
ABSTRACT 

Retinitis pigmentosa is a degenerative genetic 
disease affecting people of all ages. Among the 
three types of retinitis pigmentosa, the x-linked 
form is the most aggressive one. It is 
characterized by an early onset with night 
blindness during childhood and a slow 
progression through adulthood leading to 
blindness. The most common gene involved in 
x-linked retinitis pigmentosa is the RPGR gene in 
the form of the isotopes RPGR1-ORF15 and 
RPGR1-19, which show their mutations after exon 
15. The RPGR gene is involved with the PDE6 
protein that regulates calcium ion channels. The 
mutation causes an imbalance in calcium 
concentration within the cell which leads to DNA 
fragmentation and cell death. A new treatment 
undergoing human trials used an optimized 
version of the RPGR gene to treat patients with 
x-linked retinitis pigmentosa. Patients showed 
improvement by the first month and major 
progress by the sixth month. 

INTRODUCTION 

Retinitis pigmentosa (RP) is a genetic disease 
that affects photoreceptors in the retina. The 
disease is characterized by a progression of 
symptoms that can begin at different stages in 
life. The first symptom is night blindness, 
followed by a reduced visual field causing 
tunnel vision. The most aggressive form can end 
in complete blindness. Retinitis pigmentosa is 
caused by a large variety of genes and can be 
inherited in three ways: autosomal recessive 
alleles, autosomal dominant alleles or through 
an x-linked gene.1 X-linked retinitis pigmentosa 
is the most aggressive one of the three, 
beginning to show signs from the very first years 
of life; however, there is great variance on how 
fast degeneration occurs between cases.2 

 Retinitis pigmentosa is a disease that is 
mainly caused by the death of photoreceptors 
within the retina. Even though it affects millions 
of people, the pathways through which the 
photoreceptors die is not well understood. 
Previous research has shown apoptosis as the 
primary pathway for cell death, but new 
research has found alternative pathways. 
Understanding what causes photoreceptor 

degeneration in retinitis pigmentosa will allow 
for a better, cost effective, generalized 
treatment. This is due to the fact that gene 
therapy is complicated since it must be tailored 
to each patient because the disease is caused 
by more than 45 identified genes.1 

 This paper seeks to compile known 
information about the pathway through which 
photoreceptor cell death occurs as well as 
understand current treatment options and their 
effectiveness. The paper begins with a general 
discussion of x-linked retinitis pigmentosa and 
the genetic models commonly used to study the 
disease. It is followed by exploring the gene 
mutations associated with this type of retinitis 
pigmentosa and the proposed cell death 
pathways that result from inactivity of the 
proteins coded by mutated genes. The paper 
ends with a discussion of potential treatments 
that are being developed, however, there is no 
current treatment for this disease and patients 
just live with progressive blindness.  

X-LINKED RETINITIS PIGMENTOSA 

X-linked retinitis pigmentosa (XLRP) is the least 
common of the three types of retinitis 
pigmentosa. However, it is widely studied 
because of its fast-paced progression and 
eventual progression towards complete 
blindness. XLRP is caused by many known and 
unknown genes on the X chromosome. XLRP 
causes irreversible deterioration of 
photoreceptors, primarily of rods followed by a 
loss of cones.3,4 Therefore, during the early 
stages of the disease, the main symptoms are 
night blindness, as rods are essential for dark 
adaptation, and tunnel vision, since the outer 
edges of the retina have a higher concentration 
of rods. This disorder can be nonsyndromic, 
occurring on its own, or syndromic where it is 
associated with other neurological disorders, 
commonly deafness.1 

 About 70% of all XLRP cases occur with 
mutations of the RPGR gene.1 Genetic models 
used to study XLRP are most used in mice. One 
of the examples are mice showing a mutation in 
exon 7 of the homologous gene for human 
RPGR; this is known as the rd1 model.6 In this 
model, the mouse experience rod 
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photoreceptor degeneration starting at post-
natal day 10, peaking at days 12-14, and finalized 
by day 21; cone photoreceptor degeneration is 
unaffected by this mutation but is observed at 
least six months after their birth.6 Another model 
with a mutation in exon 13 of the same gene, 
known as the rd10 model, shows primary cone 
photoreceptor cell death instead of rods where 
degeneration begins at post-natal day 16, peaks 
at day 20-25, and is finalized by day 30.6 Both 
models are great for understanding the effect of 
different mutations of the RPGR gene and they 
show that, regardless of where the mutation is 
located on the gene, the progression of the 
disease is very similar.  

 When compared to human cases, the 
models show major similarities, making them 
crucial for studying XLRP. A different model 
shows mice with a mutation in the gene coding 
for peripherin; this is the rd2 model for RP. This 
model photoreceptor cell death starts after at 
least two weeks from birth, resulting a much 
slower onset when compared to the rd1 and rd2 
mice.6 However, peripherin is not the protein 
affected by the RPGR gene observed in humans. 

