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Uveal melanoma is the most common primary eye
cancer, yet its molecular pathogenesis is poorly un-
derstood. In this study, we investigated the immuno-
histochemical expression of proteins in the Rb and
p53 tumor suppressor pathways in 33 uveal melano-
mas from enucleated eyes. Strong nuclear staining for
Rb was present in most tumors. However, a few cases
displayed weak nuclear staining and strong cytoplas-
mic staining (possibly indicating Rb mutation), and
this aberrant staining correlated strongly with failed
radiotherapy or thermotherapy before enucleation.
Staining for cyclin D1 was positive in most tumors
and was associated with advanced age and larger tu-
mor size, which are both poor prognostic factors.
Generally, immunostaining for p53 was weak (sug-
gesting a lack of p53 mutations), although p53 posi-
tivity correlated strongly with staining for phosphor-
ylated Rb, supporting the notion that inappropriate
phosphorylation of Rb can induce p53. Strong immu-
nostaining for MDM2, which can functionally block
p53 activity, was observed in most tumors and corre-
lated significantly with female sex. Strong cytoplas-
mic staining was observed for Bcl2, which can inhibit
both p53-dependent and -independent apoptosis. We
conclude that Rb and p53 are mutated infrequently
in uveal melanoma, but their respective pathways
may be functionally inactivated. (Am J Pathol
2000, 157:1795–1801)

Uveal melanoma is the most common primary malig-
nancy of the eye, yet little is known about its molecular
pathogenesis. In contrast to cutaneous melanoma in
which significant advances have been made in under-
standing the molecular etiology,1 no genes or tumor sup-
pressor pathways have been convincingly linked to uveal
melanoma. In addition, most evidence suggests that
uveal melanoma differs etiologically from its cutaneous

counterpart. Cytogenetic changes commonly found in
cutaneous melanoma include loss of 1p, 6q, and 10q,
and gain of chromosome 7,1 whereas the most common
changes in uveal melanoma are loss of 3p and 6q, and
gain of 6p and 8q.2–4 In addition, the p16/INK4a tumor
suppressor locus on chromosome 9p21 is frequently de-
leted in cutaneous melanoma,1 but it is rarely altered in
uveal melanoma.5–8 This void in our understanding of
uveal melanoma is complicated by the fact that this tumor
is rarely familial and is not amenable to genetic linkage
analysis. Therefore, one approach to examining the mo-
lecular pathogenesis of uveal melanoma is to study the
Rb and p53 tumor suppressor pathways, both of which
are commonly disrupted in cancer.9,10

Mutational deregulation of the cell cycle is a hallmark
of cancer.11 The protein product of the retinoblastoma
gene, Rb, is the prototype tumor suppressor gene by
virtue of its central role in regulating the cell cycle.12 The
Rb gene is frequently mutated in certain cancers such as
retinoblastoma, osteosarcoma, and small-cell lung can-
cer.13–16 Further, in most other malignancies Rb is func-
tionally inactivated by inappropriate phosphorylation re-
sulting from deregulation of upstream effectors in the Rb
pathway (eg, p16 inactivation or cyclin D overexpres-
sion).9 Recently, we showed that Rb may be functionally
inactivated in uveal melanoma as a result of cyclin D-
dependent phosphorylation that blocks its tumor sup-
pressor activity.17 However, it is still unclear whether phos-
phorylation of Rb is associated with any clinicopathological
features of uveal melanoma or whether it correlates with
abnormalities in other cancer genes such as p53.

