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Abstract

The retinoblastoma tumor suppressor protein (pRB) plays an integral role in G
1
-S checkpoint control and consequently is a frequent target for 

inactivation in cancer. The RB protein can function as an adaptor, nucleating components such as E2Fs and chromatin regulating enzymes into the 
same complex. For this reason, pRB’s regulation by posttranslational modifications is thought to be critical. pRB is phosphorylated by a number 
of different kinases such as cyclin dependent kinases (Cdks), p38 MAP kinase, Chk1/2, Abl, and Aurora b. Although phosphorylation of pRB by 
Cdks has been extensively studied, activities regulated through phosphorylation by other kinases are just starting to be understood. As well as 
being phosphorylated, pRB is acetylated, methylated, ubiquitylated, and SUMOylated. Acetylation, methylation, and SUMOylation play roles in pRB 
mediated gene silencing. Ubiquitinylation of pRB promotes its degradation and may be used to regulate apoptosis. Recent proteomic data have 
revealed that pRB is posttranslationally modified to a much greater extent than previously thought. This new information suggests that many unknown 
pathways affect pRB regulation. This review focuses on posttranslational modifications of pRB and how they influence its function. The final part of 
the review summarizes new phosphorylation sites from accumulated proteomic data and discusses the possibilities that might arise from this data.

Keywords: phosphorylation, methylation, acetylation, cell cycle, proteomics

Introduction
The decision to enter the cell cycle and 
initiate DNA replication is an intricately 
choreographed process by the cell and 
results from the integration of informa-
tion regarding the nutritional state, pres-
ence or absence of growth factors, and 
other external signals. Inherent to the 
cell cycle are checkpoints that monitor 
the state of the cell and block progres-
sion until all the requirements to proceed 
are met.1 One of these checkpoints, 
called the restriction point, lies at  
the G

1
-S phase boundary and is regu-

lated by the retinoblastoma tumor sup-
pressor protein (pRB; hypophosphor- 
ylated human retinoblastoma protein)2,3 
In higher metazoans, pRB is one of a 
family of proteins including p107 and 
p130 collectively called the “pocket pro-
teins.”4 Although these proteins retain a 
high degree of structural similarity, they 
perform distinct functions with respect 
to regulation and protein binding part-
ners.5 The tumor suppressor activity of 
pRB resides mainly in its ability to 
restrict growth by suppressing the activ-
ity of members of the E2F family of 
transcription factors both through direct 

binding and in the recruitment of co-
repressors such as chromatin remodel-
ing factors.3 The importance of the E2Fs 
lies in their function as regulators of cell 
cycle genes and, in particular, genes nec-
essary to traverse S phase.6,7

The underlying etiology of cancer 
involves a loss of proliferative control, 
and because regulation of G

1
 progres-

sion is highly sensitive to oncogenic 
processes,2,8 disruption of the pRB path-
way appears to be universal in almost all 
cancers.9 The human retinoblastoma 
gene RB1 was originally identified as 
the susceptibility locus for the childhood 
cancer syndrome retinoblastoma. In 
addition to developing retinal malignan-
cies, retinoblastoma survivors also show 
a predisposition to osteosarcoma.10,11 
However, among other cancers, only 
small cell lung cancer is strongly associ-
ated (90%) with direct mutations in 
RB1.12,13 Indeed, tumors harboring 
mutations in RB1 generally occur infre-
quently.14,15 Rather, in most cancers pRB 
function is lost due to dysregulation of 
its upstream regulators, which renders it 
constitutively inactive with respect to 
cell cycle control.9,12,16

Much of the function of pRB can  
be understood within the context of  
posttranslational modifications and in 
particular phosphorylation. Protein post-
translational modification is one of the 
fundamental mechanisms underlying cel-
lular metabolic regulation.17 In almost all 
instances, biochemical information is 
transduced through molecular changes, 
such as phosphorylation/dephosphoryla-
tion, made to existing proteins or by the 
targeted degradation of specific proteins 
through ubiquitinylation. In cells resting 
in G

