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Purpose. A spontaneously arising, apparently  transform ed, cell line has been c loned from  a 
prim ary culture o f hum an  retinal p igm ent epithelial (RPE) cells and  has been  subcultured 
m ore than 200 times. T he similarities o f these cells to hum an RPE cells in vivo have been 
determ ined.

M ethods. The structure o f the transform ed cells has been de term ined  by light and  electron 
microscopy and by im m unocytochem istry using antibodies that detect cytoskeletal and o th e r 
proteins. T he ability o f the cell line to b ind and  phagocytose p ho to recep to r m aterial has also 
been assessed by fluorescence and electron microscopy. T he m etabolism  of all-<ra?zs-retinol 
has been investigated by incubation o f the cells with 3H-all-<rans-retinol and  analysis o f the 
m etabolic products by high-perform ance liquid chrom atography.

Results. T he transform ed cells possess an epithelial cobblestone m orphology with intercellu lar 
junctional com plexes contain ing  N -cadherin. T he cytoskeleton o f these cells com prises cyto- 
keratins that are characteristic o f epithelial cells, together with actin, spectrin, and  vim entin. 
T he keratins expressed are those typical o f RPE cells. The cells also express cellular retinalde- 
hyde b inding p ro te in  and retinol dehydrogenase activity bu t do no t express re tinoid  isomerase 
o r lecithin re tinol acyl transferase activities. These cells also exhibit phagocytic activity.

Conclusions. This cell line retains many o f the metabolic and m orphologic characteristics o f 
RPE cells in vivo although there  are some differences, particularly the loss o f some enzymatic 
activities and  cytoskeletal polarization. These cells should be useful in fu rth er studies o f RPE 
cell m etabolism  and o th e r functions. Invest O phthalm ol Vis Sci. 1995;36:955-964.

T h e  re tina l p ig m en t ep ithelia l (RPE) cells o f  the  h u ­
m an eye constitu te  on e  aspect o f  the  b lo o d -re t in a l  
b a r r ie r .1-3 As such, they con tro l access o f b lood-borne  
substances, inc lud ing  nu trien ts , grow th factors, and  
ho rm ones, to the  neu ra l re tina. R etinal p ig m en t ep i­
thelial cells partic ipa te  in  the visual cycle as the  loca­
tion  o f  synthesis an d  storage o f retinyl esters, isom er­
ization o f all-£ran^retinoids to 1 l-a> re tin o id s , an d  the
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conversion o f re tino l to re tin a l.4-9 In add ition , these 
an d  the M uller cells synthesize cellu lar re tina ldehyde 
b in d in g  p ro te in  (CRALBP) involved in re tin o id  trans­
p o r t in the  retina. 10 R etinal p ig m en t ep ithelia l cells 
also carry o u t phagocytosis an d  d igestion  o f  m em ­
b ranes shed  from  p h o to re c e p to r  cell o u te r  seg­
m en ts .11,12

Extensive investigations o f h u m an  RPE cell struc­
tu re  and  function  have b een  lim ited  by the  necessary 
use o f prim ary  cu ltu res th a t rarely survive m ore  than  
e ig h t to ten  passages an d  that, m oreover, may be con ­
tam inated  by o th e r  cells. In  add ition , p rim ary  cu ltu res 
o f  RPE cells frequen tly  take on  an  a lte red  m orphology  
and , in som e instances, lose th e ir  characteristic  kera­
tin -con ta in ing  in te rm ed ia te  filam ents, synthesizing in ­
stead  in te rm ed ia te  filam ents th a t are  m ore  ch arac te r­
istic o f cells o f  m esenchym al o rig in .13,14

In view o f the  disadvantages o f  short-term  cu ltu res 
an d  the shortage  o f  h u m an  d o n o r  eyes, a co n tin u o u s 
cell line w ould be  m ost useful for studies o f  RPE cell
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function and the purification of enzymes unique to 
these cells. In this article, we report the cloning of 
such a cell line, D407 cells, that has now been m ain­
tained in culture for m ore than 200 passages. These 
cells retain their epithelial morphology, form ing a 
hexagonal cobblestone layer with intercellular ju n c ­
tions, and possess a keratin-containing cytoskeleton 
although they also synthesize vimentin. Moreover, 
these cells make CRALBP and have retinol dehydroge­
nase activity, both o f which are found in RPE cells in 
vivo.10,15 However, they do not exhibit the extrem e 
polarity o f RPE cells as judged  by their organization of 
spectrin, a subm em branous skeletal protein associated 
with the apical surface o f RPE cells in vivo,1B and they 
fail to make some o ther enzymes found in these cells 
in vivo.

MATERIALS AND METHODS 

Cloning and Growth of D407 RPE Cells
Cells were trypsinized from  the globe o f the eye o f a 
12-year-old white male child within 12 hours o f death 
and cultured as described.1' After nine passages, foci 
o f rapidly growing cells arose in this culture. These 
cells had a cuboidal m orphology at the center o f the 
mass of cells. They were cylinder cloned and main­
tained in high-glucose D ulbecco’s minimal essential 
medium  containing 10% fetal calf serum, penicillin 
(100 U /m l), streptomycin (100 ^/g/m l), and 2 mM 
glutam ine. The cells were subcultured at a ratio o f 1:5 
every 4 days, and the serum was reduced to 3%, in 
which they are m aintained. All m edium  constituents 
were obtained from  Gibco/BRL (Grand Island, NY).

