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  Background : Hereditary retinal disease is currently known to involve nearly 
200 different genetic loci. There has been remarkable recent progress in the 
treatment of retinal disease via gene therapy in animal models using virus-
based vectors. The majority of retinal diseases affect one of several cell 
types. In order to target expression of a rescue transgene specifically to the 
cells in need of therapy, it is necessary to employ a  cis -regulatory element 
(CRE) to drive expression of the transgene specifically in those cells. 
 Objective/methods : This review discusses the repertoire of CREs currently 
available for use in gene therapy vectors for treatment of retinal disease 
and outlines the issues that must be taken into consideration in the develop-
ment of novel CREs for the purpose of gene therapy in the retina.  Conclusion : 
There have been a number of important recent advances in the identifi-
cation and characterization of retinal CREs and their utilization in gene 
therapy vectors. Nevertheless, future efforts to rationally manipulate 
existing CREs and design novel synthetic CREs for therapeutic purposes 
will require a better understanding of the  cis -regulatory rules that govern 
CRE activity  in vivo .  
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  1.   Introduction 

 Hereditary diseases of the retina comprise one of the most genetically hetero-
geneous groups of disorders that affect humans. At the last count, there were 
nearly 200 genetic loci implicated in inherited blindness     [1] . For nearly 75% of 
these loci, the causative gene has been identified     [1] . Knowledge of these genes has 
led to marked improvements in our ability to pinpoint the causes of blindness in 
individual patients. Furthermore, advances in the design of virus-based vectors, 
has set the stage for the treatment of many of these disorders using gene 
therapy     [2-4] . A key requirement for successful gene therapy is accurate targeting 
of the rescue construct or transgene to the cells in need of therapy. Such targeting 
is affected by a number of different factors including delivery of the gene therapy 
vector to the correct anatomical location, the cellular tropism of the viral vector 
and the  cis -regulatory elements (CREs; enhancers/promoters) used to drive 
expression of the rescue transgene     [2] . The purpose of this review is to discuss 
the factors affecting cellular targeting of gene therapy with a focus on the role of 
CREs in this process.  
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  2.   The nature of inherited blindness and its 
treatment via gene therapy 

 The retina is a laminated neural structure which lines the 
back of the eye and mediates the first steps in processing of 
visual information     [5] . It consists of three cellular layers which 
contain the primary sensory neurons or photoreceptors 
(rods and cones), interneurons (horizontal cells, bipolar cells 
and amacrine cells) and output neurons (ganglion cells), 
which transmit visual information to the brain. Immediately 
external to the photoreceptors lies an epithelial layer known 
as the retinal pigment epithelium (RPE) which performs a 
number of functions required for normal photoreceptor 
activity     [6] . The majority of hereditary retinal diseases affect 
either photoreceptors or the RPE     [1] . A subset of hereditary 
retinal diseases affect other retinal cell types specifically. 
For example, the optic neuropathies, a class of diseases 
which involve mitochondrial dysfunction, affect retinal 
ganglion cells and their axons in the optic nerve     [7,8] . 
In addition, a few diseases target other retinal cell types 
such as bipolar cells     [9] . 

 Hereditary retinal diseases can be classified according to 
inheritance pattern, clinical features and a variety of other 
parameters     [10,11] . An important parameter from the stand-
point of gene therapy targeting is the cell type(s) in which 
the disease gene is normally expressed. The clinical features 
of the various forms of hereditary retinal disease typically 
correlate with the spatial and temporal expression pattern of 
the affected gene     [11] . For example, many forms of retinitis 
pigmentosa, a progressive degeneration of rods with late, 
secondary involvement of cones, are caused by mutations in 
genes that are expressed specifically (and often exclusively) 
in rod photoreceptors     [12] . In contrast, the three genes that 
have been implicated in achromatopsia     [1,13] , a disease that 
specifically affects cones and causes total colorblindness and 
loss of acuity, are all preferentially expressed in cone photo-
receptors within the retina     [14-16] . In addition to expression 
specifically in rods or cones, retinal disease genes can show 
varying degrees of rod/cone co-expression     [15] . Lastly, the 
expression pattern of retinal disease genes can vary along the 
dorsal-ventral and nasal-temporal axes of the retina     [15] . 

