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Abstract
Retinitis pigmentosa is a heterogeneous eye 
disease group with a relatively high prevalence 
and a frequent onset at the middle age. Clinical 
observation of the wide spectrum of this 
pathology has been efficient, such as their genetic 
analysis, and a large catalogue of implicated loci 
has emerged. In addition to locus and allelic 
heterogeneity, along with allelic disorders, the 
complexity of retinitis pigmentosa is related 
to the actual lack of knowledge on all possible 
causative genes and their function. Such scenario 
implies that retinitis pigmentosa pathogenesis 
is not well understood, thus the research of new 
involved biochemical pathways is vital. In this 
review, we consider the architecture of genetic 
aspects that influence retinal degeneration, 
analyzing main biochemical pathways (such 
as inflammation, circadian rhythms, fatty acid 
metabolism, proteostasis, vesicular trafficking, 
phototransduction, RNA processing, extracellular 
matrix remodeling, cellular cycle regulation, etc.) 
implicated in photoreceptor degeneration via 
RPE impairments.
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Introduction
Retinitis pigmentosa (RP) represents a wide group 
of chronic and hereditary disorders affecting the 
retina, which constitute an important source 
of disability. The cytological targets of these 
disorders usually regard photoreceptors (PRs) 
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and retinal pigment epithelium (RPE), although 
other retinal cytotypes are not excluded. In 
detail, RPE provides many vital functions for 
photoreceptor cells, such as involvement in visual 
cycle [1], metabolite transport and photoreceptor 
excitability [2], phagocytosis of photoreceptor 
outer segments (POSs) [3], secretion of growth 
factors [4], and oxidative stress protection [5]. 
The inherited and multifactorial forms of RP are 
very heterogeneous, but they share a key feature 
that accounts for most of the visual disability 
— the loss or impairment of PRs as a primary 
or secondary event [6]. Clinical observation 
of the wide spectrum of PR defects has been 
efficient, such as their genetic analysis, and a 
large catalogue of implicated loci has emerged. 
In addition to locus and allelic heterogeneity, 
along with allelic disorders [7], the complexity of 
RP is due to the actual lack of knowledge on all 
possible causative genes and their function. In 
this paper, we consider the architecture of genetic 
aspects that influence retinal degeneration, 
analyzing main biochemical pathways implicated 
in photoreceptor degeneration via RPE 
impairments.
 
Retinal architecture  
The specific organization of the human retina is 
finely adapted to capture and processing visual 
signals, but such structure also makes it uniquely 
vulnerable to impairment. Retina is made of 
an outer cell monolayer, the retinal pigment 
epithelium (RPE), and of an inner neural retina, 
consisting of a trilaminar network of different 
neuronal types with their connections. The outer 
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layer of neural retina presents photoreceptors 
with light – sensitivity ability, rods and cones, 
whose apical outer segments are densely packed 
with membranes holding the visual pigment 
opsin, covalently bound to the light-sensitive 
chromophore 11-cis retinal. The inner nuclear and 
ganglion cells process the light signals produced 
by PRs and transmit them through the optic 
nerve to the brain. In humans, the central portion 
of the retina is called “macula”, and is specialized 
for high acuity vision. At the center of the macula 
is the fovea, which only contains cones. There is 
a close interdependence among RPE and PRs, so 
dysfunction in any of such components can cause 
secondary dysfunction in the others.

Pathways to photoreceptor apoptosis 
Genes involved in PR degeneration affect almost 
all aspects of cellular physiology. Mutations 
impairing PR-unique functions, such as visual 
cycle or phototransduction, represent the 
most numerous ones, followed by variants 
affecting more general functions, such as lipid 
metabolism, protein folding or extracellular 
matrix. Interestingly, the highest number of 
disease-causing genes is involved in PR ciliary 
function. However, the final integration pathway 
is represented by PR apoptosis, that leads 
to retinitis pigmentosa onset. Now the most 
analyzed pathways associated to RP will be 
discussed.