The tenets o f the Declaration o f Helsinki were 
followed, and institutional hum an experim entation 
com m ittee approval was granted for these studies.

Fluorescence Microscopy
Cytoskeletal Elements and N-cadherin. D407 cells 

were grown on glass coverslips, fixed for 5 m inutes in 
ice-cold m ethano l-acetone  (1:1), and rehydrated in 
Dulbecco’s phosphate-buffered saline (PBS). They 
were stained for keratin using AE1 and AE3 (Boeh- 
ringer-M annheim , Indianapolis, IN) m onoclonal an­
tibodies, for vimentin using anti-vimentin m onoclonal 
antibody (ICN, Irvine, GA), for glial fibrillary acidic 
protein (GFAP) using m onoclonal anti-GFAP (Boeh­
ringer), for actin using fluorescein isothiocyanate- 
phalloidin (Sigma, St. Louis, MO), for spectrin using 
a polyclonal anti-spectrin antibody (R. H unt, unpub­
lished data, 1982) and for N-cadherin using a poly­
clonal anti-N-cadherin antibody (kindly donated  by T. 
B org).

CRALBP. Cells were fixed in freshly m ade 4% para­
form aldehyde in PBS and washed in PBS containing

50 mg bovine serum album in (BSA) per milliliter. The 
cells were then incubated with 0.5% Triton X-100 in 
PBS-BSA. CRALBP was detected using a polyclonal 
antibody (kindly donated by Dr. J. Saari).

Factor VIII. Cells were fixed in freshly made 4% 
paraform aldehyde in PBS and washed in PBS-BSA. 
They were then incubated with m onoclonal anti-Fac­
tor VIII antibody (Boehringer).

SV40 Large T-antigen. Cells were fixed in absolute 
m ethanol at —20° for 5 m inutes and rehydrated in 
PBS. They were then incubated for 1 hour with m ono­
clonal anti-SV40 T-antigen antibody (culture m edium  
from PA 101 hybridoma; ATCC, Rockville, MD).

In all cases except for the detection o f SV40 T 
antigen, in which the culture m edium  was used undi­
luted, primary antibodies were diluted 1:100 in PBS- 
BSA and incubated with cells at 37°C for 30 minutes. 
After incubation with these antibodies, the cells were 
washed in PBS-BSA three times, and bound antibod­
ies were detected by incubation with the appropriate 
fluorescent second antibody (diluted 1:250 in PBS- 
BSA) for 30 m inutes at 37°C. The cells were washed 
in PBS-BSA and observed using a Biorad (Richmond, 
CA) MRC600 confocal microscope system or a Nikon 
(Melville, NY) M icrophot FXA fluorescence micro­
scope.

Binding of Retinal Rod Outer Segments
Rod outer segments were prepared  from  pooled hu­
man neural retinae using gradient centrifugation, as 
described.18 The second band from  the top o f the 
gradient that contained rod ou ter segments was 
washed free o f sucrose using PBS and was labeled over­
night at 4°C in 1 ml PBS containing 500 fj,g 5-(4,6- 
dichlorotriazin-2-yl) am inofluorescein (Sigma) per 
milliliter (added as a X10 stock solution in dimethyl 
sulfoxide). The labeled rod ou ter segments were 
washed three times in PBS and resuspended in 1 ml 
PBS. D407 RPE cells were grown on glass coverslips 
and incubated with 100 [il rod ou ter segm ent suspen­
sion per milliliter PBS at 37°C for 10 minutes. The 
coverslips were again washed in PBS at 4°C and were 
observed with a Meridian (Okemos, MI) Instrum ents 
ACAS 570 adheren t cell cytometer in both the confo­
cal fluorescence and phase-contrast modes.

Electron Microscopy
D407 cells were grown on laminin-coated (Collabora­
tive Research, Bedford, MA) culture well inserts 
(Costar, Cambridge, MA) with 0.45 pores o r on 
laminin-coated culture ware (Costar). In one experi­
m ent, cells on culture ware were also incubated with 
a crude retinal hom ogenate at 37°C. T he cells were 
fixed with 2% glutaraldehyde in Sorrensen’s buffer 
and processed for electron microscopy as described.17
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Processing of 3H-aU-iraro-retinol

C onfluent cultures were rinsed in serum-free m edium  
and scraped into 50 mM sodium phosphate buffer 
(pH 7.3). The cells were sonicated (1.0 seconds, 100 
watts) with a probe sonicator, and cellular debris was 
removed by centrifugation at 600g for 10 m inutes at 
4°C. The extract was then centrifuged at 100,000g-for 
1 hour at 4°C. The supernatant liquid was discarded 
and the pellet rinsed three times in phosphate buffer. 
The pellet was resuspended in phosphate buffer with 
brief sonication, and this m em brane prep^-ation was 
either used immediately or stored frozen. The protein 
concentration was 3 m g/m l to 5 m g/m l.

