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Abstract

The identification of one mechanism that causes vision loss in inherited degenerative retinal disorders revealed a new signaling
molecule that represents a potential therapy for these currently untreatable diseases. This protein, called rod-derived cone viability
factor (RACVF), maintains the function and consequently the viability of cone photoreceptor cellsin the retina; mice that lack this
factor exhibit a progressive loss of photoreceptor cells. The gene encoding RACVF also encodes, by differential splicing, a second
product that has characteristics of a thioredoxin-like enzyme and protects both photoreceptor cells and, more specifically, its
interacting protein partner, thetau protein, against oxidative damage. This signaling pathway potentially links environmental insults
to an endogenous neur opr otective response.

INTRODUCTION

The retina, an intimate part of the brain, has proven to be an extraordinary fruitful model for neurobiologists and developmental
biologists for more than a century. We now have remarkable knowledge about the physiology of this light-sensing organ (Fig. 1) and of
multiple genes contributing to its development, maintenance, and functions. The complexity of the retina accounts for its vulnerability:
Inherited retinal degeneration disorders, including retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA), can be caused by
mutations in awide variety of genes in human and animal models. Degeneration of photoreceptors cells (neurons in the retina that convert
photons into electrophysiological signals) can be caused by mutations in genes coding not only for proteins of the phototransduction
cascade but also, surprisingly, in many other genes expressed more widely throughout the body. Currently, one of the major challenges for
scientists and ophthalmologists working in this field is to provide both rationales for therapeutic interventions to prevent blindness and
clinically relevant proofs of concept.

TREATMENT STRATEGIESFOR DEGENERATIVE RETINAL DISEASES
Genetherapy

The successful ongoing gene therapy trial using the RPEG5 gene for treating patients suffering from LCA—an autosomal recessive
disorder—is at the cutting edge of trandational research (1). RPE65 was identified in 1993 (2 ); mutations in this gene were found to cause
some cases of LCA in humansin 1997 and in dog in 1998 (3 -5). In 2001, the disease was successfully cured in a dog model of LCA by
the delivery of anormal copy of the gene (6 ). The efficacy of this corrective gene therapy approach was confirmed in subseguent clinical
trials conducted by three independent groups in 2008 (7 , 8, 9, 10 ). This success story, even though it resuscitated interest in gene
therapy, has to be positioned in its medical context: the RPE6G5 mutations cause only 2% of the autosomal inherited retinal degenerations,
and consequently this approach is applicable only to alimited number of patients.

Céll replacement

Alternatively to the corrective gene therapy approach, replacement of the missing cells with functional photoreceptor cells has been
attempted for decades. The major hurdle of that strategy is the need to establish synaptic connectivity between the transplanted cells and
the inner neurons: the bipolar and the horizontal cells. of the grafted animal. The problem has recently been addressed by grafting
photoreceptor precursor cells from a stage corresponding to the onset of expression of the transcription factor Nrl, which is involved in
photoreceptor differentiation (11 ). Again, this discovery has to be positioned into the perspective of its implementation into clinica
practice. Because that step of retinal development occurs during a fetal stage of human development, the availability of materia for
grafting will be a major limitation. A more effective strategy may rely on human stem cells genetically engineered to reach the proper
stage of photoreceptor differentiation as represented by the onset of NRL expression, but the use of such cellsis currently only a promise
for the future (12).

Supplementation with a trophic factor
Page 1/6

Sci Transl Med . Author manuscript



Our approach to the question was inspired by the sequential occurrence of the clinical manifestations in the retinal degeneration
disorders. In patients suffering from RP, the most common form of these genetic diseases, the vision loss develops in two successive steps.
Early in adulthood, these patients lose their ability to see in dim light conditions (referred to as aloss of night vision), which corresponds
to the loss of function and degeneration of rod photoreceptors. This changeis felt as a minor handicap, especially in individuals affected by
congenital stationary night blindness, another type of inherited retinal disease characterized exclusively by lack of rod function; in our
current well-illuminated environment, these people retain an amost normal way of life (13 ). For patients with RP, the disease then
progresses through a debilitating step resulting from loss of function and degeneration of the second class of photoreceptors, the cones,
that dominate at the center of the retina and are required for color vision. Cones represent only 3 to 5% of all photoreceptors in most
mammals, but their role for vision is essential. This secondary event leads to central vision loss and potentially compl ete blindness.

