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Retinitis pigmentosa is an untreatable, inherited retinal disease
that leads to blindness. The disease initiates with the loss of
night vision due to rod photoreceptor degeneration, followed
by irreversible, progressive loss of cone photoreceptor'-3. Cone
loss is responsible for the main visual handicap, as cones are
essential for day and high-acuity vision®. Their loss is indirect,
as most genes associated with retinitis pigmentosa are not
expressed by these cells. We previously showed that factors
secreted from rods are essential for cone viability>-3. Here we
identified one such trophic factor by expression cloning and
named it rod-derived cone viability factor (RACVF). RACVF is
a truncated thioredoxin-like protein specifically expressed by
photoreceptors. The identification of this protein offers new
treatment possibilities for retinitis pigmentosa.

We used a viability assay based on cone-enriched primary cultures
from chicken embryos® for expression cloning. Unlike those of mam-
mals, bird retinas are cone-dominated. Cones represent 60—80% of the
total population in cultured cells®. Once cultured, these cells degener-
ate over a few days, but adding conditioned medium from wild-type
mouse retinal explants delays this loss®. We carried out a screen to iso-
late factors that could support cone survival.

We constructed a cDNA expression library from neural retinas of
5-week-old wild-type mice and we purified plasmid DNA from pools
of 100 individual clones and used them to transfect COS-1 cells. We
added conditioned medium from transfected COS cells to chicken
retinal cultures seeded in 96-well plates. After 7 d of culture, we car-
ried out an automated viability assay and we screened 2,100 pools,
corresponding to 210,000 individual clones. Pool 939 contained twice
as many living cells as the negative controls (Fig. 1). We isolated clone
939.09.08 by limiting dilution and found that it contained a 502-bp
insert with an open reading frame encoding a putative polypeptide of
109 amino acids. We named this protein rod-derived cone viability
factor (RACVE international patent no. PCT/EP 02/03810;
Supplementary Fig. 1 online).

We then expressed and purified RACVF as a fusion protein with
gluthatione-S-transferase (GST; Fig. 2a). We incubated cone-enriched
cultures with increasing amounts of GST-RACVF or GST alone.
Adding 10 ug ml! of purified GST-RACVF doubled the number of liv-
ing cells per plate. The rescue activity of this factor increased with
higher protein concentration (Fig. 2b).

We next cultured retinal explants from 5-week-old rdI mice (lacking
rods) for 7 d with COS cells transfected with cDNA encoding RACVF
(from clone 939.09.08). We labeled cone cells with cone-specific peanut
agglutinin (PNA) and counted them using stereological methods’. The
number of cones per field was higher in retinal explants incubated with
cells transfected with RACVF than in controls (Fig. 2¢). The amplitude
of the rescue effect was 40% when comparing the number of cones lost
during the 1-week period, a range of efficacy similar to that observed
when wild-type retinas were used as a source of RACVF activity’.
RACVF was thus able to slow cone degeneration in both chick and
mouse models®. We cultured retinal explants from 10-d-old rd1 mice
(with rods) for 7 d with COS cells transfected with cDNA encoding
RACVF and measured the thickness of the outer retina. We observed no
statistically significant differences in the thickness of the outer retina
between mice transfected with RACVF and controls, indicating that the
protective effects of RACVF might not extend to degenerating rods
(Fig. 2d).

We next tested the ability of RACVF antibodies to block endoge-
nous activity. We prepared conditioned medium from retinal
explants of 5-week-old wild-type mice and immunodepleted them
with antibodies to RACVF or control antibodies. We incubated retinal
explants of 5-week-old rdl mice (lacking rods) for 7 d with condi-
tioned medium and then labeled and counted the cones. The number
of cones was higher when rdI explants were incubated with condi-
tioned medium preincubated with control polyclonal antibodies than
when they were incubated with medium alone (Fig. 2e). The condi-
tioned medium did not stimulate cone survival in rdI explants when
RACVF was specifically removed by immunodepletion. These results
indicate that RACVF is required for cone rescue in cultured explants.
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Figure 1 Schematic representation of the expression cloning strategy. Cell count indicates the number
of live cells. ‘Relative to control’ is the ratio of live cells from the indicated clone to live cells in wells