O ne hundred microliters o f m em brane prepara­
tion were incubated at 37°C for 2 hours in the dark 
with 100 1% BSA (fatty acid free; Sigma) and 0.5 
fj,C'\ 3H-[1 l,12]-all-/rans-retinol in 0.5 jj, 1 ethanol (NEN, 
46.2 C i/m M ol, confirm ed to be >99%  3H-all-£ran.s- 
retinol by high-performance liquid chrom atography 
(HPLC)). In some experim ents, a X20 concentrate of 
NAD+ or NADP+ was added to a final concentration 
o f 1 mM. The reaction was term inated by the addition 
o f 600 /j. 1 67% m ethanol. Radiolabeled retinoids were 
extracted into hexane containing 0.1 mg butylated 
hydroxytoluene per milliliter to inhibit oxidation and 
isomerization. The extract was supplem ented with an 
isomeric mixture of retinol, retinal, and retinyl palmi­
tate standards.

O ne hundred  microliters o f hexane extract was 
injected onto  an isocratic, normal-phase HPLC system 
consisting of an 8 //m  silica gel colum n (Dynamax- 
60A; Rainin, Emeryville, CA) eluted with 8% dioxane 
in hexane at 1 m l/m inu te . Detection was by ab­
sorbance at 326 nm and liquid scintillation counting 
in which the eluate was mixed with an equal volume 
of betafluor scintillant (National Diagnostics, Atlanta, 
GA) and passed through an in-line /3-RAM liquid scin­
tillation counter with a 1-ml flow cell.

Chromosome Analysis

Semiconfluent, logarithmically growing cells were in­
cubated with 0.01 [ig colcemid per milliliter (G ibco/ 
BRL). The cells were detached with trypsin/ethylene- 
diam inetetraacetic acid solution (Gibco/BRL), centri­
fuged, and resuspended in hypotonic m edium  (3 parts 
distilled w ater/1  part com plete culture m edium ). 
After 30 m inutes at 37°C, the suspension was centri­
fuged at 800 rpm  and fixed in glacial acetic ac id / 
absolute m ethanol (1:3 vol/vol) at 4°C. The fixative 
was changed five times. Chrom osom e preparations 
were obtained by dropping the cell suspension on wet 
glass microscope slides. The slides were dried and 
stained with 10% (vol/vol) Giemsa solution in water.

RESULTS

Primary cultures o f hum an RPE cells grown to conflu­
ence exhibit a “ cobblestoned” epithelial m orphology 
(Fig. 1A) similar to cells in the retina. Areas o f the 
culture are devoid o f pigm entation because cultured 
RPE cells, unless they are obtained from fetuses, gen­
erally fail to synthesize m elanin, and the original pig­
m ent granules are divided am ong the daughter cells. 
The highly pigm ented cells in Figure 1A are those 
that have not divided in culture.

D407 RPE cells were originally grown on laminin- 
coated plastic in 10% serum in which they form a 
contact-inhibited cobblestoned monolayer (Fig. IB 
shows cells at passage 6). T he serum was reduced to 
3%, and laminin was om itted. T he cells have contin­
ued to grow with the same m orphology after being 
subcultured 200 times (Fig. 1C shows cells at passage 
114). They have lost pigm entation bu t otherwise have 
a m orphology similar to early-passage RPE cells.

Electron Microscopy
Late-passage D407 cells were seeded onto  filters con­
taining 0.45 /xM pores (Fig. 2A) or onto plastic culture 
dishes (Figs. 2B, 2C 2D). The cells at passage 80 
form ed monolayers with tightly apposed m em branes 
linked by intercellular junctional complexes (arrow­
heads). Associated with these junctional complexes 
were cortical microfilaments runn ing  parallel to the 
plasma m em brane (Fig. 2C, arrow). N um erous short 
microvilli were apparen t on the apical surfaces but 
these were considerably shorter than those o f RPE 
cells in vivo.

The Cytoskeleton of D407 Cells
Most cells o f epithelial origin contain keratin interm e­
diate filaments, and these proteins are considered di­
agnostic o f epithelial cells; in contrast, cells o f m esen­
chymal origin, such as fibroblasts, contain vim endn 
interm ediate filaments. W hen subconfluent D407 cells 
were perm eabilized and stained with a mixture o f two 
m onoclonal antibodies that stain a range o f epithelial 
keratins, a typical keratin interm ediate filament net­
work was observed (Fig. 3A). W hen the cells reached 
confluence, the keratin filaments form ed a network 
throughout the cytoplasm (Figs. 3B, 3C, 3D).

The interm ediate filament system of RPE cells in 
vivo contains keratins characteristic o f simple epithe- 
lia, i.e., keratins 8 and 18.13 W hen cultured in vitro, a 
m ore com plex spectrum  of keratins is observed, and 
keratins 7 and 19 are also fo u n d .13 Western blot analy­
sis (data no t shown) indicated that D407 keratins are 
similar to those of RPE cells in primary culture, i.e., 
they contain keratins 7, 8, 18, and 19.

