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Abstract

Retinoblastoma is a malignant intraocular tumor that primar-
ily affects small children. These tumors are primitive neuroec-
todermal malignancies, however some of them show morpho-
logic evidence of differentiation into photoreceptors. Photo-
transduction cascades are a series of biochemical reactions
that convert a photon of light into a neural impulse in rods and
cones. The components of these cascades are uniquely ex-
pressed in photoreceptors and, although functionally similar,
distinct components of these cascades are expressed in rods
and cones. Using HPLCanion exchange chromatography,
Western blot analysis, and specific monoclonal and polyclonal
antibodies, we found that the cone but not the rod cGMP
phosphodiesterase is functionally expressed in all six primary
retinoblastomas examined and in three continuous retinoblas-
toma cell lines. Morphologic evidence of differentiation did not
correlate with the expression of the enzyme. Furthermore,
GTPanalogues could activate the phosphodiesterase activity
suggesting that an intact phototransduction cascade is present
in the tumors. The presence of the cone phototransduction
cascade in retinoblastoma confirms that this tumor has bio-
chemically differentiated along the cone cell lineage. (J. Clin.
Invest. 1990. 85:1872-1878.) cGMPcascade - phosphodies-
terase * photoreceptor* G-protein * vision

Introduction

Retinoblastoma is an intraocular tumor that primarily affects
small children (1) and has been found to exist in both inherited
and sporadic forms. The inherited form is autosomal domi-
nant, is usually presented bilaterally, and has been correlated
with an alteration on the long arm of the 13th chromosome (2,
3). Genetic abnormalities have been associated with both
forms (4-7) and a gene in the retinoblastoma locus has been
cloned (8).

Light activates a photoreceptor photopigment and initiates
a biochemical cascade which results in the hyperpolarization
of the photoreceptor membrane (9). Someof the various com-
ponents of the phototransduction cascades have recently been
isolated and similar but not identical proteins have been found
in rods and cones. Rhodopsin is the light receptor in rods (10)
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while the blue, red, and green photopigments are the light
receptors in cones (1 1, 12). These receptors, when activated by
a photon of light, allow a GTP-GDPexchange to occur on rod
and cone GTP-binding proteins (transducins) (13). GTP-
transducin in turn can activate a rod or cone cGMPphospho-
diesterase that results in the rapid hydrolysis of cGMPto GMP
(14, 15). The decreased level of cGMPdirectly closes a
cGMP-gated cation channel in both rods and cones and results
in the hyperpolarization of the cell (16-21).

The cone phosphodiesterase is separable from the rod
phosphodiesterase using anion exchange HPLC (15, 22) and
has recently been purified to homogeneity (23). Monoclonal
antibodies prepared to the photoreceptor phosphodiesterases
have demonstrated the existence of both commonand unique
epitopes on the cone and rod isoforms (15, 24). These antibod-
ies were used to immunocytochemically localize these en-
zymes in cones and rods (15, 24). The cone enzyme is probably
a homodimer with an apparent subunit molecular mass of 92
kD (15, 22-24). The rod enzyme contains two apparent sub-
units of 88 and 84 kD, respectively (14). Both isozymes are
associated with low molecular mass inhibitory subunits (14,
23, 25).

The mRNAsfor the red and green photopigments and the
cone transducin but not for their rod counterparts have been
detected in retinoblastoma cell lines (26). The demonstration
of functional expression in retinoblastoma of one or more
components of the cone-specific cascade would further con-
firm that the tumor evolved along the cone cell lineage. Por-
tions of six retinoblastomas as well as several tumor-derived
cell lines have been examined and have been found to express
enzymatically active cone but not rod phosphodiesterase. This
phosphodiesterase can be activated by an endogenous GTP-
binding protein indicating that a functional phototransduction
cascade related to that found in normal cones is expressed in
these tumors.