Because the cones underlie al visual functions in a lighted environment, we deemed cone rescue a clinically relevant target. We
studied the mechanism of the secondary degeneration of cone photoreceptors in a commonly used model of RP, the rd1 mouse. This
mouse carries a spontaneous mutation in the gene encoding the beta subunit of the rod-specific phosphodiesterase 6 (Pde6b ). Recessive
mutations in the corresponding gene in humans can lead to RP. Although this gene is not expressed by cone cells, they nevertheless
degenerate after the loss of rods, and various hypotheses were put forth to explain this mystery. To discriminate among the possibilities,
we demonstrated that grafting normal photoreceptors (97% rods) into the eye of the rod-less rd1 mouse before the cones degenerate exerts
a positive effect on the host retina cones even when the cones are at some distance from the transplant (16, 17 ). Subsequent work in vitro
showed that this paracrine protective activity was carried by molecules, most likely proteins, that are secreted in the presence of rods (18,
19). Globally, this part of our work revealed the existence of proteins that we designated as rod-derived cone viability factors (RACVFs)
and parallels the work of Punzo et a. (20 ). We predicted that these proteins were expressed and secreted specifically in the presence of
rods in the retina and that their expression was lost following rod death in the first phase of the disease. This loss would then trigger cone
degeneration through a mechanism reminiscent of a phenomenon observed during neuronal development, when the loss of trophic factors
—which are required for neuronal survival—results in the death of some neurons (21 ). These RACV Fs would be particularly well suited
for preventing the secondary degeneration of cones and for treating RP at a stage in which night blindness is associated with moderate
central visual impairment, an approach that is almost independent of the causative mutations.

CHARACTERIZATION OF GENESENCODING RdCVFs

To identify the genes encoding RACVFs, we applied a systematic strategy based on function rather than sequence similarity, because
no similar proteins were described at that time in the retina. We constructed a cDNA expression library from normal mouse retinal tissue
with the assumption that the mRNAs encoding these factors would be included in it. To screen this library, in view of the very limited
number of cones in mammalian retinas, we developed a cone survival assay made of dispersed cultured cells from the retina of chicken
embryos. In these cultures, and in the absence of developmental cues, the retinal precursors differentiate as photoreceptors by a default
pathway (22 ). After confirming that these cells respond to the trophic activity of the normal mouse retina (19 ), we screened more than
200,000 clones and identified a cDNA encoding the first 109 residues of a protein that we referred to as RACVF (23 ). RACVF protein
expression is rod-dependent in the mouse; when administered by a sub-retinal injection, RACVF prevents rdl mouse cones from
degenerating.

The cDNA we identified represents the Nucleoredoxin-like (Nxnl1 ) gene, which encodes two products via aternative splicing. The
product identified in our screen is a truncated thioredoxin-like protein with no enzymatic activity; the other product is the full-length
protein, which is predicted to have enzymatic activity (Fig. 2 ). Interestingly, the thioredoxin family of proteins protects against oxidative
stress, arole that has been described in great detail (24 ). In the horseshoe crab Carcinoscorpius rotundicauda , the gene encodes a protein
—RdCVFL—that comprises an entire thioredoxin fold and exhibits thiol-oxidoreductase activity (25 ). We subsequently identified in silico
a paralogous gene in mice, Nxnl2 , that also encodes both a truncated thioredoxin named RACV F2—for which we demonstrated protective
activity toward cones—and RACVF2L, which contains an entire thioredoxin fold (26 ).