Actin forms a cortical web of microfilaments that
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The Morphology of D407 Cells
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figure 3. Confocal fluorescence microscopy of the cytoskeleton o f D407 cells. (A) Subcon­
fluent. cells stained for keratins. (B) C onfluent cells stained for keratins. Confocal optical 
section near the apical surface. (C) C onfluen t cells stained for keratins. Section near the 
m iddle o f the cell. (D) C onfluen t cells stained for keratins. Section n ear the basal surface. 
(E) C onfluent cells stained fo r actin. Section near the apical surface showing concentration  
o f actin in short m icrofilam ents. (F) C onfluen t cells stained for actin. Section near the 
m iddle o f the cell showing cortical m icrofilam ents. (G) C onfluent cells stained for vim entin. 
Section near the apical surface. (H) C onfluen t cells stained for glial fibrillary acidic protein . 
(I) C onfluen t cell stained for spectrin. Section near the apical surface. (J) C onfluen t cells 
stained for spectrin. Section near the m iddle o f the cell. (K) C onfluen t cells stained for 
spectrin. Section near the basal surface. (L, M) C onfluent cells stained for N -cadherin. All 
cells shown in this figure were from passages 18 to 25. Cells at passage 89 were sim ilar in 
appearance (data no t shown).

Binding of ROS by D407 Cells
A m ajor function  o f  RPE cells is the up take an d  deg ra­
d a tio n  o f  shed m em branes from  p h o to re c e p to r  o u te r  
segm ents by w hat appears to be a specific recep tor- 
m ed ia ted  p rocess.11,23-24 T o test w h e th er D407 RPE 
cells a re  capab le o f rap id  b in d in g  o f  p h o to re c e p to r  
fragm ents, the la tte r w ere fluorescently  labeled  an d  
in cu b a ted  with D407 cells a t 37°C for 10 m inutes, fol­
lowed by extensive w ashing. F igure 5 shows confocal 
fluorescence (panel A) an d  phase-con trast im ages 
(panel B). In  panel C, the phase-contrast im age is 
m erged  with the fluorescence, which is show n in black 
fo r b e tte r  contrast. It can be seen th a t w ithin the 10- 
m in u te  period , the D407 cells b o u n d  a considerab le  
a m o u n t o f  the labeled  m aterial. F u rth e r  incubation  
(data  n o t  show n) show ed co n tin u ed  accum ulation  o f 
f luo rescen t vesicles by the cells.

D407 cells were incubated  with an  h o m o g en a te

o f  neu ra l re tin a  to investigate th e ir  phagocytic activity 
fu rth er. R etinal m aterial was fo u n d  to be associated 
with a th ick en in g  o f  th e  plasm a m em b ran e  (Fig. 6A) 
o r engulfed  by m icrovilli after a 10-m inute incubation  
(Fig. 6B). A fter a fu rth e r  pe rio d , n u m ero u s inclusions 
th a t w ere o ften  darkly stained w ere observed (Figs. 
6C, 6 D ).

Processing of - all - trans-re tin o 1 by D407 Cells
D407 cell m em branes w ere incub a ted  with 3H-all-trans- 
re tino l, after w hich rad io labeled  re tino ids w ere ex­
trac ted  and  analyzed by HPLC. T his allows the  id en ti­
fication o f th ree  enzym atic activities characteristic  o f 
RPE cells: (i) lecith in  re tino l acyl transferase (LRAT), 
w hich esterifies re tin o l with long chain  fatty acids, typi­
cally palm itate; (ii) re tino id  isom erase, w hich converts 
all-^ran^retinoids to visually active 11-ds-retinoids; and  
(iii) re tin o l d ehydrogenase  (RDH) activity, w hich oxi-
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M I N

FIGURE 7. M etabolism o f 3H-a 11-tranyrc tinol by D407 cells. 
M em branes from  D407 cells at approxim ately passage 100 
were incubated  with sH -labeled all-frarw-retinol. T he reti­
noids were extracted  an d  analyzed by HPLC. (A) Ab­
sorbance (at 326 nm ) profile o f s tandard  retinoids. 1 =  
retinyl esters; 2 =  13-cis-retinal; 3 =  11-cis-retinal; 4 =  9-cis- 
retinal; 5 '= all-frans-retinal; 6 = 11-cis-retinol; 7 =  13-cis- 
retinol; a tr =  all-/nzn>retinol. (B) Radioactive retinoids p ro ­
duced  after a 2-hour incubation  o f D407 cell m em branes 
with 3H-all-fra7W-retinol. (C) Radioactive retinoids after a 
sim ilar incubation in the absence o f cell m em branes.

grow n o n  Millicell filter supports an d  3H-all-fr<ms-reti- 
no l was delivered  to cells in association with retinol, 
b in d in g  p ro te in  (data  n o t show n). A dditionally, ex­
p erim en ts  o n  D 407 cell m em b ran es using  an  11-os- 
re tina l substra te  d em o n s tra ted  th a t these cells lack 11- 
cis specific RDH activity (data  n o t show n).

Karyotypic Analysis of D407 Cells
A karyotype analysis show ed th a t D407 cells are  o f  
h u m an  orig in  and , therefo re , are unlikely to b e  de-

t a b l e  l. R etinol D ehydrogenase Activity in 
D407 Cell M em branes

% Conversion to
R e tina l*

C ontrol D407 m em branes 46.4 (±15.5)
D407 m em branes + 1 mM NAD+ 53.5 (± 6.9)
D407 m em branes +  1 mM  NADP+ 76.6 (± 8 .0 )f

