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Abstract
Certain kindreds with low-penetrant (lp) retinoblastoma carry mutant alleles which retain partial
tumor suppressor activity and we previously showed that these alleles exhibit defective, temperature-
sensitive binding in yeast. To investigate the molecular basis for incomplete penetrance, we studied
three recurrent lp alleles and observed approximately 50% of wildtype activity measured by i)
phosphorylation at key regulatory sites, S780, S795, S807/S811, ii) transcriptional co-activation, and
iii) ‘flat-cell’ differentiation in mammalian cells in vivo. In addition, we studied a small-cell
carcinoma that is homozygous for the R661W allele providing the first analysis of the effect of a
naturally occurring lp allele in a human tumor. While we detected abundant expression of the R661W
protein, we noted marked instability of both endogenous and recombinant R661W following
treatment in vivo with the Hsp90 inhibitor, geldanamycin, and stabilization of R661W following
heat shock. In addition, we observed a discordant phenotype in the tumor cells with induction of p16
and loss of cyclin D1 consistent with a null RB status combined with homozygous expression of
mutant ras which had not been reported previously for RB (-) small-cell cancer. These findings show
that a recurrent missense lp allele retains greater functional activity in vivo than predicted from earlier
in vitro assays, proposing a role for stabilizing chaperone-like activity in vivo. In addition, these data
suggest that reversible protein instability and the requirement for a cooperating mutation may provide
a stochastic explanation for the molecular basis of incomplete penetrance in kindreds carrying these
alleles.
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Introduction
While inheritance of an RB null allele is invariably associated with the early onset of multifocal
retinal tumors, certain retinoblastoma families demonstrate a phenotype of low-penetrance (lp)
with reduced or absent tumor formation in obligate carriers. We and others previously studied
the biochemical properties of the lp R661W allele and observed that the recombinant mutant
protein had unique functional features. For example, while RB mutants isolated from classic
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retinoblastoma or adult tumors were null for all parameters of RB function 1, the R661W
mutant was defective for E2F1 binding and for inducing G1 cell cycle arrest, but retained the
wildtype ability i) to partially suppress colony growth of RB(-) cells, ii) to induce parameters
of cell differentiation, and iii) to weakly bind to SV40 large T. 2-4 These observations were
the first demonstration that the cell cycle arrest and cell differentiation functions of the RB
product were separable and might be mediated by differential protein binding patterns.
Remarkably, we observed that two other RB mutants from different families with lp
phenotypes, C712R and deletion of codon 480, exhibited identical biochemical properties in
vitro which suggested two broad classifications for lp RB alleles. 2, 3 Class 1 alleles referred
to genetic or epigenetic alterations which reduced the steady-state levels of wild type RB
protein such as RB gene promoter mutations 5, 6 or defects in exon splicing which may be
predicted to reduce, but not eliminate, full length mature mRNA. 7 In contrast, class 2 alleles
corresponded to defective RB products, such as R661W, which retained partial wildtype
activity. Subsequent analyses of additional splice mutations involving N-terminal exons has
predicted lp alleles with an interplay of class 1 and class 2 features to i) regulate gene
transcription, ii) modulate normal or near-normal in-frame splice site selection, or iii) allow
for an alternate downstream translational initiation with retention of functional activity. 7-9
Although class 1 gene promoter mutations represent the simplest model system to test the
hypothesis that a minimum level of RB protein binding activity is essential for tumor
suppression 5, these mutant alleles are uncommon events in lp retinoblastoma families 9, 10
and these analyses do not provide insight into functional domains of the RB product.
Conversely, missense class 2 RB alleles have been commonly reported in lp families
(summarized in Table 1) and provide the opportunity to define more precisely tumor suppressor
activity within the RB product. To further study the basis for the phenotype of incomplete
penetrance, we tested if alterations in site-specific cyclin-mediated phosphorylation could be
linked to the discordant functional properties observed with these missense RB alleles. In
addition, since we had previously reported that these mutants were temperature-sensitive in
yeast cells for SV40 T binding, we examined the effect of temperature on protein binding and
transcriptional co-activation in mammalian cells and on the induction of flat cell differentiation
in RB (-) cells in vivo. Finally, small-cell carcinoma has a distinctive genetic signature
characterized by mutational inactivation of RB combined with the absence of Ras mutations.