Apoptosis is an important mechanism for maintaining
cellular homeostasis, preventing the accumulation of del-
eterious mutations, and averting malignant transforma-
tion. p53 is a key apoptotic regulator that is mutated in
more than half of human cancers.18 It can induce cell-
cycle arrest or apoptosis in response to inappropriate
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cellular proliferation, DNA damage, or a number of other
cellular insults.18 For example, loss of Rb can trigger p53
to induce apoptosis as a means of eliminating cells that
have lost proliferative control.19 Because disruption of the
p53 pathway can allow mutations to accumulate and to
promote malignant transformation, there is a strong se-
lective pressure in tumors to inactivate p53. These muta-
tions may directly disrupt the p53 gene, or they may
functionally inactivate p53 by perturbing upstream or
downstream apoptotic regulators.10 Although p53 muta-
tions have been reported in uveal melanoma,20 most
studies have suggested that p53 mutations are rare in
this cancer.21,22 Other proteins in the p53 pathway, such
as MDM2, have not been studied adequately in uveal
melanoma.

Because the Rb and p53 pathways form an intercon-
nected tumor suppressor network that is frequently mu-
tated in cancer, our laboratory has been systematically
investigating these pathways in uveal melanoma. In the
present study, we analyzed the immunohistochemical
expression patterns of key proteins in the Rb and p53
pathways in uveal melanoma. Rb and p53 were rarely

mutated, but both seemed to be functionally inactivated
by deregulation of other proteins in their respective pathways.

Materials and Methods

Tissue Samples

Thirty-three enucleated eyes harboring melanomas of the
choroid and/or ciliary body were formalin-fixed and par-
affin-embedded. Specimens were classified as predom-
inantly spindle, mixed, or epithelioid according to the
modified Callendar classification (Morton Smith, MD, Uni-
versity of Wisconsin, Madison, WI). To increase the sta-
tistical power of correlation analysis, the specimens were
further ranked numerically by cytological severity, as pre-
viously described in other pathological tissues.23 Two
independent rankings were highly reproducible, with a
correlation coefficient of 0.949. Clinical data (age, sex,
eye, largest basal dimension, thickness by ultrasound,
location, and previous treatment) were recorded from
patient charts (Table 1). Survival data were not included

Table 1. Clinical, Pathological, and Immunohistochemical Features

Clinical and pathologic features
Immunohistochemical staining (percent

positive tumor cells)

Patient
no. Age Sex Eye

LBD
(mm) Location

Thickness
(mm) Pathology

Cytology
rank

Prior
treatment Rb

phospho-
Rb p16

Cyclin
D1 p53 MDM2 Bcl-2

1 56 M L 16 P 9.2 Mixed 24 None 58 0.4 33 1 0 75 98
2 79 F L 18 A 8.6 Mixed 19 None 71 1.7 82 58 0.2 78 98
3 28 M L 11 P 7.2 Mixed 26 None 64 1.5 95 1 0 67 99
4 79 M L 24 P 10.4 Mixed 21 None 61 0.9 97 2 0.1 84 99
5 67 M R 16 P 2 Epithelioid 29 None 72 1.3 82 2 0 75 97
6 44 M L 19 A 9.6 Mixed 16 None 74 1.1 77 48 0.1 65 98
7 68 F L 22 P 5.5 Mixed 7 None 66 ND 91 58 0.1 68 99
8 63 M R 16 P 6 Spindle 2 PRT 19 5.8 60 22 0.4 74 98
9 84 F L 11 P 11.1 Mixed 6 None 71 0.9 94 41 0 71 99
10 66 M L 18 A 7.1 Mixed 15 None 86 1.5 89 23 0 48 98
11 37 M R 15 A 8.2 Spindle 5 None 82 0.2 70 2 0 65 98
12 65 F R 20 P 12.6 Spindle 1 None 63 4 95 20 1.1 79 98
13 73 M R 23 A 11.1 Epithelioid 32 None 59 4 98 3 0.1 58 97
14 70 M L 15 A 8.2 Mixed 17 None 63 4.2 69 19 0.1 55 100
15 77 M L 20 A 8 Epithelioid 30 None 81 2.5 70 64 0.1 66 95
16 79 F R 14 P 3.1 Mixed 23 None 76 1.5 65 1 0 64 98
17 67 M L 12 P 3 Mixed 9 PRT 78 7.5 95 6 0 76 98
18 44 M R 19 A 12.2 Mixed 18 None 53 0.4 82 1 0 71 98
19 82 M L 13 P 3.1 Spindle 4 TTT ND ND ND ND 0 ND 97
20 41 M R 17 P 8.9 Mixed 20 None 24 3.6 99 1 0 14 98
21 51 F L 9 P 6.5 Epithelioid 31 None 64 3.1 95 13 0.2 75 100
22 40 M L 12 P 7.7 Spindle 3 None 68 3.8 68 10 0.1 64 99
23 78 F L 19 A 10 Mixed 14 None 81 0.6 47 60 0.1 64 100
24 52 F R 14 P 8.5 Mixed ND None ND ND ND 1 0.1 68 99
25 76 F R 8 A 5 Mixed 11 None ND ND ND 9 0 67 97
26 75 M R 18 A 11 Mixed 12 None 66 3.3 80 43 0 64 99
27 65 M L 24 A 6.2 Mixed 13 None 73 2.3 74 8 0.2 63 99
28 79 M R 10 P 3.5 Mixed 25 TTT 34 1.3 31 6 0.1 63 99
29 55 F L 20 A 10 Mixed 27 None 92 5.6 92 2 0.9 78 99
30 54 M L 10 P 4.8 Mixed 22 None 67 0.6 63 2 0.2 66 97
31 64 M L 8 P 3.1 Mixed 28 None 73 0.2 39 49 0.1 66 98
32 47 M L 18 P 10.8 Mixed 10 PRT 10 0.2 67 18 0.2 67 99
33 63 F R 9 P 5 Mixed 8 None 76 2.9 100 1 0 74 99

