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Purpose: Hypertrophy and hyperplasia of the retinal pigment epithelium (RPE) is associated with an inherited predispo-
sition to human familial adenomatous polyposis coli, suggesting that expression of the adenomatous polyposis coli (APC)
tumor suppressor may regulate RPE proliferation/differentiation. DistindR@isoforms exist in different cell types

due to alternative splicing of thPC transcripts. We hypothesize that differences in expression patterns of APC protein
isoforms are critical to RPE proliferation/differentiation.

Methods: To investigate these relationshigd?C gene expression was characterized in the retinas and RPE from fetal
and adult human and mouse, and in the epiretinal membranes (ERM) from 5 patients with proliferative vitreoretinopathy
(PVR). Expression patterns of alternative splice-form&RsE transcripts were evaluated by comparative quantitative RT-
PCR. Exon 1 of APC encodes a heptad repeat that confers the ability of APC to homodimerize. APC protein isoforms
containing or lacking this heptad were characterized by western blot analysis and immunohistochemistry.

Results: Comparative quantitative RT-PCR demonstrated a predominant exon 1 containing, convARtdgaplice-

form in the early developing fetal RPE and retina, and in all the tested ERM samples from patients with PVR. This method
also demonstrated an increased level of exon 1 ladkrt@ splice-form in the mature RPE and retina. Western blot
analysis and immunofluorescence microscopy demonstrated the conventional APC only in the RPE, and the APC isoform
without the first heptad repeat in both the retina and RPE. Immunofluorescence microscopy also demonstrated only the
conventional APC in the ERM samples tested.

Conclusions: These results suggest that alternative splicirdRa leads to differential APC expression with potentially
unique functions. APC isoform without the first heptad repeat may play a role in cell cycle cessation in the adult retina and
RPE, and the down regulation of this APC isoform may contribute to the potential of RPE to migrate and proliferate.

The morphologically and functionally polarized retinal degenerations may rely on an ability to control the prolifera-
pigment epithelium (RPE) has numerous functions includingive nature of transplanted and/or native RPE. Thus, an under-
maintenance of adjacent retinal photoreceptor cells and fostanding of potential molecular factors critical for the migra-
mation of the outer blood-retinal barrier [1]. The stationarytion and proliferation of RPE is of great importance.