11 We have now studied a small-cell carcinoma that carries an endogenous R661W mutant
allele providing the first analysis of an lp allele in human tumor development. We detected
abundant steady-state levels of the R661W product in vivo with loss of the wildtype allele and
2n copy of the mutant allele. However, as compared to wt RB, we observed loss of immunoblot
signal for the mutant protein following serial freeze-thaw cycles in vitro and subsequently
demonstrated that the R661W protein was highly unstable following treatment in vivo with
the Hsp90 inhibitor, geldanamycin. We also investigated cooperating genetic events within the
epistatic RB/p16/cyclin D pathway and within the ras pathway. 1, 12 We observed induction
of CDKN2a/p16 protein levels and loss of cyclin D1 protein that is characteristic for RB (-)
tumors 13, providing evidence that the signaling pathways downstream of RB can ‘register’
the abundantly expressed R661W protein as null. In contrast, the detection of a co-expressed
mutant K-ras allele is a rare event in small-cell cancer 1, 11, which includes approximately
300 cases of small-cell cancers tabulated from the literature in the Catalogue of Somatic
Mutation in Cancer database 14 without H-, N-, or K-ras mutations. In summary, these data
provide the first evidence that certain lp RB alleles may be stabilized and retain greater
functional activity in vivo than predicted from earlier in vitro assays. Therefore, the
requirement for additional cooperating events to block this residual activity may provide a
stochastic explanation for the molecular basis of incomplete penetrance in kindreds carrying
these alleles. Finally, while GA has been proposed as an important tool to destabilize gain-of-
function oncogene signaling pathways, these data unexpectedly suggests that GA may also
serve to unmask important chaperone stabilizing effects of an otherwise silent mutant tumor
suppressor gene.
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Results
Low-penetrant RB alleles retain CDK4:cyclin D site-specific phosphorylation in vivo

We had previously shown that three lp RB alleles, which have now been detected in 29 different
families (Table 1), exhibit loss of E2F1 binding and loss of G1 arrest activity, but retain the
ability to induce certain parameters of cellular differentiation in RB (-) cells. 4 A series of
tandem carboxyl-terminal phosphorylation sites at S780, S795, S807, and S811 have been
shown to serve as specific substrates for the CDK4:cyclin D family in vivo and were shown
to regulate the ability of RB to mediate induction of cell differentiation. 15-18 We were
interested, therefore, to examine if retention of partial tumor suppression could be linked with
a change in site-specific phosphorylation of individual regulatory serine residues. We tested
cyclin D1, 2, and 3 and cyclin E mediated phosphorylation at these sites in wildtype (wt) RB
and the lp RB mutants by transiently co-expressing the indicated plasmids into H2009 RB (-)
cells and subjecting the lysates to sequential immunoprecipitation with a pan-RB monoclonal
antibody followed by imunoblotting with phospho-specific antibodies. As expected, we
observed that the null C706F mutant isolated from a small-cell cancer sample 19 showed
abundant levels of steady-state protein with negligible phosphorylation at all serine sites tested
(Figure 1A). In contrast, we observed that the Δ480 and 661W RB mutants showed
phosphorylation at the CDK4:cyclin D sites, S-780, S-795, and S807/811 with a pattern that
was qualitatively and quantitatively similar to wt RB. While we observed that the
phosphorylation of the 712R mutant was reduced compared to the Δ480 and 661W plasmids,
this was consistent with our earlier published binding data, reproduced in Fig 1B, that showed
that the 712R allele had the weakest level of pocket binding activity to SV40 Tag when
measured in a quantitative yeast 2-hybrid solution-based assay. 3 Since transient transfection
can result in cells that are growth arrested at 48-72 hours with partial inhibition of endogenous
CDK:cyclin activation, ectopic co-expression of cyclins D or E are required to efficiently score
the ability to undergo cyclin-mediated phosphorylation. Therefore, to confirm site-specific
phosphorylation of lp alleles in the absence of ectopic cyclins, we re-examined these mutants
by testing them in a mass culture of stable G418 resistant lp allele transfectants. Using similar
immunoblot analyses, we detected steady-state phosphorylation at the CDK sites S780, S795
and S807/S811 which were qualitatively similar for both wt RB and for each of the stable
Δ480, 661W and 712R transfectants and absent phosphorylation for the C706F mutant (Fig.