transfected with pcDNA3.
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repeated the injection 7 d later. We killed the
mice at 7 weeks of age (Fig. 2f). The average
number of cones per mm? was higher in mice
injected with the RACVF fusion protein
(4,500) than in mice injected with either GST
alone (3,800) or with phosphate-buffered
saline (PBS; 3,500). Therefore, injection of
RACVF can prevent 40% of cones from
degenerating in the rdI mouse over a period
of 2 weeks.

Northern-blot analysis detected two dis-
tinct RACVF mRNAs of 2.3 and 2.7 kb in only
the retina and not in any other tissue tested
(Fig. 3a). The pattern of RACVF mRNA
expression shown by real-time RT-PCR
matched that of rhodopsin, largely increasing
during maturation of photoreceptors in the
wild-type mouse. In the rdI mouse, however,
rod degeneration, as indicated by decreased
rhodopsin mRNA levels, was accompanied
by a marked decrease in RACVF expression
(Fig. 3b). The two RACVF mRNAs are proba-
bly a result of alternative splicing. When
tested by real-time RT-PCR, the most abun-
dant mRNA encoded the factor that we iso-

When antibodies to RACVF were injected into the subretinal space of
the wild-type mouse, the number of cones decreased 7 d after the
injection, as compared with mice similarly injected with control anti-
bodies (data not shown), but the difference was not statistically signif-
icant. Complete blocking of RACVF signaling in vivo requires gene
inactivation by homologous recombination.

To assess the effect of RACVF in vivo, we injected 1 pl (100 ng) of
purified GST-RACVF in the subretinal space of 35-d-old rdI mice and

lated (Fig. 3c). The level of expression of
RACVF in the whole retina and in the photoreceptor layer (isolated by
sectioning the mouse retina with a vibratome!?) were similar. This
suggests that RACVF expression is mainly restricted to the outer
nuclear layer containing the rods and cones (Fig. 3d). RACVF is also
expressed in cultures of pure photoreceptors (Fig. 3e).

Polyclonal antibodies raised against the N-terminal and C-terminal
regions of the RACVF sequence (RACVE-N and RACVE-C, respec-
tively) detected the same two bands (17 and 34 kDa, Fig. 4a). In vitro,
translated RACVF consists only of a 17-kDa band, possibly resulting

10 pg/ml

P<0.05

Figure 2 Viability activity of RACVF. (a) Gel
analysis of purified GST (lane 1), GST-RACVF
(lane 2) and thrombin-cleaved and purified
RACVF (lane 3). Arrows on the left indicate
the RACVF proteins; the open arrowhead
indicates GST. Molecular weight markers
(kDa) are shown on the right. (b) Activity of
GST and GST-RACVF in chicken cone-enriched
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Figure 3 Expression of RACVF mRNA. (a) Northern-blot analysis of

RACVF mRNA prepared from different adult mouse tissues. WT, wild-type.
(b) Real-time RT-PCR analysis quantifying RACVF levels in wild-type (WT)
and rd1 retinas at postnatal day (P) 8, P15 and P35. The results are given
relative to the level expressed in 35-d-old rdI mice. (c) Real-time RT-PCR
analysis quantifying RACVF and RACVFL mRNA. The results are given
relative to the level expressed in 35-d-old rd1 mice. (d) RT-PCR products
of RACVF mRNA amplification from wild-type (WT) retina and isolated
photoreceptors (PR). (e) RACVF mRNA expression: C, negative control;
Retina, retina from 5-week-old wild-type mouse; PR, pure culture of
photoreceptors; Mu, Miller glial cells.