Inflammation. Probably, an initial aggressive 
response by preformed cellular mediators, like 
histamine and lysosomal enzymes, is followed 
by a slow activation of inactive mediators of the 
fluid phase (e. g. complement and kinin system). 
In RPE of several RP patients, inflammation could 
involve the innate immunity with complement 
system and the inflammasome [8]. This could be 
a protective response in early RP; however, the 
recruitment of macrophages that accumulate 
in Bruch's membrane, potentially increases 
inflammasome activity, causing tissue damaging 
[9]. Moreover, it was recently showed that altered 
autophagy or mitophagy in RPE cells led to 
recruitment of macrophages with consequent 
inflammasome activation, promoting RPE and 
photoreceptor degeneration [10].

Mitochondrion. The outer retina presents 
a high metabolic demand, associated with 
a huge number of mitochondria in the RPE 

and photoreceptors that ensure a high ATP 
production required for cell activities and survival 
[11]. The high metabolic rate of retina cells is an 
intrinsic challenge for oxidative stress, because 
reactive oxygen species (ROS) represent an 
important product of mitochondrial metabolism 
[12]. Moreover, mutations in mtDNA could lead to 
retinal degeneration [13]. Probably, an increase 
of p53 located to, or near, the outer membrane 
where it interacts with proteins of the Bcl-2 family 
to promote mitochondrial outer membrane 
permeabilization (MOMP), triggering the release 
of proapoptotic factors from the intermembrane 
space.
 
RNA Processing. Alterations in pre – mRNA splicing 
can induce a cytotype – specific defect, especially 
in tissue like retina, in which there is a high 
number of mature mRNA derived from alternative 
splicing [14]. Consequently, vulnerability of 
retinal cells to splicing factor impairments might 
result from an unsatisfied requirement for the 
production of sufficient amounts of needed 
retinal mRNAs. Moreover, additional mechanism 
by which damaged U4/U6.U5 triple small nuclear 
ribonucleoprotein (tri – snRNP) complex could 
influence the fate of the mRNAs produced is the 
deposition of the exon junction complex on the 
spliced mRNA [15]. RNA maturation, especially 3’ 
polyadenylation and 5’ capping of pre – mRNA, 
probably represents one of the first and the 
most sensible step of genetic information flow. 
Thus, enzymes involved in maturation process 
could be immediately altered by a serious stress 
like oxLDL presence; this scenario leads cells to 
death, that means that only survived ones are 
able to continue the genetic flow, with a reduced 
number of post – transcriptional enzyme which 
could still be the target of induced stress.

Circadian Rhythms.  The neural retina and the 
underlying RPE are structurally and functionally 
tightly linked.  This relationship is essential for 
vision, while the diurnal and circadian rhythmicity 
of the RPE is needed for photoreceptor support 
and retinal function [16]. Main task of the adjacent 
RPE is to phagocytize shed photoreceptors 
outer segments (POSs) and to digest or recycle 
their components [17]. A dysregulation of this 
processes, synchronized under circadian control 
and triggered by the dark/light periods of the 
daily rhythm [18], is sufficient to induce rapid 
photoreceptor degeneration by disk shedding 
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[19]. Moreover, alterations such as impaired 
digestion or delayed termination of shedding 
in the RPE, can determine the accumulation 
of lipofuscin, leading to cell death and to 
the development or progression of RP [20]. 
Additionally, melatonin and dopamine, two 
regulatory signals synthesized and produced 
under circadian control by photoreceptors [21], 
seems to be involved in the control of circadian 
POS shedding and RPE phagocytosis.
 