2). These data suggest that defective RB pocket binding activity that can fluctuate around
10-20% of wildtype levels, as measured in a yeast-two hybrid binding system, is still sufficient
to serve as substrate for cdk:cyclin-mediated phosphorylation at these key regulatory sites.

lp RB alleles exhibit substantial functional activity in mammalian cells
To extend the observation that lp RB alleles were temperature-sensitive for SV40 T binding
in yeast cells 3 and to test if these mutant alleles can show detectable binding activity in
mammalian cells grown under physiological temperature conditions, we employed a
mammalian two-hybrid assay and compared activity with wt RB and the null C706F mutant
for binding with the myogenic transcription factor, MyoD. We selected MyoD since there is
evidence linking the ability of RB, with an intact pocket binding domain, to serve as a co-
activator of MyoD during cell differentiation 4,20-22, and we wished to examine if stress from
minor alterations in incubation temperature could destabilize this residual functional activity.
We observed that wt RB fused to the Gal4 binding domain (BD) co-transfected with an empty
parental activation domain (AD) control (Figure 3) resulted in a 13-fold activation of the
luciferase reporter when compared to the negligible levels obtained with the C706F-BD
plasmid. Since the C706F plasmid differs from wt RB by only a single amino acid substitution
that renders the RB ‘pocket’ binding null 19, this observation suggests that luciferase induction
by wt RB is mediated by ‘pocket-dependent’ activating nuclear factor(s) present in the H2009
cell extract. In contrast to the 706F mutant, each of the three different lp RB plasmids, Δ480,
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661W and 712R-BD, showed luciferase activation that was comparable to the levels observed
for wt RB (70-80% of wt levels for each of the lp alleles). When wt RB-BD and MyoD-AD
were co expressed, luciferase activity was increased approximately 2 fold, while expression
of MyoD-AD with the null 706F-BD again showed negligible, background levels. This 2-fold
increase in reporter activity is comparable to previous studies that have examined the co-
activation of RB and myoD 23. Expression of MyoD-AD with each of the lp mutants again
showed a weaker level of enhanced activity (Fig. 3, lanes 6, 8, 10). We repeated the assay with
cells growing at different incubation temperatures, however, we were unable to detect
variations in pocket binding levels. These data demonstrate that there is substantially greater
binding activity for these lp alleles when measured in vivo in mammalian cells as compared
to in vitro GST-based binding assays (5% binding compared to wt 2, 24) suggesting the
presence of stabilizing chaperone-like elements. We also tested the ability of the lp mutants to
induce morphological differentiation at different incubation temperatures by scoring for the
phenotype of ‘flat cells’ 4 after 2 weeks of selection in G418. The lp mutants induced ‘flat cell’
morphology 25 at intermediate levels (40-60% of wt RB) as predicted, however, without
significant alterations within the narrow temperature range which could be tested due to loss
of cell viability in control cells at higher and lower temperatures.