* Mean ± standard deviation (n = 3). 
t  Significandy different from control (P  <  0.05).
Membranes were prepared from D407 cells and incubated with 
sH-all-«ra7w-rednol for 2 hours. The products were analyzed by 
high-performance liquid chromatography.
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FIGURE 8. T he  karyotype o f D407 cells. A representative 
karyotype o f a Giemsa solid-stained D407 m etaphase, includ­
ing 71 chrom osom es. Most chrom osom es were distributed  
in the classical alphabetic groups o f the standard  hum an 
karyotype. Two chrom osom es designated, m l and  m2, could 
n o t be assigned to any g roup  and  are considered  m arker 
chrom osom es.
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rived from  co n tam in a tio n  by o th e r  ep ithelia l cells 
used  in these laboratories. In  early passages, the  cells 
show ed a m odal ch rom osom e n u m b e r  o f  44 ±  2. T h e  
chrom osom es w ere d istrib u ted  accord ing  to th e  stan­
d ard  h u m an  karyotype (data  n o t show n); however, by 
passage 52, the cells show ed a n e a r  trip lo id  m odal 
ch rom osom e n u m b e r  (70 ±  4). N o d ip lo id  o r  n ea r 
d ip lo id  m etaphases w ere observed after sc reen ing  
over 50 m etaphase  spreads. Analysis o f  the  m etaphases 
show ed th a t a lm ost all the chrom osom es cou ld  be as­
signed to the  A to G g roups o f  the  h u m an  karyotype 
(Fig. 8); however, som e chrom osom es in each spread  
analyzed d id  n o t  m atch  the  m orpho logy  o f  norm al 
h u m an  chrom osom es. A n ex tra  lo n g  su bm etacen tric  
ch rom osom e was observed in alm ost all m etaphases 
exam ined  an d  was classified as a m ark er ch rom osom e.

Other Characteristics o f D407 Cells
D407 cells d id  n o t b in d  an tibod ies raised  against Fac­
to r  VIII, ind ica ting  th a t they are  n o t  o f  end o th e lia l 
o rig in 26,27 (data  n o t show n). T hese cells synthesize 
S100 an tig en  (da ta  n o t show n), w hich has, h ith e rto , 
b een  re p o rte d  to  be ab sen t from  RPE cells,28 an d  they 
also secre te  apo -lipopro te in  Al in to  th e ir  su rro u n d in g  
m edium . Because SV40 virus has b een  used in  the 
a u th o rs ’ laborato ries , the cells w ere sta ined  fo r  SV40 
T  an tig en  an d  fo u n d  to be negative.

DISCUSSION

C ultu red  h u m an  a n d  o th e r  m am m alian  RPE cells have 
b een  th e  subject o f  m any invesdgadons o f  the b lo o d -



962 Investigative Ophthalmology & Visual Science, April 1995, Vol. 36, No. 5

retinal barrier, especially with regard to the transport 
of circulatory molecules into the neural retina. Such 
studies have necessarily been carried out on primary 
cultures or cells that have been subcultured a limited 
num ber of times. Large num bers of bovine or chick 
RPE cells may be obtained under such conditions, 
bu t hum an RPE cells pose the problem  of limited 
availability and heterogeneity of hum an donor eyes. 
Moreover, hum an and o ther mammalian RPE cells, 
u nder conditions used in many laboratories, fre­
quently lose many of their epithelial characteristics 
when subcultured. For example, m elanin synthesis 
ceases und er most culture conditions, and the polar­
ized cobblestoned epithelial m orphology with ju n c ­
tional complexes between m onolayer cells is lost. The 
cells becom e fusiform and often form  multilayers of 
cells with sporadic, disorganized junctions. In some 
cases, the cells lose their keratin interm ediate fila­
ments, characteristic of epithelial cells, and synthesize 
vim entin-containing interm ediate filaments,13 which 
are m ore characteristic o f cells o f mesenchymal origin.

For these reasons, continuous cultures o f RPE 
cells would be useful, and several lines have now been 
established. H um an29 and rat30 RPE cells have been 
transform ed using SV40 T antigen, adenovirus E1A, 
or cellular oncogenes such as c-myc and Ha-ras, and 
some of these retain their epithelial characteristics, as 
do recently reported  spontaneous rat transform ants.31 
H um an spontaneous transform ants have also been 
reported , bu t they have received less characteriza­
tion,32-35 and, where their morphology has been 
shown, they appear to be flattened rather than cuboi- 
dal, with cellular extensions overlying o ther cells and 
rather sporadic intercellular junctions.33 For studies 
of the metabolism of the hum an eye, an RPE cell line 
that maintains a high degree o f epithelial m orphology 
would be useful. We have attem pted to transform  RPE 
cell cultures with plasmids expressing the SV40 large 
T  antigen and have obtained transform ed cells ex­
pressing the T antigen, bu t they lost their characteris­
tic m orphology (Davis and H unt, unpublished data, 
1989). However, a clone of cells from  an RPE cell 
culture has been obtained that appears to be sponta­
neously transform ed in the absence of any viral trans­
form ation vector. T he cells, D407, have now been sub­
cultured m ore than 200 times. Such spontaneous 
transform ation seems rare; we have only seen it on 
one o ther occasion during  the culturing of cells from 
almost 2000 pairs of hum an donor eyes. By passage
52, almost all cells exam ined had approximately 70 
chrom osom es and at least one m arker chromosome, 
suggesting that ou t o f the initial diploid cells, a near- 
triploid clonal population has em erged and prevailed. 
It appears that the rearranged hum an genom e meets 
the requirem ents for unlim ited replication un d er the 
conditions provided by in vitro culture.

