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Abstract

Shed photoreceptor outer segments (POS) are phagocytosed by RPE cellsin a circadian manner. The homozygous deletion of the c-mer
gene abolishes the ingestion phase of this phagocytosis in the Royal College of Surgeons (RCS) rat strain, which in turn leads to the death
of photoreceptor cells. We identified RPE transcripts for which the expression is modulated by the abrogation of POS phagocytosis. A
microarray approach and the differential display (DDRT—PCR) technique revealed 116 modulated known genes, 4 modulated unknown
genes, and 15 expressed segquenced tags (ESTS) corresponding to unknown genes. The microarray and DDRT—PCR analyses detected
aterations in signaling pathways such as the phosphatidylinositol 3-kinase-Akt—-mTOR pathway and the DLK/INK/SAPK pathway. The
abrogation of POS phagocytosis caused a decrease in endomembrane biogenesis and altered endocytosis, exocytosis, transcytosis, and
several metabolic and signaling pathways in RCS RPE cells. We also found differential levels of transcripts encoding proteins involved in
phagocytosis, vesicle trafficking, the cytoskeleton, retinoic acid, and general metabolism.

© 2003 Elsevier Inc. All rights reserved.
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Introduction

In the retina, the phototransduction is carried out by
photoreceptors (PR) using opsin proteins contained in cone
or rod photoreceptor outer segments (POS). The POS con-
sist of discs that originate from continuous membrane la-
mellae refolding. PR ensure their own functionality by re-
placing their outer segments on a daily basis. Packets of
shed POS discs are engulfed by the retinal pigment epithe-
lium (RPE), which recycles the components of the photo-
transduction machinery (Herron et al., 1969). This phago-
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cytosis phenomenon follows a circadian rhythm (LaVail,
1976), occurring just after the onset of light and dark each
day. The integrity of the PR depends on numerous functions
carried out by the RPE, such as protection against high
intensity light, the outer blood—retinal barrier, the selective
transport of metabolites to the neural retina, the synthesis of
the interphotoreceptor extracellular matrix and, mostly on
the phagocytosis and recycling of POS.

The Royal College of Surgeons (RCS) rdy— (for Retinal
Dystrophy) rat strain was the first spontaneous animal
model of inherited retinal pigment epithelium defect to be
described (Bourne et al., 1938) and is one of the major
animal models for human retinitis pigmentosa (RP). In the
RCS rat retina, the circadian phagocytosis of shed POS by
the RPE is abolished (Mullen and LaVail, 1976). Conse-
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quently, POS fragments accumulate, leading to the degen-
eration of photoreceptor cells between 18 days and 3 months
after birth and the loss of vison (Dowling and Sidman, 1962).
A number of studies have shown that the PR cells develop
normally until 15 days of age, athough ultrastructural studies
subsequently showed that the tips of the PR are disorganized in
the 10-day-old rat retina (Bok and Hall, 1971). The phagocy-
tosis defect in RCS rats is caused by a deletion in the c-mer
gene (D’ Cruz et d., 2000; Nandrot et al., 2000). As the RCS
RPE binds shed photoreceptor tips without ingesting them
(Hal and Abrams, 1987), the c-mer receptor might be respon-
sible for the internalization step of POS phagocytosis.

We used two different techniques to identify genes with
modulated expression that might be involved in phagocy-
tosis or associated with other dysfunctions of the RPE. The
first technique was the microarray technology and the sec-
ond was the mRNA differential display (DDRT—PCR). Re-
cent advances in microarray technology have made it pos-
sible to monitor a large humber of known and unknown
genes simultaneously. The oligonucleotide chip technique
permits the investigation of the expression profiles of more
than 8000 sequences. The DDRT—PCR technique was orig-
inally described 10 years ago (Liang and Pardee, 1992) and
is a rapid method for identifying differences in mRNA
levels between identical tissues, receiving or not an exper-
imental treatment, or differing idealy only by a single
defect. It involves the use of different anchored oli-
go(dT)VN primers and random primers to amplify cDNA
fragments representing a subset of expressed genes. This
method has been successfully used to identify numerous
novel and known transcriptsthat are differentially expressed
in various biological systems (Pierce et al., 1999).

Our aim was to study modulations in gene expression
levels induced by the lack of phagocytosis in RCS rats
compared to normal rats. Thisisthefirst global study on this
defect of photoreceptor outer segment phagocytosis. The
microarray technique was used on 2-week-old rats to study
the impact of the lack of phagocytosis on the developing
RCS retina, before it starts to manifest any microscopically
detectable signs of photoreceptor degeneration. DDRT—
PCR was performed on 3-week-old rats, an age at which
photoreceptors begin to degenerate. All modulations of
gene expression detected by both methods were further
studied in 2- and 3-week-old RCS and control RPE cells
using semiquantitative PCR (sgPCR). We hypothesized that
the characterization of the differences in gene expression
might enable us to identify genes involved in the process of
ROS phagocytosis or RPE homeostasis. At least some genes
that display altered RPE expression due to the c-mer ho-
mozygous deletion might constitute new candidate genes
for RP or age-related macular degeneration (AMD).

Materials and methods

All animals were handled in strict accordance with the
ARVO Resolution on the Use of Animals in Ophthalmic

RNA

1 2 ladder 3 4

RNA Nucleic acid 260 nm
Sample Rat / Age pg/ml 280 nm
1 RCS 14 days 110.43 1.956

2 RCS 14 days 121.89 1.939

3 RCS 21 days 157.80 1.883

4 RCS 21 days 150.68 1.849

5 rdy 14 days 45,16 1.959

6 rdy 14 days 49.41 2.002

7 rdy 21 days 90.37 1.863

8 rdy 21 days 77.95 2.005

Fig. 1. Picture of the 1% agarose gel after migration of the total RNAs
collected for each group of animals and table figuring the optical densities
for the sample absorbances at 260 and 280 nm.

and Vision Research. The animals were kept at 21°C with a
12-h light/12-h dark cycle and were fed ad libitum. All
animals were killed by CO, asphyxiation.

RNA extraction

Pigmented congenic control and dystrophic RCS rats
were killed at the age of 14 days, just after the opening of
the eyelids, or at the age of 21 days. All animals were killed
between 1 and 2.5 h after the beginning of the light period,
when rod outer segment phagocytosisis maximal. Rats were
rapidly enucleated. The cornes, iris, and lens were quickly
removed with scissors and forceps, and the neural retinawas
taken out. The RPE monolayer was swiftly isolated together
with the adhesive Bruch’ s membrane by scraping with small
spatula. The cells collected were recovered in lysis buffer
and frozen in liquid nitrogen. Total RNAS were isolated
with the RNeasy mini kit (Qiagen S.A., France) and treated
with DNase | (Qiagen S.A.) according to the manufacturer’s
protocol. The integrity, quality, and spectral analysis of the
RNAs were verified using DU 640i Beckman Coulter
(France S. A. Paris Nord 1) spectrophotometer measure-
ments and by the analysis of 1% agarose gel electrophoresis.
The quantification of the amount of total RNAs could be
made on the basis of the calculation of the optical densities
of each sample (Fig. 1). No differencesin RNA quality were
detected between the groups of animals studied. The type of
animal termination chosen for our study is required for
ethical reasons by our ingtitution and eventualy has mini-
mal confounding effects on global RPE gene expression
pattern. The duration of the RPE cells microdissectionisthe
critical parameter for decreasing any hypoxia-induced ef-
fects and was reduced to the minimal time compared to the
time required by the termination procedure. Whatsoever,
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RCS and rdy rats were submitted to the same termination
procedure. As strict and extremely swift procedures were
followed by our team for obtaining total RNAs from each
strain of animals, we can confidently trust the validity of the
data obtained.

Microarrays

Double-strand cDNAs were synthesized from total RPE
RNA from 15-day-old rats by use of the Superscript Choice
System (Invitrogen SARL, France). Briefly, 10 ug of total
RNA from RPE cellswas incubated for 10 min at 70°C with
100 pmol of T7-(dT)24 primer (Affymetrix) in an 11 wl
reaction volume. RNAs were incubated with first-strand
cDNA buffer, 10 mM DTT, and 500 uM of each dNTP for
2 min at 42°C. Then, 400 U of Superscript Il (Invitrogen
SARL, France) were added and the samples were incubated
at 42°C for 1 h. To synthesize the second strand, 10 U of
DNA ligase, 40 U of DNA polymerase I, 2 U of RNase H,
200 uM of each dNTP, and the second-strand reaction
buffer were directly added in afinal volume of 150 ul. The
tubes were incubated at 16°C for 2 h. After adding 10 U T4
DNA polymerase, the samples were incubated at 16°C for 5
min. The cDNAs were then cleaned up by a phenol/chlo-
roform extraction and resuspended in 12 ul of RNase-free
water.

cDNAs were mixed with biotin-labeled ribonucleotides,
DTT, RNase inhibitor mix, and T7 RNA polymerase
(Roche-Boehringer, Switzerland) and were incubated for
5 h a 37°C. The RNA Transcript Labelling Kit (ENZO)
was used for this in vitro transcription step to produce
biotin-labeled cRNAs.