POTENTIAL THERAPEUTIC VALUE OF RACVF

Because our claim is that the RACVF could be used to treat cone degeneration in RP regardless of which rod-specific gene is mutant,
we tested its therapeutic value in a different model of RP, the transgenic P23H rat. Whereas the rd1 mouse models human PDEEB
mutations that account for 4% of the recessively inherited retinal degenerations, the P23H rat is a model of autosomal dominant RP in
which the rats carry the human rhodopsin gene containing an RP-associated mutation that causes 25% of the dominantly inherited retinal
degenerations. Sub-retinal injection of RACVF in the P23H rat resulted in protection against the secondary degeneration of cones that
normally occurs—proof of concept that this therapy would be useful for large cohorts of RP patients (27 ). Even more interestingly, we
demonstrated that RACVF prevents the loss of function of cone photoreceptors in this model by testing the visual function of cones using
electroretinography (ERG), which measures light-induced electrical responsesin the retina. The amplitude of the protective effect recorded
by ERG was five orders of magnitude higher than the survival effect measured by the viability of the cones. Thisintriguing observation led
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us to analyze further the morphology of the outer segment of the cones, a specialized cytostructure containing the light-sensitive opsin
receptors, which are required for vision. We demonstrated that the cone outer segment is significantly preserved by RACVF, suggesting
that its effect on survival might be an indirect consequence of the maintenance of a photoreceptor structure essential for vision (Fig. 3).
This finding further enhances the therapeutic importance of RACVF. In contrast, the only factor currently being tested in clinical trials for
RP ciliary neurotrophic factor, induces an increase in the number of photoreceptor cells and a decrease in the amplitudes of light-induced
electrical responses (as measured by ERG) in anima models (28 ). RACVF's mechanism most likely involves a yet unidentified cell
surface receptor expressed at the surface of the cones, similar to the mechanism of the structurally-related protein TRX80 (a cytokine
produced by the truncation of the thioredoxin TRX1 at a position similar to RACVF), which binds to a receptor on peripheral blood cells (
29).

PROTECTION AGAINST OXIDATIVE STRESS

Another intriguing aspect of this signaling is the fact that the trophic molecule is a member of a family of proteins that function to
protect cells against oxidative stress by scavenging reactive oxygen species to maintain the appropriate intracellular redox state. The role
of oxidative stress in neuronal degeneration—and more broadly in aging—is well documented. Does RACVF participate in a redox
signaling? The first insight came from the analysis of a mouse in which the Nxnl1 gene was inactivated (30 ). Cone function is normal in
young Nxnl1 ~/~ mice, but deteriorates month-by-month as the mice age, indicating that the gene is involved in the later (but not early)
developmental stages or aging. Interestingly, the rods are also affected over time, a fact that we attribute to the enzymatic function of
RACVFL more than to the trophic activity of RACVF. This progressive retinal degeneration is associated with increasing oxidative
damage, suggesting a relation between RACVF signaling and redox signaling. A connection is indicated more directly by the observation
that cone cell function in Nxnl1 ~/~ mice deteriorates faster than usual when these mice are kept under high oxygen pressure. We postul ate
that RACVF is not only a therapeutic molecule but also a physiological signal involved in the maintenance of photoreceptors during aging
and exposure to oxidative stress. This hypothesis is also supported by unpublished results demonstrating the increased susceptibility of the
rod cells in Nxnl1 ~/~ mice to light-induced damage relative to those in wild-type mice. Other groups have demonstrated that oxidative
stress may play a role in cone degeneration (31 ). We propose that the cone degeneration in RP may result from both the loss of a
protective mechanism (that is, RACVFs) and the increased exposure to light, and oxygen from the choriocapillaries of the eye that occurs
after rod loss.