RPE cells in the normal adult eye, however, retain the ability One of the factors that may affect the proliferation and
to migrate and proliferate in response to a wide range of pathaiigration of RPE is the adenomatous polyposis coli (APC)
logical insults [2]. In proliferative vitreoretinopathy (PVR), protein. APC (2843 amino acids, molecular weight about 310
the most common cause of recurrent retinal detachment afteba) is a ubiquitously expressed tumor suppressor protein that
successful surgical repair, epiretinal membranes (ERM) aride particularly important in the colorectal epithelial cell pro-
from dispersed vitreal RPE and may cause traction retinal déferation and migration [4]. The importance of APC to
tachment. Proliferative RPE may also be associated with exaelorectal epithelium and RPE cell physiology has been sug-
dative age-related macular degeneration (AMD), where chogested by the association of APC gene mutations with a fa-
oidal neovascular membranes are often comprised of chorahilial form of human colorectal carcinoma known as familial
dal capillary endothelium and fibrovascular tissues surroundeadenomatous polyposis coli (FAP) [5,6], also characterized
by a rim of proliferating RPE [3]. In addition, the potential for by congenital hypertrophy/hyperplasia of the RPE, or CHRPE
successful RPE transplantation in various macular and retingd]. Similar phenotypes of intestinal tumors and proliferative
RPE were recapitulated in a mouse model of FAP, and em-
Correspondence to: Gregory |. Liou, PhD, Department of Ophthalphasize the important role of APC in RPE proliferation and
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exons 1, 9, and 10A being alternatively expressed [10,11]. ExdAlameda, CA). Epiretinal membranes (PVR) were obtained
1 of APC encodes the first of a series of heptad repeats [1Ztpm 5 consenting patients (P1 through P5). The research fol-
which are required for homodimerization [5,13]. The role oflowed the tenets of the Declaration of Helsinki and was re-
the APC as a tumor suppressor protein may depend upon itewed and approved by Human Assurance Committee of the
ability to homodimerize [12,14]. Additional splice-forms of Medical College of Georgia for using human post-mortem
APC lacking exon 1 have been identified in neuronal cellsnaterial.
and tissues rich in non-dividing cells such as cerebellum, ce- Primary RPE cell culture fromfetal human eyes: All re-
rebrum, skeletal muscle and heart [15]. These exon 1 lackirggents were purchased from Sigma unless otherwise indicated.
transcripts contain one or more additional exons located 5' &yes were treated with 3 ml antibiotic-antimycotic solution 1
exon 1 (Figure 1). Two of these exons, brain-specific (BSing/ml gentamicin and 2&5g/ml Amphotericin B (Life Tech-
and 0.3, contain in-frame translation initiation codons [16]nologies, Rockville, MD) for 10 min [18]. After three washes
Additionally, a stop codon located upstream of the originalvith Hanks buffered salt solution, the anterior chamber and
translation initiation codon in exon 1 prevents the in-framehe vitreous were removed. The eyecup was incubated with 2
translation of BS or 0.3 unless exon 1 is excluded by splicingng/ml Dispase (Life Technologies) at 32 for 30 min. After
Therefore, amino acids encoded by exon BS or 0.3 are ntite retina was peeled off, sheets of RPE cells were peeled
included in the conventional APC. Exon 1 lacking 0.3-APCfrom the choroid and separated by repeated trituration in RPE
or BS-APC transcripts and BS-APC protein (encoded by exculture medium, defined as follows: minimum essential me-
ons BS and 2-15) have been identified in adult human braidium Eagle (MEM), Alpha modification, supplemented with
but not in tissues containing mitotic cells. These APC pro5% heat-inactivated fetal bovine serum (FBS; Atlanta Bio-
teins without the first heptad repeat are most likely involvedogical, Atlanta, GA), 0.89 g/L L-alanine HCI, 1.5 g/L L-as-
in cell cycle cessation or differentiation [15,17]. paragine HO, 1.33 g/L aspartic acid, 1.47 g/L L-glutamic acid,
The splicing pattern of th&PC gene in the neural retina 0.75 g/L glycine, 1.15 g/L L-proline, 1.05 g/L L-serine, 2 mM
and RPE has not been studied, despite the fact that APC miayglutamine, 100,000 units/L penicillin, 20 mg/L streptomy-
be important to the physiology of these cells. Although botlein, 0.25 g/L taurine, 20 mg/L hydrocortisone, 13 ng/L
neural retina and RPE share the same neural tube origin atrtlothyron, 5 mg/L insulin, 5 mg/L transferrin, 5 mg/L sele-
are mitotically inactive, it is hypothesized that the APC splic-hium, 16 mg/L putrescine, 7.3 mg/L progesterone. Cells were
ing pattern may account for the ability of the RPE to becomeelleted by centrifuging at 500 g for 5 min and washed with
proliferative and migratory in pathologic conditions. In thisRPE culture medium. Finally, the cells were resuspended in 5
report, we determined the alternative splice-forrAR@ tran-  ml RPE seeding medium (same as RPE culture medium ex-
scripts and isoforms of APC protein in developing mammaeept with 15% FBS), seeded on a T25 Primaria tissue culture

lian retina, RPE and ERM from patients with PVR. flask (Becton Dickinson and Co., Franklin Lakes, NJ) and
cultured in a humidified incubator at 3Z and 5% CQ Cells
METHODS were switched to RPE culture medium (5% FBS) one day later

Human ocular tissues: Human ocular tissues were obtained and maintained in that medium. After 3-5 weeks, the confluent
from deceased donors and were distributed by the Coopereells were trypsinized with 0.25% trypsin (Life Technologies).
tive Human Tissue Network (Philadelphia, PA). Donor ages  Primary RPE cell culture from human donor eyes: The
ranged between 58 and 92 years. Donor eyes were kept aadterior portion of the human donor eye, as well as lens, vitre-
°C and the average interval between death and retina disseus and retina were removed to expose the RPE cell layer
tion was 26 h. Human fetal eyes (gestational age 16-20 weekajcording to a previously published method [19]. The eyecup
were supplied by Advanced Bioscience Resources, Inwas rinsed with Hank'’s buffered salt solution, filled with a

Figure 1. Schematic APC
¢ alternative splice-forms. This

figure is a partial schematic
representation of th&PC al-
[] 3 l ternative splice-forms identi-

fied in the retina/RPE RNA.
Exon 1 encodes a translational

7 initiation site (arrow). The 5'