Epigenetic. Exposure to oxidative agents 
induces epigenetics modifications, especially 
DNA methylation, triggered by the hypoxia 
condition [22]. Selective inhibition of DNA 
methyltransferases (DNMTs) in rd1 organotypic 
retinal explants resulted in a substantial reduction 
of photoreceptor cell death; at the same time, 
binding sites of several important transcription 
factors for genes involved in retinal development 
were hypermethylated in the mutant model due 
to up-regulation of other DNMTs. Moreover, 
demethylation of Ten-eleven translocation (TET) 
enzymes promoters associated with the Hypoxia 
Inducible Factors 1 and 2 (HIF-1, -2) is involved 
in specific DNA hypomethylation in chemical 
hypoxia of RPE cells [23]. Furthermore, recent 
data have revealed epigenetic derangements 
as a potent biologic switch for chronic 
inflammation and cell survival which are relevant 
therapeutic targets for treatment of many retinal 
degenerations [24].
 
Fatty acids metabolism. Fatty acids modulate 
cell loss observed in RP and other degenerative 
eye diseases. n–6 polyunsaturated fatty acids 
(PUFAs) cause deleterious consequences, 
while n–3 PUFAs result in beneficial effects on 
the retina [25]. Specifically, docosahexaenoic 
acid (DHA) is known to be effective in rescuing 
photoreceptor cells from damage [26]. Increased 
dietary intake of long – chain polyunsaturated 
fatty acids (LC–PUFAs), localized in retinal rod 
outer segment, prolongs photoreceptor cell life 
in a transgenic model of RP rats [27]. Initially, 
induced oxidative stress could determine the 
peroxidation of the LC–PUFAs, such as the 
exquisitely sensitive DHA. Afterwards, retinal 
biosynthesis of lipofuscin and its accumulation 
in the RPE cells is consequence of both visual 
processes taking place in photoreceptor – RPE 
functional complex and metabolic insufficiency 
of RPE lysosomal compartment.

Cytoskeleton and Trafficking. Various genes 
are known to be involved into retinal vesicular 
trafficking and cytoskeleton rearrangement [28]. 
Retinitis Pigmentosa GTPase Regulator (RPGR) 
mutations lead to an impaired cilia formation 
and to dysregulation of actin stress filaments 
that, in the retina, could compromise the nascent 
photoreceptor disc development [29]. Defects in 
Family With Sequence Similarity 161 Member A 
(FAM161A), a member of the recently recognized 
Golgi – centrosomal interactome which probably 
binds to and stabilizes microtubules, and that is 
localized at the connecting cilium and ciliary basal 
body of human photoreceptors, cause RP [30]. 
The Retinitis Pigmentosa 2 (RP2) regulation of 
Arl3 is important for maintaining Golgi cohesion, 
facilitating the transport and docking of vesicles 
and thereby carrying proteins to the base of the 
photoreceptor connecting cilium for transport 
to the outer segment [31]. RP1 encodes a 
photoreceptor – specific, microtubule associated 
ciliary protein, localized to the axoneme of outer 
segments (OS) and connecting cilia in rods. It 
plays a role in affecting photosensitivity and OS 
morphogenesis of rods [32].
  
Proteostasis. Misfolding of several proteins 
involved into retinal survival and vision process, 
like rhodopsin, can result in disruptions of 
cellular protein homeostasis (Proteostasis) 
[33]. Probably the interaction between several 
chaperones could be altered by oxidant agents, 
due to activation/deactivation switches that 
induce certain chaperones – encoding genes, 
like C1GALT1 Specific Chaperone 1 (C1GALT1C1) 
[34] and Ubiquitin Conjugating Enzyme E2 
T (UBE2T) [35], or co – chaperones, like SGT1 
Homolog, MIS12 Kinetochore Complex Assembly 
Cochaperone (SUGT1) [36],  and repress other 
ones, like Apolipoprotein E (APOE) [37].
 
Signal transduction. Most inherited forms of 
blindness are caused by mutations that lead 
to photoreceptors death, but little is known 
of second – and third – order retinal neurons 
involvement. Expression of the light – gated 
excitatory mammalian ion channel light – gated 
ionotropic glutamate receptor (LiGluR) in retinal 
ganglion cells (RGCs) of the retina degeneration 
(rd1) mouse model of blindness was previously 
shown to restore some visual functions when 
stimulated by UV light [38]. Small guanosine 
triphosphate (GTPase) ADP – rybosilation factors 



(Arfs) regulate membrane traffic and actin 
reorganization under the control of GTPase – 
activating proteins (GAPs) [39]. The constitutive 
isoform of RPGR, which is prenylated, requires 
prenylation for its ciliary localization. Ablation 
of phosphodiesterase 6 (PDE6D, for which RPGR 
acts as a scaffold protein to recruit cargo – loaded 
PDE6D to primary cilia) blocks ciliary targeting or 
RPGR [40].
 
