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Introduction

The cornea represents an ideal tissue to be treated using molecular 
based therapeutics. It is a small transparent avascular surface, al-
lowing for local non-invasive delivery. The cornea is made up on 3 
main layers; starting from the anterior, the epithelium, stroma and 
endothelium, which are separated by 2 collagenous membranes; 
Bowman’s layer and Descemet’s membrane. Disorders that affect 
this tissue also generally result in a loss in visual acuity with clear 

physical symptoms. This allows for simpler detection of  disease 
resolution in animal models, while if  therapies progressed to clini-
cal trials patient visual acuity could easily be assessed as a measure 
of  therapeutic efficaciousness.

As the field of  molecular medicine evolves greater numbers of  
systems are being utilised to ellicit changes in gene expression in 
an attempt to resolve genetic or environmental disorders. Within 
this review we focus on 4 of  the more common forms of  gene 
therapy utilised to alter gene expression; siRNAs, TALENs, 
ZFNs and CRISPR/Cas9.

Short-interfering RNAs (siRNAs) are one method of  transiently 
down regulating the expression of  any target gene through the 
exploitation of  the RNA interference pathway, often referred to 
as gene silencing [1]. The bacterial Type II Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR)/Cas9 genome 
editing system is the latest method of  interrupting gene expres-
sion through cleavage of  target DNA. Its effectiveness at cleav-
ing genomic DNA in mammalian cells in vitro and in vivo [2, 3], 
the specificity that this system exhibits [4, 5] and the relative ease 
with which targeted systems can be constructed [6], make this 
method of  gene disruption a favourable technique. Transcription 
activator-like effector nucleases (TALENs) are artificial systems 
that can be designed and constructed relatively quickly to bind 
practically anywhere in the genome and cleave double stranded 
DNA, thus interrupting the expression of  any given target gene 
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[7]. Zinc finger nucleases (ZFNs) constitute a similar artificial sys-
tem of  genome editing. However the construction of  these sys-
tems is much more time consuming and costly, coupled with the 
higher probability of  off-target cleavage [8].

However, for any of  these therapeutic approaches to be a viable 
alternative to current treatments for corneal disorders, which 
include invasive corneal keratoplasty, effective delivery systems 
must be identified and utilised. Due to the location of  the cornea, 
physical delivery systems such as direct injection or topical appli-
cation are possibilities for the delivery of  gene therapies [9], while 
methods such as electroporation or delivery using viral vectors 
have previously been shown to be efficacious in delivering DNA 
constructs to the cornea in vivo [10, 11].

Within this review we discuss the potential corneal disorders 
that could be treated using molecular based approaches. We also 
discuss these therapeutic mechanisms in greater detail and their 
reported use for diseases affecting the ocular surface, while also 
investigating current delivery methods for these systems. Finally 
we discuss the potential of  molecular medicine to enter the clinic 
for the treatment of  corneal disorders while also elaborating on 

potential limitations of  these systems in their current form.
Corneal Disorders

Corneal disorders encompass a wide range of  varying conditions 
including corneal dystrophies, corneal injury and edema, corneal 
ectatic diseases. Corneal dystrophies constitute a group of  inher-
ited blinding conditions that affect the cornea. Corneal injuries 
include disorders that arise during the lifetime of  a patient due 
to external factors such as acid/alkali burns, corneal flash burns 
or scratches on the cornea. Corneal ectatic diseases are disorders, 
usually arising sporadically in individuals and include keratoconus, 
age-related macular degeneration and pellucid marginal degenera-
tion.

In the IC3D classification [12] 22 isolated corneal dystrophies 
were recognised, each with its own genetic causes and clinical out-
comes (Table 1). The majority of  these conditions are dominantly 
inherited, therefore individuals suffering from these conditions 
are heterozygous for the disease causing mutation [12]. These 
conditions are the most favourable to be treated in a personalised 
manner by molecular medicine. Techniques aiming to reduce the 
expression of  a disease-causing gene can be utilised to treat these 
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Table 1. Table of  corneal dystrophies and related genes.

TYPE NAME CATEGORY CAUSATIVE 
GENE

INHERITANCE 
PATTERN

Epithelial and subepithelial 
dystrophies 

Epithelial basement membrane dystrophy 1 TGFBI Limited familial cases

Epithelial recurrent erosion dystrophies-
Franceschetti, Smolandiensis and Dystro-

phia Helsinglandica

3 Unknown Autosomal dominant

Subepithelial mucinous corneal dystrophy 4 Unknown Autosomal dominant, 
speculated X-linked

Meesmann corneal dystrophy 1 KRT3/KRT12 Autosomal dominant
Lisch epithelial corneal dystrophy 2 Unknown X-linked dominant

Gelatinous drop-like corneal dystrophy 1 TACSTD2 Autosomal recessive
Epithelial–stromal TGFBI 

dystrophies
Reis–Bücklers corneal dystrophy 1 TGFBI Autosomal dominant

Thiel-Behnke corneal dystrophy 1 TGFBI Autosomal dominant
Lattice corneal dystrophy, type 1 & variants 

(III, IIIA, I/IIIA, IV)
1 TGFBI Autosomal dominant

Granular corneal dystrophy, type 1 1 TGFBI Autosomal dominant
Granular corneal dystrophy, type 2 1 TGFBI Autosomal dominant

Stromal dystrophies Macular corneal dystrophy 1 CHST6 Autosomal recessive
Schnyder corneal dystrophy 1 UBIAD1 Autosomal dominant

Congenital stromal corneal dystrophy 1 DCN Autosomal dominant
Fleck corneal dystrophy 1 PIKFYVE Autosomal dominant