0
, or in early G

1
, pRB is largely 

dephosphorylated and is often described 
as hypophosphorylated (Fig. 1). Under 
these conditions, pRB binds to E2Fs to 
form a repressor complex.3 However, as 
the cell progresses through G

1
 to S phase, 
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pRB is sequentially phosphorylated at 
specific sites by cyclin D/Cdk4/6 in early 
G

1
 and cyclin E/Cdk2 in late G

1
.3,18 Phos-

phorylation leads to conformational 
changes and reduced affinity for pRB’s 
interacting partners.19,20 Complete disso-
ciation occurs at the restriction point 
toward the end of G

1
 and allows for the 

E2F dependent transcription of S-phase 
specific genes.2,3,8,21

In addition to its role in G
1
 check-

point control, pRB performs many other 
functions. Included among these are 
regulation of apoptosis, differentiation, 
chromosomal stability, and senescence.15 
Many if not all of these functions are 
governed by posttranslational modifica-
tions. For example, within the context of 
G

1
 progression, hyperphosphorylation is 

equated with loss of E2F binding, 
whereas under conditions where DNA is 
damaged, hyperphosphorylated ppRB 
retains the ability to bind E2F1.22-24 
Although these interactions remain 
poorly characterized, current data  
suggest that phosphorylation of pRB 
under these circumstances may be dis-
tinct from that observed in normal 
S-phase.22,24 This implies the involve-
ment of kinases other than Cdks, and 

indeed pRB has been observed to be a 
substrate for kinases such as p38 
MAPK.25-28 In addition to p38 MAPK, 
pRB has been shown to be a target of 
other serine/threonine kinases and also 
the tyrosine kinase c-Abl.18 Although 
the functional aspects of these phos-
phorylation events are just beginning to 
be appreciated, they point to an emerg-
ing level of complexity inherent to pRB 
regulation.

Another layer of transcriptional con-
trol, in addition to direct regulation of 
E2F transcription factors, is pRB’s ability 
to recruit chromatin modifying proteins 
such as histone deacetylases and methyl-
transferases.29 The RB protein is acety-
lated and methylated in response to a 
number of external stimuli,18 and these 
modifications are important in dictating 
specific functions of pRB within a given 
context. In addition, acetylation and 
methylation of pRB are necessary prereq-
uisites for facilitating interactions with 
proteins involved in differentiation and 
transcriptional repression.30-34 pRB is 
also a target for ubiquitinylation and 
SUMOylation. The Mdm2 oncoprotein 
binds to pRB and mediates its ubiquiti-
nylation and subsequent degradation.35,36 

The role of SUMOylation in pRB  
function is less clear. Given that viral pro-
teins such as adenovirus E1A inhibit  
pRB function and also antagonize 
SUMOylation,37 this modification is 
likely part of an activation signal. Since 
SUMOylation is required for senes-
cence,38,39 this cell cycle exit paradigm 
may use this modification of pRB as part 
of this process.

In a recent review, Munro et al.18 
summarized many of the posttransla-
tional modifications inherent to pRB 
function, in particular phosphorylation 
by Cdks as it relates to the function of 
pRB during the G

1
-S phase transition. 

However, due to the advent of pro-
teomics, it has become apparent that 
phosphorylation of pRB is far more 
extensive than has thus far been real-
ized. Many of these “undocumented” 
phosphorylation sites occur within the 
context of specific physiological para-
digms and suggest additional regulatory 
functions for pRB. The purpose of this 
review is to provide a comprehensive 
summary of the posttranslational modi-
fications that influence pRB function 
particularly as it is defined by protein-
protein interactions.