 On top of variation in spatial expression pattern, retinal 
disease genes can also vary in their temporal patterns and 
quantitative levels of expression. Whereas photoreceptor 
degeneration can be caused by mutations in developmental 
regulators such as the transcription factors cone-rod homeo-
box ( Crx ) and neural retina leucine zipper ( Nrl ), which are 
turned on early during photoreceptor development, it can 
also be caused by mutations in genes that are turned on 
during the latest stages of photoreceptor differentiation     [17] . 
The transcript levels of many photoreceptor genes (and pre-
sumably a number of retinal disease genes) can also vary 
according to the circadian cycle     [18-20] . Lastly, retinal 
disease genes can vary markedly in their levels of expression. 
semiquantitative analysis of retinal transcript levels via serial 

analysis of gene expression in mice suggests that the 
transcript levels of photoreceptor genes can vary over nearly 
three orders of magnitude     [17,21] . Clearly, efforts to restore 
cellular function via gene therapy must take into consider-
ation the precise spatiotemporal patterns and levels of 
expression of the gene whose activity is to be rescued. 

 For successful gene replacement therapy in an individual 
patient with hereditary blindness, one must first identify 
the causative gene in order to engineer a rescue transgene 
consisting of a normal copy of the gene. Secondly, one must 
target the rescue transgene to the cells in need of therapy. In 
treatment of patients with recessive (loss-of-function) alleles, 
the simplest gene therapy scenario, expression of a rescue 
transgene at endogenous levels in the right cells should, in 
principle, be sufficient to restore normal cellular function. 
In patients with disease caused by dominant alleles, especially 
those with a gain-of-function or dominant-negative mecha-
nism of action     [22] , a treatment strategy must be used which 
first removes the abnormally functioning gene product     [23] . 
After this is accomplished, it may be desirable in some cases 
to then resupply the targeted cells with a normal copy of 
the gene in question. One approach to this problem is to 
use RNA interference (RNAi) to knock down the levels of 
the abnormal transcript while simultaneously expressing a 
codon-modified version of the wild type gene that is immune 
to degradation by RNAi     [24] . 

 The three most critical factors affecting transgene target-
ing in intraocular gene therapy are: i) delivery of the gene 
therapy vector to the correct anatomical location; ii) the 
tropism of the viral delivery vector (i.e., which cell types the 
virus preferentially infects); and iii) The CRE used to drive 
expression of the rescue transgene once it is delivered 
to the target tissue. When gene therapy is to be directed 
to a widely dispersed target such as bone marrow, it is 
usually necessary to introduce the delivery virus via the 
bloodstream. Anatomical delivery becomes a significant 
problem in such cases as the virus must not only evade the 
immune system while in the bloodstream but it must also 
exit the bloodstream, usually by passing through the vascular 
endothelium, in order to enter the target tissue     [25] . In gene 
therapy for most intraocular diseases, these problems can 
largely be circumvented by direct inoculation of the 
virus into specific anatomic compartments within the eye 
( Figure 1 )     [3] . Effective targeting of transgenes to photo-
receptors or the RPE can be achieved by introducing the 
transducing virus into the subretinal space between the 
outer segments of photoreceptors and the RPE ( Figure 1 ). 
Targeting of transgenes to retinal ganglion cells, in contrast, 
requires introduction of the virus into the intravitreal space 
( Figure 1 ). Another advantage of intraocular gene therapy 
over systemic therapy is that the immune-privileged status 
of the retina may reduce the likelihood of unwanted immune 
responses to the therapeutic virus     [26] . 

