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Introduction

The Retinoblastoma tumor suppressor protein (Rb) is impor-
tant in the processes of proliferation, apoptosis, differentiation 
and senescence.1 The role of Rb in proliferation is thought to be 
regulated by phosphorylation on several amino acid sites found 
throughout the Rb protein sequence.2 Cyclin-dependent kinase 
(cdk)-mediated hyperphosphorylation (highly phosphorylated) 
of Rb stimulates cell cycle progression, whereas hypophosphory-
lated (less phosphorylated) Rb inhibits progression through the 
cell cycle. By inhibiting the activity of E2F transcription fac-
tors, hypophosphorylated Rb blocks progression from the G

1
 

phase into S phase. Upon growth factor stimulation, the synthe-
sis and accumulation of cyclin proteins leads to cdk activation 
toward Rb. Rb becomes hyperphosphorylated, which releases 
E2F, allowing it to stimulate cell cycle progression. Alterations 
in the Rb pathway that lead to excessive phosphorylation of Rb 
have been observed in almost all cancer cell types.3,4 In addi-
tion to its role in cell proliferation, Rb is important in apopto-
sis. A role for Rb in apoptosis was initially identified utilizing 
Rb-null mice which demonstrated that in the absence of Rb, 
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mice exhibited excessive apoptosis of cells in the nervous sys-
tems, lens and skeletal muscles.5-7 These results supported the 
idea that Rb could suppress apoptosis during development.8 
In addition, it was found that apoptotic signaling is negatively 
regulated by Rb. For example, overexpression of Rb inhibits ion-
izing radiation-induced apoptosis in the Rb-null cell line Saos-
2.9 The mechanism of Rb regulation of apoptosis has not been 
fully elucidated; however, hyperphosphorylation of Rb has been 
shown to be important for its ability to inhibit apoptosis.10-12 
Loss of phosphorylation of the Rb protein has been observed 
during apoptosis.13-19 Also, the specific activation of Rb-directed 
phosphatase activity has been shown to be required for apopto-
sis to occur.13,14,16,20,21 These studies suggest that phosphorylated 
Rb protects against apoptosis, and dephosphorylation of Rb is 
involved in triggering cell death. In fact, Rb that lacks nine of 
the 16 phosphorylation sites, called PSM-RB (phosphorylation 
site-mutated Rb) does not protect cells from cell death initiated 
by apoptotic stimuli.12 Thus, it seems likely that phosphoryla-
tion at specific sites on Rb is required for Rb to be able to block 
apoptosis. In the aforementioned study, however, there was no 
analysis of which specific Rb phosphorylation sites are involved 
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incubation, cells were analyzed by immunoblotting. Alternatively 
MCF7 cells were treated with 25 μM Roscovitine for 24 h prior 
to the immunoblotting analysis. In addition, HCT116 cells were 
treated with 10 μM Ara-C or the kinase inhibitor Staurosporine 
(1 μM) for 24 h, and analyzed by western blotting. These apop-
totic treatments led to a decrease in Rb phosphorylation, evi-
denced by the loss of the slowly migrating band of Rb, as well 
as an increase in cleavage of poly ADP ribose polymerase (Parp), 
which is a marker of apoptosis.27 This immunoblotting analysis 
shows that apoptosis results in an overall loss in phosphorylation 
of Rb during apoptosis; however this method does not address 
the specific sites of Rb that are dephosphorylated. Therefore, we 
utilized glutamic acid mutagenesis and generated 15 Rb mutants 
each with one phosphorylation site changed to glutamic acid, 
which mimics the phosphorylated amino acid. Expression plas-
mids encoding mutant and wild-type Rb were transfected into 
Rb-null C33A cervical carcinoma cells, which were stimulated 
to undergo apoptosis by treatment with UV approximately 72 h 
later. Four hours after UV stress, cellular apoptosis was measured 
by quantification of DNA degradation by ELISA (Cell Death 
Detection, Roche), followed by immunoblotting to measure 
cleavage of Parp and Rb expression. In Figure 2, the results of 
our screen of 15 mutant phosphorylation sites are shown in three 
groups: C terminal sites (Fig. 2A), internal sites (Fig. 2B) and 
N terminal sites (Fig. 2C). Throughout these experiments, UV 
stress of C33A cells caused a 4- to 8-fold increase in apoptosis. 
Transfection of all of the Rb plasmids (except the T821E mutant) 
had little to no effect on induction of apoptosis measured by the 
quantification of degraded DNA. However, expression of Rb 
with the T821E mutation blocked apoptosis by 50%, suggesting 
that dephosphorylation of threonine 821 is required for apoptosis 
to occur. In addition, by immunoblotting we measured the cleav-
age of Parp as a marker of apoptosis, and found that only the 
T821E mutation was able to block the cleavage of Parp in these 
experiments, indicating that dephosphorylation of T821 of Rb is 
required for apoptosis to occur.