Posterior amorphous corneal dystrophy 1 KERA/LUM/
DCN/EPYC

Autosomal dominant

Central cloudy dystrophy of  François 4 Unknown Limited familial cases
Pre-Descemet corneal dystrophy 1/4 Unknown Limited familial cases

Endothelial dystrophies Fuchs endothelial corneal dystrophy 1/2/3 COL8A2 Autosomal dominant
Posterior polymorphous corneal dystrophy 1/2 COL8A2/ZEB1 Autosomal dominant
Congenital hereditary endothelial dystrophy 1 SLC4A11 Autosomal recessive

X-linked endothelial corneal dystrophy 2 Unknown X-linked dominant
Table listing the corneal dystrophies recognised by the IC3D classification. Dystrophies are split based on the area of  the cornea where 
the phenotype is observed. Genes with mutations previously linked to the associated dystrophies are listed in addition to the reported 
inheritance pattern. The category of  each dystrophy is described in the IC3D classification: 1-well defined with a known genetic cause, 

2-well defined with a speculated genetic cause, 3-well defined with no known genetic cause and 4-suspected new corneal dystrophy 
though without clear evidence that it is distinct from other recorded dystrophies.
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disorders however, only when the gene itself  does not display any 
haploinsufficiency. In other words, when normal cellular func-
tion can prevail in the presence of  only one functional copy of  a 
gene, the mutated copy of  the gene can either be therapeutically 
silenced or its expression significantly reduced without inducing 
any detrimental effects.

This form of  therapy is particularly efficacious for the treatment 
of  dystrophies affecting the corneal epithelium. Due to the specu-
lated high turnover of  the human corneal epithelium, from data 
such as that observed in the rat corneal epithelium (approximately 
2 weeks) [13], clearance of  mutant disease-causing protein should 
occur relatively quickly, resulting in a clinically significant change 
in the patient’s phenotype. Alterations in the expression of  dis-
ease-causing protein and its clearance may be much slower in the 
case of  corneal stromal and endothelial dystrophies. Especially in 
the case of  Fuchs endothelial corneal dystrophy (FECD), a form 
of  corneal dystrophy resulting in endothelial cell death and the 
formation of  growths, from the Descement membrane, known 
as guttae [14]. Due to the presence of  these seemingly irreversible 
growths cessation of  mutant protein expression would simply halt 
the progression of  the condition, but would not remove the al-
ready present aggregates. For this reason, in some cases a corneal 
graft may first have to be performed before therapies employing 
molecular based approaches could be effective. A combination 
of  these 2 therapeutic approaches may be ideal for the treatment 
of  Lattice corneal dystrophy Type 1 (LCD1), a condition caused 
by missense mutations in TGFBI characterised by the formation 
of  amyloid fibrils in the corneal stroma. Current treatments for 
LCD1 include laser resurfacing keratectomy or surgical kerato-
plasty [15, 16]. However both these procedures have been shown 
to result in disease recurrence [15, 16], in some cases within a 
matter of  months, speculatively due to the induction of  mutant 
TGFBI expression in the wound healing process in response to 
corneal injury incurred during surgery [17, 18].

Corneal injuries and edema are another group of  conditions po-
tentially treatable by molecular medicine. Injuries generally result 
from environmental factors that include corneal burns or infec-
tions, while edema can arise from surgery, infection or genetic 
conditions such as FECD. Corneal injuries result in decreased 
visual acuity due to the presence of  scars or vessels in the oth-
erwise transparent avascular cornea [19]. Some of  the main is-
sues surrounding corneal injuries are neovascularisation and the 
formation of  scarring in response to injury. Therapies targeting 
the expression and activity of  vascular endothelial growth factor 
(VEGF) are currently being investigated for their effectiveness in 
reducing the onset of  neovascularisation due to corneal injury, 
and the formation of  scarring. Biopharmaceuticals including Bev-
acizumab and Ranibizumab, utilising antibody-based therapies to 
block the binding of  VEGF-A to its receptors, have proven ef-
ficacious after subconjunctival injection to the rabbit cornea [20], 
though side effects have been noted [19]. In addition, a limited 
number of  small molecule studies, targeting downstream path-
ways induced by VEGF, have demonstrated an ability to reduce 
corneal neovascularisation in vivo in mice [21]. In comparison cor-
neal edema can result in cloudy vision. If  it results from FECD, 
then a personalised medicine approach treating the underlying 
genetic cause could prove beneficial in resolving this issue. How-
ever, corneal edema resulting from surgery would be more dif-
ficult to treat using a molecular approach, as a target gene must 
be identified. Potential target genes that have previously been as-
sociated with corneal edema include N-cadherin [22], TSG-6 [23] 

and CD147 [24].
Finally corneal ectatic diseases, constitute the fourth form of  cor-
neal disorder. Developing molecular-based therapies for corneal 
ectatic diseases would be much more challenging, due largely to 
the significant lack of  known genetic determinants for these con-
ditions. Keratoconus, the most common corneal ectatic disease, is 
a progressive non-inflammatory corneal disorder resulting in the 
distortion of  the corneal surface. It presents as a cone like protru-
sion from the cornea and causes a severe loss in visual acuity [25]. 
A predisposition to keratoconus has recently been associated with 
missense mutations in the ZNF469 gene [26, 27], while a num-
ber of  potential candidate genes, including LOX [28], SOD1 [29], 
VSX1 [31] and DOCK9 [31], have recently been identified. How-
ever, the majority of  familial keratoconus cases have no known 
genetic cause [32-34] making up only 10% of  all keratoconus 
cases, with the remainder seemingly sporadic in nature, apparent-
ly arising from environmental factors [12, 32-34]. At present the 
only available treatments that limit the progression of  the disease 
are hard contact lenses [35], the Intacs corneal inserts or implants 
[36], and riboflavin/UV-A corneal collagen cross-linking (CXL), 
first described by Wollensak et al. [37]. CXL is a non-invasive 
treatment strategy using UV-B light to increase the strength of  
chemical bonds within the corneal stroma [38], halting the pro-
gression of  KC for over 6 years [39]. However reservations still 
persist over the long-term stabilisation of  the keratoconic cornea 
and misgivings exist regarding the use of  UV-A, a known DNA 
mutagen, directly on the cornea [40]. Exposure to UV light has 
been implicated in the onset of  a number of  ocular conditions 
such as pterygium and cataracts, and due to the mutagenic ef-
fects of  UV-A there is always a risk of  corneal tumour forma-
tion [41]. If  further investigations into the pathomechanism of  
keratoconus or genetic studies are successful in identifying any 
viable targets then a molecular medicine based approach to treat 
keratoconus, or other corneal ectatic diseases, could become a re-
alistic possibility.