 Lentiviral, adenoviral and adeno-associated viral vectors have 
all been used to treat animal models of blindness  [16,27-29] . 
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Each of these viral vectors has advantages and disadvantages 
with regard to intraocular gene therapy and specifically the 
issue of cellular targeting. Three important aspects of 
these vectors that impinge on their ability to target specific 
cell populations are their DNA carrying capacity (which 
determines the size of the rescue transgene as well as the 
associated CRE that can be accommodated in the vector), 
their cellular tropism and whether or not the vectors 
integrate into the host chromosome. Lentiviral vectors 
have a moderate DNA carrying capacity (8 – 9 kb)     [30]  
but appear to have a somewhat restricted cellular tropism in 
the eye and normally integrate into host chromosomes. 

These vectors have been used to effectively target gene 
therapy to RPE     [31,32] . However, although lentiviral vectors 
have been used to target photoreceptors in the early post-
natal period in the mouse     [28] , they are not particularly 
effective at targeting adult photoreceptors     [33-35] . Integration 
into host chromosomes can be problematic from the 
perspective of transgene regulation since individual targeted 
cells can experience insertion of a variable number of copies 
of the viral genome as well as varying sites of integration     [32] . 
Variation in integration site can result in non-uniform 
transgene expression within the targeted cell population     [32]  
due to variation in the chromatin context of the insertion 

  Figure 1     . Targeting retinal gene therapy to specifi c cell types. A.  Structure of a generic gene therapy vector containing a rescue 
transgene and a tissue-specifi c cis-regulatory element (CRE) fl anked by inverted terminal repeats (ITR) derived from the recombinant 
adeno-associated virus (rAAV).  B.  The viral capsid in which the genome depicted in  A  is packaged. The particular set of proteins present 
in the capsid determine the infectivity of the virus for particular cell types (viral tropism).  C.  Injection into the subretinal space (between 
the retina and the retinal pigment epithelium (RPE)) is used to target virus to photoreceptors or RPE. Injection into the intravitreal space 
is used to target virus to retinal ganglion cells (RGCs).  D  and  E . Once the virus infects cells, cell type specifi c CREs drive expression of the 
rescue transgene (in green) in specifi c cell populations within the retina or RPE.    
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site as well as differences in the proximity of endogenous 
CREs to the transgene cassette. Potential approaches to 
ameliorate these drawbacks with regard to cellular targeting 
of expression include the use of chromatin insulators 
to protect the transgene from the effects of chromosomal 
context     [36,37]  or the use of integrase-deficient lentiviruses, 
which do not integrate into the chromosome     [38] . 

 Unlike lentiviruses, adenoviral vectors do not integrate 
into chromosomes and, in addition, have a large DNA 
carrying capacity (up to 36 kb)     [30] . The large carrying 
capacity of these vectors is useful for the purposes of cellular 
targeting since it makes it possible to utilize relatively 
large CREs, which are more likely to contain the genomic 
regulatory elements necessary for robust, cell-type-specific 
expression of a transgene. Unfortunately, early generation 
adenoviral vectors were only able to effectively transduce 
photoreceptors when delivered during the early stages of 
retinal development     [29,39,40] . This limitation motivated 
Cashman and colleagues     [41]  to engineer improvements in 
the adenoviral vector including the use of a photoreceptor-
specific CREs to drive transgene expression. These changes 
resulted in dramatically improved transduction of- and 
expression in adult photoreceptors in the mouse     [41] . This 
study has revealed new promise for adenoviral vectors as 
therapeutic vectors for common retinal diseases. 