Phototransduction. Mutations in particular genes 
encoding proteins involved in phototransduction 
cascades or visual cycle could impair rods 
functions, but ultimately affect both types of 
photoreceptors [41]. The beta – V spectrins 
homers couple some USH1 proteins, opsin and 
other phototransduction proteins to both actin 
– and microtubule – based motors, thereby 
contributing to their transport towards the 
photoreceptor outer disks [42]. Mutations in 
the membrane frizzled – related protein (MFRP/
Mftp) gene, specifically expressed in the RPE and 
ciliary body, determine a sensible reduction in 
expression of genes involved in visual cycle and 
phototransduction [43].
 
Neuron. RPE cells play a pivotal role in organizing 
the spatial structure of the retina, probably with 
a constant set of involved genes. A differentially 
regulated gene network in mouse models 
of RP could be fundamental to discover the 
mechanisms involved in neurite outgrowth and 
synaptic plasticity in altered retina [44]. Rods and 
cones in the RP maculas did not form neurites, but 
the axons of peripheral cones were abnormally 
elongated and branched [45]. Blocking gamma-
aminobutyric acid c (GABAc) receptors increases 
light responsiveness of retinal ganglion cells in a 
rat model of RP [46].
 
Splicing. Retina cells express unusually high 
amounts of spliceosome components, which 
indicates a high demand for splicing [47]. 
Moreover, inefficient splicing and alterations in 
alternative splicing have been reported in cell 
culture experiments, animal models and blood 
cells derived from RP patients [48].
 
Endoplasmic Reticulum Stress and Unfolded 
Protein Response. Endoplasmic reticulum 
(ER) stress and Unfolded Protein Response 
(UPR) signaling have been implicated in the 
etiopathogenesis of heritable forms of retinitis 

pigmentosa [49]. UPR determines an initial 
inhibition of translation to prevent further 
accumulation of misfolded proteins, and an up 
– regulation of chaperones genes to improve 
protein folding, followed by activation of the ER 
– associated degradation system, which retro 
– translocates misfolded proteins from the ER 
for proteasome – dependent degradation. If ER 
stress persists, UPR signaling “switches” to trigger 
cell death by activating the intrinsic apoptosis 
pathway [50]. Particularly, Activating Transcription 
Factor 6 (ATF6), Bardet-Biedl Syndrome 10 
(BBS10) and Top 1 Binding Arginine/Serine Rich 
Protein (TOPORS1) encode for proteins involved 
in response to misfolded proteins [51-55]. The 
UPR response in RPE cells is also activated by 
accumulation of mutant EGF Containing Fibulin 
Like Extracellular Matrix Protein 1 (EFEMP1), 
which should involve wolframin, an ER protein 
encoded by Wolframin ER Transmembrane 
Glycoprotein (WFS1) gene [56]. A new intriguing 
gene, involved in poly – ubiquitinating target 
proteins for proteasome – mediated degradation, 
is Kelch Like Family Member 7 (KLHL7). Mutations 
in KLHL7 have recently been reported as causative 
of an autosomal – dominant form of retinitis 
pigmentosa (RP42), preferentially affecting the 
rod photoreceptors [57]. Patients with mutations 
in KLHL7 showed thinner – than – normal RPE [58]. 