from post-translational modifications of the 12-kDa polypeptide
(Fig. 2a). The amount of RACVF protein was similar in retinal
extracts from normal and mutant strains at 1 week of age, before rod
degeneration (Fig. 4b). The levels of both bands were not substan-
tially modified between 2 and 5 weeks of age in the wild-type mouse.
In contrast, the amounts of RACVF decreased from 2 weeks onwards
in the rdI mouse, in correlation with the kinetics of rod degenera-
tion!!. We detected the 34-kDa form of RACVF in the conditioned
medium produced from wild-type retinal explants (Fig. 4c).
Additional polyclonal antibodies were raised against a peptide spe-
cific to RACVFL, the longer form of the protein. When transfected
into COS cells, cDNA encoding RACVFL was specifically detected by
antibodies to RACVFL and RACVE-C, whereas the short form of
RACVF was specifically detected by antibodies to RACVF-C (Fig. 4d).
This indicates that the 34-kDa band detected in retinal extracts and
conditioned medium corresponds to the long form of RACVE
Analysis of conditioned medium compared with cell lysate indicated
that both forms of the protein were secreted by transfected COS cells.

We carried out immunohistochemical analysis of retinal sections
from 5-week-old mice with antibodies to both RACVF-N and
RACVF-C (Fig. 5). We observed specific staining on photoreceptor
outer segments and the interphotoreceptor matrix (Fig. 5¢,g).
Staining was particularly intense in discrete structures within
the subretinal space, colocalizing with the binding of PNA, a marker
of cone matrix sheaths (Fig. 5a,d,e,h). We detected no expression in
retinal sections from 5-week-old rd1 mice (data not shown). The
preferential localization of RACVF in the cone extracellular matrix
suggests that a cell surface RACVF receptor is present on target cells
(Fig. 5¢,8). As expected, RACVF mRNA was prominently detected by
in situ hybridization in the outer nuclear layer of the wild-type retina
(Fig. 5i). The observed labeling is consistent with RACVF being

Figure 4 Expression of RACVF protein. (a) Western blotting of retinal extracts
from wild-type mice. /n vitro translated RACVF (Tx-tl) and retinal extracts
probed with antibodies to RACVF-N and RACVF-C are shown. Molecular
weight markers (kDa) are shown on the right. (b) Western blotting using
polyclonal antibodies to RACVF-N of retinal extracts from wild-type (first four
lanes) and rd1 mice (second four lanes) at 8, 15, 21 and 35 d after birth.
The last lane shows wild-type whole brain (Br) 35 d after birth. Molecular
weight markers (kDa) are shown on the right. (c) Western-blot analysis

with antibodies to RACVF-N of wild-type retinal explants (WT Ext) and
conditioned medium (CM) from wild-type (WT) and rd1 mice 35 d after
birth. Molecular weight markers (kDa) are shown on the left. (d) COS-1 cell
extracts after transfection of cDNA encoding the open reading frames of
RACVF and RACVFL. The control corresponds to the empty vector. The
extracts were probed by western blotting with antibodies specific to RACVF-
N and RACVFL. Molecular weight markers (kDa) are shown on the right.
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expressed by all rod photoreceptors. We used a Pax6 probe in the
same experiment as a specificity control (Fig. 5j).

This study provides a biochemical basis for the previously
described paracrine interaction between rod and cone photoreceptors
that seems to have a key role in maintaining cone cell viability”.
Previous studies suggested that Miiller glial cells mediated photore-
ceptor rescue'?. The finding that RACVF is expressed predominantly
by photoreceptors implies a new mode of trophic interactions. The
systematic expression cloning strategy that we used led to the identifi-
cation of a protein from a family that has not previously been docu-
mented to include trophic factors.

RACVF has 33% similarity with thioredoxin!? (Supplementary Fig.
1 online). The C terminus of RACVF interrupts the thioredoxin motif
and, unlike other members of the thioredoxin family”, recombinant
RACVF did not have detectable oxidoreductase activity'* (data not
shown). RACVF is thus a truncated thioredoxin-like protein'3. The
founding member of this family, Trx-1, has also been isolated as the
adult T-cell leukemia-derived factor!?, secreted by cells by a mechanism
that does not involve a signal peptide sequence; this signal is also absent
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in RACVF'. An alternatively spliced form of RACVF mRNA results in a
longer protein with a C-terminal extension and could have oxidoreduc-
tase activity (Supplementary Fig. 1 online). RACVF might be a new
example of a bifunctional protein'’, with one extracellular form
involved in cone viability and the other (with an extended C-terminal
sequence) having oxidoreductase activity.