 The most commonly used vector for intraocular gene 
therapy is recombinant adeno-associated virus (AAV)     [2,3] . AAV 
is a naturally replication-incompetent virus which consists of 
a small viral genome containing two inverted terminal 
repeats (ITRs) and two open reading frames, which encode 
several different viral proteins     [2] . AAV is generally main-
tained episomally but can integrate into chromosomes     [42,43] . 
It is possible to replace the entire viral genome between the 
two ITRs with cargo DNA consisting of a rescue transgene 
and its associated tissue-specific CRE. One limitation of 
recombinanr AAV (rAAV)-based gene therapy is that the size 
of the DNA cargo is limited to  ∼  4.7 kb due to packaging 
constraints within the viral capsid     [44] . Viral tropism is 
largely determined by the viral attachment proteins expressed 
on the viral capsid     [25,45] . It is possible to alter the tropism 
of the rAAV virus by packaging one viral genome with 
capsid proteins from another strain of virus, a procedure 
known as pseudotyping     [25] . For example, serotypes rAAV2/1 
and rAAV2/4 (i.e., the rAAV2 genome packaged with the 
capsid proteins from serotypes 1 or 4, respectively) preferen-
tially target RPE when introduced into the subretinal 
space     [45] . In contrast, rAAV2/5 targets photoreceptors as 
well as RPE when injected into the same location     [46] . It was 
recently reported that rAAV2/7 and rAAV2/8 are even more 
efficient than rAAV2/5 at targeting photoreceptors     [45,46] . 
Clearly, rapid progress is being made in developing viruses 
with enhanced tropism for the cell types most commonly 
affected by heritable blinding diseases. 

 Many non-viral approaches to gene therapy could benefit 
from the use of appropriately chosen CREs to drive cell 

type-specific transgene expression     [47,48] . Given recent 
improvements in delivery of non-viral vehicles to target cell 
populations within the retina and the development of viral 
strains with improved cellular tropism within the eye     [45] , 
the role of CREs in driving cell-type-specific expression 
in gene therapy experiments has taken on increased 
importance. It is therefore important to review the structure 
of CREs and their role in driving gene expression, prior to 
discussing recent advances in the use of cell-type-specific 
CREs in intraocular gene therapy.  

  3.   The structure and function of 
 cis -regulatory elements and their application 
in the design of gene therapy vectors 

 Transcriptional regulatory networks (TRNs) underlie the 
basic developmental and physiologic processes of all multi-
cellular organisms     [49-54] . A TRN consists of a hierarchy of 
transcription factors (TFs), which alter the expression of 
individual target genes by binding to the tissue-specific 
CREs of those genes. Since individual TFs can activate 
the expression of other TFs, the early expression of a 
small set of master regulatory TFs can set in motion a 
hierarchical cascade of gene expression that serves to 
spatially subdivide an embryo or organ anlage and thereby 
foster the formation of distinct cell types. TFs within endo-
genous gene networks control the spatiotemporal pattern 
and levels of expression of their target genes by binding to 
CREs, short ( ∼  300 – 600 bp) stretches of genomic DNA 
that can lie upstream, downstream, or within the introns 
of the genes they control     [53,55] . CREs typically consist of 
multiple clustered binding sites for both transcriptional 
activators and repressors. They serve as logical integrators 
of transcriptional input, giving a unitary output in the 
form of spatiotemporally precise and quantitatively exact 
transcriptional activity. Given the critical importance of 
CREs in controlling gene expression, the non-coding DNA 
containing tissue-specific CREs often shows high degrees 
of phylogenetic conservation     [56] . 

 As discussed above, the genes that have been implicated 
in hereditary diseases of the retina show wide variation in 
spatiotemporal pattern and levels of expression. Photoreceptor 
disease genes, for example, can show variation in expression 
with respect to a number of parameters, including extent of 
expression in rods vs cones, extent of expression in non-
photoreceptor cell types, regional distribution of expression 
within the retina, timing of the onset of gene expression, 
expression according to daily (circadian) rhythms and variation 
in quantitative levels of expression     [11,15] . Given this type of 
variation and the imprecise nature of viral tropism, it is not 
possible to engineer a single, universal CRE suitable for all 
gene therapy purposes in the retina. Instead, it is necessary 
to identify and evaluate CREs that drive the spatiotemporal 
patterns and levels of expression needed for a given rescue 
transgene. In the following paragraphs the use of CREs in 
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targeting expression to photoreceptors is discussed but 
similar considerations apply to targeting other retinal cell 
types and RPE     [2,57,58] . 