exons).3 andBSalso contain
initiation codons that are in-

| frame with exon 2 (arrows).
g The upstream stop codon (*)
B S o in exon 1 will prevent the in-
frame translations from the 5'
exonsd.3andBSunless exon
1 is excluded by splicing.
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solution of 0.5 g trypsin/0.2 g EDTA/mI (Life Technologies) cups were rinsed with ice cold, diethylpyrocarbonate (DEPC)
and incubated at 37C for 15 min. The dislodged cells were treated phosphate buffered saline (PBS) and the RPE cells were
aspirated and the trypsin digestion procedure was repeatenhllected with a camel hair brush into 0.5 ml of DEPC treated
Suspended cells were washed in Ham’s F-10 medium cof®BS. Beginning at embryonic day 12, mouse eyes were dis-
taining 10% FBS, calcium chloride, ITS plus (Life Technolo-sected from each fetus. Adult mouse eyes were dissected to
gies) and antibiotics. The cells were resuspended in the sambtain the retinas and eyecups. RNA was prepared from cells
medium or D-MEM/F-12 with L-glutamine. in culture, or from human and mouse tissues using total RNA
Animal care: All procedures concerning animals in this isolation reagent kit, RNAwiz or ToTally RNA (Ambion, Aus-
study adhered to the ARVO Statement for the Care and Use tifi, TX) according to the manufacturer’s instructions. Both of
Animals in Ophthalmic and Vision Research. One to two montlthese kits are based on the use of detergent, chaotropic salts
old C57BL/6 or BALB/C mice were obtained from Jacksonand phenolic extraction to denature the RNase and to solubi-
Laboratory (Bar Harbor, ME). Mice were permitted ad libi- lize and extract the total RNA.
tum rodent diet and water and maintained on a 12 h light/dark  The identification and quantification of the alternative
cycle. For studies using developing mice, inbred C57BL/6 arsplice forms ofAPC transcripts, 0.2\PC or BS APC contain-
used. Mating cages were set up by placing two females withg or those forms lacking exon 1, was achieved by compara-
each stud male in the late afternoon. Pregnancy was detéive quantitative RT-PCR (Ambion, Inc., Austin, TX) using
mined by removing the females the following morning andmouse or human exons 0.3 and 3&and 3 primer pairs
checking for the presence of a copulation plug. When a cop{t5]. The mouse exon 0.3 primer, GAG ACAGAATGG AGG
lation plug was found, that day was designated embryonic dayGC TGC, and exon 3 antisense primer, TTT CAAGCT CTT
0. CTA GAT ACC C, amplify a fragment of 471 and 318 bp in
RNA preparation and compar ative quantitative RT-PCR: the presence and absence of exon 1, respectively. The human
Human eyes were bisected at the ora serrata and the anteeaon 0.3 primer (same as mouse) and exon 3 antisense primer,
chamber and vitreous gel were removed. The retinas and ey@TC TCT TTC TCAAGT TCT TCT A, amplify a fragment of
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Figure 2. Alternativé\PC transcripts. RT-PCR in agarose g&) {op) or comparative quantitative RT-PCR in polyacrylamide gel using mouse
or human exon 0.3 and 3 primers, or human eB&and 3 primers. The positions for exon 1 containingAPG + exon 1 o0BS-APC + exon
1) or exon 1 lacking (0.BPC-exon 1 oBS-APC-exon 1)APC transcripts, and internal stand@@ctin are indicated: Alternative 0.3APC
transcripts in mouse ocular tissues during developrBeAdternative 0.3APC andBS-APC transcripts in the developing (gestation 17 week
fetal) and adult human retina and RPE.
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477 and 324 bp in the presence and absence of exon 1, resdec-15 min and PCR (94C, 40 s; 58C, 30 s; 72C, 30 s)
tively. The human exoBSprimer, GCT CTACCC CAT TGA performed for a suitable number of cycles to ensure that am-
AAG GC, and exon 3 antisense primer amplify a fragment oplification was within exponential phase (B®BC, 25 or 26

593 and 440 bp in the presence and absence of exon 1, respaeles;BS-APC, 24 cycles), followed by a final extension at
tively. Briefly, first-strand cDNA synthesis was performed on72°C for 7 min. The abundant internal standgrdctin, was

2 ug DNase treated RNA. The individual cDNA species wereamplified to the levels comparable to @BC or BSAPC by
amplified in a reaction containing a cDNA aliquot, PCR buffer,using primer and competimer mixtures (Ambion) at various
and MgCJ. Reactions were initiated by incubating at°@5  ratios. Interexperimental variations were avoided by perform-
ing all amplifications in a single run.

PCR products were separated in 1.6% agarose or 8% poly-
acrylamide gel electrophoresis. Gels were stained with
KD ethidium bromide, photographed under ultraviolet illumina-
B 310 tion, a'nd the appropriate product size det'ermined by cqmpari-
pr -"H i _290 son with a 100 bp or 1 kb DNA ladder (Life Technologies).