Effect of Hsp90 inhibition on a naturally occurring R661W allele in small-cell cancer
Samples from tumors in lp families from retinoblastoma registries have not been available to
us for laboratory analyses partly due to the observation that children from these kindreds are
aggressively screened and clinically managed with orbit-sparing treatments. An alternate
approach to study the effect of a naturally occurring lp RB allele in human tumorigenesis is to
identify sporadic tumors with an acquired somatic mutation. Small-cell lung cancer and
extrapulmonary small-cell cancer are the only other tumor types, besides retinoblastoma, where
the RB gene is frequently targeted for mutational inactivation 26, however, we were unable to
detect a de novo lp mutation in our tumor collection samples. In contrast, we noted in the Sanger
Cancer Mutation (COSMIC) database 14 that the R661W mutation was detected in an
extrapulmonary small-cell cancer and we obtained the original tumor cell line (ECC4) from
this patient. 27 ECC4 cells exhibit features of a neuroendocrine small-cell tumor with
expression of elevated levels of creatine kinase-B and neuron-specific decarboxylase, show
pure small-cell histology when grown as xenograft transplants 27, and grow in culture as tight
spheroids consisting of approximately 100 cells characteristic of the growth patterns of
retinoblastoma and small-cell cancer (data not shown). The presence of an lp allele in this
tumor cell line, therefore, allowed us to test for the first time i) if the gene product is expressed
during tumorigenesis or if the steady-state levels are reduced, ii) if the wt allele is retained or
deleted in the tumor and if the locus shows gain or loss of the mutant allele, iii) if the epistatic
RB/p16/cyclin D pathway ‘senses” the 661W product as null or wildtype, and iv) if there are
cooperating mutational events that are normally not required in the setting of classic null RB
mutations of small-cell carcinomas. We performed immunoblot analysis of two stocks of ECC4
cells and showed that the R661W product was abundantly expressed in these cells at steady-
state levels that were comparable to levels detected in other lung tumor cell lines known to
express wt RB (Fig 4A). However, we observed loss of R661W immunoblot signal following
serial freeze-thaw cycles of the whole cell protein extracts when stored in vitro despite the
addition of standard protease and phosphatase inhibitors, while no effect was observed with
stored extracts of wildtype RB under identical conditions (data not shown). This result was in
agreement with others who noted reduced levels of R661W protein 28 which suggested to us
that protein instability in stored cellular extracts might partly explain the enhanced functional
activity of lp alleles detected in vivo as compared to in vitro binding assays. In addition, this
finding suggested the hypothesis that the stability of R661W in vivo may depend on cellular
chaperones in vivo. To investigate this possibility, we harvested ECC4 cells and wt RB control
cells (A549) after overnight incubation with the Hsp90 inhibitor geldanamycin (GA). We
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observed a marked decrease in steady-state R661W protein expression while no effect was
detected with wt RB (Fig 4B). To test if this effect on protein instability could be detected after
shorter periods of drug exposure, we incubated the cells to GA for 4, 8, and 16 h GA and
observed a detectable effect on RB stability within 4 h of incubation (Fig 4C). In addition, we
observed that incubation with the proteasome inhibitor, bortezomib (velcade, Vcd), had little
effect on RB protein stability, nor did it reverse the effect of GA. Since GA specifically binds
to Hsp90 to inhibit function of the Hsp90 super-chaperone complex 29, these observations
suggest that Hsp90 participates in stabilizing mutated RB protein. We therefore tested the effect
of up-regulating this chaperone complex by heat shocking cells for 30 min followed by a 4h
recovery time and we observed a modest increase in the R661W immunoblot signal with no
change or a slight decrease signal with wt RB.

To independently confirm the effect of GA exposure on the stability of the mutant lp RB protein,
we transfected an RB(-) cell line with either the CMV promoter driven expression vector alone,
wt RB, C706F, or R661W plasmids and incubated the cells overnight with the indicated drugs
prior to harvesting for immunoblot analysis. We again observed no effect of Hsp90 inhibition
on the stability of wt RB, but found a detectable loss of signal for both missense point mutant
RB products, confirming that both endogenous and recombinant mutant proteins are GA
sensitive (Fig 4D). The proteasome inhibitor Vcd was again unable to rescue either RB mutant
protein from the effects of GA. Finally, we estimated RB protein half-life by cycloheximide
(CHX) incubation of A549 (wt RB) or ECC4 (R661W RB) cells in the presence or absence of
GA followed by timed immunoblot analysis. We observed that the estimated half-life of the
endogenous R661W RB protein in the absence of GA was > 8 hours (Figure 4E) which was
comparable to the previously reported half-life of wt RB using 35S methionine labeling. 30 In
contrast, incubation of ECC4 cells with GA resulted in a marked reduction in RB protein half-
life to approximately 2 hours confirming the destabilizing effect of GA on the mutant RB
product.