Gene Therapy

Germ-line vs Somatic

Molecular based therapies can be utilised in one of  two ways (Fig-
ure 1). Genes can be altered in the gametes or fertilised egg (zy-
gote) prior to the development of  a blastocyst and implantation. 
These germ-line modifications greatly increase the probability of  
the genetic alteration to be present in every cell in the body. This 
method is used in the production of  some transgenic animals, 
where every cell in the body contains the exact same genetic se-
quence (Figure 1) [42-44]. Though germ-line editing is much more 
difficult with greater ethical restrictions [42, 44], a form of  germ-
line editing known as 3-person IVF has recently been approved 
in the UK [45-47]. This technique involves the replacement of  
mutated maternal mitochondrial DNA, which would lead to mito-
chondrial disease in the progeny, with mitochondrial DNA from 
a donor female egg. The nuclear DNA from the gametes remains 
unaltered, hence the term 3-person IVF [45-47].

An alternative method of  editing is designed to modify the DNA 
of  cells at a specific site or tissue, in fully formed organisms. This 
results in a small area of  cells containing a different genetic se-
quence from the majority of  cells within the body [48]. This is 
known as somatic modification (Figure 1). For treating human 
diseases locally, somatic editing of  the genome can be attained 
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through the use of  CRISPR/Cas9 [49], TALEN [49, 50] or ZFN 
[48] based methodologies. Although not having a direct impact 
on the DNA of  cells, siRNAs can be employed locally to alter the 
normal cellular expression profile.

siRNAs

One method to transiently modify the expression of  disease-
causing genes is through the utilisation of  siRNAs. These mol-
ecules are 22 nucleotide heterodimers introduced into the cellular 
cytoplasm (Figure 2). In addition, long double-stranded RNA 
molecules can be delivered to a cell and processed by the endo-
nuclease Dicer, which can cleave these into siRNAs similar to the 
way endogenously expressed pre-microRNAs are processed [51]. 
siRNAs can also be created by these siRNA duplexes are taken up 
by the endogenous RNA-induced silencing complex (RISC), with 
the strand with the least thermodynamically stable 5’ end (guide 
strand) being incorporated into this complex, while the remain-
ing strand (passenger strand) is degraded. This process activates 
the RISC, directing it to cleave single strand mRNA species be-
fore they are translated to protein. However, the activated RISC 
complex can only bind mRNA molecules that are complimentary 
to the siRNA incorporated into it. The activated RISC complex 
cleaves the bound mRNA between nucleotides at position 11 
and 12 from the 5’ end of  the siRNA by the AGO2 endonu-
clease. This cleaved mRNA molecule is then released from the 
RISC complex and undergoes further cleavage and degradation 
by endogenousexonucleases. This RNA interference system is an 
endogenous method of  regulating gene expression through the 
incorporation of  microRNAs. These are endogenously expressed 
RNA molecules complimentary to specific gene targets, which are 
used to regulate the expression of  these target genes. As stated 
above, this is a transient method of  gene silencing, with each ac-
tivated RISC complex only having the ability to cleave a limited 
number of  mRNA molecules before undergoing disassociation 
from the siRNA guide strand (Figure 2).

Due to the specificity of  this system, where total complementa-
rity of  the mRNA to the guide strand of  the siRNA is required 
for cleavage to occur, it has been possible to design siRNAs that 
distinguish between alleles differing by a single nucleotide and 
tailor this system to target dominant disease-causing missense 
mutations. For instance, this allele specificity has also been dem-
onstrated in a mouse model for a keratin related skin disorder 
[52, 53] and the effectiveness of  siRNA therapeutics to treat this 
condition was further confirmed in a human clinical trial [54]. 
We, alongside additional researchers, have demonstrated the ef-
ficacy of  this siRNA-mediated silencing to specifically target and 
potently reduce the expression of  corneal dystrophy causing mis-
sense mutation in vitro [55, 56], and have translated 2 of  these 
siRNA molecules into ex vivo disease models [57, 58]. In addition, 
a number of  other studies have demonstrated the effectiveness 
of  siRNA-mediated silencing to treat conditions in the cornea, 
including Herpes Simplex keratitis [59], corneal scarring [60, 61] 
and corneal neovascularisation [62, 63].