To determine whether dephosphorylation of T821 of Rb is 
required for other stimuli to cause apoptosis, we utilized the 
cdk inhibitor, Roscovitine, in additional experiments. In cells 
treated with Roscovitine, cdk inhibition leads to dephosphory-
lation of Rb and the C terminal domain of RNA polymerase 
II.28 Here we employed Saos2 cells which express a C terminal 
truncated, nonfunctional Rb protein.29 As shown in Figure 
3A, Roscovitine treatment causes a 7-fold increase in apopto-
sis, as measured by the quantification of degraded DNA (Cell 
Death Detection ELISA). In these experiments, we tested a 
subset of our plasmids expressing wild-type or mutant Rb and 
found that the T821E mutation was able to reduce apoptosis 
by approximately 40%, in contrast to other Rb proteins with 
mutations at S795 and S788, which did not reduce apoptosis 
at all. In addition, we further found that Rb expressing the 
T821E mutation was able to inhibit apoptosis in SKUT-1 cells, 
an Rb-null uterine cancer cell line. As shown in Figure 3B, when 
SKUT-1 cells were treated with 25 μM Roscovitine for 24 h, 
these cells exhibit a 5-fold increase in apoptosis as measured by 
an ELISA assay that quantifies cleavage of Parp (Cell Signaling 

in this process. In fact, there has been no systematic evaluation 
of specific sites of Rb dephosphorylation with respect to the role 
of Rb in apoptosis.

The notion that the tumor suppressor and anti-apoptotic func-
tions of Rb are regulated by distinct phosphorylation events has 
been proposed.22 Mutagenesis of Rb has been utilized to study 
the function of specific phosphorylation sites of Rb,23,24 which 
has led to the identification of roles for certain sites in specific 
processes.25,26 These studies highlight the complexity of Rb regu-
lation by phosphorylation, showing that specific Rb phosphoryla-
tion sites (or groups of sites) are responsible for the regulation of 
the diverse functions of Rb. However, to date the Rb phosphory-
lation sites that are required to be dephosphorylated in apopto-
sis have not been elucidated. Therefore, we performed glutamic 
acid mutagenesis of 15 phosphorylation sites of Rb to identify 
potential sites that are involved in apoptosis. We describe in this 
paper our finding that one specific mutation, threonine-821 to 
glutamic acid (T821E), was sufficient to block apoptosis induced 
by two stimuli, UV stress and cdk inhibition, in several Rb-null 
cell types.

Results

Previous studies have shown that Rb is dephosphorylated in 
response to apoptotic treatments. DNA damaging agents such 
as etoposide, Ara-C (cytosine arabinoside) and cisplatin, cause 
dephosphorylation of Rb in asynchronously growing cells, as well 
as in cells synchronized in S phase.13-16 In addition, UV stress 
and cdk inhibition that leads to apoptosis results in dephosphory-
lation of Rb.17,18,21 Here, we show in MCF7 breast cancer cells 
and HCT116 colon cancer cells that various apoptotic stimuli 
cause dephosphorylation of Rb (Fig. 1). Asynchronously grow-
ing MCF7 cells were exposed to UV (10 J/m2), and after a 4 h 