METHODS

Mice. Care and handling of mice in these studies conformed to the Association
for Research on Vision and Ophthalmology Resolution on the use of animals in
research.

Expression cloning. We constructed a directional cDNA plasmid library using
the neural retina mRNAs of 35-d-old wild-type (C57BL/6@N) mice. We puri-
fied pools of 100 plasmids and used them to transfect COS-1 cells'®. We
removed the serum and, 48 h after transfection, collected the conditioned
medium from COS-transfected cells and incubated it for 7 d with primary
retina cultures from chicken embryos® (stage 29) in 96-well black tissue-culture
plates (Corning). We included 14 negative control wells (conditioned medium
from COS cells transfected with pcDNA3 vector alone). We used a live/dead
assay (Molecular Probes) to monitor cell viability. For acquisition and cell
counting, we developed an algorithm based on the Metamorph software
(Universal Imaging Corporation). We read plates under an inverted fluores-
cence microscope (TE 200, Nikon) equipped with a mercury epifluorescent
lamp with two excitation filters (485 and 520 nm), two emission filters (520 and
635 nm), a 10X objective, a computer-driven motorized scanning stage
(Mirzhiuser) and a CCD camera (Fig. 1). For the first round of screening, we
compared numbers of live cells with the mean number of live cells in the nega-
tive controls. For the second and third rounds, the screening for sub-pools
included positive controls (conditioned medium from wild-type retina).

We tested RACVF activity on cones of rdI retinal explants by transfecting
COS cells with pcDNA-RACVF or the empty vector. We incubated COS-trans-
fected cells for 72 h in coculture chambers containing retinal explants from 35-
d-old rdl mice. We repeated the transfection and coculture steps for an
additional 72 h. We tested RACVF activity on rods of 10-d-old rdI mice using
the same experimental protocol. We assessed the number of rods by measuring
the thickness of the outer nuclear layer on four different areas spanning the total
width of the explants, one central and one peripheral region on each side of the
optic nerve. For in vivo injections, we injected 100 ng of purified GST-RACVF
and unfused GST into the subretinal space of 35-d-old rdI mice. We labeled
cones with PNA (50 g ml™!) and counted them using a stereological method’.

DNA sequencing and data mining. We sequenced isolated cDNAs using the T7
primer and used the DNA sequences to screen databases using BLAST'®.

ISH

Figure 5 RACVF localization in 35-d-old wild-type
mouse retina. (a,e) PNA labeling. (b,f) Nomarski
image of immunolabeled sections. (c,g) Staining
with an affinity-purified polyclonal antibody

to RACVF-N (¢) and RACVF-C (g). (d,h) Merge

of PNA and RACVF staining. (i,j) /n situ
hybridization (ISH) of RACVF (i) and Pax6 (j)
riboprobes on adjacent sections of 5-week-old
wild-type mouse retina. GC, ganglion cells; INL,
inner nuclear layer; ONL, outer nuclear layer.

Northern blotting and real-time RT-PCR. For northern-blot analysis we used
2 ug of poly(A)*™ mRNA. We produced cDNAs by random priming and nor-
malized them to glucose-6-phosphate dehydrogenase mRNA. We amplified
first-strand cDNA (0.2 pl) in triplicate using 2 uM of the specific primers for
RACVF and for the long form on a lightcycler (Roche). Primer sequences are
available on request. Results are expressed as difference relative to the lowest
expressing sample.

Recombinant protein production and purification. We cloned the open read-
ing frame of RACVF into pGex2TK (Amersham), produced the fusion protein
at 30 °C in Escherichia coli BL21 pLysS (Promega) and purified it using standard
procedures.

In vitro translation. We incubated pcDNA-RACVF (2 pg) with TNT reticulo-
cyte lysate (Promega) and *>S methionine according to standard procedures.