As previously stated this siRNA-mediated knockdown in gene 
expression is transient, lasting up to 1 week, and for it to be thera-
peutically viable the treatment would have to be administered on 
a regular basis. However, the cornea represents one tissue where 
this constraint does not restrict the use of  this therapeutic system, 
as topically delivery methods such as nanocarriers, can easily be 
administered up to several times daily if  required. In addition Kim 
et al., (2005) have shown that delivering a longer dsRNA that re-
quires processing by Dicer can have a sustained silencing effect up 
to 10 days after initial transfection [64]. These authors also dem-
onstrate that the longer 27 nucleotide complexes do not induce 
interferon or protein kinase R activity, as has been shown after the 
introduction of  much longer dsRNA [65]. Karpala et al., (2005) 
have previously discussed the possible antiviral immune respons-
es that may arise due to the introduction of  dsRNA into mam-
malian cells, such as the induction of  toll-like receptor 3 pathways 
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Figure 1. Germ-line & Somatic Gene Editing.

Gene editing can be performed either in the germ-line or somatically. Germ-line gene editing is performed in the fertilised egg or 
zygote, to repair a single nucleotide polymorphism (SNP) found in the DNA (left). Germ-line editing corrects the SNP in every cell in 
the adult body. This is in comparison to somatic editing. This is a method of  locally editing cells, in this case in the cornea, to repair a 
disease causing SNP (right). Using this method the SNP will only be corrected in cells within the treated tissue, while it will remain in 

the DNA of  all other cells of  the body.
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and Type 1 interferon [66]. These potential immune responses 
must always be considered when developing siRNA therapeutics.

Short-hairpin RNAs (shRNAs) are an additional method for alter-
ing the expression of  a target gene by hijacking the endogenous 
RISC pathway. shRNAs are expressed from transfected plasmids, 
and are initially processed by the ribonuclease Drosha, before 
further processing into an siRNA molecule by Dicer [67]. These 
siRNA molecules elicit their effects in the same way to synthe-
sised siRNAs, though as the expression construct requires stable 
integration into the host genome to express some concerns exist 
over the safety of  this system [67].

The transient nature of  this system is also beneficial due to its 
reversibility. If  a patient suffers an adverse reaction upon deliv-
ery of  the siRNA molecules the effect will simply diminish upon 
degradation of  the siRNA. If  current research into a more viable 
delivery system for siRNAs to the cornea is successful [59], this 
strategy could become a practical option for developing personal-
ised therapeutics for the treatment of  corneal disorders.

CRISPR/Cas9

The CRISPR/Cas9 mechanism of  bacterial adaptive immunity 
is a programmable RNA guided endonuclease, that maintains 
catalytic activity to induce double strand DNA breaks (DSBs) in 
mammalian cells [68]. These highly specific and efficient RNA-
guided DNA endonucleases may be of  therapeutic importance 
for a wide range of  diseases [49, 69, 70]. The CRISPR/Cas9 sys-
tem relies on a single catalytic protein, CRISPR associated protein 
9 (Cas9), an endonuclease that is guided to a specific DNA se-
quence by 2 RNA molecules; the tracrRNA and the crRNA [68]. 
Since the initial discovery of  this system a combined tracrRNA/
crRNA molecule, termed a short guide RNA molecule (sgRNA), 
has now been established through the utilisation of  an artificial 
loop between the 2 RNA components [71-73]. This has enabled 
scientists to generate gene editing tools specific for any genomic 
target much more rapidly than ever before. By altering the 20 nu-
cleotide sgRNA sequence to one complimentary to any particular 
target, a highly specific DNA editing mechanism can be synthe-
sized in a matter of  days [6]. One caveat of  this system is that 
the endonuclease requires a protospacer adjacent motif  (PAM), 
located 3’ of  the sgRNA binding site. This PAM sequence is an 

invariant part of  the DNA target but not present in the sgRNA 
[71, 72]. Its presence directly 3’ of  the sgRNA binding site acts 
as a trigger for Cas9 mediated cleavage of  the double-stranded 
genomic sequence, while its absence results in the inability of  
Cas9 to cleave the DNA target [74].

For treatment of  mutations within the resident corneal stem 
cells, CRISPR/Cas9 can be utilised in one of  two ways (Figure 
3). Cleavage of  the mutant allele can knockout the expression of  
the disease-causing gene by non-homologous end joining (NHEJ) 
and the disease phenotype could resolve, as long as the targeted 
gene does not display any haploinsufficiency, such as in KRT12 
and KRT3 [75]. The other possibility includes the use of  a re-
pair oligo completely complimentary to the region surrounding 
the mutation but including a corrected wild type sequence. This 
template oligo is then incorporated into the intracellular repair 
mechanism of  homology directed repair (HDR), where the DSB 
is repaired using this wild type sequence as a template. Although a 
lower efficiency is achieved using this method, somatic correction 
of  the disease causing mutation and expression of  both alleles is 
sustained [73] (Figure 3). For this system to be a viable therapeutic 
option for treating corneal dystrophy causing missense mutations, 
it must differentiate 2 alleles that differ by just a single nucleotide.
Recent studies have demonstrated this allele specificity both in 
vitro in induced pluripotent stem cells [5] and in vivo in trans-
genic rats [4]. Both studies explored the use of  CRISPR/Cas9 to 
knockout mutant gene function by inducing NHEJ before then 
studying the induction of  HDR when transfections also included 
single- stranded oligodeoxynucleotides (ssODN), which acted as 
a repair template.

To date two studies have investigated the use of  CRISPR/Cas9 to 
treat ocular disorders in vivo. Courtney et al., (2015) demonstrated 
the efficacy of  an allele specific system utilising a PAM arising due 
to the presence of  a disease causing mutation in KRT12 [76]. This 
SNP-derived PAM was exploited in vivo in the corneas of  mice 
heterozygous for a Meesmann corneal dystrophy causing KRT12 
mutation. This system was found to be both allele specific and 
potent by both in vitro assays and in vivo assessment. While Wu et 
al., (2013) investigated the use of  an allele specific sgRNA to treat 
cataracts in a mouse model heterozygous for a 1bp deletion in 
the Crygc gene. Authors effectively induced germ-line NHEJ and 
HDR in heterozygous zygotes, where both methods were shown 
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Figure 2. siRNA Mediated Gene Knockdown
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to halt the occurrence of  cataracts in adult mice, with this cor-
rection confirmed by standard Sanger sequencing [77]. Although 
somatic alteration of  disease causing mutant alleles is more thera-
peutically relevant to human disorders, the demonstration of  the 
efficacy of  this system is very encouraging for future clinical ex-
ploits utilising CRISPR/Cas9.