- Western blot analysis:. Human donor eyes were bisected
~200 as above, and the retinas and eyecups were rinsed with ice
cold phosphate buffered saline containing 0.5 mM
=150 phenylmethylsulonylfluoride (PMSF). The RPE cells were
collected with a camel hair brush into 0.5 ml of lysis buffer 50
- 100 mM tris-HCI, pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM
EDTA, 0.2 mM PMSF and 100l/ml of proteinase inhibitor
cocktail containing 4-(2-aminoethyl) benzenesulfonylfluoride,
pepstatin A, trans-epoxysuccinyl-L-leucylamido(4-guanidino)
butane, bestatin, leupeptin and aprotinin (Sigma, St. Louis,
Antibody  Ab-1 BS C-20 MO). Retinal tissue and RPE cells were homogenized using a
Dounce homogenizer with a tight fitting pestle and cell ly-
Figure 3. APC isoforms in the retina and RPE. Human retinal angates were cleared by centrifugation at 14,000 rpm (16,000x
RPE proteins (10Q,g) were electrophoresed on a 4.5-9% gradientg) for 20 min at £C. Proteins of 10Q.g, determined by Bio
SDS-polyacrylamide gel, blotted to nitrocellulose membrane, incuRad Protein Assay (Detergent Compatible), were separated
bated with antibody Ab-1, BS, or C-20, and developed with enhancelgy SDS-PAGE on 4.5% to 9% gradient acrylamide mini-gels

chemiluminescence. The positions of full-length and internal splicecontaining 25% glycerin and electrophoretically transferred
variant isoforms of APC (kDa) are indicated.

RPE
Retina
RPE
Retina
Retina

aa]
(a )
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Figure 4. Retinal immunolocalization of conventional APC and BS-APC. Images are of laser scanning confocal microscopacetiratiool
of conventional APC and BS-APC in mouse retiiaH & E stained cryosection depicting ganglion (GCL), inner and outer nuclear layer (INL
and ONL), and RPE cellB-D: Vertical sections (x and z) taken of cryosection of mouse eye incubated with different antibodies against APC
and Oregon Green-conjugated secondary antiboBie&nti-BS. C: Anti-exon 1 (Ab-1).D: Normal serum. Cell nuclei were stained with
propidium iodide. Arrows indicate RPE cell nuclei. Bar representarl0
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to a nitrocellulose membrane (Schleicher and Shuell, KeenPermafluor mounting medium. Sections were optically sec-
NH). The antibodies used, mouse monoclonal antibodies Altioned (z series) using a Nikon Diaphot 200 Laser Scanning
1 (Oncogene Research Products, Cambridge, MAGConfocal Imaging System (Molecular Dynamics, Sunnyvale,
Calbiochem, San Diego, CA) and C-20 (Santa Cruz BiotechZA). Images were analyzed using the Image Space software
nology Inc, Santa Cruz, CA), and rabbit polyclonal antibodypackage (Molecular Dynamics).
anti-BS, are specific for the amino (N)-terminal 35 amino ac-
ids encoded by exon 1, C-terminus encoded by exon 15 and RESULTS
an undefined epitope encoded by exon BS [17], respectivebpnalysis of APC splice-formsin theretinaand RPE: Alterna-
The antigen/antibody reaction was visualized by developmetive splice-forms oAPC have been identified in different tis-
with enhanced chemiluminescence (Amersham). For antibodsues using RT-PCR [15]. Transcripts encoding conventional
stripping from the nitrocellulose membrane, the antibody stripAPC have been identified in tissues with dividing cells, and
ping solution (Chemicon, Temecula, CA) was used. those lacking exon 1 have been identified in tissues rich in
Immunofluorescence of APC: Localization of APC in  non-dividing or terminally differentiated cells. To determine
adult albino mouse (BALB/C) retina, human donor eye anavhether alternative splice-forms 8PC exist in the retina
ERM (PVR) was visualized by immunofluorescence with theand RPE that may regulate cell growth and development, we
Ab-1 and anti-BS antibodies described above. Mouse eyes aadalyzed mouse and human @RBC or BSAPC transcripts
ERM were frozen in OCT. Human donor eye was fixed in 4%with or without exon 1 in these tissues during development
paraformaldehyde and paraffin-embedded. TharhChick  and in the adult by RT-PCR. The composition of the splice-
sections on slides were fixed with ice-cold acetone and blockddrms was confirmed by sequencing after cloning in pPGEM-T
with 4% normal goat serum. The slides were incubated oveEasy (Promega, Madison, WI; data not shown). As shown in
night at 4°C with a 1:50 dilution of Ab-1 or a 1: 2000 dilution Figure 2A, in the developing mouse eye prior to embryonic
of BS. After rinsing, all samples were incubated overnight atlay 16-17 (E16-17), both non-quantitative (top panel) and
4°C with a 1:1000 dilution of Oregon Green-labeled goat anticomparative quantitative RT-PCR (lower panel) indicated that
mouse or goat anti-rabbit IgG secondary antibody (Moleculathe exon 1 containing 0APC transcript was the only splice-
Probes, Eugene, OR). Controls were prepared in the sarfem. At E16 and later, the exon 1 containing and exon 1 lack-
manner, except that the primary antibody was replaced witimg 0.3APC transcripts were both evident in the brain, neural
normal rabbit serum. Coverslips were mounted underetina, eyecup and eye. To determineARE transcripts spe-
cific to the RPE and neural retina, the splice-forms oA®G
andBS-APC transcripts in the fetal (gestation time, 17 week)
and adult human retina and RPE were analyzed by compara-
M ERM __RPE tive quantitative RT-PCR. As shown in Figure 2B, the exon 1
lacking 0.3 oiBS-APC transcript in the fetal human retina or
RPE was much lower than that in the adult tissue. In the adult
tissues, the exon 1 lacki®p-APC transcript in the RPE was
« BS-APC — Exonl lower than that in the retina. These results suggest that the
exon 1 containing, conventionAPC transcript plays a role
in dividing cells during embryonic retinal/RPE development.
On the other hand, higher levels of the exon 1 lackirG
transcripts in the adult retina and brain suggest a role for these
. isoforms in terminal differentiation or in the cessation of
¢ B-actin growth. The relatively lower level of the exon 1 lackB§
APC transcript in mature RPE suggest that RPE cells may not
be terminally differentiated and that APC may be critical to
«cytokeratin RPE migration and proliferation in pathologic conditions.
I dentification of the APC protein isoforms in retina and
RPE: Conventional APC protein has been identified in all
. epithelial tissues containing mitotic cells. BS-APC protein
«B-actin without the first heptad repeat has been identified in adult
human brain, but not in tissues containing mitotic cells [17].
Conventional APC and BS-APC protein isoforms in adult
Figure 5.Alternati\_/@\PCtrar_]sc_ripts inthe RPE and epiretinal mem- hyman neural retina and RPE were determined by western
brane. Comparative quantitative RT-PCR in polyacrylamide gel U)ot analysis using antibodies specific for exon 1 (Ab-1), exon