Co-expression of mutant K-ras with R661W RB in ECC4 cells
Since mutational inactivation of RB and CDKN2a/p16 are mutually exclusive events in human
cancer 1, 12, we addressed the effect of the R661W mutation on the Cdk/Cyclin/p16 tumor
suppressor pathway in ECC4 cells. Despite the abundant steady-state levels of R661W protein
in these cells, we detected induction of CDKN2a/p16 protein and loss of cyclin D1 which is
characteristic of the RB (-) phenotype of either small-cell carcinomas or E1A/HPV infected
tumor cells 13, 31 and which suggest that the tumor cells ‘register’ the R661W allele as null
13 (Fig 5A, B). We performed DNA resequencing of the RB locus in ECC4 cells and confirmed
the exon 20 C-to-T substitution (R661W) and absence of a wt signal showing loss of the wt
allele (Fig 5C). We also performed oligonucleotide array-based CGH using the Agilent DNA
microarray platform and showed 2n DNA content at the 13q14 locus suggesting that the mutant
allele had undergone duplication to homozygosity (data not shown). In addition, no evidence
for myc gene amplification or loss of chromosome 6 genes as previously reported for some
retinoblastoma or small-cell tumors were detected by CGH (data not shown). Finally, to explain
why co-expression of mutant K-ras has not been detected in RB (-) neuroendocrine small-cell
tumors, prior studies have proposed that residual wt RB activity is required to exhibit the full
tumorigenic effect of mutant ras. 32 However, in contrast to other neuroendocrine RB (-) small-
cell tumors that have been tested to date, we confirmed the presence of a K-ras codon 61
mutation in the ECC4 cells (Fig 5D). This finding further supports the hypothesis that R661W
is distinct from classic null RB mutations and retains residual wt activity.
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Discussion
Defining the molecular basis for the phenotype of incomplete penetrance of familial
retinoblastoma is an important goal for both clinicians and geneticists. Although it has been
argued that the prevalence of lp alleles might be overrepresented due to publication bias 33,
the presence of cryptic lp germline alterations in ‘sporadic’ unilateral retinoblastoma may also
be underestimated which can impact the optimal management strategy for these patients and
families. 34 35 To study the phenotypic consequences of carrying lp germline genes, we have
noted that these alleles separate into distinct biological categories which may need to be
analyzed separately. For example, in-frame N- 36 or C-terminal 37 exon deletions located
outside the central A-B pocket domain exhibit distinct biochemical properties from the del480,
R661W, and C712R alleles which suggests heterogeneity within class 2 lp alleles. We have
now shown that the most common lp alleles retain site-specific cyclin phosphorylation and
functional activity in vivo that was substantially greater than predicted from earlier in vitro
GST-precipitation methods. 24 Since the tumors that arise within lp retinoblastoma families
are histologically and clinically as aggressive as tumors seen in patients with classic null RB
38 and since they often arise at a later age resembling the age of sporadic (two-hit)
retinoblastoma 9, it is reasonable to predict that the reduced number of tumor foci in lp obligate
carriers is due to the time required for an additional ‘event’, that is not otherwise required in
patients with null alleles, to overcome this residual tumor suppressor activity. There are distinct
types of genetic or epigenetic events that can be predicted including i) an alteration to further
reduce RB gene transcription 5, ii) modulation of protein activity by disrupting a chaperone
stabilizing function 3, or iii) the need for a cooperating mutation in another candidate gene to
initiate an irreversible tumor phenotype 39. The study of the ECC4 tumor cell line provides an
opportunity to begin to address some of these issues. For example, although we have shown
that R661W is expressed in vivo at steady-state levels comparable to tumor cells with wt RB
expression, the gene product is unstable following exposure to an Hsp90 inhibitor suggesting
that reversible fluctuations in steady-state RB activity may participate in tumor development.
In addition, we have observed a discordant cellular response in these cells with i) the loss of
cyclin D1 protein and the induction of CDKN2a/p16 protein, characteristic of RB null cells
13, 40, and conversely ii) co-expression of mutant K-ras which is characteristic of RB wt cells
and not observed in RB null small-cell tumors 14; Mitsudomi, 1991 #807}. Of note, prior
studies suggested that the absence of Ras mutations in RB null tumors can be explained by
data showing that escape from Ras-mediated senescence requires wt RB with loss of CDKN2a/
p16 41, 42 and, alternatively, a recent study proposed that the full tumorigenic potential for
mutant K-ras protein required the presence of wt RB activity. 32 While we have been unable
to obtain lp tumor samples from retinoblastoma registries to test directly for additional
candidate mutations, we did note a single study that detected Ras mutations in 4 retinoblastoma
tumors (1 unilateral, 1 bilateral, and 2 samples with no further available clinical information).