One recently published study by Nihongaki et al., (2015) explored 
the use of  a photoactivatable Cas9 complex, where cleavage could 
only occur in the presence of  blue light [78]. The aim of  this 
study was to increase the safety of  Cas9 mediated cleavage by 
making a locally inducible system, removing the possibility of  
Cas9 delivered systems inducing cleavage in non-targeted tissues. 
This system is especially pertinent to specific gene editing of  the 
ocular surface, as blue light can easily be administered locally to 
the cornea [78]. Short of  an efficient delivery system, the research 
discussed here validates the translation of  CRISPR/Cas9 based 
therapies into trials for the local treatment of  the human eye [77].

TALENs

TALENs are genome editing complexes made up of  TALE re-
peats and a fused FokI endonuclease. Each TALE repeat is made 
up of  34 amino acids that recognise a single nucleotide in the tar-
get genome [49]. Naturally occurring TALEs were initially utilised 
to target the genome of  plants, which led to the characterisation 
of  this system and the subsequent discovery of  TALE binding 
domains specific to each nucleotide [79, 80]. By fusing the FokI 
endonuclease to the C-terminal domain of  TALE repeats, this 
novel complex, termed TALEN, can be utilised to cleave DNA 
in a wide range of  in vitro or in vivo models. FokI activity is only 
achieved by heterodimerization with a second FokI, thus a pair 
of  TALENs is required to achieve cleavage of  the target DNA, 
increasing the specificity of  this gene editing system. These TAL-

ENs flank the region of  interest, a FokI heterodimer is formed 
and the DNA undergoes cleavage causing a DSB [49, 81]. In a 
similar manner to CRISPR/Cas9 mediated cleavage, NHEJ is 
usually induced and results in a genomic insertion or deletion, 
which can cause a frame shift. Again, in some instances HDR can 
occur, where a wild type oligo is transfected alongside the TAL-
ENs to act as a template for repair.

Although currently no studies employing TALEN based genome 
editing have been developed for corneal disorders, TALENs have 
been utilised in vivo to correct a common retinal gene mutation 
in mice by germ-line editing [82]. In this study fertilised oocytes 
were injected with mRNA encoding TALENs targeting the ho-
mozygous mutant allele of  the Crb1 gene along with a repair oli-
go. Under optimal conditions researchers achieved HDR in 27% 
of  live born mice [82]. This result is encouraging for the develop-
ment of  TALEN based gene therapies, though further optimisa-
tion to achieve greater HDR in vivo is required.

ZFNs

ZFNs are another method of  permanently editing the DNA of  
cells. ZFN systems are modular complexes consisting of  zinc 
finger motifs that recognise continuous DNA sequences 3 nu-
cleotides at a time, and a FokI endonuclease to cleave the bound 
DNA, similar to its utilisation in TALENs [83]. In a similar man-
ner to TALENs, due to the use of  FokI, a pair of  ZFNs must 
be delivered to achieve a DSB. However, there are a number of  
drawbacks to the use of  ZFNs in the development of  personal-
ised therapeutics. To date there are still a number of  nucleotide 
triplets which no zinc fingers have been discovered to recognise, 
thus limiting the therapeutic areas in which these complexes can 
be employed [49]. The process of  constructing ZFNs for a novel 
target is also a slow and costly process [84, 85], especially in the 

Figure 3. CRISPR/Cas9 Mediated Gene Editing.

To edit the genome using a CRISPR/Cas9 complex an sgRNA complimentary to the target gene is delivered. This sgRNA binding site 
must be followed by a Cas9 specific PAM sequence on the genomic DNA, in this case NGG for the Streptococcus pyogenes Cas9 analog. 

When targeting a mutant allele this sgRNA must contain the disease causing SNP. Once the sgRNA is bound to the genomic target the 
Cas9 endonuclease is recruited (green) and cleavage of  the DNA is induced. Non-homologous end joining (NHEJ) is induced, causing 

a deletion around the cleavage site, and the possible knockout of  gene expression (left). If  a repair oligo is delivered with the Cas9 
expression construct homology directed repair (HDR) could be induced, where the mutant allele is corrected to the wild type sequence 

(right).
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advent of  CRISPR/Cas9 genome editing systems that demon-
strate comparable editing efficiencies [86].

Two interesting studies investigating the use of  ZFNs to treat 
genetic diseases of  the eye endeavoured to design treatments for 
2 different mutations that cause retinitis pigmentosa (RP). One 
study by Greenwald et al., (2010) focused on a common RP caus-
ing mutation in the RHO gene [87] while Overlack et al., (2012) 
concentrated their efforts on a mutation in the USH1C gene that 
causes Usher syndrome [88]. Both studies demonstrated the ef-
fectiveness of  ZFNs to bind and cleave mutant alleles in in vitro 
genetic models of  the diseases while also investigating cytotoxic 
effects, of  which there were none. In addition both these studies 
investigated the induction of  HDR to repair the targeted muta-
tion when a wild type template was provided during transfections, 
which proved efficacious in both cases [87, 88]. Though these ini-
tial in vitro findings are promising some issues including the long 
term safety and effectiveness of  these systems still need to be 
investigated in vivo using animal models of  the diseases.