RPGR Mutation 

As previously mentioned, XLRP is mainly caused 
by mutations in exon 15 of the RPGR (retinitis 
pigmentosa GTPase regulator) gene,5 the most 
common isoforms being RPGR1-ORF15 and 
RPGR1-19. As shown in Fig. 1, the RPGR1-ORF15 has 
15 exons and codes for 1,152 amino acids; while 
the RPGR1-19 has 19 exons coding for 815 amino 
acids.5 About 60% of mutations in this gene 
occur in exon 14/15, in the isoforms mentioned 
previously exons 1-13 are completely identical.4  

 The RPGR gene has been found to be 
involved with microtubule distribution and 

transport regulation of calcium 
in the cilia of photoreceptor 
cells.4 The RPGR gene codes for 
the PDE6 protein which 
regulates cyclic guanosine 
monophosphate (cGMP), the 
mutations present in XLRP 
cause increased intracellular 
levels of cGMP which affects 
calcium ion channel regulation.6 
This reduces the 
phototransduction process.6 

CELL DEATH PATHWAY 

The RPGR gene codes for the 
PDE6 protein in humans, an 
enzyme involved in the 

hydrolysis of cGMP in photoreceptors.6 The 
PDE6 mutation induces a downregulation of 
cGMP levels within the cell, therefore, cGMP 
gated calcium ion channels open in the plasma 
membrane.1,6 Such high levels of cGMP and 
calcium within the cell alters the physiology in a 
way that prevents function completely.8 This 
process is best observed in the rd1 mouse 
genetic model for XLRP.8  

 The proposed pathway for cell death 
caused by high levels for cGMP is the following. 
Fig. 2 shows rhodopsin (RHO) being activated by 
a photon stimulating the retina.6 Active 
rhodopsin binds to a G-protein (G-GDP) in the 
cell forming the RHO-G-GDP complex which 
phosphorylates GDP to form active GTP.9 GTP 
binds to the PDE6 protein causing it to become 
active.8 As discussed previously, this enzyme is 
the one affected by the mutations in the RPGR 
gene. The active PDE6-G-GTP (denoted as E*) 
complex hydrolyses cGMP to form active GMP; 
the reaction can be observed in the Michaelis-
Menton model for kinetics portrayed in equation 
1.9 As shown in Fig. 2, when cGMP is converted 
to GMP cGMP-gated calcium channels close. 
This causes the cell to have a hyperpolarized 
membrane potential decreasing the strength of 
propagating graded potentials, therefore, 
voltage gated calcium channels at the end of 
the photoreceptor remain closed.11 This causes a 
small amount of glutamate to be released which 
excites the bipolar neurons attached to the 
photoreceptors.11 However, the PED6 protein 
has a mutation that prevents the hydrolysis of 
cGMP and the reaction in equation 1 never 
happens. The cGMP gated calcium channels 
remain open and the photoreceptor becomes 
extremely polarized. Therefore, the bipolar 
neurons are not depolarized and the action 
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Fig. 1:7 Shows the two isotopes of the RPGR gene caused by alternative splicing. The RPGR1-19 isotope includes the 
same conformation as the normal gene in exons 1-13 and 16-19 and the variant occurs in exon 14/15. It encodes for 
815 amino acids. The RPGR1-ORF15 has the normal exons on 1-1 but includes a mutated glutamic acid rich region on 



potential can’t occur. Since the rod physiology is 
altered in a way that impedes function, XLRP 
causes night blindness from a very young age. 

Fig. 2:10 This figure shows the phototransduction cascade as it occurs in a healthy 
eye. A photon stimulates the retina activating RHO which phosphorylates GDP to GTP. 
GTP activates the PDE6 protein; this enzyme hydrolyses cGMP to GMP. GMP unbinds 
from cGMP gated ion channels which prevents the influx of calcium ions. Low levels 
of calcium ultimately cause photoreception. E* + cGMP ↔ E-cGMP → E* + GMP.      (1)9 

Furthermore, as shown in Fig. 3, the increased 
levels of calcium in the cell activates cAMP. 
cAMP causes the downregulation of the cAMP-
response element binding (CREB) protein 
activity by increasing the amount of active CREB 
kinases.6 It was observed in the rd1 model for 
XLRP that increased kinase activity reduces 
CREB activity instead of increasing it, which 
causes the downregulation.6 Fig. 3 also shows 
that the decrease in CREB activity then causes a 
decrease in calpastatin transcription; therefore, 
calpain kinases are no longer inhibited.6 This 
strong increase in calpain activity raises levels of 
reactive oxygen species (ROS) which prevents 
oxidoreductase activity impeding DNA repair 
activity.6 Since oxidoreductase proteins are 
unable to repair the damage, specific enzymes 
like poly-ADP-ribose polymerase (PARP) begin 
consuming ATP to repair DNA damage.6 
However, extreme activity of the PARP enzyme 
leads to energy depletion occurs.6 After the 
energy has depleted, PARPs are no longer able 
to fix damaged DNA. When that is combined 
with high calpain activity, apoptosis inducing 
factor (AIF) nuclear translocation occurs; 
ultimately, DNA fragmentation occurs within the 
cell and finally the photoreceptors die.6  