M, male; F, female; L, left eye; R, right eye; LBD, largest basal tumor dimension; A, anterior; P, posterior; PRT, plaque radiotherapy (brachytherapy);
TTT, transpupillary thermotherapy; ND, not done.
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because the follow-up interval for most patients was in-
sufficient for analysis.

Immunohistochemistry

Method

Immunohistochemistry was performed using the
streptavidin-biotin method with the Vector ABC Elite kit
(Vector Laboratories, Inc., Burlingame, CA). Nuclear fast
red was used for counterstain. Four-micron sections were
obtained, deparaffinized, rehydrated with ethanol, and
treated with 0.3% hydrogen peroxide and methanol to
inhibit endogenous peroxidase activity. Heat-induced an-
tigen retrieval was performed using microwave treatment
in citrate buffer (Rb, phospho-Rb, p16, p53, and MDM2)
or EDTA (cyclin D1, Bcl2) for 15 minutes. Primary anti-
bodies were applied at 4°C overnight.

Antibodies

Antibodies against Rb (C-15; 1:50 dilution) and p16
(F-12; 1:75 dilution) were obtained from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). The phospho-Rb-
serine 807/811 antibody (1:25 dilution; hereafter referred
to as “phospho-Rb”) was obtained from New England
Biolabs, Inc. (Beverly, MA). Cyclin D1 (NCL-CYCLIN D1-
GM; 1:40 dilution) and MDM2 (NCL-MDM2;1:30 dilution)
antibodies were obtained from Novocastra Laboratories
Ltd. (Newcastle-Upon-Tyne, UK). The p53 antibody
(clone 1801; 1:80 dilution) was obtained from Biogenics
(Napa, CA). The Bcl2 antibody (1:500) was obtained from
DAKO (Glostrup, Denmark). Positive controls included:
normal choroidal melanocytes (Rb and p16), a mantle
cell lymphoma (cyclin D1), p16-null U20S osteosarcoma
cells that hyperphosphorylate Rb (phospho-Rb), and a
breast cancer specimen (p53). Negative controls includ-
ed: Rb-null C33A cervical carcinoma cells (Rb), U2OS
cells (p16), and normal choroidal melanocytes in the
enucleated eyes (phospho-Rb, cyclin D1, p53, MDM2,
and Bcl2). The secondary antibody alone was used as an
additional negative control for all antibodies.

