
bryos injected with lentiviral vectors
containing the GCE1, GCE7 or
GCES8 promoter-nlacZ transgenes
(shown schematically above the im-
age panels) and harvested at E10,
E13, or E18. X-gal staining is red
(nlacz positive cells) and DAPI
staining is blue (cell nuclei). The
outer nuclear layer (ONL), inner
nuclear layer (INL), and ganglion
cell layer (GCL) are labeled. The
vector diagrams are described in Fig-
ure 1A.
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the pineal gland even though integrated GCE1-nlacZ andctivity in all cell layers of the retina. By E18, nlacZ expres-
GCEB8-nlacZ transgenes were present in these tissues. sion driven by GCE7 was restricted to the photoreceptor cells,
Upon visual inspection of the retinas, the intensity of X-a pattern of expression resembling that of the native retGC1
gal staining of cells transduced by the GCE7 vector (6 retipromoter.
nas) appeared to be greater than the intensity of cells trans- In retinas of E10 and E13 embryos that had been injected
duced with the GCE8 promoter (6 retinas; Figure 2B). with GCE8-nlacZ vector, the expression of nlacZ was restricted
Temporal dynamics and cell specificity of nlacz expres-  to cells located within the central region of the INL and to the
sion in developing retina:  In this series of experiments we cells within the ONL (Figure 2B, bottom panel). The pattern
characterized the developmental regulation and cell specifiof expression resembled that of GCE7 at E18, but the number
ity of the activities of the GCE1, GCE7 and GCES8 retGClof nlacZ stained cells in the ONL was much lower.
promoter fragments. We have previously shown that the ex- Slencing of retGC1 promoter activity in vivo: We used
pression of retGCL1 in developing chicken retina begins at agrenomic PCR in order to verify that the absence of GCE7
proximately E13-E14 [24]. Using this time frame as a guideexpression in non-photoreceptor cells was not merely due to
retinas of injected embryos were collected at times prior tthe absence of the transgene in these cells. The ONL of E18
(E10), at (E13), or following (E18) the onset of retGC1 ex-GCE7-nlacZ retinas was separated from the INL and GCL
pression in vivo to examine the activities of the retGC1 prousing microdissection techniques described in the Methods
moter fragments over the course of retinal development.  section. Genomic DNA was prepared from the cells in these
A small number of nlacZ positive cells were occasionallylayers and PCR was used to detect the presence of the inte-
detected in the inner nuclear layer (INL) of retinas of E10 andrated nlacZ transgene. The results of these analyses showed
E13 embryos that had been injected with the GCELl-nlackat integrated GCE7-nlacZ transgene was present in both
vector (Figure 2B, top panel). By E18, a significant numbenlacZ positive and nlacZ negative cell layers (Figure 3). These
of nlacZ positive cells were also detected in the outer nucleaesults, together with the nlacZ staining pattern, support the
layer (ONL) of these embryos. These data show that GCE1 eonclusion that GCE7 is only active in photoreceptor cells at
active in photoreceptor cells at E18 and retains its ability t&18 and that it is actively silenced in the INL and GCL at this
drive transgene expression in cells located in the INL at thistage of development.
late stage in development.
In contrast to the GCEL1 results, several nlacZ positive DISCUSSION
cells were detected in the retinas of E10 and E13 embryos thét this study, we have characterized the in vivo activity pro-
had been injected with GCE7-nlacZ vector (Figure 2B, middldiles of selected fragments of the human retGC1 5' flanking
panel). At these early stages of development, GCE7 exhibitedgion using a viral vector mediated gene transfer method that
we have successfully used in studies of mouse and chicken
photoreceptor gene promoters [24]. The results of our analy-
ses show that a 1.4 kb fragment of the retGC1 promoter con-

injected 3 . . L o :
ORL — = 2 tains distinct elements that drive its activity, control its ex-
5 = INL INL j"g—’ pression during retinal development, and limit its expression
— GCL GCL 5 to specific retinal cell types in vivo.
[ =

The chicken embryo is an excellent model system for de-
velopmental analyses of gene expression in the retina. Its su-
periority as a model system is easily appreciated if one con-
siders the availability of fertile eggs, the accessibility of the
developing embryo, and the striking parallels between the mor-
phogenesis of avian embryos and those of higher vertebrates
including humans. Additionally, the recent completion of the
chicken genome [32] and the successful use of viral vectors to
facilitate overexpression or misexpression of various genes in
the chick, the chicken embryo continues to remain on the fore-
front of the field of developmental biology. In chicken retina,
photoreceptor cells are fully developed and functional by E18,
a time just prior to hatching. The results of our in vivo experi-
Figure 3. GCE7 promoter activity is silenced in non-photoreceptoments show that the activities of the GCE7 and GCES8 retGC1
cells at E18._ PCR amplification of a 456 bp region of the nlacZ 9engromoter fragments are limited to the photoreceptor cells in
from genomic DNA extracted from the separated outer nuclear Iay%e functionally mature retina (E18), a pattern identical to that

(ONL), the remaining inner nuclear layer (INL) and ganglion cell <o, o 4 for retGC1 in mature human and chicken retinas [9].
layer (GCL), or an intact retinal section containing all three layers

The cell layers included in the DNA extraction are indicated abothe_ presence of a second p}‘tat've CBE in the distal promoter

the gel lanes. A 123 bp DNA ladder was run in the leftmost lane diegion (-1539 to -1549, relative to the ATG) of the longer pro-

the gel and amplified DNA from a non-injected control retina wagmoter fragments could contribute to the increased cell speci-

run in the rightmost lane. ficity exhibited by these fragments. The CBE is found in other
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photoreceptor gene promoters [26] and serves as a bindipgttern of gene regulation. Overall, our study lays the ground-
site for CRX, a photoreceptor specific transcription factor thatvork for targeting the expression of retGC1 transgenes in ani-
plays an important role in the transactivation of multiple phomal models of this disease [20,21] and should enhance our
toreceptor specific and pineal specific genes, including itsekfforts to develop an effective, long term therapy for LCA1.
[26,33]. The presence of additional Ret-1 and multiple, in-
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