Specific transcription factor regulative network. 
Two transcription factors encoding genes linked 
to RP development, Zinc Finger Protein 513 
(ZNF513) and Nuclear Receptor Subfamily 2 Group 
F Member 1 (NR2F1), resulted down – regulated 
in our experiment. Znf513 regulates expression 
of genes involved in retinal development and 
photoreceptor maintenance [59]. NR2F1, together 
with NR2F2, promotes optic vesicle development 
[60] and regulates lipid homeostasis under stress 
condition [61].
 
Extracellular matrix (ECM) remodeling. Two 
genes, TIMP Metallopeptidase Inhibitor 3 (TIMP3) 
and Collagen Type XI Alpha 1 Chain (COL11A1), 
encodes for proteins synthesized in RPE and 
then secreted in BM. Advanced glycation end – 
products (AGEs) and confluent drusen accumulate 
in BM, resulting in an uncontrolled activation 
of the complement cascade with onset of RP 
symptoms [62]. TIMP3 encodes for an inhibitor of 
matrix metalloproteinases (MMPs). The balance 
between proteolytic MMPs and TIMPs underlies 
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the ECM remodeling. An increase of TIMP3 mRNA 
expression in retinas affected by simplex RP is 
documented [63]. The ECM – involved COL11A1 
resulted, also, modified in its expression. Col11a1a 
is detectable in the RPE [64]. Although over – 
expression of ECM and pro – fibrotic proteins, like 
col11a1, is not yet related to specific form of RP, 
it was reported in primary open angle glaucoma 
(POAG) cells, compared with normal Gliar fibrillary 
acidic protein (GFAP)-negative lamina cribrosa 
(LC) cells [65]. The up – regulation of TIMP3 and 
COL11A1 could determine retinal cells apoptosis.  

Cellular cycle regulation. In RPE, among several 
genes involved in cell cycle progression, Polo like 
kinase 4 (PLK4), Kinesin family member 11 (KIF11), 
Ceramide kinase like (CERKL) and RB1 inducible 
coiled-coil 1 (RB1CC1) resulted over - expressed 
after oxLDL treatment. Mutations in the PLK4 
kinase determine microcephalic primordial 
dwarfism with additional congenital anomalies 
including retinopathy. The retinal pathology may 
result from perturbed mitosis in the eye, or as a 
consequence of impaired cilia formation leading 
to photoreceptor death [66]. Also mutations in 
the mitotic spindle binding motor kinesin KIF11 
cause microcephaly and retinopathy [67]. CERKL 
and RB1CC1, instead, regulate the phagocytosis 
of outer segments (OSs) by the RPE [68, 69].
 
Phagocytosis and melanosomes transport in 
RPE. Photoreceptors maintain specific structure 
and dimensions by continuously renewal of 
outer segments, while simultaneously old and 
waste outer segments are phagocytized by the 
RPE. Perturbations in OS digestion can lead to 
retinopathies [70]. Myosin VIIA (MYO7A) encodes 
for the unconventional Myosin – VIIa, whose 
mutations cause Usher syndrome type 1B, a 
disorder involving profound congenital deafness 
and progressive blindness [71]. In the retina, most 
of MYO7A is localized in the apical region of the 
RPE cells, where participates in the localization 
of RPE melanosomes and in the delivery of 
phagosomes to lysosomes in the basal RPE. An 
additional role of MYO7A in the RPE is suggested 
by its requirement for light – dependent 
translocation of the ER – associated visual cycle 
enzyme, RPE65, and normal visual retinoid cycle 
physiology [72].
 
Retinoic acid cycle:  Some RP cases are caused by 
an impaired retinoid cycle [73]. Several enzymes 

belonging to Retinal Deidrogenases (RDHs) 
family take part to visual cycle. RDH5 is very 
abundant in the RPE, where it is able to oxidize or 
to reduce all common cis – retinoid isomers [74]. 
Moreover, mevalonate kinase gene (MVK) results 
down – regulated in the same condition. MVK 
is involved in the isoprenoid pathway resulting 
in biosynthesis of glycoproteins, coenzyme Q, 
vitamin K and carotenoids (retinol biosynthesis). 
Furthermore, RP was described in several patients 
with MKV mutations [75].
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