The cRNA samples were cleaned up with RNeasy Spin
columns (Qiagen S.A.) and their integrity was checked on
a 1% agarose gel. cRNAs were fragmented and hybridized
by Affymetrix Research Genetics Laboratories (www.
affymetrix.com). Once the probe array had been hybridized,
stained and washed, it was scanned twice. Data were ana-
lyzed using GeneChip Expression Analysis Window soft-
ware (Affymetrix) and the Array Suite 5.0 software (Af-
fymetrix UK Ltd, England).

mMRNA differential display RT-PCR

DDRT-PCR was performed using the Hieroglyph
mRNA Profile for Differential Display Analysis Kit (Geno-
myx Corporation), according to the manufacturer’s instruc-
tions. cDNAs were synthesized from 0.2 ng of total RPE
RNA from 21-day-old rats from each strain. RNAs were
mixed with 0.2 mM of each of the 12 primers (T7 anchored-
(dT)11NV), incubated at 70°C for 10 min, and cooled. The
reverse transcription reaction was initiated by incubating at
37°Cfor 1 hinthe presence of amixture containing 40 units
of Superscript |11 polymerase (Life Technologies). The en-
zymes were then inactivated at 70°C for 10 min.

The cDNAs were labeled during PCR amplification us-

ing 0.2 mM of the appropriate oligo-(dT)11NV and one of
the 20 arbitrary primers (M13 anchored-10 mers, Hiero-
glyph mRNA Profile for Differential Display Analysis Kit
(Genomyx C) with 3 mM MgCl,, 20 mM of each dNTP, 2.5
uCi a-dATP **P, and 1 U of AmpliTag DNA polymerase
(Perkin Elmer France, France). The amplification conditions
were 15 s at 95°C, followed by 30 s at 50°C, and 2 min at
72°C for 4 cycles, and then 15 s at 95°C, 30 s at 60°C, and
2 min at 72°C for 25 cycles. All PCRs were performed in
duplicate to ensure reproducibility. Samples from each am-
plification reaction were loaded onto an 8% polyacryla-
mide—urea DNA sequencing gel and run at 8 W for 16 h.
The gels were then processed for autoradiography. Only
bands that were consistently different were considered.
These bands were excised from the gel and the cDNA was
eluted in water after heating at 95°C for 5 min.

Sngle-strand conformation polymorphism (SSCP)

To identify true positive cDNA fragments, we screened
the amplified cDNAs using SSCP gels. Individual cDNA
fragments were reamplified using the same protocol de-
scribed above, except that we used M13 and T7 primers (0.2
mM) (Genomyx) and 1 uCi of a-dATP 33P. The bands
carrying differentially expressed products and the region of
the gel corresponding to the adjacent lane where the product
was less prominent or not visible were reamplified. PCR
products were heated at 95°C for 5 min and loaded onto a
5% nondenaturing polyacrylamide gel. After electrophore-
sisat 5 W, the gels were dried and exposed to X-ray films
(Kodak, France).

Cloning and sequencing

True positive cDNA fragments were excised from the gel
and cDNA was eluted in water as described above. Individ-
ual cDNA fragments were reamplified using the M13 and
T7 primers. The amplified products were directly cloned
using pGEM-T Easy Vector (Promega France). Cloneswere
isolated, sequenced, and analyzed on an ABI PRISM 310
genetic analyzer (PE Applied Biosystem, France). The se-
guences of the selected genes were compared to those in the
GenBank database.

Elongation of unknown sequences

Full-length cDNA was obtained by using the SMART
RACE cDNA Amplification kit (Clontech) according to the
manufacturer’s protocol. 5 and 3' RACE PCRs were per-
formed for each sequence.

Semiquantitative PCR
To determine whether candidate genes were differen-

tially expressed, specific oligonucleotides were synthesized
by QbioGene (France). Semiquantitative PCR was per-
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formed at both ages (2 and 3 weeks) with an interna
expression control. The cDNAs were amplified in a mixture
containing 1.5 mM MgCl,, 200 uM of each dNTP, 1 to 10
uM of the candidate gene primers, 0.1 to 1 uM of the
control gene primer (cyclophilin A or the Ribosomal protein
PO gene), and 1 U of AmpliTag DNA polymerase (Perkin
Elmer France). The cycle conditions were as follows: 92°C
for 2 min, followed by 20 to 30 cycles of 30 sat 92°C, 30 s
at 55°C, and 1.5 min at 72°C, and afinal extension step of
7 min at 72°C. PCR products were verified on 1.5% agarose
gels, and all the bands were quantified with the Scion Image
software and normalized according to the internal control
band.

I mmunohistochemistry

Following deparaffination and rehydratation, 2-, 3-, and
5-week-old rat eye sectionswere incubated for 20 minin 1X
Citrate buffer in a 350-W microwave oven. Sections were
then treated with 3% H,O, for 10 min, washed three times
in PBS, incubated with 0.3% Triton for 10 min, and then
with normal swean serum (DAKO, France) for 15 min. The
sections were exposed at +4°C to a mouse monoclonal
anti-rat Paxillin-kinase linker (BD Transduction Laborato-
ries) or a mouse monoclona anti-rat Grasp55 (BD Trans-
duction Laboratories) at a fina dilution of 1 wg/ml in an
antibody diluant (DAKO). After four washings in PBS,
slides were incubated with a horseradish peroxidase (HRP)-
coupled secondary antibody (DAKOChemMate; DAKO)
for 30 min at room temperature. Immunostaining was visu-
alized using a Peroxidase/Diaminobenzidine Detection Kit
(DAKOChemMate; DAKO). Sections were finally mounted
with Eukitt (PolyLabo, France).

Results
Analysis of transcripts in the 14-day-old rat RPE

The commercialy available Affymetrix GeneChip probe
arrays combine photolithographic methods and combinato-
rial chemistry. Tens to hundreds of thousands of different
oligonucleotide probes are synthesised on each array (Lip-
shutz et a., 1999). Probes are 25-base-long single-stranded
DNA oligonuclecotides, complementary to a specific se-
guence. Each probe pair consists of a“perfect match” probe
and a “mismatch” probe, which contains a mutation at the
central (13th) position and serves as a negative control.
Between 16 and 20 regions of each gene sequence are used
as probe pairs to enable a detailed and a statistically signif-
icant study of the expression and the possible modulations
of each gene. The number of instances in which the perfect
match (PM) hybridization signal islarger than the mismatch
(MM) signd is calculated along with the average of the
logarithm of the PM:MM ratio (after background substrac-
tion) for each probe set. These values are then used to make

a matrix-based decision as to whether each RNA transcript
is present or absent in the control. The average difference
serves as a relative indicator of the level of expression of a
transcript and can be used to determine the change in the
hybridization intensity of a given probe set in different
experiments. We performed 2 X 3 pairwise comparisons.
The meaning and relevance of the fold change should be
considered according to whether the transcript is present or
absent at baseline.

Clustering or, more accurately, categorization of our
microarray data was performed by using direct visual
inspection to group together genes with similar functions
and expression patterns. This method is best suited to
instances in which the patterns of interest are clear in ad-
vance, such as the lack of phagocytosis. Intensive analyses
were done with the Unigen, GenBank, TIGR databases
and on the http://rgd.mcw.edu/;http://ratmap.gen.gu.se/;
http://www.ncbi.nlm.nih.gov/genome/guide/Rnorvegicus.
html; http://ratmap.ims.u-tokyo.ac.jp/; http://bodymap.ims.
u-tokyo.ac.jp sites.

We used Affymetrix oligonucleotide microarrays to
characterize early molecular genetics signs of retina dys-
function in 2-week-old rats. A total of 8801 oligonucleo-
tides were used in these arrays, 5373 of which corresponded
to known genes and 3428 of which originated from ex-
pressed sequence tags (ESTSs). Nevertheless, some redun-
dancies existed and the 8801 oligonucleotides did not cor-
respond to 8801 different genes.