ing human exonBS and3, andcytokeratin-18 primers was used to _ . on . i
identify APC isoforms in human RPE cells and from human ERMBS (BS) and exon 15 (C-20). Antibody C-20 is used to iden

samples. The positions for exon 1 containiB§APC + exon 1) or j[ify fuII-Iength AP,C as well as all the intgrnal'gplice-variant

exon 1 lacking BS-APC-exon 1)APC transcriptscytokeratin-18,  1soforms. Antibodies BS and C-20 have identified full-length

and internal standa@#actin are indicated for RPE and ERM. Result APC of about 310 kDa and internal splice-variant species of

of ERM represents one of three patients (P2). 290, 200, 150 and 100 kDa [17]. As shown in Figure 3, Ab-1
387
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detected a full-length, conventional APC band of about 31@nd RPE, higher level of conventional APC protein is expressed
kDa in the RPE, but not in the retina. Anti-BS antibody, on thén the RPE, and higher level of BS-APC protein is expressed
other hand, detected multiple bands of 310, 290, 150 and 1@®the retina.

in the retina, but much lower levels of these bands in the RPE. Localization of the APC protein isoforms in the retina
Antibody C-20 detected almost comparable levels of thesand RPE: Tolocalize the isoforms of APC protein in the neu-
bands in the RPE and retina. These results suggest that whié retina and RPE in situ, confocal immunofluorescence mi-
similar levels of total APC isoforms are expressed in the retineroscopy of cryosectioned mouse eyes was performed. Sec-