Quantitation

The percent positive cells for each antibody was esti-
mated by counting at least 200 cells in at least eight 340
fields for each specimen. Two independent analyses
were performed, and in most cases at least two sections
from each tumor were analyzed.

Statistical Analysis

Clinicopathological and immunohistochemical data were
analyzed for correlation by Pearson correlation coeffi-
cients. Students t-test was used to confirm comparisons
of binary variables. Significance was defined as P , 0.05.

Results

Immunohistochemistry of Rb Pathway Proteins

Using an antibody that detects all phosphorylated forms
of Rb, most of the tumors had strong nuclear staining for
Rb (Table 1; Figure 1A). However, four of the tumors had
fewer cells (10 to 34%) with nuclear staining and instead
had strong cytoplasmic staining for Rb, suggesting that
Rb mutations affecting nuclear localization of the protein
may have occurred in these tumors (Figure 1B and Figure
2A). Interestingly, three of these four tumors had failed
radiotherapy or thermotherapy before enucleation (Table
1). Using the phospho-Rb antibody, 0.1 to 1% of tumor
cells were positive, whereas all normal choroidal mela-
nocytes were negative (Table 1). We previously showed
that this phosphorylation of Rb can block its tumor sup-
pressor activity.17 Strong immunostaining ($20% positive
cells) for p16 was observed in all cases (Table 1). Cyclin D1
expression was variable; 41% of tumors were considered
strongly positive ($20% positive cells) (Table 1).

Immunohistochemistry of p53 Pathway Proteins

Immunostaining for p53 was undetectable in 13 tumors
and was weak in the other 19 tumors (overall range, 0 to
1.1% positive cells) (Table 1; Figures 1C and 2B). Most
normal choroidal melanocytes had weak or undetectable
staining for p53. Strong nuclear staining for MDM2
($20% positive cells) was observed in 31 (97%) of 32
specimens (Table 1; Figures 1B and 2B). Most normal
choroidal melanocytes had weak or undetectable stain-
ing for MDM2. Strong cytoplasmic staining for Bcl2 was
found in all tumors, with $95% positive cells in each
specimen (Table 1; Figures 1C and 2B). Most normal
choroidal melanocytes had weak or undetectable stain-
ing for Bcl2.

Statistical Analysis

Statistically significant correlations are summarized in Ta-
ble 2. A strong inverse correlation was observed between
Rb expression and a history of failed brachytherapy or
thermotherapy before enucleation (r 5 20.599, P 5
0.005) (Figure 2A). Significant correlations between pro-
teins included: p53 versus phospho-Rb (r 5 0.497, P 5
0.006), p53 versus MDM2 (r 5 0.393, P 5 0.026), and p16
versus phospho-Rb (r 5 0.385, P 5 0.039). Significant
associations between protein immunostaining and clini-
copathological features included: MDM2 versus female
sex (r 5 0.476, P 5 0.006), cyclin D1 versus advanced
age (r 5 0.392, P 5 0.026), and p16 versus largest basal
tumor dimension (r 5 0.382, P 5 0.045). In addition, there
was a nonsignificant trend for increased p53 expression
in thicker tumors (r 5 0.312, P 5 0.077), and increased
cyclin D1 expression among anterior tumors (r 5 0.300,
P 5 0.096).