Methods

Retinoblastomas were obtained from patients undergoing enucleation
for the diagnosis and treatment of their disease at Texas Children's
Hospital, Houston, TX. The tumors were protected from light using
aluminum foil and stored frozen in liquid nitrogen. Human retinas
from cadavers were obtained from the Lion's Eye Bank (Houston,
TX). Bovine retinas were obtained frozen from Hormel (Omaha, NE).
ROS-1, a monoclonal antibody that specifically recognizes the rod and
cone phosphodiesterases (15, 24), and ACC, a monoclonal antibody
that specifically recognizes calmodulin (CaM)' (27), were gifts from
Dr. Joe Beavo, University of Washington. CaMisolated as the protein
product of a chicken CaMcDNAexpressed in a bacterial system (28)
was a gift from Dr. Anthony Means, Baylor College of Medicine. Cell
lines were grown in the dark as previously described (29).

1. Abbreviation used in this paper: CaM, calmodulin.
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All subsequent operations were undertaken using room light. Sam-
ples were prepared for and run on anion exchange HPLCby a modifi-
cation of a method previously described (15). Each tissue sample
(0.10-0.25 g) was homogenized in 1 ml 10 mMTris/HCl, pH 7.5, 1
mMDTT, 200 MMPMSFand centrifuged in a microfuge for 10 min,
and then twice for 10 min each in an airfuge (Beckman Instruments,
Inc., Palo Alto, CA) at 100,000 g. Samples were injected onto a Mono
Q(Pharmacia Fine Chemicals, Piscataway, NJ) anion exchange HPLC
column and the protein eluted at a rate of 0.5 ml/min with the homog-
enization buffer plus a 0.05-0.5 MNaCl linear gradient. The run time
was 60 min and samples were collected at 30-s intervals.

Immunoadsorptions and phosphodiesterase assays were performed
in room light as previously described (24, 27). 100 Mil rabbit anti-
mouse IgG, (Miles Laboratories Inc., Naperville, IL) and 100 Ml of
ascites fluid containing the monoclonal antibody ROS-l (at least 1
mg/ml) were sequentially coupled to 1-ml formalin-fixed Staphylococ-
cus aureus. The antibody-coupled cells were washed by centrifugation.
The monoclonal antibody ACCwas coupled directly to Staphylococ-
cus aureus. 25 Ml of these cells were incubated with the fractions con-
taining phosphodiesterase in a total volume of 100 Ml for 2 h. The
samples were centrifuged in a microfuge (Fisher Scientific Co., Pitts-
burgh, PA) for 2 min and the supernatants assayed for phosphodies-
terase activity at 30'C for 5 min using 10MM[3H]cGMP (15 Ci/mmol;
ICN Biomedicals Inc., Irvine, CA) as the substrate. Samples were as-
sayed using 2 mghistone H3 (Sigma Chemical Co., St. Louis, MO)per
milliliter as an activator of the photoreceptor phosphodiesterases (22,
30, 31), 1 mMEGTA(Sigma Chemical'Co.), or 500MMCaCl2 (Sigma
Chemical Co.), and 100 nM CaM. The product of the reaction was
converted to guanosine by incubation with 5 Mg Crotalus atrox venom
(Sigma Chemical Co.) for 15 min. The reaction mixture was passed
through a DEAESephadex (Pharmacia Fine Chemicals) column. The
nucleoside was collected in the void volume, Ecolume scintillation
cocktail (ICN Biomedicals Inc.) was added, and the samples were
counted in a scintillation counter (LKB Instruments Inc., Bromma,
Sweden). The efficiency of recovery of the nucleoside was monitored in
two ways. First, an excess of purified phosphodiesterase was allowed to
hydrolyze all of the cyclic nucleotide in the assay. The assay was com-
pleted as described above and the results expressed as a percentage of
the total cpm in the assay. If the results were < 90% recovery of the
nucleoside, the assay was repeated. The recovery of nucleoside from
each column was monitored by eluting the columns with 0.5 MNaCl
and counting the samples on the scintillation counter as described
above. If these results when added to the results of the assay indicated
< 90% recovery of nucleoside, the assays were repeated.

The rod and cone outer segment phosphodiesterases and 61 kD
CaM-dependent phosphodiesterase were initially purified as pre-
viously described (24, 32). The rod and cone outer segment phospho-
diesterases were further purified by anion exchange HPLC using a
MonoQ(Pharmacia Fine Chemicals) column as described above. The
CaM-dependent phosphodiesterase was further purified by anion ex-
change HPLCusing a TSKDEAESPW(Toya Soda) column using the
same NaCl gradient and buffers as the rod outer segment enzyme.