Figure 1. Apoptosis causes dephosphorylation of Rb. Asynchronously 
growing MCF7 breast cancer cells were exposed to UV stress (10 J/m2) 
and 4 h later, analyzed by immunoblotting. MCF7 cells were also treated 
with 25 μM Roscovitine or DMSO for 24 h prior to immunoblotting 
analysis. HCT116 colon carcinoma cells (p53-/-) were treated with 10 μM 
AraC for 24 h or 1 μM Staurosporine for 24 h prior to immunoblotting 
analysis. Western blots were performed as described in the Materi-
als and Methods. Induction of apoptosis and equal protein loading 
were confirmed by examining expression of cleaved Parp and β-actin, 
respectively. Dephosphorylation of Rb was detected as the loss of the 
slowly migrating, upper Rb band. Data shown is representative of three 
independent experiments.
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Figure 2. Rb expressing the T821E mutation blocks apoptosis induced by UV. Plasmids expressing Rb mutant proteins were generated as described 
in the Materials and Methods. Rb-null C33A cells were transfected using calcium phosphate precipitation (Invitrogen). In (A), the following plasmids 
encoding C terminal mutations of Rb were utilized in addition to WT: T826E, T821E, S811E, S807E and S795E. In (B), we utilized plasmids encoding inter-
nal Rb mutations in addition to WT: S788E, S780E, S612E, S608E and T373E. In (C), we used plasmids encoding N terminal mutations of Rb in addition 
to WT: T356E, T252E, S249E, S230E and T5E. After 3 d, cells were treated with UV. Four hours later, cells apoptosis was measured using the Cell Death 
Detection ELISA (Roche Diagnostics), which detects degraded DNA released from the nucleus into the cytoplasm. The amount of apoptosis (degraded 
DNA) detected in non-treated control cells was normalized to one. Graph depicts the fold increase in degraded DNA observed due to UV treatment. 
Error bars represent standard deviation of the mean of triplicate samples, and data shown is representative of three independent experiments. Apop-
tosis was also measured by immunoblotting analysis of the cleavage of Parp as an indicator of apoptosis. In addition, expression of Rb was verified by 
immunoblotting in these experiments.
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of senescence and G
1
 arrest, and apoptosis was not addressed in 

this study. Our data presented here indicate that the dephosphor-
ylation of T821 is required for the induction of apoptosis induced 
by UV stress and cdk inhibition.

To our knowledge this is the first report identifying dephos-
phorylation of a specific site of Rb as a requirement for apopto-
sis. In several studies, phosphatase activity has been shown to be 
required to cause apoptosis by UV stress or chemotherapeutic 
agents, such as etoposide and Ara-C.13,16,21 In these studies, phos-
phatase inhibitors blocked both Rb dephosphorylation and apop-
tosis. Protein phosphatase 1 (PP1) is the primary phosphatase of 
Rb, responsible for the dephosphorylation of Rb at mitotic exit.30 
In proliferating cells, PP1 binds to an interacting subunit called 
PNUTS (phosphatase nuclear targeting subunit), which regu-
lates its phosphatase activity toward Rb.31,32 Interestingly, T821 
of Rb remains phosphorylated throughout M phase and into G

1
 

phase.32,33 However, T821 is rapidly dephosphorylated (before 
other sites such as S780, S807 and S811) in response to cellular 
stress, such as hypoxia or Ara-C treatment. This suggests that 
dephosphorylation of T821 is the signal to Rb for apoptosis. In 
vitro studies using the PP1 catalytic enzyme (without PNUTS) 
shows that PP1 readily dephosphorylates T821 before other Rb 
sites, such as S780, S807 and S811.32 Together, these findings 
suggest that during normal cell cycle progression from M phase 
into G

1
 phase, the PP1 enzyme, in a complex with PNUTS, 

dephosphorylates Rb on sites other than T821. However, under 
cellular stresses that lead to apoptosis, PNUTS dissociates from 
PP1, and phosphatase activity toward T821 of Rb is stimulated. 
In fact, our studies using siRNA directed toward PNUTS dem-
onstrated that reduced PNUTS expression leads to increased 
phosphatase activity toward Rb and apoptosis.20 Thus, it may be 
the case that apoptotic stimuli cause an increase in PP1 activity 
toward T821 of Rb by regulating the association between PP1 
and PNUTS.