This pathway is not well understood, and more 
research is required to confirm it. It is known that 
a massive calcium influx causes the death of the 
photoreceptor through DNA fragmentation.1 
However, all the pathways that are triggered by 
this influx are hard to understand as there are 

many processes within photoreceptors that are 
regulated by calcium levels.  

Fig. 3:6 This figure shows the multiple effects that increased calcium levels have in 
photoreceptors. Calcium activates cAMP, the molecule that regulates CREB activity. 
Decreased CREB activity causes a rise in CREB kinases which inhibits calpastatin 
transcription and the calpain concentration increases. High calpain levels increase 
the amount of reactive oxygen species within the cell and PARP begins to use energy 
to fix damaged DNA. High PARP activity causes energy depletion and the DNA 
remain damaged as it can’t be repaired. Calpain activity and the inability to repair the 
DNA causes apoptosis inducing factor translocation which ultimately results in DNA 
fragmentation and cell death.  

Fig. 4 shows a simplified explanation of what is 
being discussed. It shows the photon activating 
the retina but the mutations in PDE6 prevent 
normal physiology. This causes an increased 
intracellular level of cGMP which increases the 
calcium influx, ultimately leading to DNA 
fragmentation and cell death. 

TREATMENTS 

New research seeking to find a treatment for 
XLRP is published regularly. As it was mentioned 
before, gene therapy is unlikely to be used since 
it is expensive and tedious because it must be 
tailored to each specific patient. Furthermore, 
some of the genes that cause RP have not yet 
been identified, and so it is not a viable 
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treatment for many patients. A recent study 
specified the results of a human trial in which 
patients were injected with an optimized version 
of the RPGR gene, adeno-associated viral vector 
encoding codon-optimized human RPGR 
(AAV8.coRPGR).12  

Fig. 4:8 This figure shows a simplified version of how damaged PED6 proteins cause 
an increase in cGMP levels. This in turn gives rise to a series of events that ultimately 
result in DNA damage and fragmentation which cause the apoptotic death of the 
cell. A TUNEL assay was conducted in order to quantify cGMP and calcium levels in 
rod photoreceptors in a rd1 RP model. 

Fig. 5 shows the results after six months of 
treatment with AAV8.coRPGR. It shows that by 
the first month there is already an increase in the 
visual field, which they found true for all 18 
patients that participated in the study.12 Fig. 5 
shows the images of three of those 18 patients, 
who had a six-month follow-up.12 These patients 
showed major improvements in visual field by 
the end of the six months and strong increase in 
retinal sensitivity.12 This research shows that 
there is a possibility for a generalized treatment 
for people suffering from XLRP. However, there 
is not enough information of how much visual 
recovery the treatment can bring to RP patients. 

Fig. 5:12 This figure shows the progression of three patients treated with 
AAV8.coRPGR. On the left, the figure shows the retina after it has undergone 
treatment. This is compared to the images on the right side which show untreated 
retinas. In the figure we can observe the retinal sensitivity (dB) and the visual fields 
shown by the heat maps. We observe an increase in sensitivity and larger visual fields 
for the treated eyes over a period of 6 months and no change for the untreated eyes. 

CONCLUSIONS 

Retinitis pigmentosa is a degenerative genetic 
disease that affects rod and cone 
photoreceptors in the retina. The disease can be 
inherited in three ways: autosomal-recessive, 
autosomal-dominant, and x-linked. X-Linked 
retinitis pigmentosa is widely studied because it 
is the most aggressive one of the three. 
Symptoms like night blindness begin at a very 
young age and progress quickly through 
adulthood until complete blindness is reached. 
The most common mutated gene in x-linked 
retinitis pigmentosa is RPGR which affects the 
PDE6 enzyme, this mutation is best observed 
using the rd1 model. Ultimately, it was observed 
that the death of photoreceptors is caused by 
inactivity of the mutated PDE6 enzyme. This 
causes cGMP and calcium levels to rise within 
the cell ultimately impeding the repair of 
damaged DNA, leading to fragmentation and 
finally death of the photoreceptor. Finally, a 
promising new treatment for x-linked retinitis 
pigmentosa was explored, where an optimized 
version of the RPGR gene was given to 18 
patients via injection. All patients showed 
improvements by month one, and three of them 
showed major improvements by the sixth month 
of treatment. ❖ 
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