Naturally, the question arises o f w hether these 
cells are indeed of RPE origin or w hether they arose 
from  a small num ber o f non-RPE cells that contam i­
nated the original culture o f highly pigm ented cells. 
Clearly, the cells exhibit a typical cobblestoned epithe­
lial m orphology and, at the back of the eye, only the 
pigm ent epithelium  contains such cells. D407 cells do 
no t express GFAP, indicating that they are no t of glial 
(Muller) cell origin and do no t express Factor VIII, a 
m arker of endothelial cells. They do express vimentin, 
a protein characteristic o f interm ediate filaments of 
mesenchymal cells, bu t many epithelial cells in cul­
ture,36-39 including RPE cells,13,21 also express this pro­
tein. Keratin is the only interm ediate filam ent protein 
found in hum an RPE cells in vivo or in most o ther 
hum an epithelia, and this is expressed by D407 cells; 
indeed, D407 cells synthesize keratins 8 and 18, typical 
of simple hum an epithelia.13 '4

Spectrin (fodrin) is a subm em branous skeletal 
protein that is associated with actin and transm em ­
brane proteins. In vivo this protein in RPE cells is 
highly polarized and is found on the cytoplasmic sur­
face o f the apical plasma m em brane, where it may 
interact with the highly polarized N a+,K+-ATPase sys­
tem. 16 In D407 cells, spectrin is found in association 
with apical and basolateral surfaces, indicating that 
the extrem e polarization of this p ro tein  is no t retained 
in these cultured RPE cells. Loss of polarization in 
cultured chick RPE cells also has been observed,40,41 
suggesting that polarization in vivo may reflect the 
interactions of RPE with surrounding cells and their 
extracellular matrices.

In addition to their epithelial morphology and 
their expression of keratins, D407 cells have o ther 
properties that suggest their RPE origin. At conflu­
ence, the cells form  a belt o f junctional complexes 
linking adjacent cells by N-cadherin (A-CAM), a pro­
tein characteristic of junctional complexes of a num ­
ber of epithelial cell types.42-44 In vivo RPE cells carry 
out phagocytosis o f shed photorecep tor ou ter seg­
m ent m em branes,11,12 probably when the latter bind 
to a specific receptor on the RPE cell surface,23,24,45 
and a similar process may occur in D407 cells. More­
over, CRALBP, which participates in the transport of 
retinoids from  the circulation to the retina and is 
found in RPE and Muller cells of the retina in vivo,10 
also is synthesized by D407 cells.

The D407 RPE cell line exhibits the ability to me­
tabolize vitamin A in the form of 3H-all-fran.s-retinol. 
However, only the RDH activity was observed, whereas 
freshly isolated RPE cells also express LRAT and reti­
noid isomerase activities,8,9 and primary and second^ 
ary cultures express LRAT bu t no t retinoid isomerase.9 
Nevertheless, this appears to be the first continuous 
RPE cell line for which any retinoid processing capac­
ity has been reported. Although D407 cells possess
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an RDH activity that can metabolize added all-trans­
retinol, they lack a com parable activity that can use 
the 11-cis isomer. In vivo both the RPE and the rod 
outer segments possess the all-traw^specific RDH ,15 
whereas the cis specific RDH is thought to be unique 
to the RPE.'16’47 The all-trans specific RDH in the rod 
outer segments is considered to be an integral enzyme 
in the visual cycle required for the conversion of all- 
trans-retinal to all-traras-retinol after bleaching of rho­
dopsin and before transport to the RPE. This enzyme’s 
role in the RPE is no t well defined because these cells 
are thought to be supplied with exogenous vitamin A 
exclusively in the form of all-trans-retinol. It is possible 
that the all-/ran.s-retinal dehydrogenase activity may 
form  part o f the cells’ pathway for generation of reti- 
noic acid that occurs as two steps, during which retinol 
is converted to retinoic acid via retinal.

O ther characteristics of D407 cells no t addressed 
in this article seem to be those of RPE cells. Like 
RPE cells in vivo, they secrete basolateral extracellular 
m atrix molecules and m atrix-degrading metallopro- 
teinases. In addition, they release iron that they have 
taken up from diferric transferrin in a low molecular 
weight form  that has been shown to be characteristic 
o f primary cultures of RPE48 and o ther barrier 
cells.49,50 These cells should prove to be useful in o ther 
studies of the biology of pigm ent epithelium .

human pigment epithelium, transformed cell, cytoskeleton, 
phagocytosis, cell culture

The authors thank Dr. Robert Price for his generous help 
with the electron microscopy and Dr. Walter McConathy for 
the Western blot analysis of secreted lipoproteins. They also 
thank Drs. T. Borg and J. Saari for antibodies and Dr. Wil­
liam O ’Day for culturing the cells for the retinoid experi­
ments. Human donor eyes for retinal pigment epithelial cell 
culture were kindly donated by the South Carolina Lions’ 
Eye Bank.

1. Cuhna-VazJ. The blood-ocular barriers. Su-rv Ophihal. 
1979;23:279-296.

2. Pedersen O. An electron microscopic study of the per­
meability of intraocular blood vessels using lantha­
num as a tracer in vivo. Expl Eye Res. 1979;21:61-69.