Two different computer programs were used to analyze
the microarray results. These programs used two different
algorithms. The first algorithm was impair based. It in-
cluded previous results obtained with the same microarrays
in different biological situations and can therefore be con-
sidered to be semiempirical. The second algorithm was
exclusively based on statistical tests and can be considered
to be amathematical algorithm. With the GeneChip Expres-
sion Analysis Window software, 3700 of the 8801 se-
guences were present in the RPE of control rats, and 5101
were absent. In the RCS RPE, the expression of 317 genes
was modulated: the expression of 125 known genes or EST
sequences decreased and that of 192 increased. As a bal-
anced differential expression of 2-fold or more has been
shown to be significant (Guo et a., 2000; Heller et al.,
1997), we further characterized the sequences from 84
known genes that matched this criterion. In these condi-
tions, the expression of 49 known genes decreased and that
of 35 transcripts increased in RCS rats. The second pro-
gram, Array Suite 5.0, uses an algorithm based on statistical
tests to look for genes that are strongly modulated (=2-fold
change). We found that the expression of 63 known genes
was modulated. Using this software, the expression of 44
known genes decreased and that of 19 increased in the RCS
rat RPE. In total, 110 different modulated known genes
were identified by these two methods (Table 1). The genes
identified by both analyses are shown in Table 2. We also



Table 1

Modulation of gene expression in 14-day-old RPE between RCS and congenic controls

Genbank Change Name Function Software®
Transcription
Al1014135 -2 CDK109 Similar to mitochodrial 16S RNA 1
U94340 —-6.4 ADP-ribosyltransferase Polymerase 2
u32577 —335 ribonucleoprotein M4 RNA splicing and packaging 2
Al231164 -2 Splicing factor Sfrs10 Splicing factor 2
L 09656 -2 Tcf12 Splicing factor 2
AAB875069 —3.6 Histone H3 b Chromatin B
X89383 —-22 SNF1 kinase Histone kinase B
Trandlation
U11071 -2 Polyadenylate-binding protein ARN stabilisation/degradation 1
X60212 —-22 ASI large ribosomal protein L22 Translation 1
X59051 -21 Ribosomal protein S29 Translation 1
RNU20525 -21 Lens epithelia protein Tranglational control 1
A1103498 —-23 Ribosomal protein L5 Translation 2
X15216 -2 Ribosomal protein L21 Translation 2
AA892801 -81 Elongation factor 2 Translation B
A1008852 -33 Elongation factor 1 alpha Translation B
Oxygen metabolism
X56325 —2.7 2-alpha-1 globin Oxygen carrier 1
J01435 —2.7 mit. COX subunits I, 11, I11 Respiration 1
M94919 -34 Beta-globin gene Oxygen carrier 1
Y 09507 —26 HIF1 alpha Hypoxia response 2
M27467 -2 Heart COX Vic Respiration B
Phagocytosis
U57500 -2 Tyrosine phosphatase apha (PTPRA) Signaling, Grb2 pathway 1
Y 12635 -38 Vacuolar ATPase subunit B Phagosome/lysosome fusion 1
Y 12635 -21 ATP6b2 transporter lysosomal acidification 2
S81353 —24 Sulfated glycoprotein-1/saposine Phagosome/lysosome lipid degradation B
D84477 —24 RhoA Signaling B
u03763 —-24 Phospholipase A2 Lysome lipid degradation B
X76489 —-21 CD9 glycoprotein Fusion/engulfment B
u8g324 —24 Protein G beta 1 (Gnbl) Signaling B
AF041066 -2 Ribonuclease 4 Lysome B
Cellular traffic
X 06655 -25 synaptophysin vesicle protein p38 Exocytosis 1
L10362 -2 Synaptic vesicle Sv2b Exocytosis 2
M15882 —2.7 Clathrin light chain Endocytosis 2
M15883 -23 Clathrin light polypeptide Endocytosis 2
X92097 -21 Coated vesicle rnp21.4 Vesicular traffic B
L13445 —24 Syalyltransferase 8 Golgi B
Endoplasmic reticulum
AF100470 -56 RAMP4 Chaperon protein 1
X52817 —-21 Reticulon 1 Potential recycling 1
L15618 —26 Casein kinase 2 Multifunction kinase 2
AA685903 -29 GRP94/endoplasmin Chaperon protein B
Matrix proteins
NM012862 -25 Matrix Gla protein Tissue calcification inhibitor 1
Al231292 -21 Cystatin C Cystein proteases inhibitor 1
U27201t —24 TIMP-3 Metalloproteinases inhibitor 1
Membrane proteins
X53054 -57 RT1.D beta chain MHC | 2
AAB18982 —-32 Thymopoeitin Inner nuclear membrane 2
AAB818970 —26 Endothelin receptor B Cell growth 2
Al228669 —-34 GABA transporter Lysosome 2
X77934 —45 Aplp2 Amyloid like-protein B
M74494 -29 Na+K+ATPase lons transporter B
754212 —-26 Empl Cell-cell interaction B
Cytoskeleton
NMO007393 -2 Melanoma X actine Membrane ruffling 1
AF084186 -3 Spectrin (Spna2) Membrane structure 2
A1070848 —-21 Cytoplasmic beta actin Membrane ruffling 2
AF122902 —-28 beta actine Membrane ruffling B
Lipid
X04979 -2 Apolipoprotein E Lipid carrier 1
X98225 —24 Gastrin-binding protein (Hadha) Fatty acids oxydation 1
U67995 —-24 Steoaryl-CoA desaturase 2 Fatty acids synthesis B
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Table 1 (continued)
Genbank Change  Name Function Software®
Metabolism
X60328 -34 Cytosolic epoxide hydrolase Detoxification 1
M19257 -2 CRBP retinol carrier 1
D38380 -27 Transferrin Iron carrier 1
D86641 -2 FK506-binding protein 12/mTOR Protein expression 1
AA945169 -31 Transthyretin Thyroid hormone/retinol carrier 1
D49785 -4 Map3K12/DLK Stress signaling 2
M21476 -53 lodothyronine 5-monodeiodinase Thyroid hormone metabolism B
M93297 -2 Ornithine aminotransferase Aminoacids metabolism B
u35774 -22 Bceatl Aminoacids metabolism B
AA924326 —-22 Aldolase A Glycolysis B
AF106860 -2 GAPDH Glycolysis B
M24852 -26 PEP19 Synaptogenesis ?7? B
Transcription
D67015 +3.3 SCG (Importin beta) Protein transport to the nucleus 1
AA849035 +3.1 B myc Transcription factor 1
AB012234 +22 NF1-X1 Transcription factor 1
X56546 +2.7 VHNF1 Transcription factor 1
U25746 +2.1 Helicase Arg-Ser-rich domain RNA processing 1
U21719 +25 D 920 Epithelium proliferating Proliferating cells associated mMRNA 1
Al1012183 +4 Nrf2 Transcription factor B
U10995 +2 Nr2fl Transcription factor B
Oxidative stress
AA859934 +35 DNAJ protein like (Hsp 40) Protein renaturation after stress 1
D15069 +2.7 Adrenomedullin precursor Hypoxia response 1
X64589 +3.9 Cyclin B Hypoxia response 1
AA926149 +2.3 Catalase Oxidative stress, hypoxia response B
Al233261 +3.2 Glutamate-cystein ligase (Gclm) Oxidative stress, hypoxia response B
Endoplasmic reticulum
AAB800930 +3.4 Aspartyl beta hydrolase (Asph) Ca&* binding protein 1
U15734 +2.1 Reticulocalbin 2 Ca2™" binding protein B
Phagocytosis
rx02826 +2.2 CED6 Apoptotic particles clearance 1
S63521 +2.3 GRP78 Chaperon protein/phagosomes B
Al236721 +3.6 14-3-3 Kinase associated phagosomes B
Matrix proteins
AAT799755 +5.1 ACLP (AE binding protein 1) Adhesion 1
X84039 +2.2 Lumican Growth suppression 2
X59859 +3 Decorin Growth suppression B
Cell signaling
L13619 +2.7 CL-6 Growth response 1
$40803 +3.1 Luteinizing hormone receptor Growth factor 1
AF064868 +5.8 Begain Nucleus 1
AF102855 +5.3 Synamon protein Postsynaptic protein 1
L20678 +4.2 BMP2 Growth factor 1
M81183 +3.8 IGF1 Growth factor B
Cytoskeleton
AA900769 +2.2 smooth muscle actin alpha 2 Membrane structure 2
X 05566 +3.4 Myosin regulatory light chain Membrane structure B
Metabolism
LO7114 +3.3 Apolipoprotein B Lipid carrier 1
D82883 +2.2 Sulfate transporter Sulfate carrier 1
Y16774 +2.0 Dri 27/ZnT4 Zinc transporter Zinc carrier 1
U21662 +15 Mannosyl(alphal-6) Mgat2 Golgi 2
AA819643 +7 AMP protein kinase Prkaa2 Fatty acid synthesis inhibition 2
M19359 +3.3 Gammea-crystallin cluster Chaperon protein B
X54510 +2.1 ATP synthase (ATP5i) Respiration B
u50194 +2.3 Tripeptidylpeptidase 2 Proteolysis B
A1170403 +2 proteasome associated protein Proteolysis B
urrrr +2 Interferon gamma IL 18 Proinflammatory response B

Note. Negative and positive fold changes correspond respectively to down- and up-regulation of genesin RCS RPE. The GenBank accession numbers are

listed for each gene. Genes are classified according to the function of their corresponding protein.