Delivery

Once an established method of  achieving a therapeutic response 
is evaluated in vitro the therapeutic system must be delivered to 
the cornea and evaluated in vivo. A number of  delivery methods 
have now been utilised to deliver therapeutic molecules to the 
ocular surface of  transgenic animal models including; viral vec-
tors, direct intrastromal injection, nanocarriers and electropora-
tion (Figure 4).

Viral vectors

Viral vectors have readily been used, to great effect, to deliver 
DNA expression plasmids to cells in vitro. However reservations 
over the safety of  some of  these delivery systems have restricted 
their use in vivo in combination with therapeutic systems.

One major drawback of  the use of  traditional lentiviral vectors 
is their innate ability to integrate into the host genome and rep-

licate. One study by Bemelmans et al., (2009) demonstrated, in 
pig corneas, the efficient transduction of  stromal keratocytes after 
injection of  a lentiviral GFP expressing vector, and subsequent 
culture of  the explants [89]. Although sustained GFP expression 
was observed up to 3 weeks after initial transduction, only the 
area directly around the injection site successfully expressed the 
transgene, while no GFP was found in remaining stromal kerato-
cytes. Parker et al., (2007) performed a similar experiment, suc-
cessfully targeting the corneal endothelium with a GFP express-
ing lentiviral vector [90]. A study aiming to decrease corneal graft 
failure in animal models performed by Parker et al., (2010) in-
vestigated the therapeutic potential of  overexpressing IL10 [91]. 
Interestingly, this study compared a lentiviral vector with an ad-
enoviral (AV) vector to overexpress IL10 in donor corneas ex vivo. 
Although this study identified that both vectors could efficiently 
transduce the cornea, the AV vector was found to induce 1000 
fold greater expression of  IL10 mRNA in comparison to the len-
tiviral vector. Of  note, the survival rate of  lentiviral transduced 
corneas grafted onto sheep, was extended up to an average of  7 
days, and a maximum of  28 days, compared to untreated corneas, 
demonstrating the potential capabilities of  virally delivered gene 
therapies to the cornea.

Adenoviruses and adeno-associated viral vectors (AAV) are seen 
as a safer method of  deliver, due to their inability to integrate into 
the host genome [92]. The use of  AAVs to deliver gene editing 
systems to tissues is gaining greater momentum as the efficacy 
and safety of  these vectors is better evaluated (Figure 4). One 
encouraging aspect of  this viral system is the production of  a 
replication deficient AAV, where 2 genomic regions essential for 
viral replication (E1 and E3) have been deleted [92, 93]. In addi-
tion, the infection of  humans by AAVs has never led to individu-
als exhibiting any symptoms or deleterious effects. These safety 
outcomes have led to the use of  this delivery method in a clinical 
trial for the treatment of  the retinal disorder Leber's congeni-
tal amaurosis (LCA) [94-96]. This clinical trial delivered a gene, 
RPE65, to patients with retinal cells lacking expression of  func-
tional RPE65. Initially tested in vivo in mouse [97, 98] and canine 
[99, 100] models of  LCA, delivery of  this therapeutic system by 

Figure 4. Ocular Delivery Methods For Gene Therapies.

Viral Vector
Direct intrastromal 

injection Nanocarrier Electroporation

Corneal 
keratocytes

Four common methods of  delivering gene therapies to the ocular surface are viral vectors, intrastromal injection, nanocarriers or 
electroporation. Viral vectors can be delivered to the cornea drop-wise with a high rate of  transduction. Direct injection of  therapeutic 
complexes to the stroma is a more invasive method with a lower rate of  gene delivery. Nanocarriers such as liposomes can be admin-
istered in eye drops to the cornea. Liposomes are constructed to have a negatively charged core containing the therapeutic molecule 

surrounded by positively charged lipid bilayers. Another method used in combination with a direct injection is electroporation, where 
positive and negative electrodes are placed on the cornea after direct injection of  the therapeutic molecules and an electric charge is 

passed through the tissue between the 2 electrodes. This greatly enhances the transfection efficiency compared to a standard intrastro-
mal injection.
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AAV was found to be effective. Long term follow up of  patients 
3 years removed from treatment yielded positive results with no 
safety concerns arising from its administration [101]. In addi-
tion to this research, a study by Mohan et al., (2011) investigated 
the modulation of  neovascularisation by the transduction of  the 
decorin gene to rabbit stromal keratocytes using an AAV vector 
[102]. The authors found that angiogenesis within the cornea was 
significantly reduced in decorin treated corneas up to 14 days af-
ter initial transduction. This research also found that mRNA of  
pro-angiogenic genes VEGF and MCP-1 was decreased, while the 
anti-angiogenic gene PEDF was increased, in the decorin deliv-
ered corneas when compared to untreated corneas [102]. These 
studies are encouraging for AAV delivery to the ocular surface 
and for the utilisation of  molecular medicine to correct blinding 
genetic disorders.