What is the mechanism by which phosphorylation of Rb at 
T821 imparts protection against apoptosis? Phosphorylation of 
T821 (and T826) of Rb have been shown to inhibit LXCXE 
motif, containing proteins such as T-Ag, E7 and Elf-1.23 However, 
phosphorylation of these sites was not shown to regulate the bind-
ing of Rb to E2F. E2F can associate with hypophosphorylated or 
hyperphosphorylated Rb, depending on cellular context.2,34 In 
addition, Rb regulation of E2F activity can affect cell prolifera-
tion and/or apoptosis. In apoptosis, Rb can inhibit the expression 
of E2F target genes such as the p53 family member, p73, APAF1 
and caspases.8 Due to several types of apoptotic stimuli, Rb is 
cleaved by caspase-8 between amino acids Asp 886-Gly 887, and 
subsequently degraded.8,35 This C terminal cleavage generates an 
Rb protein lacking 42 amino acids and is usually preceded by Rb 
dephosphorylation. Thus, dephosphorylation of T821 of Rb may 
be a prerequisite for this initial cleavage event. Degradation of Rb 
would lead to release of Rb binding proteins, some of which have 
been identified as playing a role in apoptosis.36,37 Two pro-apop-
totic proteins that bind to Rb and are inhibited by the interaction 
are c-ABL and c-Jun N terminal kinase/stress-activated protein 
kinase (JNK/SAPK). The c-ABL tyrosine kinase is activated by 
DNA damage or TNF-α and is associated with apoptosis.38 In 

Tech). In these experiments, out of the 5 Rb mutants tested, only 
the T821E mutation inhibited apoptosis by 50%. This finding 
was corroborated by measuring DNA degradation using the Cell 
Death Detection ELISA. In Figure 3C, although the overall 
increase in apoptosis induced due to Roscovitine treatment was 
modest (1.5-fold increase), expression of the Rb plasmid encod-
ing T821E was able to reverse the induction of apoptosis stimu-
lated by Roscovitine. Wild-type Rb in these experiments does 
not affect the induction of apoptosis. Thus, we have shown that 
Rb carrying the T821E mutation expressed in two different cell 
types is able to inhibit apoptosis induced by the cdk inhibitor, 
Roscovitine. This data demonstrates that dephosphorylation of 
T821 is required for apoptosis.

We have shown that Rb is dephosphorylated in apoptosis, 
and that mutation of T821 to glutamic acid inhibits apoptosis 
induced by UV or cdk inhibition. This suggests that if dephos-
phorylation of T821 is required for apoptosis, it should occur 
concomitant with an increase in the cleavage of Parp observed, 
due to Roscovitine treatment. To determine whether endog-
enous Rb in cells is dephosphorylated on T821 in response to 
an apoptosis inducer, we performed dose response experiments 
using Roscovitine on MCF7 cells. MCF7 cells were treated with 
a range of concentrations of Roscovitine, and 24 h later cells 
were analyzed by immunoblotting. In Figure 4, phosphoryla-
tion state-specific antibodies toward Rb were utilized to detect 
phosphorylation of T821, S780 and S608. Only T821, but not 
S780 or S608, became dephosphorylated at the concentration 
of Roscovitine (25 μM) that resulted in apoptosis (measured 
by the detection of cleaved Parp). The overall expression of Rb 
remains constant, although dephosphorylation of T821 specifi-
cally occurs due to the induction of apoptosis. This data shows 
that T821 is dephosphorylated at the time of Parp cleavage, 
whereas other Rb phosphorylation sites remain phosphorylated, 
which indicates that T821 is specifically involved in the induc-
tion of apoptosis.

Discussion

Hyperphosphorylation of Rb is found in most human cancer 
cells.3,4 This is the result of the overexpressed D and E type 
cyclins, gene amplification of cdk4 or loss of the cdk inhibitor 
p16INK4a, resulting in excessive phosphorylation of Rb. Highly 
phosphorylated Rb in tumors would not only enhance prolif-
erative capacity, but in addition, confer resistance to apoptosis. 
The data showing that phosphorylated Rb inhibits apoptosis is 
consistent with this idea.10-12 Further, the observation that Rb is 
dephosphorylated in apoptosis induced by various stimuli also 
supports a required role for Rb dephosphorylation in apopto-
sis.13-19 Because it was unclear which phosphorylation sites of Rb 
were involved in the apoptotic signal, we utilized glutamic acid 
mutagenesis to individually change each Rb phosphorylation site 
to glutamic acid, to mimic the phosphorylated state. A previ-
ous study utilizing glutamic acid mutagenesis of the Rb protein 
employed phosphorylation site mutants that contained differ-
ent combinations of between 1–12 altered sites.24 However, this 
study measured the role of phosphorylation sites in the processes 
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inhibit JNK/SAPK. In fact, JNK/SAPK exhibits kinase activity 
toward T821 of Rb in the presence of full-length Rb,43 suggesting 
that while Rb inhibits JNK/SAPK pro-apoptotic activity, JNK/
SAPK, in turn, promotes the anti-apoptotic activity of Rb by the 
phosphorylation of T821.