2Two different types of software were used for microarray analysis. 1, GeneChip Expression Analysis Window software; 2, Array Suite 5.0 software; B,

genes common to the two programs.
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Table 2

Genes found to be modulated by both the GeneChip Expression Analysis Window and the Array Suite 5.0 programs

GenBank Change Name GenBank Change Name

AA892801 —-81 Elongation factor 2 X76489 —-21 CD9 glycoprotein

M21476 -53 lodothyronine 5-monodeiodinase AF106860 -2 GAPDH

X77934 —45 Aplp2 AF041066 -2 Ribonuclease 4

AAB75069 —3.6 Histone H3 b M93297 -2 Ornithine aminotransferase
A1008852 -33 Elongation factor 1 alpha M27467 -2 Heart COX Vic

M74494 -29 Na+K+ATPase Al012183 4 Nrf2

AAB85903 —-29 GRP94 M81183 38 IGF1

AF122902 -28 beta actine Al236721 3.6 14-3-3

754212 —-26 Empl X05566 34 Myosin regulatory light chain
M24852 —26 PEP19 M19359 33 Gamma-crystallin cluster
S81353 —24 Sulfated glycoprotein-1/saposine Al1233261 32 Glutamate-cystein ligase (Gclm)
D84477 —24 RhoA X59859 3 Decorin

u03763 —24 Phospholipase A2 AA926149 2.3 Catalase

113445 —-24 Syalyltransferase 8 S63521 23 GRP78

uss324 —24 Protein G beta 1 (Gnb1l) U50194 23 Tripeptidylpeptidase 2
U67995 —24 Steoaryl-CoA desaturase 2 U15734 21 Reticulocalbin 2

U35774 -22 Bcatl X54510 21 ATP synthase (ATP5j)
X89383 -22 SNF1 urrrrt 2 Interferon gamma IL 18
AA924326 —22 Aldolase A U10995 2 Nr2f1

X92097 -21 Coated vesicle rnp21.4 A1170403 2 Proteasome associated protein

Negative and positive fold changes correspond respectively to down- and up-regulation of genesin RCS RPE. The GenBank accession numbers are listed
for each gene.

included in our results 19 transcripts for which the magni- detected genes. This allowed us to identify 15 unknown
tude of modulation was between 1.5- and 2-fold (Table 3). sequences that were modulated in the RCS rat (Table 4).
The expression of 55 unknown sequences or ESTs was The expression of 8 of these transcripts decreased and that
modulated according to the GeneChip Expression Analysis of 7 increased in the RCS RPE.

Window software compared to that of only 19 with the Oligonucleotides were synthesized for 12 of these genes

Array Suite 5.0 software. We performed sequence analysis (2 genes were the same as those found with DDRT—PCR)
with the BLAST software (www.nchi.nlm.nih.gov/BLAST) on the basis of sequences retrieved from the GenBank

to identify real unknown sequences and to remove se- database (www.ncbi.nlm.nih.gov). These oligonucleotides

quences that were homologous to known and previously were used for sgPCR.

Table 3

Some genes that are significantly up- or down-regulated (1.5- to 2-fold) in the 14-day-old RCS RPE compared to the congenic controls
Genbank Name Change Function
M64733 TRPM-2 (clusterin) -19 Lipid metabolism
AB004277 Protocadherin 5 -16 Cell—ell interaction
M15474 Alpha-tropomyosin -19 Cytoskeleton
X52815 Cytoplasmic-gamma isoform of actin -17 Cytoskeleton
X74401 Rab GDI beta -19 Vesicle trafficking
M34043 Thymosin beta-4 -17 Cytoskeleton
D10706 Ornithine decarboxylase antizyme -18 Metabolism
D16554 Polyubiquitin -17 Metabolism
X54081 Cytochrome ¢ oxidase subunit IV -17 Metabolism
X02610 Non-neuronal enolase (NNE) -16 Glycolysis
X54467 Preprocathepsin D -18 Lysosome
M11071 MHC class | cell surface antigen -17 Membrane protein
Jo4488 Prostaglandin D synthetase -18 Trophic factor
u75928 SPARC -19 Matrix
X52840 Smooth muscle myosin RLC-B 19 Cytoskeleton
D90211 Lysosomal glycoprotein LGP96 16 Lysosome
M96601 Taurine transporter 17 Metabolism
S68135 GLUT1 (glucose transporter 1) 16 Metabolism
X07365 Glutathione peroxidase 1 15 Oxydeative stress

Note. Negative and positive fold changes correspond respectively to down- and up-regulation of genes in RCS RPE.
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Analysis of transcripts in the 21-day-old rat RPE

DDRT-PCR was used to identify changes in gene ex-
pression in the RPE of 21-day-old RCS dystrophic rats. We
performed 300 duplicate DDRT-PCRS, involving 150 dif-
ferent combinations of oligonucleotide primers. Only a
small number of consistent changes were observed when we
compared dystrophic and control RPE RNAs. On average,
about one change occurred for each primer set, alowing us
to recover about 150 cDNAs. To identify true positive
cDNA fragments, 104 cDNAs were screened using SSCP
acrylamide gels. Only 30 of these cDNASs were unambigu-
oudy differentially expressed. These 30 cDNAs were ex-
cised from the gel, eluted, and cloned into the pGEM-T
Easy vector.

Sequencing of these cDNAS revealed 23 different se-
guences, 6 of which were unknown and 17 of which were
known. Oligonucleotides were synthesized on the basis of
sequence data for 14 of these cDNA fragments (Table 5)
and used to perform sgPCR.

Sudy of unknown sequences

Three unknown modulated cDNAS, the 1-12-4, 7-5-3,
and 8-13-1 clones, were elongated resulting in, respectively,
1538-, 3873-, and 1037-bp fragments (Table 6). None of
these sequences corresponded to any known cDNAS, a-
though, the 1-12-4 and 7-5-3 clones corresponded to clones
upon sequencing in the rat genome.

Verification of differential expression

To confirm the results of the microarrays and DDRT—
PCR, we performed sgPCR, using the cyclophilin A or the
Ribosomal protein PO gene as interna controls. These two
genes are currently considered to be the most reliable inter-
nal controls and their expression is not modified in RPE
cells during phagocytosis (data hot shown). The most com-
mon control genes are GAPDH and actin, however their
expressions increase during phagocytosis (Table 1). SQPCR
was performed in duplicate with each control gene to test
the reproducibility of each reaction. All bands correspond-
ing to the gene of interest were quantified with the Scion
Image software and normalized according to the controls.
RNAs from 14- and 21-day-old rats were used for duplicate
sgPCR, to study the changes in gene expression that occur
even before and at the beginning of the retinal dystrophy in
RCS rats.

SgPCR showed that the expression patterns of 11 of the
14 DDRT-PCR clones were modified. No significant mod-
ulations were observed for the LMW G-protein (Rab34) or
for the ubiquitin-associated protease 1, even though there
was a dight downward trend in both cases. Eight of 10
changes detected by the microarrays were confirmed by
sgPCR. Some of these modulations are shown in Fig. 2 and
the percentages of modulation after normalization are de-

tailed for all genesin Table 7. The transcription of the CD9
gene, encoding a protein involved in cell-cell fusion, was
without doubt modulated during the microarrays experi-
ments but the result was not reproducible with the further
sgPCR analysis. Finaly, 80% of the genes detected in the
RCS RPE using the microarray analysis were unambigu-
ously modulated in the same direction in the sqPCR exper-
iments. In most cases, we obtained the same general up-
ward/downward trend for the Affymetrix microarray system
and DDRT—PCR (Table 8). We used database mining to
confirm the cellular localization of most of the known tran-
scripts found to be expressed in control RPE cells by the
microarray analysis. This validated our specific microdis-
section method and of course the specificity and the quality
of our mRNAs. Our microdissection method was further
validated by the fact that archetypic proteins, such as
GRASP55 and Paxillin-Linker-Protein, extracted simulta-
neously from RCS and control RPE cells microdissected
according to the same method applied previously, could be
detected by Western blot and immunohistochemistry

(Fig. 3).