The tumor was prepared for Western blot analysis by homogeniz-
ing in 1 ml 10 mMTris/HCl, pH 7.5, 1 mMDTT, 150 mMNaCl, 200
MMPMSF, and 1% Triton X-100 and centrifuging as described pre-
viously (24). Half of the resulting extract was applied to ethanol-
amine-blocked CNBr-activated agarose and the other half to ROS-1
coupled to CNBr-activated agarose prepared as previously described
(15). The samples were incubated at 40C for 2 h on a rotator, washed
twice in 10 mMTris/HCl, pH 7.5, 150 mMNaCl and once in 10 mM
Tris/HCl, pH 7.5, in a microfuge, and then eluted with 8 Murea.
Samples were electrophoresed in SDS on a 15% total acrylamide,
0.08% bisacrylamide gel as previously described (14, 15). The gel was
blotted onto nitrocellulose at 30 V for 6 h, blocked with 3%casein and
probed with a monospecific antisera (Dr. Richard Lolley, Veterans
Administration Hospital, Sepulveda, CA) directed to the bovine rod
phosphodiesterase (33). The signal was developed using a Protoblot kit

(Promega Biotec, Madison, WI) as specified in the manufacturer's
instructions.

Results

The results of a typical anion exchange HPLCcGMPphos-
phodiesterase profile using a normal human retina are de-
picted in Fig. 1 A. Enzyme assays were performed in the pres-
ence or absence of histone, a protein that has been shown to
activate both rod and cone phosphodiesterases (22, 30, 31). At
least four heterogeneous peaks of cGMPphosphodiesterase
activity that could be activated by histone were found in
agreement with previously described results (15). Investiga-
tions have previously established that the first peak of activity
(fractions 39-42; 18% of the total activity in the profile shown
in Fig. 1 A) was derived from cones while the activity observed
in the latter fractions (52-62; 68% of the activity) was derived
from rods (15, 22, 24). The remaining activity can be immu-
noadsorbed by an antibody to CaM, can be activated in the
presence of calcium and CaM, and appears to have character-
istics similar to the CaM-dependent phosphodiesterases de-
rived from brain (27). The enzyme HPLCprofiles were highly
reproducible and no other tissue has been found to contain the
photoreceptor-derived isozymes (30). Similar activities ob-
served in tumors would therefore be suspected of being of
photoreceptor origin.

Retinoblastomas were obtained from patients who were
undergoing diagnostic and therapeutic enucleation. The tissue
was grossly and histologically determined to be free of normal
retina. The tissue was subjected to the same examination of
phosphodiesterase activity as described above. In this profile
(Fig. 1 B), a prominent peak of histone-stimulated cGMP
phosphodiesterase activity was found in the same fractions as
the cone phosphodiesterase from a normal human retina. No
activity was found in the fractions in which the rod enzyme
would have been expected (fractions 52-62).