Polyclonal antibody production and purification. We prepared rabbit poly-
clonal antibodies with the following peptides: for RACVF-N, IRNNSDQDE-
VETEAELSRRLEN; for RACVE-C, SQDPTEEQQDLFLRDMPE; and for
RACVFL, RKYRVDRDVGRERGRNGRD. We purified immunoglobulins from
immune serum and affinity-purified specific antibodies onto immobilized epi-
topes. We produced polyclonal antibodies against blue cone pigment using the
peptide CGPDWYTVGTKYRSE and purified them as described above.

Western blotting, immunohistochemistry, in situ hybridization and immun-
odepletion. For western blotting, we resolved 40 pg of whole-cell extract from
neural retina or conditioned medium from mouse retinal explants by 15%
SDS-PAGE and transferred it onto nitrocellulose. We saturated the membrane
and incubated it for 3 h at 20 °C with affinity-purified polyclonal antibodies to
RACVF (0.1 pg ml™).

For immunohistochemistry, we dissected eyes from 5-week-old wild-type
mice (C57BL/6@N), fixed them in 4% paraformaldehyde in PBS at 4 °C for
12 h, cryoprotected them and embedded them in OCT. We cut serial cryostat
sections (10 um). We rinsed coverslips and slides in PBS and blocked them with
blocking buffer (PBS containing 0.1% Tween 20 and 0.1% bovine serum albu-
min) for 30 min and then incubated them with the diluted RACVF antibodies
(2 ug ml™!) overnight at 4 °C. We rinsed the slides in PBS (ten washes over a
total of 1 h) and incubated them with antibodies to goat IgG conjugated to
AlexaFluor 488 (Molecular Probes). Finally, we washed slides extensively in
PBS and mounted them in PermaSave. We observed cellular distribution using
a confocal laser scanning microscopy (Zeiss LSM 510 v2.5) scanning device
mounted on a Zeiss Axiovert 100 inverted microscope.

For immunodepletion, we maintained retinal explants from 35-d-old wild-
type (C57BL/6@N) neural retinas for 48 h at 37 °C in a 5% CO, atmosphere in a
chemically defined medium® (1 explant per 0.75 ml). We covalently coupled
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affinity-purified polyclonal antibodies (2.5 mg) to Sepharose beads using pro-
tein A. We incubated 6 ml of conditioned medium overnight at 4 °C with immo-
bilized polyclonal antibodies, control antibodies raised against the blue cone
visual pigment and antibodies to RACVF-N. We incubated the retinal explants
prepared from 35-d-old mice over a period of 7 d with conditioned medium. We
labeled cones with PNA. We mounted labeled explants on glass slides and placed
them on a computer-driven motorized scanning stage (Mirzhiduser). We
counted cone cells using a specially designed procedure and Metamorph soft-
ware (Universal Imaging Corporation). We generated a composite image of the
explants to calculate the explant area. Within this area, we acquired five images
at the focal depth for 40x magnification after excitation at 520 nm and emission
at 635 nm with automatic exposure times. We deconvoluted these stacks of
images to count cone numbers in the depth of the explants. The automation
gives a density of cones that is reproducibly lower by a factor of 2 than the den-
sity obtained by stereological methods, due to the filtering of the images. We car-
ried out in situ hybridization on cryosections of eyes from 5-week-old wild-type
mice (C57BL/6@N) essentially as described?’, using riboprobes labeled with
dixoxigenin-UTP (Roche).

Enzymatic assay. We carried out enzymatic assays as described'*. We moni-
tored the enzymatic activity of E. coli thioredoxin as a positive control.

Statistical analysis. Statistical analysis of the results is based on different non-
parametric tests: Mann-Whitney ¢-test for paired comparisons and Bonferroni
method for multiple comparisons?!. We used variance analysis (ANOVA) and
Fischer t-test to analyze the dose-response effect.

URLs. The Retinal Information Network is available at http://www.sph.uth.
tmc.edu/Retnet/.

Note: Supplementary information is available on the Nature Genetics website.
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