Though AAVs are a more desirable delivery method due to 
mounting evidence surrounding their safety, adenoviral vectors 
(AV) have previously demonstrated efficient delivery of  a GFP 
expressing construct to the corneal surface. Jessup et al., (2005) 
optimised the expression of  GFP in corneal endothelial cells, 
delivered by an adenoviral vector ex vivo, where expression was 
observed up to 28 days after initial transduction [93]. Interest-
ingly another study aimed at transducing only corneal keratocytes 
of  the stroma utilised a very similar technique [10]. However, in 
this instance researchers attempted to use a previously identified 
tissue-specific promoter for the corneal stroma, the keratocan 
promotor [103], to drive GFP expression. This study successfully 
transduced corneal cells, with GFP expression visualised only 
within the corneal stroma [10]. Saghizadeh et al., (2010) success-
fully expressed the c-met gene, delivered by an AV vector, ex vivo 
in human organ-cultured diabetic corneas [104]. The premise of  
this research was that diabetic corneas display a decrease in the 
hepatocyte growth factor (HGF) receptor, leading to a decreased 
wound healing efficiency, and that by increasing c-met expression 
in the corneas normal HGF signalling could be restored. This 
interaction of  HGF and c-met has previously been shown to be 
involved in wound healing [105, 106]. Overexpression of  AV de-
livered c-met in the diabetic corneas successfully resolved HGF 
signalling, while wound healing time was found to have decreased 
from 6 days to an average of  3 days, closely aligned with the 2.5 
days observed in healthy corneas. This research indicates the po-
tential of  adenovirus delivered gene therapy constructs to the cor-
nea while also demonstrating the realistic possibility of  expressing 
these therapeutic systems in a tissue specific manner.

Direct intrastomal injection

Direct injection of  therapeutic molecules, such as siRNAs or plas-
mids, is the simplest method of  delivery to the cornea, though is 
invasive and thus repeat treatments can be problematic (Figure 4). 
This method of  delivering siRNA molecules has been effective 
in administering and achieving a therapeutic response in a clini-
cal trial for an inherited skin disorder [54]. However due to the 
transient nature of  siRNA mediated knockdown, with a reduction 
in expression achieved up to 5 days after initial injections in vivo 
[107], repeated administration is required. This greatly diminishes 
the potential of  delivering siRNAs by direct injection to treat cor-
neal disorders.

However for therapies that alter the expression of  genes perma-
nently, thus requiring minimal repeat administration, delivery by 
direct injection to the corneal stroma is a possibility. Moore et al., 

(2002) and Stechschulte et al., (2001) have previously demonstrat-
ed the transient expression of  reporter constructs directly injected 
into the corneal stroma [9, 108]. Courtney et al., (2015) have also 
reproduced this in mice using a Cas9-GFP expressing construct 
injected into the corneal stroma [76]. This method of  delivery 
could be utilised for editing the DNA of  resident corneal stem 
cells through the utilisation of  ZFN, TALEN or CRISPR/Cas9 
systems. Through the optimisation of  this delivery technique the 
vast majority of  corneal stem cells could undergo genomic edit-
ing with a minimal number of  intrastromal injections. This would 
significantly increase the potential of  applying this technique to 
administer molecular based gene editing therapies to the cornea.

Nanocarriers

Drug delivery through the use of  nanocarriers is gaining mo-
mentum in the current research climate of  molecular medicine. 
In general nanocarriers are metal-based, lipid-based or polymer-
based, with each having their own toxicity profiles and physico-
chemical properties. Either drugs or DNA can easily be incorpo-
rated into these complexes, and administration methods including 
oral, nasal and intra-ocular have all proven effective [86, 87]. Small 
particles are constructed containing the siRNA molecule or gene 
editing expression plasmid and could perhaps be applied as an 
eye drop formulation to the cornea (Figure 4) [111]. This method 
was recently utilised by Bhela et al (2015), where amiR-155 inhibi-
tor was encased in nanoparticles and delivered in vivo to a mouse 
cornea infected with herpes simplex virus-1 [112]. This inhibitor 
reduced vascularisation and the progression of  stromal keratitis 
lesions in the mouse cornea. This study demonstrated the poten-
tial efficacy of  molecular therapies for treating corneal disorders, 
delivered by nanoparticles.

One of  the main polymers being investigated for its use in nano-
particle formulations is chitosan [113]. The efficacy of  chitosan-
formulated nanoparticles to deliver expression constructs and 
siRNAs has previously been confirmed in vitro, while toxicity did 
not appear to be an issue in these studies [111, 114]. Kean et el., 
(2010) previously discussed the toxicity issues of  chitosan/plas-
mid DNA nanoparticles, stating that toxicity issues can arise due 
to the charge interaction between DNA and chitosan, affecting 
cellular uptake and the microenvironment [115]. Chitosan is posi-
tively charged, explaining why it has been so effective at harbour-
ing DNA, as it can efficiently form electrostatic interactions with 
negatively charged nucleic acids [111].

However, lipid-based nanocarriers, or liposomes, appear to be 
a preferable therapeutic method of  nanoparticle delivery to the 
eye. Liposomes are made up of  cationic lipid bilayers surround-
ing a condensed anionic DNA core. One study by Khurana et al., 
(2013) found liposomes to be more efficient at delivering siRNA 
molecules in vitro, when compared to chitosan based nanocarriers 
[111]. Although there are currently no studies solely investigating 
the liposome mediated delivery of  nucleic acids to the cornea, 
a significant amount of  research has been performed delivering 
DNA to the retina [116, 117]. However, one study performed 
by Dai et al., (2013) utilised liposome complexes to deliver an 
immunosuppressant small molecule drug to rabbit corneas [118]. 
This study demonstrated the feasibility of  liposomes to deliver 
insoluble drugs to all corneal layers, while concurrently identifying 
that bile salts, either sodium taurocholate or sodium glycocholate, 
incorporated into these liposomes greatly increase the distribu-
tion of  drug release in vivo [118]. This research demonstrated that 
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molecules could be efficiently delivered to the cornea using li-
posomes, while additional studies have achieved effective delivery 
of  nucleic acids by liposomes to other layers of  the eye. These 
studies appear to identify no immediate adverse effects upon de-
livery of  liposomes to the eye.