The phosphorylation state of Rb (of specific amino acids 
such as T821) may play an important role in the stability of 
Rb, and T821 dephosphorylation may promote the degrada-
tion and loss of Rb. Many studies have addressed the fact that 
Rb loss stimulates apoptosis. For example, in breast cancer cells 
that lack Rb, E2F1 stimulates apoptosis, rather than prolifera-
tion.44 In prostate cancer cells, the tumor suppression activity of 

apoptosis, c-ABL regulates the activity of p53 and p73.39,40 That 
Rb degradation is required for c-ABL-induced apoptosis was 
shown using mice thymocytes expressing a cleavage-resistant 
form of Rb (Rb-MI). In these experiments, degradation-resistant 
Rb blocked c-ABL activation and apoptosis.41 Another Rb bind-
ing protein that promotes apoptosis is JNK/SAPK. The JNK/
SAPK pathway mediates intracellular signals for cell death initi-
ated by apoptotic stresses such as UV radiation. For this interac-
tion, it was shown that the C terminal portion of Rb (amino 
acids 768–928) was required for binding to JNK/SAPK and 
inhibition of its associated kinase activity.42 Clearly, the C ter-
minal cleaved form of Rb would lack the ability to bind to and 

Figure 3. (A) Plasmids encoding WT Rb or Rb with the indicated mutations were transfected into Saos2 cells using Fugene (Roche) according to the 
manufacturer’s directions. Forty-eight to 72 h later, cells were treated with 25 μM Roscovitine for 24 h. Apoptosis was measured using the Cell Death 
Detection ELISA (Roche Diagnostics), which detects degraded DNA released from the nucleus into the cytoplasm. The amount of apoptosis (degraded 
DNA) detected in non-treated control cells was normalized to one. Graph depicts the fold increase in degraded DNA observed due to Roscovitine 
treatment. Error bars represent standard deviation of the mean of triplicate samples, and data shown is representative of three independent experi-
ments. Rb expression was verified by immunoblotting (data not shown). (B) SKUT-1 cells were transfected using plasmids encoding the indicated Rb 
mutations using Fugene as described in the Materials and Methods, and 48–72 h later, cells were treated with 25 μM Roscovitine for 24 h. Cleavage of 
Parp (as an indicator of apoptosis) was measured using an ELISA (Cell Signaling Tech). The amount of apoptosis (cleaved Parp) detected in non-treated 
control cells was normalized to one. Graph depicts the fold increase in cleavage of Parp observed due to Roscovitine treatment. Error bars represent 
standard deviation of the mean of triplicate samples, and data shown is representative of two independent experiments. (C) SKUT-1 cells were trans-
fected with plasmids encoding WT Rb or the T821E mutation as described in (B), and treated with Roscovitine and subjected to the Cell Death Detec-
tion ELISA as described in (A). The amount of apoptosis (degraded DNA) detected in non-treated control cells was normalized to one. Graph depicts 
the fold increase in degraded DNA observed due to Roscovitine treatment. Error bars represent standard deviation of the mean of triplicate samples, 
and data shown is representative of three independent experiments.
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Materials and Methods