To verify that this histone-stimulated phosphodiesterase
activity was derived from photoreceptors, the rod and cone
phosphodiesterase antibody (ROS-1) (15, 22, 24) was used to
immunotitrate the enzyme activity (Fig. 1 C). The antibody
reacted with 86% of the activity found in the profile. A mono-
clonal antibody (ACC) (27) to CaMimmunoadsorbed the re-
maining phosphodiesterase activity in the presence of 100 nM
CaMand 0.5 mMCaCl2 (Fig. 1 D) suggesting that 14% of the
activity can be accounted for by CaM-dependent phospho-
diesterases. These activities could be stimulated by either his-
tone or CaM(Fig. 1 E). This finding suggested that a CaM-de-
pendent, histone activatable phosphodiesterase eluted in simi-
lar fractions as the photoreceptor enzyme on the HPLC
profile. Three CaM-dependent phosphodiesterase isozymes
have previously been shown to be separated by TSK-DEAE
HPLCanion exchange chromatography (34). Whenan extract
from bovine brain was applied to the Mono Q column and
eluted with an identical gradient, the two CaM-dependent iso-
zymes present in this tissue were found in fractions 38-41 and
43-46. There are no ROS-1 immunoadsorbed phosphodies-
terase isozymes in brain. Furthermore, when purified bovine
brain 61 kD CaM-dependent phosphodiesterase was assayed
in the presence of increasing concentrations of histone and
compared to the activity from purified rod outer segment
phosphodiesterase also assayed in the presence of histone, a
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Figure 1. Comparative analysis of
human retina and retinoblastoma
cGMPphosphodiesterase activities
using HPLCand specific monoclo-
nal antibodies. (A) HPLCprofile of
normal human retina assayed in the
presence of histone (2 mg/ml) (o) or
EGTA(1 mM) (A). (B) HPLCpro-
file of retinoblastoma tumor incu-
bated with Staphylococcal aureus
alone and similarly assayed in the
presence of histone (o), EGTA(A),
or calcium (500 MM)and CaM(100
nM) (0). (C) Fractions from the
HPLCprofile in B were immunoad-
sorbed with Staphylococcal aureus
coupled to ROS-1, a monoclonal
antibody that specifically recognizes
the photoreceptor phosphodiester-
ases (15, 24), and assayed as in B.
(D) Fractions from the HPLCpro-
file in B were immunoadsorbed
with Staphylococcus aureus coupled
to ACC, a monoclonal antibody
that specifically recognizes CaM
and CaMbound to the calmodulin-
dependent phosphodiesterases (27),
and assayed as in B. (E) The profile
in Cwith an expanded scale.

similar activation curve was demonstrated for both enzymes
(Fig. 2). Since proteolysis has already been demonstrated to
activate both isozymes (25, 35), immunotitration and anion
exchange HPLCanalysis must be used concurrently to verify
the presence of the cone photoreceptor isozyme.

To verify that the phosphodiesterase was the cone isozyme,
the subunit molecular mass of the ROS-1 immunoadsorbed
cGMPphosphodiesterase was examined using Western blot
analysis with a monospecific polyclonal antisera (33) to the
photoreceptor phosphodiesterase. Extracts were prepared from
a detergent-solubilized retinoblastoma and immunoadsorbed
with ROS-1 coupled to agarose or with agarose alone. The
eluted protein from the agarose was subjected to Western blot
analysis using the antisera as a specific probe (Fig. 3). Bovine
cone and rod phosphodiesterase enzymes served as controls.
The antisera reacted with the immunopurified cone as well as
the rod isozymes. This was an expected result since both the
rod and cone isoforms share a commonepitope recognized by

ROS-1. Greater than 95% of the histone-stimulated cGMP
phosphodiesterase activity was removed from the retinoblas-
toma extract by ROS-1. In the lane containing the ROS-1
immunoadsorbed extract, a single polypeptide of - 92 kD
that appeared to comigrate with the bovine cone phosphodies-
terase and which was distinct from the bovine rod isozyme was
observed. No labeled polypeptides were observed in the lane
containing the agarose adsorbed extract indicating that the
immunoadsorption was specific. Therefore, the cone and not
the rod phosphodiesterase protein was present in the primary
retinoblastomas.

Using the HPLC analysis and antibody immunoadsorp-
tion techniques described above, the cone but not the rod
phosphodiesterase has been found in all six retinoblastomas so
far examined. The CaM-dependent phosphodiesterase was
also present in varying amounts in these tumors. The results of
these experiments are summarized in Table I.

Five continuous cell lines derived from retinoblastomas
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as substrate. Total activity was defined as the activity assayed after
trypsin proteolysis for the photoreceptor phosphodiesterase and in
the presence of calcium and calmodulin for the calmodulin-depen-
dent phosphodiesterase.

(26) have been examined for cGMPphosphodiesterase activity
using the HPLCmethodology and enzyme activity assays de-
scribed above. The results of these experiments are also sum-
marized in Table I. The cone phosphodiesterase was found in
three of these cultures. The CaM-dependent phosphodiester-
ase was also found in varying amounts in these cultures. The
phosphodiesterases were found to be present but with approxi-
mately one to two orders of magnitude less specific activity
than found in the primary tumors.