3. Peyman GA, Bok D. Peroxidase diffusion in the nor­
mal and laser-coagulated primate retina. Invest Oph­
thalmol Vis Sd. 1972;11:35-45.

4. FlanneryJG, O ’Day W, Pfeffer BA, HorwitzJ, Bok D. 
Uptake, processing and release of retinoids by cul­
tured human retinal pigment epithelium. Exp Eye Res. 
1990;51:717-728.

5. Bernstein PS, Law WC, Rando RR. Biochemical char-

actcri/.ation o f the retinoid isomerase system of the 
eye. J  Biol Chem. 1987;262:16848-16857.

6. Bernstein PS, Rando RR. In vivo isomerization o f all- 
trans- to 11-cis-retinoids in the eye occurs at the alco­
hol oxidation state. Biochem. 1986;25:6473-6478.

7. Bok D. Processing and transport o f retinoids by the 
retinal pigment epithelium. Eye 1990;4:326-332.

8. Pfeffer BA, Clark VM, FlanneryJG, Bok D. Membrane 
receptors for retinol-binding protein in cultured hu­
man retinal pigment epithelium. Invest Ophthalmol Vis 
Sci. 1986;27:1031-1040.

9. Flood MT, Bridges CD, Alvarez RA, Blaner WS, Gouras 
P. Vitamin A utilization in human retinal pigment 
epithelial cells in vitro. Invest Ophthalmol Vis Sci. 
1983;24:1227-1235.

10. Bunt-Milam AH, Saari JC. Immunocytochemical local­
ization of two retinoid-binding proteins in vertebrate 
retina . J  Cell Biol. 1983;97:703-712.

11. Young RW, Bok D. Participation of the retinal pig­
m ent epithelium in the rod outer segment renewal 
process. J  Cell Biol. 1969;42:392-403.

12. Bosch E, HorwitzJ, Bok D. Phagocytosis of outer seg­
ments by retinal pigment epithelium: phagosome lyso- 
some interaction. J Halo chem Cytochem. 1993; 41:253­
263.

13. H unt RC, Davis AA. Altered expression of keratin and 
vimentin in human retinal pigm ent epithelial cells in 
vivo and in v itro ./  Cell Physiol. 1990;145:187-199.

14. H unt RC. Keratins and other cytoskeletal structures 
in retinal pigment epithelial cells. Prog Retinal Eye Res. 
1994;13:125-145.

15. Law WC, Kim S, Rando RR. Stereochemistry o f the 
visual cycle. J  Amer Chem Soc. 1989;111:793-795.

16. Gundersen CJ, OrlowskiJ, Rodriguez-Boulan E. Apical 
polarity of Na,K-ATPase in retinal pigment epithelium 
is linked to a reversal of the ankyrin-fodrin submem­
brane cytoskeleton. J  Cell Biol. 1991;112:863-872.

17. H unt RC, Dewey A, Davis AA. Transferrin receptors 
of the retinal pigm ent epithelium are associated with 
the cytoskeleton. J  Cell Sci. 1989;92:655-666.

18. Papermaster DS, Dreyer WJ. Rhodopsin content in the 
outer segment membranes of bovine and frog retinal 
rods. Biochem. 1974;13:2438-2444.

19. Mooseker MS. Organization, chemistry, and assembly 
o f the cytoskeletal apparatus of the intestinal brush 
border. A nnu  Rev Cell Biol. 1985;1:209-241.

20. Turksen K, Opas M, Kalnins VI. Cytoskeleton, adhe­
sion, and extracellular matrix of fetal human retinal 
pigmented epithelial cells in culture. Ophihal Res. 
1989;21:56-66.

21. Matsumoto B, Guerin CJ, Anderson DH. Cytoskeletal 
redifferentiation of feline, monkey, and human RPE 
cells in culture. Invest Ophthalmol Vis Sci. 1990;31:879- 
889.

22. Owaribe K, KartenbeckJ, Rungger-Brendle E, Franke 
WW. Cytoskeletons of retinal pigment epithelial cells: 
Interspecies differences of expression patterns indi­
cate independence of cell function from the specific 
complement of cytoskeletal proteins. Cell Tissue Res. 
1988;254:301-315.

23. Boyle D, Tien LF, Cooper NG, Shepherd V, Mc-

963

Key Words

Acknowledgments

References



964 Investigative Ophthalmology 8c Visual Science, April 1995, Vol. 36, No. 5

Laughlin BJ. A mannose receptor is involved in retinal 
phagocytosis. Invest Ophthalmol Vis Sci. 1991;32:1464- 
1470.

24. Hall MO, Abrams T. Kinetic studies of rod outer seg­
m ent binding and ingestion by cultured rat RPE cells. 
ExptEyeRes. 1987;45:907-922.

25. Bernstein PS, Law WC, Rando RR. Isomerization of 
all-trans-retinoids to 11-cis-retinoids in vitro. Proc Natl 
Acad Sci USA. 1987;84:1849-1853.

26. McCarthy SA, Kuzu I, Gatter KC, Bicknell R. Hetero­
geneity of the endothelial cell and its role in organ 
preference o f tum our metastasis. Trends Pharmacol Sci. 
1991;12:462-467.

27. W agner DD, Olmsted JB, M arder VJ. Immunolocaliza- 
tion of von Willebrand protein in W eibel-Palade bod­
ies of human endothelial cells. J  Cell BioL 1982; 
95:355-360.