Cell culture. All the cell lines utilized have been obtained from 
ATCC unless otherwise specified. Cell culture materials were 
obtained from Invitrogen unless otherwise indicated. MCF7, 
C33A and SKUT-1 cells were grown in Dulbecco’s modified 
Eagle’s media (DMEM), supplemented with 10% fetal bovine 
serum (FBS), 100 U/ml Penicillin, 100 μg/ml Streptomycin and 
2 mM glutamine. HCT116 p53-/- cells (a kind gift from Dr. 
B. Vogelstein, Johns Hopkins) were maintained in McCoy’s 5A 
media with 10% FBS and penicillin/streptomycin. Saos2 cells 
were grown in McCoy’s 5A media, supplemented with 15% FBS 
and penicillin/streptomycin. Cells were routinely maintained at 
37°C in a humidified, 5% CO

2
-containing atmosphere and were 

split two–three times weekly to maintain subconfluent cultures.
Transfections. The CMV/Rb plasmid was obtained from 

Addgene. It was used to generate S/T to E mutations at the follow-
ing amino acid sites: T5, S230, S249, T252, T356, T373, S608, 
S612, S780, S788, S795, S807, S811, T821 and T826 (Genewiz, 
Inc.). Plasmids were introduced into C33A cells using calcium 
phosphate transfection kits (Invitrogen), performed according 
to the manufacturer’s directions. Saos2 and SKUT-1 cells were 
transfected using Fugene (Roche). Cells were harvested 48–72 h 
post-transfection. All transfections were performed using 10 μg 
of total DNA/60 mm dish. Expression of wild-type Rb and Rb 
mutant proteins was routinely verified by immunoblotting.

Immunoblotting. SDS-PAGE and western blotting was 
performed as described elsewhere.20 In this study, we utilized 
the following primary antibodies: Rb-phospho-821 (Pierce), 
Rb-phospho-780, Rb-phospho-608, cleaved PARP, (Cell 
Signaling Technology); or Rb (IF8, Santa Cruz Biotech); β-Actin 
(Sigma).

Apoptosis assays. Cells were treated with UV (10 J/m2) on 
a DNA crosslinker (UVP Inc.). Roscovitine was administered 
to cells at 25 μM, control cultures received DMSO. The Cell 
Death Detection ELISA (Roche Diagnostics) was performed as 
directed by the manufacturer. Briefly, 104 cells from each condi-
tion were lysed and subjected to a slow spin centrifugation to 
pellet nuclei. Extracts from the cytoplasmic fraction were used 
to detect fragmented DNA, which was measured on a BioRad 
microplate reader, and experiments were conducted in triplicate. 
The Parp cleavage ELISA (Cell Signaling Tech) was performed 
as directed by the manufacturer’s directions.
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miR-449a is dependent upon the presence of functional Rb.45 
In addition, loss of Rb in combination with the inactivation of 
the TSC2 tumor suppressor induces a synergistic cell death.46 
Rb has also been shown to be required for the maintenance 
of differentiated myotubes.47 Thus, if T821 dephosphoryla-
tion of Rb induces Rb degradation, apoptosis is the predictable  
outcome.

Therefore, we conclude that in our analysis of single phos-
phorylation site mutants of Rb we found that only one, T821E, 
was able to block apoptosis stimulated by UV stress or cdk 
inhibition. These data are consistent with the idea that dephos-
phorylation of T821 occurs only in apoptosis and abrogates the 
anti-apoptotic function of Rb. Interestingly, Rb family proteins 
p107 and p130, while highly similar to Rb in the area surround-
ing T821 and T826, lack T821 and nine adjacent amino acids 
found in Rb.48 In fact, a role in apoptosis has not been found 
for p107 or p130,49 further suggesting that dephosphorylation of 
T821 is the required signal for Rb to allow apoptosis.

Figure 4. Dephosphorylation of T821 of Rb occurs concomitant with 
apoptosis. Asynchronously growing MCF7 cells were treated with 
DMSO as a control, or 6.25 μM, 12.5 μM, 25 μM or 50 μM Roscovitine 
for 24 h, followed by immunoblotting with the indicated antibodies. 
Three Rb phosphorylation-specific antibodies were utilized to detect 
phosphorylation at T821, S780 and S608, and apoptosis was detected 
using antibodies to cleaved Parp. Equivalent expression of Rb and equal 
protein loading were confirmed by immunoblotting of Rb and β-actin, 
respectively. Data shown is representative of three independent experi-
ments and blot shown (for T821, S780 and S608) is of the same (20 sec) 
exposure of the film.
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