43 In addition, a mouse knock-in model for the murine R661W equivalent has been generated
and may provide in the future insight into lp tumorigenesis. 44 Ultimately, retinoblastoma
registries should identify and collect tumor samples from all families with lp phenotypes to
discover common patterns of cooperating genetic events and to define the spectrum of
genotype:phenotype relationships within this important tumor suppressor pathway. In addition,
while GA has been proposed as an important tool to destabilize gain-of-function oncogene
signaling pathways, these data unexpectedly suggests that GA may also serve to unmask
important chaperone stabilizing effects of an otherwise silent mutant tumor suppressor gene.
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Materials and Methods
Plasmids

RB cDNA constructs representing full-length wildtype (wt), 706F, Δ480, 661W, 712R were
generated by PCR-based site-directed mutagenesis and cloned into the pCI-neo vectors
(Promega, Madison, WI) as previously described. 2 All recombinant constructs were confirmed
by nucleotide sequencing. pBind-RB plasmids were constructed by subcloning the indicated
mutant RB cDNA in-frame with the Gal4 DNA binding domain of pBind vector (Promega,
Madison WI). A plasmid encoding MyoD was fused to the VP16 activation domain (pAct-
MyoD) and the pG5luc vector containing the Gal4 binding site and the firefly luciferase gene
were used as recommended by the manufacturer (Mammalian Checkmate, Promega). The Gal4
DNA-binding domain plasmid, pGBT9 (Clontech, Palo Alto, CA), containing the RB pocket
domain was constructed as previously described. 3

In vivo RB1 phosphorylation analysis
The pCI-neo-RB plasmids were co-transfected with the indicated pRC-cyclin constructs
(Invitrogen, Carlsbad, CA) into the RB (-) H2009 cell line. Protein extracts were harvested 72
hours post transfection and subjected to sequential immunoprecipitation using α-RB1 (G3-245,
Pharmingen BD Biosciences, CA) followed by immunoblotting of the washed precipitates
using the indicated phospho-site specific antibodies. Stable transfectants of SaOS2 cells in
mass culture, in the absence of ectopic cyclins, were selected and expanded in the presence of
0.5mg/ml G418 and protein lysates were subjected to sequential immunoprecipitation and
immunoblotting as described above. After immunostaining with phospho-specific antibodies,
nitrocellulose membranes were stripped and re-blotted with α–RB1 (G3-245) to control for
transfection efficiency. Phospho-S780, phospho-S795 and phospho-S807/S811 were
purchased from New England Biolabs (Beverly, MA).

Mammalian in vivo assays
Cell lines were generated and propagated as previously described. 26 The ECC4 cell line was
obtained from the Riken BioResource Center, Japan. RB (-) human H2009 cells or human
SaOS2 cells were co-transfected using lipofectin reagent (Invitrogen) with the pBind-RB
plasmids, pAct -MyoD and pG5luc. Cells were lysed at 72 hours post transfection and the
luciferase activities were assayed as recommended by the manufacturer (Checkmate
mammalian assay, Clontech). Three independent experiments were performed for each
plasmid. The flat cell assay was performed as previously reported. 4 Briefly, SaOS2 cells were
transfected with the indicated pCI-neo-RB plasmids and stable transfectants were selected in
DMEM containing 10% FBS and G418 for 14 days at the indicated incubation temperatures.
The minimal G418 concentration that would kill >99% of untransfected SAOS2 cells varied
depending on the incubation temperature and was determined by titration at each temperature.
The number of flat cells/ten high-power (100×) microscopic fields was determined manually.
Each assay was performed in triplicate. To test protein stability in the presence of an Hsp90
inhibitor, wt RB control cells (A549) and mutant R661W cells were either treated with DMSO
alone or 1 μM GA for 4, 8, or 16h (the GA was freshly diluted from a 10mM stock in DMSO).
To test effects of a proteasome inhibitor, A549 and ECC4 cells were treated with DMSO alone
or either 1 μM GA for 4 h, 50 nM velcade for 1 h, or both in combination. To test RB protein
stability after heat shock, A549 and ECC4 cells were incubated at 42°C for 30 min (in
temperature pre-equilibrated medium) and then allowed to recover at 37°C for 4 h. Following
these treatments, cells were lysed and soluble protein was subjected to immunoblot analysis.