The presence of the cone transducin and red-green pig-
ment mRNAbut not the rod transducin or rhodopsin mRNA
has been previously demonstrated in seven retinoblastoma cell
lines (26). To demonstrate the presence of the functional pho-
totransduction cascade in the cell line, the nonhydrolyzable
GTPanalogue 5'guanylylimidodiphosphate (GppNHp) was
added to a homogenate prepared from the RBLA22 cell line
and the homogenate was assayed for cGMPphosphodiesterase
activity (Table II). A significant elevation of activity was dem-
onstrated in the presence of GppNHpsuggesting that the cone
transducin is functionally expressed and can interact with the
cone phosphodiesterase in a GTP-dependent manner. The
presence of calcium/CaM also produced an increase in activity
as would be predicted from the immunotitration analysis of
the HPLC profile for this cell line (Table I). Similar results
have been obtained using the RBLA12 and RBLA28 cell lines
as well as with a sample of fresh tumor. When purified acti-
vated GCa, Gia, Goa, or Gka (provided by Dr. Lutz Birn-
baumer, Baylor College of Medicine) was added to purified
rod outer segment phosphodiesterase either in the presence or
absence of urea-treated outer segment membranes (36), no
activation of phosphodiesterase activity was found. As ex-
pected, activation of the phosphodiesterase did occur in the
presence of urea treated outer segment membranes and puri-
fied rod transducin (TR,). Therefore, the activation of the
phosphodiesterase activity observed in the retinoblastoma cell
lines implies that the cone transducin and not another GTP
binding protein is responsible for the activation of the cone
phosphodiesterase activity. These results strongly suggest that
the members of the cone phototransduction cascade, whose
mRNAshave previously been shown to be present (26), are
expressed in a functional form.

Discussion

Phototransduction, the mechanism that converts an adsorbed
photon of light into a neural impulse, is a series of biochemical

92 kD - - 88/84 kD

A B C D
Figure 3. Western blot analysis of the photoreceptor phosphodiester-
ase in retinoblastoma. The tumor was prepared for Western blot
analysis by homogenizing in 1 ml 10 mMTris/HCl, pH 7.5, 1 mM
DTT, 150 mMNaCl, 200 AMPMSF, and 1% Triton X-100 and cen-
trifuging as described previously (24). Half of the resulting extract
was applied to ethanolamine-blocked CNBr-activated agarose and
the other half to ROS- I coupled to CNBr-activated agarose that had
been prepared as previously described (15). Samples containing bo-
vine cone or rod phosphodiesterase (see Methods) were similarly pu-
rified by immunoadsorption with ROS-1. The samples were incu-
bated at 4°C for 2 h on a rotator, washed twice in 10 mMTris/HCI,
pH 7.5, 150 mMNaCI and once in 10 mMTris/HCI, pH 7.5, in a
microfuge, and then eluted with 8 Murea. Samples were electro-
phoresed in SDSon a 15% total acrylamide, 0.08% bisacrylamide gel
as previously described (14, 15). The gel was blotted onto nitrocellu-
lose at 30 V for 6 h, blocked with 3%casein and probed with a
monospecific antisera (Dr. Richard Lolley, Veterans Administration
Hospital, Sepulveda, CA) directed to the bovine rod phosphodiester-
ase (33). The signal was developed using a Protoblot kit (Promega
Biotec) as specified in the manufacturer's instructions. (Lane A) De-
tergent-solubilized tumor adsorbed with ethanolamine-blocked
CNBr-activated agarose (negative control). (Lane B) Detergent-solu-
bilized tumor adsorbed with ROS-I-agarose. (Lane C) Bovine cone
phosphodiesterase further purified with ROS-l-agarose. (Lane D) Bo-
vine rod phosphodiesterase further purified with ROS-l-agarose.

reactions that result in the light-activated hydrolysis of the
second messenger cGMP(37). The decrease in this cyclic nu-
cleotide results in the closure of a cGMP-gated cation channel
and the hyperpolarization of the cell (38). This biochemical
process takes place exclusively in photoreceptors. This cell
type has only been found in the retina and the pineal gland
(39). No other tissue source of these enzymes has been ob-
served (30, 40).