 Early efforts to achieve  in vivo  gene transfer and expression 
in mammalian retina relied exclusively on the ubiquituously 
expressing cytomegalovirus (CMV) promoter to drive 
reporter expression     [59,60] . This promoter drove expression 
predominantly in RPE with only sporadic, low-level expres-
sion in photoreceptors     [61] . Reliable photoreceptor-specific 
expression was first achieved by using the mouse Rhodopsin 
( Rho ) proximal promoter to drive reporter expression     [61] . 
This promoter remains to this day the most widely used 
in rAAV-mediated gene therapy experiments that target 
photoreceptors     [27,62] . Although very useful, the  Rho  
proximal promoter has a variety of deficiencies that make it 
less than ideal. First, whereas the  Rho  gene is expressed 
exclusively in rods, the  Rho  proximal promoter drives leaky 
expression in cones in addition to rods, especially when 
delivered via rAAV     [62-64] . Furthermore, in transgenic mice 
this promoter drives relatively weak, patchy expression 
throughout the retina     [65] . Although constructs containing 
longer pieces of DNA upstream of the  Rho  locus tend to 
drive higher, more consistent expression in transgenic 
mice     [65] , they display an unusual gradient of expression in 
transgenic mice such that there is high level expression in 
the superior-temporal retina and almost no expression at 
all in the inferior-nasal half     [66] . It is not known to what 
extent these  Rho  CREs display a gradient of expression 
when introduced via rAAV but failure of transgene 
expression in half of a patient’s treated eye could represent 
a significant clinical problem. 

 Recently two groups reported successful targeting of 
transgene expression specifically to cone photoreceptors 
using the promoter regions of the human blue opsin and 
X-linked opsin loci     [16,67,68] . Furthermore, it was shown that 
the human X-linked opsin CRE can be used to effectively 
target transgene expression to cone photoreceptors and 
rescue function in a mouse model of achromatopsia     [16] . 
The authors did caution, however, that the use of such a 
cone subtype-specific promoter might not be ideal for use in 
human patients where rescue of all cone subtypes is 
desired     [16] . Another recent report showed reliable transgene 
expression in both rods and cones using an rAAV vector 
carrying a promoter from the upstream region of G protein-
coupled receptor kinase 1 ( Grk1 )     [69] . This compact 
pan-photoreceptor promoter is a welcome addition to the 
armamentarium of CREs available for retinal gene therapy 
because rod/cone co-expression is seen with many photo-
receptor disease genes     [15]  including several that have been 
implicated in Leber’s congenital amaurosis     [27] , a severe, 
early-onset form of blindness. 

 An additional issue that is rarely addressed in studies of 
CREs for use in retinal gene therapy is the question of 
quantitative levels of expression driven by virus-delivered 
CREs. Of course, one can argue that some expression, even 

at an inappropriate level, is better than none when trying to 
rescue cellular function within a target population. This is 
undoubtedly true but studies of the  Rho  gene suggest that 
transgene overexpression, even of wild type  Rho , can lead to 
photoreceptor degeneration     [70] . Furthermore, since  Rho  is 
the most highly expressed gene in rod photoreceptors     [17] , 
use of the  Rho  promoter to drive expression of rescue 
transgenes for disease genes that are normally expressed at 
much lower levels, could be detrimental to photoreceptors. 
These considerations strongly suggest that CREs that drive 
gene-appropriate patterns and levels of expression are needed 
for optimal results in human gene therapy.  

  4.   Expert opinion 

 Despite the importance of CREs in targeting expression 
of therapeutic transgenes to specific cell types, the number 
of CREs available for gene therapy in the retina is quite 
limited. This dearth of CREs is attributable to two main 
causes. First, the identification of native cell-type-specific 
CREs has been hampered by the lack of effective computa-
tional algorithms to predict their location. Second, there 
are currently no high-throughput  in vivo  assays for testing 
fragments of genomic DNA for promoter activity in 
mammals. These difficulties stem from the fact that nearly 
98% of the mammalian genome consists of non-coding 
DNA, and CREs can be found nearly anywhere within 
these vast regions: upstream, downstream or within the 
introns of the gene whose expression they control     [56] . 
Unlike our detailed knowledge of the rules that govern the 
structure of coding sequences, we know very little about the 
grammar rules that govern the structure of CREs in any 
mammalian cell type     [56] . This latter fact is what makes the 
design of effective computational algorithms to find CREs 
within non-coding DNA so difficult. 