Figure 6. Immunolocalization of conventional APC and BS-APC in the epiretinal membrane. Laser-scanning confocal microscopic
immunolocalization of conventional APC, BS-APC, and pan-cytokeratin is shown in human&ebhaiid two different regions of an ERM
from one patient (P5E-H: Serial vertical sections (x and z) of formaldehyde fixed retina sections or cryosectioned ERM incubated with
different antibodies and with Oregon Green-conjugated secondary antifoéiell. & E stainedB,F: anti-BS-APCC,G: anti-exon 1 (Ab-
1). D,H: anti-pan-cytokeratin. Cell nuclei were stained with propidium iodide. Arrows indicate RPE monolayer, which is seen gg an oran
hue. Bar represents 10n.
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tions were compared to slides stained with hematoxylin andrain with in situ hybridization by these authors showed that
eosin (Figure 4A). Sections stained with BS antibody demonAPC mRNA was expressed throughout the rat brain during
strated immunofluorescence in both the neural retina and RRtevelopment and remained abundant in the adult. In the em-
(Figure 4B). In the neural retina, BS-APC is mainly localizedbryonic rat brainAPC mRNA was particularly abundant in
in the inner and outer plexiform layers, and in the inner segzortical, cerebellar, and retinal layers containing newly formed,
ment of the photoreceptors. In contrast, sections stained wigfost-mitotic neurons, suggesting that APC may contribute to
Ab-1 antibody demonstrated an RPE-dominating immunofsuppressing neuronal proliferation. However, the study by
luorescence (Figure 4C). Sections stained with normal seruthese authors was carried out using probes to regioki3®f
and with fluorescence-conjugated secondary antibody showelbwnstream of exon 2, which did not allow determination of
only minor immunofluorescence in the choroid/sclera (Figureéhe temporal expression and distribution of transcripts likely
4D). These results demonstrated that while both BS-APC artd encode BS-APC or conventional APC proteins.
conventional APC are present in the RPE, only BS-APC is  Inthis study, we have demonstrated that convent&ral
expressed in the neural retina. (exon 1 containing\PC transcript) is the predominant splice-
Identification of APC isoforms in the epiretinal mem-  form of APC transcript in the neural retinal and RPE cells
branes: The ERM of PVR contains migratory and prolifera- during early embryonic eye development. As these tissues
tive cells of RPE origin [2]. To test the hypothesis that thédbecome mature, the exon 1 lacking splice-forn&R tran-
proliferative nature of RPE in the ERM of PVR is associatedcript are also expressed. This is more eviderB$APC in
with down-regulation of BS-APC, the expression of the alterthe neural retina. We have further demonstrated that conven-
native splice-forms of thAPC gene andaytokeratin-18 gene  tional APC is the predominant protein isoform in the adult
(epithelial cell marker) in adult human RPE and in the ERMRPE, while APC protein lacking the first heptad repeat (BS-
of three patients with PVR (P1, P2, and P4) were analyzed IAPC) is the predominant isoform in the adult neural retina.
comparative quantitative RT-PCR. As shown in Figure 5, exoifhe presence of conventions®PC transcripts in early devel-
1 containing and exon 1 lacki®f-APC transcripts are co- oping neural retina and RPE is not unexpected, as conven-
expressed in the RPE. However, exon 1 laciBSAPC is  tional APC transcripts are present in dividing cells [15,17].
not detected in the ERM from one of the patients (P2). Simithe expression of the conventional APC protein isoform in
lar results are observed in the ERM of the other two patienesdult RPE cells is intriguing. RPE cells, like neural retinal
(data not shown). Both the RPE and ERM express compaells, are derived from the same neuroectodermal precursors
rable levels otytokeratin-18 gene. in the neural tube. Although RPE cells are stationary and re-
The in situ localization of the isoforms of APC protein in main largely non-proliferative, these cells in adult eyes are
adult human retina and RPE, and in the ERM of two patientsot terminally differentiated. The predominant BS-APC pro-
with PVR (P3 and P5) was determined by immunohistochemtein in the adult retina suggests a role in terminal differentia-
cal analysis. Confocal immunofluorescence microscopy dention. On the other hand, the co-expression of BS-APC and
onstrated that cytokeratin, conventional APC and BS-APC areonventional APC isoforms in the adult RPE suggest that while
all expressed in the RPE, and only BS-APC is expressed BS-APC plays a role in maintaining cell differentiation, con-
the neural retina (Figure 6, top panels). In the ERM of twaventional APC may play a critical role in maintaining the po-
patients, cytokeratin and conventional APC, but not BS-APCtential for RPE proliferation and migration when BS-APC is
are expressed in the RPE-like cells (Figure 6, lower paneldpwn-regulated. We have demonstrated the association of BS-
two sections from the ERM of patient P5; result for patient PAPC down-regulation with RPE proliferation in the prolifera-
not shown). These findings suggest down-regulation of BSive RPE-like cells in the epiretinal membranes of PVR.

APC isoform may contribute to the potential of RPE to mi-  In this study, we have noticed that the presence of the
grate and proliferate. transcripts for thd8S-APC and conventionalhPC isoforms
does not correlate with the corresponding proteins found. For
DISCUSSION example, in the adult neural retina or RPE, conventidR&l

Mutation of the APC gene is responsible for familialand BSAPC transcripts are co-present, but only either the
adenomatous polyposis coli (FAP), an autosomal dominantlgonventional APC protein or BS-APC protein is present in
inherited disease of the colon and other polyposis syndromésese tissues. A possible explanation is that postranscriptional/
[5,6]. Patients with FAP may present with ocular manifestatranslational regulation may play a role in this discrepancy. In
tions in the form of bilateral and multiple pigmented lesionghe mature neural retina, exon 1 lackBjAPC transcript is
of the RPE, which represent congenital hypertrophy/hypempreferentially translated whereas in the mature RPE, conven-
plasia and hamartomatous proliferation of the RPE (CHRPHE)onal APC transcript is preferentially translated. Further stud-
[7]. The association of APC gene mutation and CHRPE imies are required to resolve the mechanism of regulation.
plicates APC as a regulatory gene of RPE proliferation. APC functions through its interactions with, and down-