Two principal types of photoreceptors exist in the retina:
the rod and the cone. In the human retina, the rod is the
predominant photoreceptor and is present throughout the ret-
ina (41). The rod is more sensitive to light and is able to
respond to a single photon (42, 43). Cones are responsible for
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Table I. Results of Screening Six Retinoblastomas and Five Cell
Linesfor Cone Outer Segment and CaM-dependent
Phosphodiesterases

Antibody Activity recovered

Tissue ROS- ACC Total Percent

Tumors
S.B. 86 14 250 95
N.H. 91 9 410 95
W.L. 98 2* > 1,200 95
C.T. 40 60 150 90
N.N. 50 50 $
M.M. 99 < 1 75 75

Cell lines
RBLA12 42 58 14 77
RBLA20 <5§ >95 3 99
RBLA22 45 55 8 76
RBLA28 31 69 6 96
WERI"I <5 >95 8 95

Monoclonal antibody was coupled to Staphylococcal aureus as pre-
viously described (see Methods), incubated with aliquots of each
fraction obtained from anion exchange HPLCprofiles as described
in Fig. 1, and the centrifuged supernatants were assayed for cGMP
phosphodiesterase activity in the presence of 2 mg/ml histone using
10 MM[3H]cGMP as substrate. The total activity left by each anti-
body was quantitated in each profile using a computer program
based on the cubic spline integration function (55) and expressed as
a percentage of the total activity in the profile. The total activity
(nmol/min X g tissue) was similarly measured in the fractions of the
HPLCprofile after incubation with Staphylococcus aureus without
antibody. ROS-l is a monoclonal antibody that interacts exclusively
with rod and cone outer segment cGMPphosphodiesterases (15, 24).
ACCis a monoclonal antibody that interacts with CaMand with
CaMbound to the calmodulin-dependent phosphodiesterases in the
presence of calcium (27). The percentage recovery refers to the total
activity recovered from the HPLCprofile as compared to the total
activity injected into the HPLC.
* A small peak of activity found after ROS-1 immunoadsorption and
stimulation by calcium-CaM accounted for - 2%of the activity in
the profile.
t Because of enzyme instability during immunoadsorption, activity
in this tumor was estimated to be of CaM-dependent or photorecep-
tor origin by comparing the percentage of activity in the HPLCpro-
file activated in the presence of CaMto the total activity in the pres-
ence of histone.
§ A small peak of activity that could be stimulated by histone and
immunoadsorbed by ROS-1 was detected in this profile and ac-
counted for < 5%of the total activity thus suggesting the presence of
the cone phosphodiesterase.
11 WERI is a human retinoblastoma cell line established in 1974 from
an effected 1-yr-old child with no family history of retinoblastoma
(56) and was purchased from the American Type Culture Collection.

color vision (12) and are concentrated in a small central region
of the retina called the fovea (41). Therefore, central, high-
acuity color vision is mediated by cones while peripheral, low-
acuity vision is mediated by rods. Night vision is predomi-
nately mediated by rods.

Both rods and cones have similar but not identical cGMP-
mediated phototransduction cascades. The opsins and trans-
ducins in both photoreceptors share a high degree of amino

Table II. Presence of the Phototransduction Cascade
in the RBLA22 Retinoblastoma Cell Line

Assay condition Activity

EGTA(I mM) 1.4
Calcium (0.5 mM)-CaM(110 nM) 4.2
GppNHp(50 AM) 9.0

Cells were homogenized and phosphodiesterase assays were per-
formed as described in Methods using 10 #M [3H]cGMP as substrate
in the presence of the indicated effectors. Activity is expressed as
nmol/min X g tissue. GppNHpis a nonhydrolyzable analogue of GTP.

acid identity but have been found to be distinct gene products
(12, 13). Phosphodiesterases with different apparent subunit
molecular masses have been found in cones and rods (15, 23).
These two isozymes share a commonantigenic epitope; how-
ever, they are clearly separable by anion exchange HPLC
(15, 24).