 To complicate matters, most computational studies which 
have produced sets of CRE predictions for specific cell types 
have been unable to validate their computational ‘hits’ on 
account of the lack of rapid  in vivo  assays for testing such 
predictions. For most mammalian tissues, the costly and 
time-consuming creation of transgenic mice carrying CRE-
reporter constructs remains the ‘gold standard’ for testing 
genomic DNA for CRE activity     [71] . Given the paramount 
importance of transcriptional networks in all cells and 
the fact that CREs mediate the interactions between trans-
cription factors and their target genes within these networks, 
it is frustrating that so little progress has been made toward 
their systematic characterization. The pressing need for cell-
type-specific CREs to direct transgene expression in gene 
therapy vectors further underscores the importance of 
current efforts to develop effective computational algorithms 
to identify endogenous CREs within genomic DNA and to 
analyze these elements in a high-throughput fashion. 

 In the ideal scenario, individual gene replacement 
therapy vectors should be engineered to contain the native 
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 cis -regulatory regions of the gene to be rescued so as to 
faithfully recapitulate the endogenous spatiotemporal pattern 
and levels of expression of that gene. Two recent studies have 
begun to make progress toward the systematic elucidation of 
photoreceptor-specific CREs     [72,73] . This knowledge may 
eventually be useful in engineering gene-specific CREs for 
therapeutic purposes in the retina     [72,73] . In the first study, 
the authors developed a computational algorithm to identify 
CREs around photoreceptor genes based on the presence of 
Crx, Nrl and/or nuclear receptor subfamily 2, group E, 
member 3 (Nr2e3) binding sites in a 2.2 kb region around 
the transcription start sites (TSSs) of retina-enriched 
transcripts     [72] . This approach is reasonable given the fact 
that CREs occur with increased frequency in the region 
immediately upstream of the TSS and within the first intron 
of the gene they control     [74]  and that Crx, Nrl and Nr2e3 
are three of the most important transcription factors 
known to regulate photoreceptor gene expression in 
mammals  [14,75-79] . The authors predicted a number of 
CREs computationally and proceeded to validate five of 
them in a variety of biochemical and cell culture assays     [72] . 

 In a series of parallel studies     [15,73,79] , the author of the 
present review and colleagues carried out a combined 
computational and experimental analysis of the photo-
receptor transcriptional networks regulated by Crx, Nrl 
and Nr2e3     [73] . This permitted the definition of a 
typology of photoreceptor gene expression patterns in 
the mouse     [15]  and the creation of a comprehensive model 
of the mammalian photoreceptor transcriptional network 
containing over 600 genes including most retinal disease 
genes expressed in photoreceptors     [73] . In one of these 
studies, a computational algorithm was developed to 
identify the CREs that control the expression of genes 
within the photoreceptor gene network     [73] . This algorithm 
identified putative CREs around hundreds of genes in the 
network based on the presence and clustering of phylo-
genetically conserved binding sites for Crx, Nrl 
and Nr2e3     [73] . Electroporation of CRE–reporter fusion 
constructs into living mouse retinae permitted validation of 
19 novel CREs around mouse orthologs of retinal disease 
genes. By coupling an effective computational algorithm to 
identify photoreceptor CREs with a rapid,  in vivo  validation 
system, it has been possible to more than double the number 
of photoreceptor CREs available for gene therapy     [73] . 