Discussion

The goals of this study were to identify genesinvolvedin
outer segment phagocytosisin the norma RPE aswell asto
characterize modulations of gene expression in RPE célls
associated with the phagocytic dysfunction and with
changes in RPE cell metabolism of RCS rats. We compared
the RCS RPE with that of its congenic strain, which differs
only by a deletion in the c-mer gene. To examine the effect
of the lack of phagocytosis on RPE metabolism, we used
microarrays in 2-week-old rats and RT-PCR differential
display in 3-week-old rats. Neither of these techniques can
screen 100% of the expressed and/or modulated genes.
These two techniques are based on different, but comple-
mentary, principles. The microarray approach allowed us to
examine the expression profiles of over 8000 genes or ESTs
but could not find novel sequences. Conversely, DDRT—
PCR, with its arbitrary primers, is more flexible and can be
used to identify new coding sequences. The results obtained
by each method were verified by sgPCR at both ages. Two
different computer programs were used to analyze the mi-
croarray results. A reproducible two-fold difference in ex-
pression levels was deemed significant by the manufacturer
following extensive testing of their procedure prior to its
commercialization, with =1% false positives. Thus, the
modulated genes identified by both techniques are the most
significant. Some of the results obtained differed, but this
apparent mismatch can be explained by the highly selective
nature of the results: we used two criteria with both pro-
grams: high statistical relevance and fold change (>2). Few
of the genes appeared to be common to both analyses, but
more genes were modulated by both methods when less-
selective criteria were used. Genes found by one of the two
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Table 4
Accession numbers and fold change of unknown modulated EST found
with the microarray analysis

Probe set name Fold change Probe set name Fold change
rc_AA875327 —-25 rc_AA799537 5.0
rc_A1103396 —-24 rc_AA894009 42

rc_ AA963674 —-23 rc_AAB800930 34
rc_AA858570 —22 rc_AA892759 2.6
rc_AA859372 -21 rc_AA875059 25
rc_A1639076 —-21 rc_AA874873 2
rc_AA893485 -2 rc_Al1639042 2
rc_A1639510 -2

Note. Negative and positive fold changes correspond respectively to
down- and up-regulation of genesin RCS RPE.

softwares analyses are also relevant, as sqPCR confirmed
the results provided by each of them. Microarrays permitted
usto determine 125 modul ated genesin the RCS RPE. After
categorization, 33% of the genes found to be down-regu-
lated in the RCS rat appeared to be related to phagocytosis
and phagosome composition. These genes correspond more
specifically to the absence of shed outer segment engulf-
ment. Another 45% of the down-regulated transcripts were
found to be related to a decrease in general metabolism
(glycolysis, lipids, and proteins), which is in accordance
with the decreased activity of the mutant RCS RPE. The
results of the microarrays were also validated by sgPCR and
DDRT-PCR. Even though the PCR technique is less sen-
sitive than the microarray technique and is condition depen-
dent, the sgPCR results confirmed most of the microarray
results in 2-week-old rats. DDRT-PCR provided us less
information than the microarray method, because it is PCR
based and produces cDNA bands that are not frequently
immediately unique and may require several rounds of fur-
ther purifications. However, this method allowed us to find
six unknown RPE-specific sequences. SQPCR confirmed
that the levels of four of these cDNA sequences were indeed
modified by the RCS homozygous deletion. Three cDNA
fragments were successfully elongated and gave us three
sequences of 1-, 1.5, and 3.8-kb long (Table 6). Further
studies on the full-length cDNAs and their corresponding
novel genes as well as the genes encoding modulated ESTs
(Table 4) are currently underway and should provide addi-
tional information on the phagocytosis of POS specifically
and apoptotic bodies more generally. The mechanisms un-
derlying phagocytosis are exceedingly complex (Aderem
and Underhill, 1999; Greenberg and Grinstein, 2002; Un-
derhill and Ozinsky, 2002). Some general principles can be
discerned in the phagocytic processes. (1) Phagocytic re-
ceptors recogni ze specific ligands on target particle/cell. (2)
These receptors trigger intracellular signals that direct po-
lymerization and the rearrangement of filamentous actin and
coordinate the tractional forces that internalize apoptotic
bodies. (3) Membrane trafficking is required to compensate
for the membrane lost at the cell surface and to modify the

membranes surrounding the vacuoles in the maturing
phagosome.

Three major findings emerge from thiswork: (1) Specific
tyrosine kinase signaling pathways, such as the DLK MAP
kinase, INK/SAPK, PI3-K, Akt, and mTOR signaling path-
ways, are altered. These signaling pathways could be criti-
cal in the normal signaling pathways of the c-mer tyrosine
kinase receptor. (2) Endoplasmic reticulum (ER) proteins,
which have been involved so far exclusively in an in vitro
model of phagocytosis (Gagnon et a., 2002), are demon-
strated to be implicated for the first time in an in vivo
physiological phagocytic process: the phagocytosis of POS
by RPE cells. (3) The decreased phagocytosis of POS in
RCS rat RPE is associated with decreased endomembranes
biosynthesis, atered phagosome formation, decreased exo-
cytic and endocytic processes, decreased vesicular traffick-
ing, decreased cytoskeleton rearrangements, and decreased
biosynthetic and catabolic activities (respiration, glycolysis,
and lipids).

The absence of afunctional c-mer tyrosine kinase recep-
tor in RCS RPE cellsis expected to have a major impact on
the signaling pathways that are activated during POS phago-
cytosis. Phagocytosis involves the active assembly of actin
microfilaments, and it is thought that the MAPK kinases
play arole in this process. Indeed, the microarray analysis
allowed us to detect a significant down-regulation of the the
Dua Leucine Zipper-bearing Kinase (DLK) gene expres-
sion, also caled Mitogen-Activated Protein Kinase Kinase
Kinase 12 (MAP3K12) in RCS RPE célls. Many protein
tyrosine kinase receptors and their signaling pathways are
often clustered in the vectorial subcellular domains deter-
mined by caveolae (Razani and Lisanti, 2001; Anderson and
Jacobson, 2002). Importantly, caveolae contain all of the
essential components required for MAP kinase activation
(Waterman and Yarden, 2001). The DLK gene, aso caled
MAP3K12, belongs to the mixed lineage kinase family

Table 5
Genes corresponding to the cDNAs cloned with the Differential Display
method

GenBank Name Trend in
RCS RPE
NM_021340 G protein-coupled receptor RGR opsin Decrease
NM_010024 Tyrosine-related protein 2 Tyrp2 Decrease
NM_031179 Splicing factor 3B Decrease
X16262 Myosin heavy chain 11 Myh11 Decrease
NM_019299 Clathrin heavy chain Decrease
S72304 LMW G-protein/Rab 34 Decrease
Y 17323 CDK109 Decrease
NM_011595 Metalloproteinases inhibitor TIMP3 Decrease
X70496 Mss4 protein/Rab interacting factor Decrease
NM_011909 Ubiquitin associated protease 1 Decrease
/ Unknown clone 1-12-4 Decrease
/ Unknown clone 7-5-3 Decrease
/ Unknown clone 7-17-2 Decrease
/ Unknown clone 8-13-1 Increase

Note. Accession numbers are given for known genes.