At least three CaM-dependent phosphodiesterases have
been purified and characterized, one from heart and two from
brain (27, 44-46). These isozymes have subunit molecular
masses of 59, 61, and 63 kD respectively. These enzymes do
not cross-react with the monoclonal antibody to the photore-
ceptor isozymes (ROS-1) but do react to an antibody to CaM
(ACC) (27, 47). While CaMin the presence of calcium is nec-
essary for the activation of the CaM-dependent phosphodies-
terases, this activator has no effect on the photoreceptor iso-
zymes (unpublished observation).

In this report, we have documented that the cone phos-
phodiesterase is functionally expressed in all six retinoblas-
tomas and in three continuous cell lines tested. The specific
activity of the phosphodiesterase was significantly higher in the
tumor than in the cell lines suggesting that the expression of
the phototransduction cascade may be reduced in cultured
cells. In some of the cell lines, particularly those that have been
in culture for long periods of time, the enzyme was not de-
tected. The degree of apparent differentiation of the tumor as
indicated by the presence of fleurettes or Flexner-Winter-
steiner rosettes (1) did not correlate with the expression of the
phosphodiesterase in agreement with previous analysis of reti-
noblastoma cell lines by northern blot with cone transducin
and photopigment probes (26).

A recent histochemical study of well-differentiated retino-
blastomas using anti-rhodopsin monoclonal antibodies dem-
onstrated that four of the five tumors studied stained positively
with two of five of the antibodies tested (48). The authors
postulated that these well-differentiated tumors were of rod
cell lineage. The results of our studies and others do not sup-
port this hypothesis. Past studies have shown that red-green
photopigment mRNAbut not rhodopsin mRNAwas ex-
pressed in retinoblastoma (26). Furthermore, the observation
that only two of the anti-rhodopsin antibodies recognized epi-
topes on the tumors while all five recognized epitopes on nor-
mal human retina suggests that the intact rhodopsin molecule
may not be expressed in retinoblastoma. Further studies will
be necessary to fully understand these discrepancies.

An argument could be made that our tumors contained
microscopic amounts of normal retina that accounted for our
phosphodiesterase profiles. Previous studies have shown that
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50% of the total cGMPphosphodiesterase activity in the cone-
enriched human fovea and > 95%of the activity in the periph-
eral human retina is of rod origin (15). Therefore, the absence
of the rod phosphodiesterase biochemically verifies the ab-
sence of normal retina in these studies.

The results showing the activation of the phototransduc-
tion cascade in the retinoblastoma cell line is intriguing. It is
not currently believed that the photoreceptor contains all of
the biochemical pathways necessary for photopigment recov-
ery (49, 50) yet the data would suggest that enough photopig-
ment remains associated with the opsin in the cells to allow
transducin to exchange GDPfor GTPand activate the phos-
phodiesterase. Several possible explanations could explain this
finding. The biochemical pathways necessary for reinsertion of
the photopigment into the opsin could all be present in the
cells. Previous investigations have shown the presence of the
interstitial retinol-binding protein in retinoblastoma (51). A
recent observation suggests that the pathways necessary for
photopigment recovery are different and perhaps more com-
plete in the cone than the rod (52), the photoreceptor where
most of the investigations in photopigment regeneration have
occurred. Thermodynamics suggest that enough of the chro-
mophore could be in the correct conformation in the serum
used in the culture medium even in the absence of the enzy-
matic regenerative pathways. Because of the tremendous am-
plification potential of the phototransduction cascade, only
catalytic amounts of opsin are necessary for initiation of these
events. Although a previous report has suggested that the pres-
ence of the chromophore is necessary for opsin to activate the
cascade (53), it is possible that the cone opsin does not need the
chromophore to activate transducin. Finally, another receptor
could replace the opsin. This last possibility is unlikely in that
other receptors have not been shown to be effective activators
of transducin (54) and the activating ligands for alternate re-
ceptors were not included in the assays.

The presence of the cone-specific phototransduction cas-
cade in retinoblastoma suggests that this tumor has biochemi-
cally differentiated along the cone cell lineage. These findings
permit the development of a unique model system to allow the
study of cone phototransduction and of the individual compo-
nents of the human cone phototransduction cascade. Con-
versely, further analysis of cone phototransduction may offer
insight into the biology of retinoblastoma.
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