 Of course, translating these results into useful gene 
therapies for human patients will require that a number of 
additional hurdles be overcome. First, it is not clear whether 
the CREs identified around retinal disease genes contain the 
full regulatory activity for the gene in question. Prior 
studies of the Rho locus have shown that strong CRE 
activity is mediated by at least two spatially discrete CREs: a 
proximal promoter and an upstream enhancer element     [80] . 
In addition, computational algorithms often detect the 
presence of more than one regulatory peak around a given 
locus     [73] . It is therefore likely that, at least in some cases, 

the full CRE activity for a gene may depend on the 
combined activity of multiple spatially discrete CREs. If this 
is the case, then it may be necessary to combine all such 
CREs into a single element in order to faithfully recapitulate 
the endogenous expression pattern and levels of the gene 
in question. Given the limited cloning capacity of the 
rAAV vector, it will be necessary to engineer such combined 
CREs to be as short as possible while still retaining the 
full functionality of the endogenous regulatory regions. 
Alternatively, other viral vectors with larger DNA carrying 
capacities such as adenovirus may be needed to deliver 
relatively long CREs. 

 Another issue that needs to be addressed is the extent to 
which CRE-driven expression matches the quantitative levels 
of the endogenous transcript. In the mouse, this problem 
can be studied by fluorescence-activated cell sorting of 
rAAV-transduced photoreceptors expressing GFP under the 
control of the CRE in question followed by comparison of 
GFP transcript levels with those of the endogenous gene. 
However, determining the extent to which the levels of 
expression of a given gene in the mouse match those in 
human photoreceptors remains a problem. Similar conside-
rations apply to differences between orthologous human and 
mouse photoreceptor genes as regards spatiotemporal 
patterns of expression. One way to address these issues is 
to evaluate CRE-driven expression in non-human primate 
models which are likely to have patterns and levels of 
expression of most photoreceptor genes similar to those 
seen in humans     [68] . 

 Although CREs derived from endogenous photoreceptor 
gene loci will have a number of useful applications in 
gene replacement therapy, numerous circumstances can be 
envisioned in which it would be desirable to modulate 
the activity of such endogenous CREs either up or down. 
For example, it is possible that a specific gene defect or stage 
of retinal degeneration may require that a therapeutic trans-
gene be expressed at either sub or supranormal levels relative 
to wild-type expression in order to achieve effective rescue. 
A patient with a blinding disease caused by a hypomorphic 
allele that results in a reduction but not a complete absence 
of activity of a given gene product, may require delivery of 
a therapeutic transgene expressed at levels below those driven 
by that gene’s endogenous CRE. In such a case, it would be 
very useful to be able to fine-tune an endogenous CRE to 
drive a level of expression appropriate for a given patient. 

 It is possible to pharmacologically regulate expression of a 
transgene within a viral gene therapy vector by the use 
of a variety of drug-inducible CREs     [81,82] . However, most 
inducible CREs that have so far been tested drive expression 
in all infected cell types upon induction. A number of 
therapeutic applications can be envisaged in which it would 
be desirable to engineer a CRE that drives expression only 
in a specific cell type upon induction. Such a CRE would 
permit spatially precise delivery of a therapeutic transgene 
with dosage controlled pharmacologically. This type of system 
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would be useful in delivering therapeutic transgenes that 
might be toxic when expressed continuously or in excessive 
quantity or might have adverse consequences when expressed 
in an undesired location. 

 One potential application of a drug-inducible, cell-type-
specific CRE would be in the delivery of neurotrophic 
factors or antiapoptotic agents to the degenerating retina. 
Since apoptosis is the proximate cause of degeneration in 
many forms of blindness     [83,84] , its prevention should, in 
principle, slow disease progression. Likewise, expression of 
neurotrophic factors may help prolong the life of vulnerable 
populations of cells in the retina. Such therapies do not 
require that the therapeutic transgene be expressed in the 
affected cell population. Nevertheless, there is likely to be an 
optimal pattern of expression for any given therapeutic 
transgene, which must be determined on a case by case 
basis. Ciliary neurotrophic factor (CNTF) has been 
shown to slow retinal degeneration in a variety of animal 
models     [85-87] , however, there are some concerns about toxic 
effects of CNTF at high doses     [88,89] . In addition, the 
consequences of long-term CNTF expression in ‘off target’ 
tissues is currently unknown. The use of a drug-inducible, 
tissue-specific CRE to drive CNTF expression would not 
only permit clinicians to fine-tune the levels of expression 
within a relatively narrow therapeutic window but would 
also allow them to alter the dosage of the therapeutic 
agent over time as the degeneration progressed. 
Furthermore, the additional level of specificity conferred 
by tissue-specific expression would reduce the likelihood 
of side effects due to expression of the transgene outside 
of the target tissue. 