APC expression in the RPE or retina has not been exteregulation of 3-catenin [12,14]. The latter is a bi-functional
sively studied despite the fact that APC is more highly exmolecule that mediates cellular adhesion when associated with
pressed in the central nervous neurons than in any other tissdaecadherin at the plasma membrane, or, in the wnt/frizzled or
as reported by Bhat et al. [20]. AnalysisA#fC expression in - hepatocyte growth factor/c-met signaling pathway, stimulates
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the transcription of growth-promoting genes when associategl Nishisho I, Nakamura Y, Miyoshi Y, Miki Y, Ando H, Horii A,

with certain transcription factors [21]. APC may also be in-
volved in cell migration when associated with microtubules

in epithelial cell membranes [22]. Recently, the secretec} o

frizzled-related protein-5 [23] and N- and E-cadherins [24]
(unpublished observations) have been identified in the RPE.
Moreover, hepatocyte growth factor/c-met [25-27] $Ad

Koyama K, Utsunomiya J, Baba S, Hedge P. Mutations of chro-
mosome 5g21 genes in FAP and colorectal cancer patients. Sci-
ence 1991; 253:665-9.

Ischwang S, Tiret A, Laurent-Puig P, Muleris M, Parc R, Tho-
mas G. Restriction of ocular fundus lesions to a specific sub-
group of APC mutations in adenomatous polyposis coli patients.
Cell 1993; 75:959-68.

catenin [27] may be involved in the regulation of RPE migrag. Marcus DM, Rustgi AK, Defoe D, Brooks SE, McCormick RS,

tion. Further study of the relationship between APC, cadherins

andp-catenin may provide molecular insight into the regula-

tory role of APC in RPE proliferation.

In conclusion, our results in developing and adult retinal
tissues suggest that splicing of APC may lead to differenti
APC expression with potentially unique functions. APC
isoform without the first heptad repeat may play a role in cell
cycle cessation in the adult retina and RPE, and the dowqg
regulation of this APC isoform may contribute to the potential
of RPE to migrate and proliferate.

11.
ACKNOWLEDGEMENTS

The authors gratefully acknowledge the assistance of Ms.

Brenda Headrick for her technical support in the histology 05

the human eye and ERM and Ms. Penny Roon for her suppor%'

in the histology of the mouse eye. We also thank Dr. Sylvig5

Smith for her insight and comments in the manuscript and

Ms. Brenda Sheppard for her assistance in preparing the manu-

script.

Supported by the Combined Intramural Grants Program from

Medical College of Georgia (GIL), an unrestricted departmen-

tal award from Research to Prevent Blindness Inc., New York,

NY (GIL, RBC, SEB, and DMM), American Health Assis-

tance Foundation, Rockville, MD (GIL), Knights Templar

Education Foundation, Atlanta, GA (GIL), grants EY04618;

and EY11766 (RBC), EY10516 (RCH), EY12711 (DMH)

CA63507 (JG), EY02205 (SSM) and DK56645 (AKR) from

the National Institutes of Health. JG is an Assistant Investigat6.

tor with the Howard Hughes Medical Institute.
17.
REFERENCES
1. Zhao S, Rizzolo LJ, Barnstable CJ. Differentiation and
transdifferentiation of the retinal pigment epithelium. Int Rev

Cytol 1997; 171:225-66.

2. Grierson |, Hiscott P, Hogg P, Robey H, Mazure A, Larkin G.
Development, repair and regeneration of the retinal pigment
epithelium. Eye 1994; 8:255-62.

3. Grossniklaus HE, Green WR. Histopathologic and ultrastructurat®:
findings of surgically excised choroidal neovascularization.
Submacular Surgery Trials Research Group. Arch Ophthalmol
1998; 116:745-9. 2

4. Polakis P. The adenomatous polyposis coli (APC) tumor suppres-
sor. Biochim Biophys Acta 1997; 1332:F127-47.

5. Groden J, Thliveris A, Samowitz W, Carlson M, Gelbert L,
Albertsen H, Joslyn g, Stevens J, Spirio L, Robertson M, Sargal
L, Krapcho K, Wolff E, Burt R, Hughes J, Warrington J,
McPherson J, Wasmuth J, LePaslier D, Abderrahim H, Cohe
D, Leppert M, White R. Identification and characterization of
the familial adenomatous polyposis coli gene. Cell 1991; 66:589-
600.

390

Thompson TP, Edelmann W, Kucherlapati R, Smith S. Retinal
pigment epithelium abnormalities in mice with adenomatous
polyposis coli gene disruption. Arch Ophthalmol 1997; 115:645-
50.