Does RACVFL, the full-length enzymatically active product of the Nxnl1 gene, function in concert with the shorter trophic form
RACVF? It is tempting to speculate that both forms work in the same regulatory system. As an attractive hypothesis, the RACVFL enzyme
could be the sensor for oxidative conditions, coupling to the trophic protein RACVF for an environmentally adapted response. Before
addressing this question directly, we searched for RACVFL targets by screening for interacting proteins using a proteomic approach (32).
We identified components of the splicing machinery and actin-binding proteins as RACVFL binding partners. The interaction with the
splicosome is perhaps related to a possible regulation of Nxnl1 splicing by its protein product RACVFL. Among the actin-binding proteins,
we are particularly interested in the interaction of RACVFL with the microtubule-associated protein tau (a protein that also interacts with
actin), which is involved in the formation of neurotoxic aggregates in the brain of patients suffering from Alzheimer’s disease. We found

that tau is hyperphosphorylated in the retina of Nxnl1 ~~ mice and, furthermore, that rod photoreceptor degeneration in these mice is
associated with tau aggregation in the retina (30, 32). In vitro, RACVFL inhibits tau phosphorylation and limits oxidative damage of tau.
In sum, we show that RACVF signaling in the retinais a model of a defensive neuronal response against progressive oxidative damage
resulting from exposure to environmental factors. This signaling might be relevant to other neurodegenerative diseases.

CONCLUSIONS

What have we learned from this translational line of research? The Nxnl1 gene and, most likely, the paralogous gene Nxnl2 are part of
a newly-discovered redox signaling pathway that involves an enzymatic product and a trophic factor, both encoded by the same gene. As
far as we know, this is the first time that such a phenomenon has been described in the central nervous system. Before unraveling al the
fine details about this pathway, we are using this knowledge to develop a therapy aimed at preventing the loss of cone function and central
vision in RP patients. Our hope is that this therapy, by restoring a physiological signal, will efficiently treat the effects of a broad range of
RP mutations. The delivery of RACVF into the patient’s eyes can be achieved through different routes, either by injection of the protein
into the eye, expression from viral vectors, or delivery of RACVF-producing cells that are encapsulated in a semi-permeable membrane to
avoid attack by the immune system. An additional possibility came from our study of the Nxnl1 promoter (33 ). We found that under
normal conditions the transcription factor VSX2 regulates the expression of Nxnl1 in bipolar cells—neurons that transmit signals from
photoreceptors to ganglion cells (Fig. 1 ). That expression is lost in the rdl retina after rod degeneration even if the bipolar cells
themselves do not degenerate. Understanding this non-cell autonomous mechanism may allow recapitulating RACV F expression in bipolar
cells to preserve cone function.

In summary, over the last 12 years, we have reduced a clinical observation to a cellular model that allowed us to identify the molecular

mechanism involved in cone protection. Taking this knowledge back to the organism, RACVF is now in translation into a possible
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therapeutic agent to treat a spectrum of degenerative eye diseases. Furthermore, these studies have increased our knowledge of an intricate
biological system.
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Fig. 2

Sc%ematic representation of the Nxnl1 gene and its two products, RACVF and RACVFL

Alternative splicing generates the truncated trophic factor and the longer thioredoxin-like enzyme. In the ribbon diagrams, the thioredoxin
catalytic site is shown in yellow, the shared portion of the thioredoxin fold in red, the additional thioredoxin fold (found only in RACVFL) in
green, and the RACVF specific loopsin blue. CREDIT: C. BICKEL/SCIENCE TRANSLATIONAL MEDICINE
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Fig.

M gi n?enanoe of the cone outer segment by RACVF

RACVF was injected into eyes of the P23H rat, a model of autosoma dominant RP. The cone cells (green) of the RACVF-injected animal
(bottom panel) display alonger outer segment (indicated by double arrows) and smaller diameter (asterisk) than those in the vehicle-injected
rat (top panel). The relative positions of the cone outer segment in each case are indicated on the diagram on the right.
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