 Another type of ‘hybrid’ CRE that could have a range 
of useful clinical applications would be one that drives 
cell type-specific expression but only in response to local 
environmental conditions. A variety of diseases that affect 
photoreceptors, including diabetic retinopathy and age- 
related macular degeneration, are associated with neovasculari-
zation in the context of hypoxia     [90,91] . For the treatment of 
such diseases, it would be desirable to engineer a photo-
receptor-specific, hypoxia-inducible CRE that could be used 
to target antiangiogenic agents directly to the cells subjected 
to the hypoxic event. In this manner, it would be possible to 
restrict expression of the transgene to the cells that need it 
and to avoid promiscuous expression under conditions when 
it might be undesirable. Early efforts have demonstrated the 
possibility of achieving hypoxia-inducible expression in the 
retina via viral gene therapy     [92] . Furthermore, the feasibility 
of engineering a hypoxia-inducible and tissue-specific CRE 
has recently been demonstrated by Su and colleagues     [93] , 
who were able to achieve cardiac-specific, hypoxia-inducible 

transgene expression by engineering a chimeric CRE 
containing both a cardiac-specific CRE and binding sites 
for hypoxia-inducible factor. 

 Clearly, there are a number of therapeutic approaches 
that will necessitate fine-tuning of endogenous CREs 
and that will require the  de novo  engineering of synthetic 
cell type-specific CREs with special properties such as 
drug- or hypoxia-inducibility. How far are we from 
being able to ‘re-engineer’ endogenous CREs or create 
entirely synthetic CREs for therapeutic purposes? One 
prerequisite for precise fine-tuning of endogenous CREs 
is a better understanding of the ‘grammar’ rules that 
define the cell type-specificity and quantitative levels driven 
by a given CRE. In the case of photoreceptor-specific 
CREs, the presence of binding sites for Crx, Nrl and Nr2e3 
are important but there is currently little understanding 
of the roles of binding site affinity, intersite spacing 
and orientation of individual sites on the overall levels 
of transcriptional activity driven by a CRE. In addition, 
a variety of other TFs have been implicated in the control 
of photoreceptor gene expression (e.g., neurogenic differen-
tiation 1 ( Neurod1 ), retinoid X receptor gamma ( Rxrg ) and 
thyroid hormone receptor, beta  2  ( Thrb2 ))     [94-96]  but their 
role (if any) in the regulation of most photo receptor CREs 
is currently unknown. A more complete understanding of 
the  cis -regulatory rules governing the  activity of CREs is 
clearly needed in order to carry out rational engineering 
of CREs. Specifically, we need a  quantitative understanding 
of the effects on CRE activity of altering the affinity, 
spacing and orientation of key TF binding sites. In addition, 
we need to elucidate the manner in which the addition 
of novel binding sites (such as sites for hypoxia-inducible 
factor) to a cell-type-specific CRE will affect the overall 
activity of the  cis -element. The development of high-
throughput  in vivo  approaches to CRE analysis in mammals 
will greatly facilitate the engineering of novel CREs. 
As knowledge of the functional architecture of cell type-
specific CREs improves, it may someday be possible to 
rationally design synthetic CREs that drive any desired 
pattern or level of expression within photoreceptors or 
other retinal cell types     [73] . Such rationally designed CREs 
will permit clinicians to customize gene therapy vectors for 
individual patients depending on their particular mutation 
and stage of disease.           
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