Table 6
Sequences of the unknown cDNAs that were elongated from Differential Display clones

Clone 1-2-4 (1538 bp)

GCTTGGCATGGTGGCACACAT CTTTAAT CCGAGCACT CGGGAGT CAGAAACAAGCACAT TTCTGT GAGT TCAAGGCCAGCCTGGT TTACGTAGT GAGT TTCAGGTCA
GTAAGGACTATATAGT GGGACTATGT CTCAAAATAAAAAT AAAAACT GCACTGTACCTTAATTTTTTTTGAGACAGATTCTCATGTATCCCAAGCTGGCATTTAAAC
TCACGACATAGCTGAGAATGACCTTGAACTTTTTTTTTTAAGATTTATTATATATGAGTACACTATTGCTGT CTTCAAACACAGCAGAAGAGGGCATCAGATCCCAT
TACAGATGGT TGT GAGCCACCATATGGT TGCT GCGAAT TGAACT CAGGACCT CT GGGAGAGCAGCCAAT GCTCT TAACCAAT GAGCCATCTCTCCAGGCCGACCT TG
AACTTCTGATGCGCCCAACT CTGCCT CCTGAGT GCT GGGACT ACAGGT GTGAACCACTGAGCCTGGT TTGCTTTATTAGAGAT TAAATCAAAGATTTCCTCCATTGT
CAGCAGCATGT CTGCCAGCCT CGCCACAGAGCCAACGCTGTACTGT GCATCTAAATGGACTAAT TGTAACATCCACGAATTACACATCAATAGCCTGTCATTTTTAG
AGGAGCCAGAGT TEECGT TTTCTTGEGCEEGTCATTTTTTGT TTGI TTTTTGITTGI TTTTTCTTTTCTTTCTTTCGITTTTTTTTTTTTTTTTTTTTTTGAAACAA
GATTTCTGT GT GGCCCT GGCTGT CCCGGAACT CACT GATCT GATCCAGGGAAGACT GT GCTTCCTACGAAT CCCTAGT CTGGGCCT GAGGGEGEECAAAACCCTCTCTA
ATTGTGGGTCTGT CTGCAGCGCTCAGCCCTCTCATCTCTCT TAGCT GT GGGGAAGGT CTAT GCAGCCACT GCCCAGCT CCCAGGT TCAAATCTCAGCTCCACTACCT
AACCAGCT CTGT GACCT CAAAGAACCCCTACT CTCGCT GAGCCT TGGCCT GACAGT AACT AACACCCGACACT AGGGT CCCTGT GT GTCAAACT CAAGCTGATTTCA
CGGAGCCCAGT GAGT TCATGT AACACT CACCAT TGAGCTATAGAGGCAGAAAGAGAAT CT CGEGGCTAGGGT ACAGGGEGECT TCCCTAGCT TCCCT GTGT GACGCTAT
GGGATCCATTCT TAGCAGAGAGAGGAGGGAGAGGAGAAGGGAAGAAGGEGAAGAGGGAGAGAGAGGGEGAGAAATGCTTACT TAGACTATAAAAGT CTTGCTCAGAAGC
TGAGGCGT CACTAGGAACCTGT CTTATTGGCTGT GATTTGAT GCCAAGACT CAGCGAGCCCACAAT GCACCGGEGT CTGECTGAGCCT GCAATGTACAGT TGGECTGT
GITTTGITGCTCTGITTTGITTTTCTTCTTTTTTTTTCTTTTTTCTTTTTTCTTTTTTTTTCGGAGCT GGGGACCGAAAAAAAGAACT TCATTTTAGAAAAAAAACA
GAAGGAAAAAAATTGAACTCTGCGTTGTTACCACTGCTTA

Clone 7-5-3 (3873 bp)

GGAGGATCTGGGTGCATGTCTGCTGCAGT CGGCCT GT GT GCT CCAGGAAGGAAAGT CCCCACGGCAGT GCTTGAAGGAAGGCAACT GTAGAGCT TTGCAGTACTCGT
TTTTTGAGT GTAAGAGATCAAT GT TGGATGCCAGAT CAAGAT TCAGAGGAAGAAAAGGATAT TGATAATGT CAT GT TGGACGAAGAT GAAAACCACTCAGAATTTTC
TCTGGT CCTTAACAGAAAAGAAT CAAAGT AGGAAGCACAGT AGCTGCCACAT CTGT TCAACCT CTGGGCCT CCCAAGT ACACCAGAGAAAACAGATCAATGCTGT TT
CTGAATGATTCTGCTGGT TAAAGT CATTTATAGAAGATTCACGATACT GAACAACTATGGGT TAAGAACTTACTGT GT TTTGT GAAT TGCCCAATGGAGAGAGTGT G
TTCAAGGATGACTCTTGAT CAGAT TACACAGT AT GT GCAT CCAGGAGGCCACATGAAAT CAGCATAGT TAGTAACATAGAATCTGT TGT CAGCCT CCTCCAACTCGT
GTCTGTTTCTTGGT TTCAATTTTAGGCCAGCCCT CTCCTCATAAAGGGGT GATAGT AGCCACAGT CCACAGCCT CAAGGT CTGGT CTCCAAAAAGAAGAGT GTGAGC
TGGGCCACAATCATACCCT CCTGAAGAACTCTGGTCTTTTCTGGTCATATGCTCCTGCCCCACCCT TGGTGATCCTGGCTAGAT CATGGT CTTCCCGTACTGT GCCG
ACACCATTCACAGTAACATAGGATGAGT TAT GGGCCT CAT CCCTAAACACT GGAACT TGCAGCAAATGATGTAGCAGATATTCACT CTAGATAACAAATGTCAGT GA
CATGAAGT GGCTAGGAAAGT TTAGAACCCTGATCATTTTATTTTTACCACT TAACACAGT AGAGAGCCAT CAGGACTAAATCTTTGGTGTGATTCTTGCCATTGAAG
TCATTATAGCTTCCATATTGI TCCGTAGT TCACTGGAAAGT GCACTTGCTGT TAAAAGT TTTGAAGCT GTGAGGAT TCCCTAGGGT GTCACTGAAGT CTGCTCTGTA
TACTGCCCCCACT GBGAGT GCACGGTACTGCACCCT TAAATCCT GCCGCCTGT GT CCCAAACAT GGT GTCT GOGT GCAGT GTGGAGTAGTGCGCCCTCCTTTTTTTT
TTTTTTTTTTTTTTTTTCCCATCTTTTTTTGGAGCT GGGAACCGAACCCAGGEGCCT TGTGCTTGCTAGGCAAGT GCTCTACCACT GAGCCAAAT CCCCAACCCCTGT
AGTGCGCCTTCTATACTAGAAAGCT TGACCACT GAGCCACACCT CCCACTAGT GCTTCAAT GTCAACCGAGAGTAAAATGTGT TTGTATGAAATGCCTCCATTTGAC
TAGATAGAGCTTTATTTGGAGAAAGT CACATATAACATAATTGAACT TTGAATTATACAATCCOGT GGAT T TTAGAGT GCTCCT GGAGCAGGT GBCAGT CACCACTA
TCTACTTCCAGAACAGTCTCATCCT TTCCAGAAACCCACACTCTGTCTTTCCTCTATTCCAGATCTGT TAGACGAGT GGAATTACATAGT CCGGTCTTTTCTGAGT T
CTGTTACTAAGT TTTAAAGGT TTATTCTCAGGTAGCATCAGT CCGTAATGTATTACTGCTGAATAGT GT TCCGT GTATACAGACACCGT GTGTGTCTTCTTCCAGCG
AGCAGAGGAACTCTGAGCTGT TTCTACT TTGGGGCT TTTGACTAAT GCTATGAACATCT GTGAAAAAGT TCGAAATGT TTGAT TTAGTACAGACCCTAGT GGGGAGC
TCCGGGGTCATATTATGACAGCCTCAATTGTACT TCCTACAGT GGT TTTACCACCATTTCCTGCTCTCGT GGGATCTAGGCTCCAGCAT CCCTCACAACTTTCTGCC
TGAGATGAAGAGGCATCTGATTGGGATCTTGGT TTGCATTTCCCTAATGTCTAATAATCTGAGCTTTTTTTCATGTGT TCATTGGCTTTCTATGCTGCTTTGCAGAA
TGTTTATTTCAGGCTACAGICTGCCTTTCAGCTGGGT TATCTTTCTGTTTTTCTGTAGGATTTTTTATTTACGGTCAACTCATCTCTTAAAGATTAATTGCCATTTT
TTTTTTCTCAACTTGTGGT TTGCCCTTCTCAATGTCTTGATGCTCTCTGAAGCACAGT TTTTATTTTTATATATTGCCTTTCTGCGT CT TAGCCCAGGCTGGCCAGG
AATCCCCAAAGCCT TGTACACAGAGT GAGCATTTTCACCGCCT CACT TCCCAGAAGGCACACGGCGCT GCTCCTGCCTAGAGCAGT TTTCATATTGGAAAATAACAA
TGTGTTTTTTCTTTCAGTGTATCCTAAGAAACCATTCCTAACCT GGACT TACAGAAGCCTATGTCTTCACTAAAGAATTTTTAAATTTTACCTCTTACCTGTAGGCC
TGTGCTCTCAAAATGT TACACACCT TTATTCATGGCCATATTTAAAATTAAGTAGAAATAGT GAGTATGTAGATATGCCT GTATCGT GATGAGCACATTCACAGT GC
AGTGCAGT TGGCCTGCAGCCCAGT TCTGCATCCACCT CAGAAAAT GCCCAGT GAGCCCAT CTAAT GACT CCCAGCCCCT GCCAGGT CCTCCCTCCCTGCCCTGICTT
GGCATACTCTCTCTCCATGGCAATCACCATTCTCTGTCCTGT TTCTGAATTTGAGTACCCTAAGT GCCTGGTATACATAGAT TCTCAGT GCGTGTGTGTGTGTGTGT
GTGTGTGTGTGT GT GTGCGT GCGT GT TCAT GTAGCAGAAT GCCGT GAAGGCT TGTATCATGTATGAGT TTCCT TTGTAAGGACAAATAGTACTTTAGACT TTAGTGT
GTGTTGTATGTATGCTGTATGI TTCTTGT TACCTACT CATCCAGCCGT GGGTACCTCAGT TGT TCCCACCCT GGAGCTCCTGACTATGCTGTGAACATGTATATACA
AATATCCCTCGGATCCTGCTTAGCATACACGCAGCAGATTGTATGT CTTAGGGTAACTCTGCTGT TAT TAGTAGGCACTGCCGTAGT CTCCATAGT GACCACACTAT
TGTATGT CCTGGCAGCAGT GCACAGAGATTAGAAGT GCCCATGTCCTTGTGAGTCTTACTCTTTTTTAGTGGCTGT TCTAGTAGGT GTTAAGATCTGCTAGTGCTTC
TGCTTCCCATCTCTCTGACTACTGATGTCACATGT TTTATATGCTTGGTGGCCTTCTTTATATATCGT TTGAAGAAATCTCTTTAGGTCCACTGTCCATTAATAGT T
GGGTCGTTGECTCTGGT TGAATTTTTGGTAGT CACATCCACAAAAGCAT TAACCCACCCAAGGGAGCCTACTACAGCT TGCCCTAGGAAACT TGATTTTAGCTCTTA
GCTTTGCTCTCTGGTATATTTTGAGT TCATTTGT GT GTGAGATGTAAGGT CTGACT TTCTACTCTACCCATGT GGATACCTGGCT TTGCATGI TGCCCTTGGT GGGA
AAACAT CCCGCTGT GCATGGTGEEGECTGT TTCTGAGCCTGGT CTCTTCCATGACCT CTGT CTGCCT TCATGCCAACGCCACTGCT TTGATTACTGGAGAATTATAAT
AGAAATTTGAAATCAGAAAATGT TTGT TCTGTAATAAAAATTTGAAATCAGAAAGT GT TCTATAATAAAAAT TTGAAATCAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAGTACTCTGCGT TGT TACCACTGCTTGCCCTATAGT GAGT CGTAT TAGAAT CGAAT TCCCGCGECCGCCAT GBCGECCCEEGAGCAT GCGACGT CGGECCCAATTCG
CCCTATAGTGAGTCGTATTAC