Electroporation

One commonly employed method of  gene delivery to the cor-
nea is electroporation. Delivery by this method involves an initial 
injection of  the plasmid DNA or siRNA into the cornea. Elec-
trodes are then placed on the cornea and a current is passed be-
tween them, similarly to in vitro electroporation (Figure 4). This 
allows the DNA/siRNA to more readily enter the cells through 
the electro-permeabilization of  the cell membrane [119]. Initial 
studies aimed to target the corneal endothelium of  rats by first 
administering plasmid DNA into the anterior chamber by direct 
injection, followed by electroporation of  the cornea [120]. This 
method of  gene delivery to the corneal endothelium has since 
progressed with an optimised method recently being reported for 
delivery to the mouse corneal endothelium [119]. A further study 
aimed at achieving gene expression across multiple layers of  the 
cornea was successful in mice [11]. In combination with an in-
trastromal or subconjuctival injection electroporation was found 
to increase gene expression 1000 fold, compared to the use of  
injection alone. This same study also monitored expression of  
the inflammatory marker interleukin-6 and physically assessed the 
presence of  corneal trauma. No damage to the cornea or inflam-
mation was detected at the optimal field strength of  200V/cm 
[11].

This method of  delivery can be utilised for each of  the molecu-
lar systems previously stated: siRNAs, CRSIPR/Cas9, TALENs 
and ZFNs. A study performed by Hao et al., (2009) achieved ef-
fective delivery of  siRNA molecules to the corneal epithelium 
of  mice [121]. This study applied a solution containing the siR-
NAs topically to the mouse cornea before electroporation was 
performed. Although the efficacy of  the siRNA to reduce gene 
expression was not assessed in this study, potent delivery to the 
corneal epithelium was confirmed by utilisation of  a fluorescently 
labelled siRNA molecule. The physical appearance of  the cornea 
was examined post electroporation with no observable damage 
detected [121]. Although not delivered to the cornea, the efficacy 
of  CRISPR/Cas9 mediated gene editing after delivery by elec-
troporation has recently been assessed in mouse zygotes [122]. 
However in this instance the RNA for the CRISPR/Cas9 system 
was delivered to the cell, in place of  a DNA expression construct. 
This suppresses the ability of  the expression construct to inte-
grate and over produce Cas9, which can significantly reduce the 
potential for off-target effects [122]. The system effectively bound 
and cleaved the target genomic region after delivery by electropo-
ration. Electroporation appears to be a viable and safe method to 
deliver molecular systems to the cornea.

Potential

The small surface area of  the cornea and the accessibility of  the 
tissue for topical delivery lend itself  to the administration of  mo-
lecular medicine. Gene therapies that ellicit a transient suppres-
sion of  disease causing genes such as siRNAs, or more permanent 
alterations in the expression of  mutated genes by methods such as 
CRISPR/Cas9 are currently being developed for ocular disorders 
[57, 58, 77]. The potential exists for the suppression or correction 

of  any dominantly inherited mutation that leads to the progres-
sion of  any corneal dystrophy by CRISPR/Cas9 based therapeu-
tics. Previous efforts have demonstrated the potential to deliver 
expression plasmids to the cornea [93, 108] and these methods 
could be utilised in the delivery of  CRISPR/Cas9 expression con-
structs to locally edit the DNA of  resident corneal stem cells.

These constructs can be tailored to the exact disease causing mis-
sense mutation affecting each patient. The design, construction 
and evaluation of  these expression constructs now take a matter 
of  weeks. This form of  molecular medicine represents the very 
real possibility for the establishment of  personalised medicine for 
the treatment of  any heterozygous disease-causing mutations af-
fecting the cornea.

Limitations

As stated previously with respect to keratoconus, one main limita-
tion in the development of  molecular based personalised medi-
cines is the need for a predetermined genetic cause. For well char-
acterised conditions such as corneal dystrophies [12] personalised 
medicines are certainly a viable therapeutic option. However for 
more complicated conditions, such as corneal burns or corneal 
ectatic diseases, each individual case is resultant from a variety of  
environmental or genetic factors. Multifactorial disorders such as 
these are much more difficult to treat employing a personalised 
approach as the appropriate therapeutic target can be difficult to 
deduce.

Aside from this, one limitation that has dominated the field of  
gene therapy is the development of  an effective delivery mecha-
nism for the administration of  therapeutic molecules or plasmids. 
Although, as previously described, a great deal of  research has 
focussed on this issue a large number of  these methods are yet 
to enter clinical trials. However, the nature of  the cornea, being a 
small surface that can be treated topically, removes some of  the 
issues surrounding delivery. Although corneal delivery remains a 
limitation at present current research is encouraging in the devel-
opment of  gene therapies for corneal disorders.

Finally, a key limiting factor in the development of  molecular 
medicine is the potential for off-target effects. With each of  the 
techniques listed above, siRNAs, TALENs, ZFNs and CRISPR/
Cas9, having previously displayed non specific binding leading to 
off-target effects. However, as the therapeutic potentials of  these 
techniques are better evaluated off-target effects can be reduced. 
This is true of  CRISPR/Cas9 systems, as described previously, 
where inducible systems are being developed to try and restrict 
the directed cleavage of  genomic DNA to therapeutically targeted 
tissues.

Conclusions

Molecular medicine constitutes a promising alternative to current 
therapies for diseases affecting the cornea. Research is currently 
focused on developing potential therapies for corneal dystrophies 
arising from genetic factors and corneal neovascularisation usu-
ally resulting from environmental influences. As methods of  de-
livery undergo further investigation, and techniques assessing the 
specificity of  these gene editing approaches become more reli-
able, the speed at which molecular based therapies can be devel-
oped will increase to the level where personalised medicine may 
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become a reality.
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