28. Iwanaga T, Takahashi Y, Fujita T. Immunohistochemi- 
cal localization of S-100 protein in the retina, ciliary 
body and iris o f human fetuses. Cell Tissue Res. 
1985;239:505-510.

29. Dutt K, Scott M, Del Monte M, et al. Establishment 
of human retinal pigm ent epithelial cell lines by onco­
genes. Oncogene. 1990;5:195-200.

30. Nabi IR, Mathews AP, Cohen-Gould L, Gundersen D, 
Rodriguez-Boulan E. Immortalization of polarized rat 
retinal pigm ent epithelium. J  Cell Sci. 1993; 104:37­
49.

31. McLaren MJ, Sasabe T, Li CY, Brown ME, Inana G. 
Spontaneously arising immortal cell line of rat retinal 
pigment epithelial cells. Exp CeU Res. 1993; 204:311 — 
320.

32. Dutt K, Waldrep JC, Kaplan HJ, Del Monte M, Semple
E, Verly G. In vitro phenotypic and functional charac­
terization of human pigment epithelial cell lines. Curr 
Eye Res. 1989;8:435-440.

33. Dutt K, Scott MM, Del Monte M, et al. Extracellular 
matrix mediated growth and differentiation in human 
pigment epithelial cell line 0041. Curr Eye Res. 
1991;10:1089-1100.

34. Dutt K, York D, Kaplan HJ, Semple E, Verly G, Sriniva- 
san A. Replication of HIV in human fetal retinal cul­
tures and established pigm ent epithelial cell lines. In ­
vest Ophthalmol Vis Sci. 1989;30:1535-1541.

35. Leibach JW, Cool DR, Del Monte MA, Ganapathy V, 
Leibach FH, Miyamoto Y. Properties o f taurine trans­
port in a human retinal pigm ent epithelial cell line. 
Curr Eye Res. 1993; 12:29-36.

36. Venetianer A, Schiller DL, Magin T, Franke WW. Ces­
sation of cytokeratin expression in a rat hepatoma cell 
line lacking differentiated functions. Nature. 1983; 
305:730-733.

37. Franke WW, Mayer D, Schmid E, Denk H, 
Borenfreund E. Differences of expression of cytoskele- 
tal proteins in cultured rat hepatocytes and hepatoma 
cells. Exp Cell Res. 1981;134:345-365.

38. Franke WW, Schmid E, W inter S, Osborn M, Weber 
K. Widespread occurrence of intermediate-sized fila­
ments of the vimentin type in cultured cells from di­
verse vertebrates. Exp Cell Res. 1979;123:25-46.

39. Schmid E, Schiller DL, Grund C, Stafler J, Franke 
WW. Tissue type-specific expression of intermediate 
filament proteins in a cultured epithelial cell line from 
bovine mammary gland. J  Cell BioL 1983;96:37-50.

40. Rizzolo LJ. The distribution of Na+K-f- ATPase in the 
retinal pigment epithelium from chick embryo is po­
larized in vivo but not in primary cell culture. Expt Eye 
Res. 1990;51:435-446.

41. Rizzolo LJ. Basement m embrane stimulates the polar­
ized distribution of integrins but not the Na,K-ATPase 
in retinal pigment epithelium. Cell Reg. 1991;2:939- 
949.

42. Volk T, Geiger B. A-GAM: A 135-kD receptor of inter­
cellular adherens junctions. I. Im m unoelectron mi­
croscopic localization and biochemical studies. J  Cell 
Biol. 1986;103:1441-1450.

43. Magee Al, Buxton RS. Transmembrane molecular as­
semblies regulated by the greater cadherin family. 
Curr Opin CeU BioL 1991;3:854-861.

44. Chu PG, Grunwald GB. Identification of an adhesion- 
associated protein of the retinal pigm ent epithelium. 
Invest Ophthalmol Vis Sci. 1990;31:847-855.

45. Shepherd VL, Tarnowski BI, McLaughlin BJ. Isolation 
and characterization of a mannose receptor from hu­
man pigment epithelium. Invest Ophthalmol Vis Sci. 
1991;32:1779-1784.

46. Lion F, Rotmans JP, Daemen FJ, Bonting SL. Bio­
chemical aspects of the visual process. XXVII. Stereo- 
specificity of ocular retinol dehydrogenases and the 
visual cycle. Biochim Biophys Acta. 1975;384:283-292.

47. Suzuki Y, Ishiguro S, Tamai M. Identification and im- 
munohistochemistry of retinol dehydrogenase from 
bovine retinal pigm ent epithelium. Biochim Biophys 
Acta. 1993;1163:201-208.

48. H unt RC, Davis AA. Release of iron by human retinal 
pigment epithelial cells. J  Cell PhysioL 1992; 152:102­
110.

49. Van der Ende A, Du Maine A, Simmons CF, Schwartz 
AL, Strous GJ. Iron metabolism in Be Wo chorion 
carcinoma cells: transferrin-mediated uptake and re­
lease of iron . J  Biol Chem. 1987;262:8910-8916.

50. Wauben-Penris PJJ, Veldscholte J, Van der Ende A, 
van der Donk HA. The release of iron by Sertoli cells 
in culture. Biol Reprod. 1988;38:1105-1113.