Clone 8-13-1 (1037 bp)

GAGGT GGAAACATTGAACTAGAAGAT CATAGAACAACT TTACCTACAGT TGT AAAAGGAGCGAT TGCGTAGCTATTCTCTCTGGGT TAGGCATGATGACTGCCATTT
TGAATCACCACAT GAGACCCGCAGGAGACCAGACCTAGCT GATAGAGCCT CAT GGT GGAAAGGT GT TCCTCTCACAGGGAAGAACT CTGCTTCCTGCCATGGTCTTA
TAGCAT CTGGGCCAGCCAGGT TAAT GCCGCAACCTGGCCT TTGT GAGAGAAT CTGT TTATGGCAAAGAGACGT GATTAAT GAGGAACACACATATGATGGT GGCATG
CTCCGCCCTACATGGGACCACTATATCATCCCCAT CAAGGACCAGAGAACAT CATCCAGGAGAAGGCAGGAAGAACACAGAAGCCAGAGGAAGAGGT CTAGCTAGAA
GATGTCTTCTGCACT CAAGAACTAACT GAAGT TGCGGT AT CT GAACAAGACT GCCAGGAGACAGGGT CCAATACCCT TTCTTCAGGGT TGT GGGAGGGACT CATAAG
GGTCCTCCTCT TCCT GAAGGGCAGGCGGAAGCT AAT GGT TGCCAGGAGACAT GGAGGT CGCTTTTGT CAGT GGT GT GACT GCTGAGAAGAT CCCTGGCTCCAGT AAA
GGTCCCACCCACATAGAGCTCTAATGAAACT CAGT GGGT CACCCACAAAGGCAAGAGACAGGAGCACT TGATAGAATATGGGT TTCAGT AGGAAAGGAGT GGAAGT G
ACACGGGAGAAT GGGAGGT TTAAAAACGACT GAACCT CACT GTAGAAAAGT GT GAAGT TAT CAAACGACAGCAACAGAACGT GT CCACGAGGAAAT GGCAAGACCCA
GACAGCCTTCTGITTAAAAGAGATATATTCTTTACCATTCAAGCATCTCTGTGT TTTAAGAAATCTCCATAAATAACTTTCTCAAGT TGCTTTTTAAATAAAGATTA
CCCAGCAAAAAAAAAAAAAAAAAAAAAAAGT ACT CTGCGT GTTACACTGCTTGCCCTATAGTGAGT CGTATTAG
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Fig. 2. Example of duplicate semiquantitative RT—PCR for known genes (A) and unknown cDNAs (B). (aand ¢) RCS RPE, (b and d) control RPE; mRNAs
from (aand b) 14-day-old and (c and d) 21-day-old rats. CypA (cyclophilin A) isthe internal PCR control. TTR, transthyretin; TFR, transferrin; RGR opsin,

G protein-coupled receptor; Timp3, tissue inhibitor of metalloproteinase 3.

(MLK) (Ikeda et a., 2001). DLK activates the c-Jun NH2
terminal  kinase (INK)/stress-activated protein kinase
(SAPK) pathway through MKK7 (MAP kinase kinase 7) in
cells (Nihalani et al., 2001). DLK mediates JINK activation
in neurona apoptosis. AKT is an intermediate between
tyrosine kinase receptors and JNK. The absence of the
c-mer receptor probably diminishes AKT activation and is
likely to decrease the activation of the INK/SAPK signaling
death pathway significantly. Thus, the down-regulation of
DLK gene expression might counteract JNK-dependent
death mechanisms and delay RCS RPE cell death. Interest-
ingly, the microarray analysis shows that the mammalian
Target Of Rapamycine (MTOR) gene is down-regulated in
the RCS versus rdy RPE cdlls. After the stimulation of the
insulin receptor or other growth factor receptors such as

Table 7

c-mer, PI3-K activates AKT, which in turn activatesmTOR.
This leads to increased rates of protein synthesis and ulti-
mately resultsin increased cell size (Inoki et al., 2002; Gao
et a., 2002). The mTOR pathway is influenced by the
intracellular concentration of ATP, independently of the
abundance of amino acids, and mTOR itself is an ATP
sensor (Dennis et al., 2001). Moreover, western blot results
(data not shown) suggest an associated decrease of the
MTOR protein levels in the RCS RPE cells. The reduced
transcription and trandation of mMTOR may be associated
with the global reduction in metabolic activities induced by
the abrogation of POS phagocytosis and the subsequent
reduction in endomembrane biosynthesisin RCS RPE cells.