Rb and p53 Pathways in Uveal Melanoma 1797
AJP December 2000, Vol. 157, No. 6



Discussion

In this study, we provide evidence that both the Rb and
p53 pathways are disrupted in uveal melanoma. Rb was
expressed in all of the tumors, suggesting that Rb muta-
tions are uncommon in this cancer. However, cytoplas-
mic staining for Rb was observed in conjunction with

reduced nuclear expression (suggestive of Rb mutation)
in several tumors that had failed previous brachytherapy
or thermotherapy. The local failure rate after brachyther-
apy for uveal melanoma is ;15%, and resistant tumors
are highly metastatic with a poor prognosis.24 Our finding
suggests that mutational inactivation of Rb, although un-
common in primary uveal melanomas, may play a role in

Figure 1. Immunohistochemical staining for Rb, p53, MDM2, and Bcl2. A:
Strong nuclear staining for Rb in a uveal melanoma with no local treatment
before enucleation. B: Staining for Rb in a uveal melanoma that failed
brachytherapy before enucleation (patient no. 32). Note absence of nuclear
staining and strong cytoplasmic staining (arrow). C: Weak staining for p53
in a representative uveal melanoma. D: Staining for MDM2 in a represen-
tative uveal melanoma, demonstrating strong nuclear expression in most
cells. E: Staining for Bcl2 in a representative uveal melanoma, demonstrating
strong cytoplasmic expression in most cells. Streptavidin-biotin-peroxidase
method, Vector SG peroxidase substrate, and nuclear fast red counterstain (see
Materials and Methods). Original magnification, 3100.
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the emergence of radioresistance. Further, this finding
suggests that mutational inactivation of Rb may provide
some additional advantage to the tumor beyond that
provided by functional inactivation of Rb as a result of
phosphorylation.

As we previously reported, Rb is often phosphorylated
at serine-807 and serine-811 in uveal melanomas, and
this phosphorylation can block the repressor function of
Rb.17 Further, we show here that phospho-Rb correlates
strongly with increased expression of p53. One explana-

tion for this finding is that phosphorylation of Rb liberates
E2Fs, which can then trigger the ARF-MDM2 axis to
up-regulate p53 levels (Figure 3).25 The phosphorylation
of Rb that we have observed in uveal melanoma may be
because of disruption of upstream regulators in the Rb
pathway (Figure 3). Mutational inactivation of p16/INK4a
can allow inappropriate phosphorylation of Rb by allow-
ing unopposed cyclin D-cdk4/6 activity.26 As we previ-
ously reported,17 there was no evidence for p16/INK4a
inactivation in uveal melanoma, although mutation of this
gene seems to play an important role in cutaneous mel-
anoma.1 Consistent with this observation, previous DNA
sequence analysis revealed no mutations of the p16/
INK4a gene in uveal melanoma.27 Overexpression of D-
type cyclins can also cause inappropriate phosphoryla-
tion of Rb by constitutively activating endogenous cdk4
and cdk6.9 We found increased cyclin D1 immunostain-
ing in many of the tumors as compared to surrounding
normal choroidal melanocytes, and this staining was as-
sociated with advanced patient age and anterior tumor
location, both of which are poor prognostic factors for
survival.28 Similarly, other workers have reported corre-
lations between cyclin D1 expression and epithelioid cell
type, anterior tumor location, and increased growth frac-
tion.29 It will be of interest to determine whether cyclin D1
expression is a significant prognostic factor when longer
follow-up is available in this cohort of patients. Cyclin D1
overexpression may be because of gene amplification,
chromosomal translocations, or disruption of upstream
regulatory pathways (Figure 3).9 For example, c-myc can
induce expression of D-type cyclins,30–32 and this proto-
oncogene is commonly expressed in uveal melano-

Figure 2. Scatter plots of immunohistochemical staining patterns. A: Nuclear
staining for Rb in all tumors examined. Tumors that failed brachytherapy or
thermotherapy before enucleation are noted with open circles. B: Immu-
nohistochemical staining patterns for p53, MDM2, and Bcl2.

Table 2. Significant Correlations between Clinicopathological
and Immunohistochemical Features

Correlations

Pearson
correlation

coefficient, r P value

Rb vs. Prior Treatment 20.599 0.005
p53 vs. phospho-Rb 0.497 0.006
MDM2 vs. female sex 0.476 0.006
p53 vs. MDM2 0.393 0.026
cyclin D1 vs. age 0.392 0.026
phospho-Rb vs. p16 0.385 0.039
p16 vs. LBD 0.382 0.045

LBD, largest basal tumor dimension.