To test protein half-lives, A549 and ECC4 cells were incubated in the presence or absence of
100ug/ml CHX and/or 1uM GA for the indicated time points. Cells were lysed and subjected
to immunoblot analysis for Rb expression (Cell Signaling, cat #9309) and alpha-tubulin
expression (Calbiochem, cat # CP06).
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Figure 1.
In vivo RB phosphorylation at S780, S795 and S807/S811 following transient co-transfections
with cyclins D and E. Panel A) H2009 RB(-) cells were transiently transfected with parental
RB vector alone (vector), wildtype RB (wt), or indicated lp mutants along with parental cyclin
vector alone (-) or indicated cyclin plasmids. At 72 hours, lysates were subjected to sequential
immunoprecipitation with a pan-RB antibody (G3-245) followed by immunoblotting using
G3-245 for total RB protein levels or the indicated RB phospho-specific antibodies. Panel B)
Yeast two-hybrid assay of mutant and wt RB cDNA to SV40 large T antigen using previously
reported beta-galactosidase binding assay. 3
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Figure 2.
In vivo RB phosphorylation at S780, S795, and S807/S811 using stable low-penetrant
transfectants in absence of ectopic cyclins. G418 resistant clones were propagated from stable
transfectants using the indicated RB mutant plasmids and lysates were subjected to sequential
immunoprecipitation with G3-245 followed by imunoblotting with the indicated pan-RB or
phospho-specific antibodies.
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Figure 3.
lp alleles retain significant functional activity. A) Luciferase activity of H2009 RB(-) cells co-
transfected with the pG5-luciferase reporter, wildtype RB (wt) or the indicated low-penetrant
RB mutants fused in-frame to a Gal4 binding domain, and either an empty VP16 activation
domain (AD) or the AD fused in-frame with MyoD (AD-MyoD) as described in Material and
Methods. Cells were incubated at the indicated temperatures for 72 hrs before luciferase double
reporter assay measurements. Error bars indicate standard errors from two independent
experiments performed in triplicate. B) SaOS2 RB(-) cells were transfected with the indicated
RB plasmids and the number of ‘flat cells’ per 10 high power fields (100×) following 2 weeks
of G418 selection was determined by manual counting and normalized to the number of ‘flat
cells’ 25 induced by wild-type (wt) RB. Error bars indicate standard errors from three
independent experiments performed in triplicate.
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Figure 4.
Effect of Hsp90 inhibition on R661W stability. A) RB protein immunoblot using lysates from
two ECC4 aliquots (lanes 1,2) compared with whole cell extracts from three different lung
cancer cell lines with known wildtype (lanes 3,4) or absent RB (H2009, lane 5) expression. B)
Immunoblot of ECC4 or control wt RB cells (A549) treated for 16 h with DMSO vehicle or
geldanamycin (GA). C) Immunoblot of A549 and ECC4 cells treated with indicated drugs or
subjected to heat shock (HS) at 42°C for 30 min followed by 4 h recovery. D) RB (-) cells
H2009 cells were transiently transfected with indicated plasmids and subjected to GA and/or
velcade (Vcd) exposure for 16 h followed by harvesting and immunoblot analysis. E)
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Immunoblot of A549 and ECC4 cells incubated in the presence or absence of 100ug/ml CHX
and/or 1uM GA for the indicated time points.
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Figure 5.
Discordant p16:Ki-ras cooperating events in ECC4 cells. Anti-CDKN2a/p16ink4a (Panel A)
and anti-cyclin D1 (Panel D) immunoblots of ECC4 and a panel of lung cancer cells with
known RB status as indicated. Re-sequencing chromatograph of exon 20 RB codon 661 (Panel
C) and K-ras codon 61 (Panel D) in ECC4 small-cell tumor cells.
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Table 1
Kindreds with common class 2 lp RB alleles

Mutation # fam ob ca/i-fam no t / uni / bi references

661W 24 81 / 9 50/ 25 / 6 9, 35, 45-49
712R 4 14 / 2 7/ 6 / 1 49-51
Δ480 1 5 / 1 1/ 3 / 1 47

ob ca: # obligate carriers; i-fam: # informative families; no t/uni/bi: no, unilateral, bilateral retinal tumors in obligate carriers
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