During the normal phagocytosis of the shed photorecep-
tor outer segments, the POS hind to receptors on the surface

Quantification by semiquantitative RT-PCR of the genes detected by both methods

Differentia display modulations

Microarray modulations

RCS vs Rdy RCS vs Rdy RCS vs Rdy RCS vs Rdy
14-day-old (%) 21-day-old (%) 14-day-old (%) 21-day-old (%)
RGRopsin -20 -20 CRBP -33 NC
Tyrp2 -50 NC Cystatin C -25 -5
Splicing Factor3 NC =70 Dri27/ZnT4 —-10 +10
Myosin Myh11 NC -10 PEP19 (pcp4) +40 -20
Clathrin Heavy -10 -10 prosaposin -25 -5
Unknown 1-12-4 NC -15 Transferrin -25 +33
Unknown 7-5-3 NC =70 Transthyretin —40 +15
Unknown 7-17-2 —15 -5 ApoE —50 +450
Unknown 8-13-1 -15 +33 EST AA892759 +5 +35
Genes modulated in both techniques
CDK109 -25 -5 Timp3 -25 +10

Note. Reactions were carried out using RPE mRNAs from 14- and 21-day-old RCS and control rats. Results are expressed as a decreased or an increased

percentage of the PCR products in the RCS RPE. NC, no change.
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Table 8
Summary of the common results obtained with both methods

Microarrays DDRT—PCR/SSCP

8801 oligonucleotides tested:
5373 known genes

DDRT-PCR on RCS/control samples:
150 primer combinations tested

3428 ESTs 150 cDNAs extracted
In normal RPE: SSCP:
3700 sequences present 104 cDNAs tested
5101 sequences absent 30 cDNAs modul ated
Comparison RCS/control
RPE: 30 cDNAs modulated:

125 sequences modul ated
(fold > 2) i.e, 110
known genes

15 unknown genes

17 known genes
6 unknown genes
7 redondant sequences

Common cDNASs between the two techniques
CDK109-Timp3
cDNAs s detected by one technique and confirmed by sgPCR
Microarrays: 9 cDNAs among those tested (see Table 7)
DDRT—PCR: 9 different cDNAs among the 30 sorted after SSCP (see
Table 7)
Further analyses: sqPCR
24 sequences tested, 12
from each technique:
20 displayed expected (83.5)
modulation
3 displayed no difference (12.5)
1 displayed an opposite 4)
modulation

Note. Values in parentheses are percentages.

of the RPE cdlls, triggering the extension of pseudopodia
and resulting in an actin-based movement of the cell sur-
face. The pseudopodia eventually surround the shedding
POS and their membranes fuse to form the large intracel-

lular vesicle, called a phagosome. The functional properties
of phagosomes are acquired through a complex remodeling
process involving regulated interactions with a series of
endovacuolar organelles. Indeed, during phagolysosome
biogenesis, phagosomes intersect the biosynthesis pathway
and fuse sequentially with early endosomes, late endo-
somes, and lysosomes. Receptors that mediate the phago-
cytic uptake include scavenger receptors, integrins, lectins,
and, importantly, protein complexes that are usualy found
inthe ER (Henson et al., 2001). Several receptors, transport,
and signaling molecules are likely to participate to the
multistep process of POS phagocytosis by RPE cells. The
collectin MARCO receptor expression is eventually down-
regulated (data not shown), whereas ApoE gene expression
(Fig. 2, Table 7) and ApoE protein (Fig. 4) are up-regulated
in 21-day postnatal RPE cells of RCS versus rdy rats. The
microarray and proteomic analysis alowed us to detect
decreased expression of genes corresponding to proteins
known to be associated with the phagosome proteome of
macrophages (Table 1). The V-ATPase gene encodes a
proton channel implicated in the acidification of phago-
somes, which may play arole in vesicle fusion (Strasser et
a., 1999). We aso detected the increased expression of
genes corresponding to proteins of the phagosome in mac-
rophages: lysosomal protein 96 (LAMP2), GRP78, and 14-
3-3 kinase (Garin et al., 2001). These differential modula-
tions may correspond to different stages of phagosome
maturation. Our analysis showed that the expression of
genes encoding lysosomal proteins possibly playing a role
in phagosome maturation was modulated: the ATP6b2
transporter, which contributes to the acidification of lyso-
somes, prosaposin (Zhao and Moraes, 2000), phospho-
lipase A2 (Fischer et al., 2001, Ito et al., 2002), and cystatin
C (Wassdlius et a., 2001). In macrophages, part of the

Fig. 3. Immunohistochemistry using monoclonal antibodies directed against Grasp55 (A) and Paxillin-kinase linker (B) proteins. Both proteins are present
in the RPE (arrows), confirming the specificity of the dissection. RPE, retinal pigment epithelium; ONL, outer nuclear layer. Bar represents 50 um.
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A B

Fig. 4. Panel A shows the robotized mega Western Blot or PowerBlot corresponding to the immunoblots of proteins extracted at postnatal day 21 from
microdissected RCS p+ rdy+ (i.e. rdy-control) RPE cells. Panel B shows the robotized mega Western Blot or PowerBlot corresponding to the immunoblots
of proteins extracted at postnatal day 21 from RCS p+ rdy—(i.e. RCS) RPE cells. The ApoE immunoblot signal is dramatically increased at this stage with
the proteins extracted from RCS RPE cellsin panel B as compared to the ApoE signal observed with proteins extracted from rdy RPE cells, which is merely
detectable in panel A. A square surrounds the significant ApoE immunoblot signal in panel B. All of the PowerBlot signals have been triplicated. It is
worthwhile to mention that the semi-quantitative RT-PCR at the same stage (P21) provides highly compatible results. Picture from the PowerBlot showing
the up-regulation of ApoE in RPE of 3-week-old RCS rats (PowerBlot System from Beckton Dickinson Company, Transduction Laboratory, Lexington, KY).

phagosomal membrane is derived from the ER (Gagnon et
al., 2002). We found that the expression of a number of
genes encoding specific ER proteins was altered (Table 1),
confirming that ER proteins may be involved not only in
one form but probably in several types of phagocytic pro-
cesses, if not al. The phagosome proteome of macrophages
(Garin et al., 2001) clearly showed that Rab and Rab reg-
ulatory proteins play astructural rolein the phagosome. Rab
proteins form the largest branch of the Ras superfamily of
GTPases. They are localized to the cytoplasmic side of the
organelles and vesicles involved in the biosynthesis/secre-
tory and endocytic pathways of eukaryotic cells (Darchen
and Goud, 2000). The DDRT-PCR analysis detected the
down-regulation of the rat Rab34 gene expression, which is
homologous to the human Rab39. The microarray analysis
also detected the down-regulation of the beta rab GDP-
Dissociation Inhibitor (GDI) gene expression as well as a
decreased RhoA GTPase transcription. Perturbations of the
interactions between GDI and Rab proteins could indeed
affect phagocytosis, endocytosis, and exocytosis (Perskvist
eta., 2002; Mallard et al., 2002). RhoA GTPaseisacrucia
molecule located at the crossroads of the endocytic and
exocytic pathways and phagocytic processes (Frantz et al.,
2002; Bruns and Jahn, 2002). The decrease of RhoA
GTPAse gene expression probably reflects the general de-
crease of vesicular trafficking in RCS RPE cells. The mi-
croarray analysis detected a decreased transcription of the
clathrin light chain A1 and A2 genes, whereas the DDRT—
PCR analysis detected a down-regulation of the clathrin
heavy chain gene in RCS RPE cells. These results indicate
that key molecules from the clathrin-coated vesicle endo-
cytic pathway are significantly affected by the abrogation of
ROS phagocytosis in RCS RPE cells. Several proteins im-
plicated in vesicle trafficking have been aso localized to
caveolar fractions (Schnitzer et al., 1996; Puri et al., 2001;

Feng et a., 2001). As a result of its cholesterol-binding
activity (Uittenbogaard and Smart, 2000), caveolin-1 is
thought to play a central role in the formation of plasmale-
mmal caveolae. Western blots indicate that caveolin-1 lev-
€els are decreased in 21-postnatal-day RCS RPE cells (data
not shown). These results strongly suggest that both clath-
rin-dependent and clathrin-independent endocytic pathways
are affected in RCS RPE cells. Contractility involving ac-
tins, myosins, and diverse motor molecules is a mgjor fea-
ture of phagocytic processes (Swanson et a., 1999). Rear-
rangements of the cytoplasmic cytoskel eton accompany the
formation of phagocytic cups during the phagocytosis of the
POS shed by normal RPE cells. They aso accompany
endocytic and exocytic processes. The DDRT-PCR tech-
niqgue and the microarray anaysis revealed that severa
genes encoding proteins of the cytoplasmic cytoskeleton
were down-regulated (Table 1).

Conclusion

This study enabled us to unravel signaling pathways
atered by the abrogation of POS in RCS RPE cells, to show
for the first time the implication of ER proteins in a phys-
iological process of phagocytosis, and to emphasize the
multiple cross-talks between phagocytosis, endocytosis, and
exocytosis in RPE cells and very likely in cells of the
monacytic lineage. The major conclusion to draw from this
report is that, while most investigators working in the field
of retinal diseases considered until now lipid metabolism as
essentially important for POS renewa and photoreceptor
cells in genera, the RCS retina dystrophy rat model re-
minds us strongly that lipid metabolism should be investi-
gated more intensively not only for elucidating the patho-
physiology of age-related macular degenerations but also
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for improving our basic knowledge concerning phagocyto-
sis, apoptosis, cell adhesion, and the pathophysiology of
immune deficiencies and cancers.
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