Figure 3. Diagram illustrating how the Rb and p53 pathways are linked to
form a complex tumor suppressor network. Rb regulates the cell cycle by
arresting cells in G1 phase. Rb can be temporarily inactivated to allow cell
division by phosphorylation of the protein. Pathological inactivation of the
Rb pathway can result from direct mutation of the Rb gene, or from inap-
propriate phosphorylation of Rb because of disruption of upstream regula-
tors. The ARF-MDM2 axis links the Rb and p53 pathways and can trigger
apoptosis as a result of uncontrolled proliferation. Thus, most cancers ac-
quire mutations in both pathways during malignant progression to evade cell
cycle control and apoptosis. Proteins in red were analyzed in this study. See
text for details.
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mas.33,34 Further work is needed to determine whether
c-myc may be responsible for deregulating cyclin D1 in
these tumors.

p53 is the most commonly mutated tumor suppressor
in human cancer and is disrupted in .50% of tumors.35

However, we found no evidence for p53 mutations in
uveal melanoma, similar to other studies in both uveal
and cutaneous melanoma.21,22,36 Many p53(1) tumors
are functionally p53(2) as a result of mutations in up-
stream or downstream regulators of the p53 pathway
(Figure 3). p53 induces expression of MDM2, which in
turn interacts with p53 and targets it for degradation,
thereby establishing a feedback loop that maintains p53
at low levels under normal conditions.10,37 Overexpres-
sion of MDM2, which has been observed in some can-
cers, can disrupt this regulatory mechanism and block
p53 function under conditions in which the cell should
commit to apoptosis.38 We found strong immunostaining
for MDM2 in most of the uveal melanomas, whereas
normal choroidal melanocytes had weak or undetectable
staining. Consistent with our findings, another group re-
cently demonstrated MDM2 expression in uveal melanoma
and found a correlation with poor clinical outcome.39 MDM2
overexpression may result from amplification, enhanced
translation, and other mechanisms,40 and further work will
be needed to determine which of these mechanisms is
involved in uveal melanoma.

The Bcl2 family of proteins are important downstream
apoptotic regulators, and the interaction of pro- and anti-
apoptotic Bcl2 family members can determine the cellu-
lar commitment to apoptosis.41 Bcl2 is anti-apoptotic and
can function as a proto-oncogene when inappropriately
overexpressed. In contrast, Bax is a pro-apoptotic family
member and is a transcriptional target of p53.42 Dereg-
ulation of Bcl2 can promote tumorigenesis by blocking
both p53-dependent and -independent apoptosis (Figure
3).43 We found strong immunostaining for Bcl2 in all of the
uveal melanomas, similar to findings of other investiga-
tors.21,44 Interestingly, whereas Bcl2 overexpression is
the most common molecular abnormality reported to date
for uveal melanoma, this alteration seems to be uncom-
mon in cutaneous melanoma.45

In summary, we have provided evidence for functional
abnormalities in both the Rb and p53 pathways in uveal
melanoma. These two pathways form an interconnected
tumor suppressor network that regulates cellular prolifer-
ation (Figure 3). A major link between these pathways is
the ARF-MDM2 axis.25 Active Rb is normally bound to
E2Fs in a repressor complex.46 Phosphorylation of Rb
disrupts this interaction and can lead to release of free
E2Fs, which may then induce ARF, the alternative reading
frame of the p16INK4a locus. ARF directly antagonizes
MDM2, allowing the accumulation of p53 and induction of
growth arrest or apoptosis. Thus, interconnections between
the Rb and p53 pathways provide a formidable barrier
against tumorigenesis, and indeed many tumors acquire
mutations in both pathways during malignant progres-
sion. These results provide new insights into the molec-
ular pathogenesis of uveal melanoma and may be useful
in the development of novel therapeutic agents.
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