£. Marcus DM, Rustgi AK, Defoe D, Kucherlapati R, Edelmann W,

Hamasaki D, Liou Gl, Smith SB. Ultrastructural and ERG find-
ings in mice with adenomatous polyposis coli gene disruption.
Mol Vis 2000; 6:169-77 .

Horii A, Nakatsuru S, Ichii S, Nagase H, Nakamura Y. Multiple
forms of the APC gene transcripts and their tissue-specific ex-
pression. Hum Mol Genet 1993; 2:283-7.

Sulekova Z, Reina-Sanchez J, Ballhausen WG. Multiple APC
messenger RNA isoforms encoding exon 15 short open reading
frames are expressed in the context of a novel exon 10A-de-
rived sequence. Int J Cancer 1995; 63:435-41.
Su LK, Vogelstein B, Kinzler KW. Association of the APC tumor
suppressor protein with catenins. Science 1993; 262:1734-7.
Joslyn G, Carlson M, Thliveris A, Albertsen H, Gelbert L,
Samowitz W, Groden J, Stevens J, Spirio L, Robertson M,
Sargeant L, Krapcho K, Wolff E, Burt R, Hughes JP, Warrington
J, McPherson J, Wasmuth J, LePaslier D, Abderrahim H, Cohen
D, Leppert M, White R. Identification of deletion mutations and
three new genes at the familial polyposis locus. Cell 1991;
66:601-13.

14. Rubinfeld B, Souza B, Albert |, Muller O, Chamberlain SH,

Masiarz FR, Munemitsu S, Polakis P. Association of the APC
gene product with beta-catenin. Science 1993; 262:1731-4.

5. Santoro IM, Groden J. Alternative splicing of the APC gene and

its association with terminal differentiation. Cancer Res 1997;
57:488-94.

Kozak M. The scanning model for translation: an update. J Cell
Biol 1989; 108:229-41.

Pyles RB, Santoro IM, Groden J, Parysek LM. Novel protein
isoforms of the APC tumor suppressor in neural tissue. Oncogene
1998; 16:77-82.

18. Wang F, Rendahl K, Manning W, Quiroz D, Coyne M, Miller SS.

A rat model of choroidal neovascularization (CNV) induced by
adeno-associated virus (AAV) mediated expression of vascular
endothelial growth factor (VEGF). Invest Ophthalmol Vis Sci
2001; 42:S225.

Hunt RC, Dewey A, Davis AA. Transferrin receptors on the sur-
faces of retinal pigment epithelial cells are associated with the
cytoskeleton. J Cell Sci 1989; 92 (Pt 4):655-66.

0. Bhat RV, Baraban JM, Johnson RC, Eipper BA, Mains RE. High

levels of expression of the tumor suppressor gene APC during
development of the rat central nervous system. J Neurosci 1994;
14:3059-71.

%1 Dale TC. Signal transduction by the Wnt family of ligands.

Biochem J 1998; 329 (Pt 2):209-23.

g2. Nathke 1S, Adams CL, Polakis P, Sellin JH, Nelson WJ. The

adenomatous polyposis coli tumor suppressor protein localizes
to plasma membrane sites involved in active cell migration. J
Cell Biol 1996; 134:165-79.



Molecular Vision 2004; 10:383-91 <http://www.molvis.org/molvis/v10/a48> ©2004 Molecular Vision

23. Chang JT, Esumi N, Moore K, Li Y, Zhang S, Chew C, Goodmai25. He PM, He S, Garner JA, Ryan SJ, Hinton DR. Retinal pigment

B, Rattner A, Moody S, Stetten G, Campochiaro PA, Zack DJ.  epithelial cells secrete and respond to hepatocyte growth factor.
Cloning and characterization of a secreted frizzled-related pro-  Biochem Biophys Res Commun 1998; 249:253-7.

tein that is expressed by the retinal pigment epithelium. Hun26. Lashkari K, Rahimi N, Kazlauskas A. Hepatocyte growth factor
Mol Genet 1999; 8:575-83. receptor in human RPE cells: implications in proliferative

24. Burke JM, Cao F, Irving PE, Skumatz CM. Expression of E-  vitreoretinopathy. Invest Ophthalmol Vis Sci 1999; 40:149-56.

cadherin by human retinal pigment epithelium: delayed expres27. Liou Gl, Matragoon S, Samuel S, Behzadian MA, Tsai NT, Gu
sion in vitro. Invest Ophthalmol Vis Sci 1999; 40:2963-70. X, Roon P, Hunt DM, Hunt RC, Caldwell RB, Marcus DM.
MAP kinase and beta-catenin signaling in HGF induced RPE

migration. Mol Vis 2002; 8:483-93.

The print version of this article was created on 14 Jun 2004. This reflects all typographical corrections and erratzl®ottitelagh that
date. Details of any changes may be found in the online version of the article.

391