Phosphorylation

Serine/Threonine Phosphorylation
Regulation of pRB-E2F interactions dur-

ing the G
1
 phase by Cyclin-Cdk phosphory-

lation. The initial observations linking 
pRB phosphorylation and the cell cycle 
were based on altered electrophoretic 
migration rates that correlated with dif-
ferent stages of the cell cycle.40 In non-
cycling, quiescent cells (G

0
 phase) or 

cells in early G
1
, pRB is phosphorylated 

at only a few Cdk sites41,42 and is bound 
to E2F transcription factors.3 As cells 
progress through G

1
 toward S phase, 

pRB is increasingly phosphorylated, 
resulting in the dissociation of E2F and 
facilitating the transcription of S phase 
genes (Fig. 1). Phosphorylation of pRB 
by Cdks has been extensively studied, 
and consequently much is known about 
the process. Analysis of human  
pRB reveals 12 sequences matching  
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Figure 1.  A model for cell cycle regulation by pRB. In G
1
, pRB is mostly dephosphorylated 

(hypophosphorylated) and binds to E2F/DP1 heterodimers to repress transcription. As part of the 
repressor complex, pRB also recruits chromatin modifying proteins that contribute in the repression 
of E2F dependent transcription. As the cell progresses through G

1
, hyperphosphorylation of pRB 

(ppRB) by cyclin D/Cdk4/6 and cyclin E/Cdk2 compromises the integrity of the repressor complex, 
resulting in the dissociation of E2F and allowing for the transcription of S-phase genes.
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the consensus phosphorylation motif of 
S/T-P-X-K/R for Cdks.43 Using the min-
imum sequence requirement for Cdk of 
S/T-P, a total of 16 sites are found in 3 
main areas within pRB (Fig. 2). Seven 
sites are clustered between S780 and 
T826 at the carboxyl-terminus and a fur-
ther 6 in the amino terminus between T5 
and T373.44-46 The remaining sites 
(S567, S608, S612) are found within the 
small pocket.44,45 Murine pRb is missing 
T5 but contains an additional site at 
S364, corresponding to P370 in human.44 
Although the minimum consensus 
sequence S/T-P applies for all Cdks, 
upstream or downstream amino acid 
sequence may contribute to specificity 
among the Cdk family.46,47 By a combi-
nation of site specific methods and mass 
spectrometry, phosphorylation of all 16 
consensus Cdk phosphorylation sites in 
pRB has been observed.44-46,48-52 In 
actively cycling cells, the initial phos-
phorylation events in early G

1
 phase are 

catalyzed by Cdk4 or 6 activated by 
cyclin D41,46 and can be inferred from in 
vitro phosphorylation data to occur  
on S249, T252, T356, S608, S788,  
S807, S811, and S826.46 Thereafter, 
phosphorylation by cyclin D/Cdk4/6 
and/or cyclin E/Cdk2 phosphorylates 

T5, T373, and S795. Finally, in late G
1
, 

phosphorylation of S612 and T821 
occurs mediated by cyclin E Cdk2.46 
Much of the data described above  
were obtained by measuring in vitro 
kinase specificities followed by phos-
phopeptide mapping or by site directed 
mutagenesis of consensus Cdk sites fol-
lowed by reporter or in vitro kinase 
assays. Together these studies reveal a 
mechanistic framework for understand-
ing the sequential nature of pRB 
phosphorylation.

Phosphoprotein analysis by mass 
spectrometry from cells exposed to a 
variety of conditions has confirmed the 
phosphorylation of 13 of the 16 consen-
sus Cdk sites in human pRB. Dephoure 
et al.51 and Olsen et al.53 mapped the cell 
cycle stage specific phosphoproteome in 
HeLa cells arrested in G

1
 by a double 

thymidine block or in M phase by 
nocodazole. In both studies, extensive 
pRB phosphorylation was observed in 
M phase, but only S249 and T252 were 
observed to be phosphorylated in G

1.

51 
In M phase pRB was determined to be 
phosphorylated on 10 of the known Cdk 
phosphorylation sites (S249, T252, 
T356, T373, S608, S612, S807, S811, 
T821, and T826).51,53 Huttlin et al.50 

compiled an atlas of murine protein 
phosphorylation in specific tissues—
namely brain, brown fat, heart, kidney, 
liver, lung, pancreas, spleen, and tes-
tis—and identified 12 of the known Cdk 
sites commonly shared between human 
and rodent (corresponding to S249, 
T252, T350, T373, S608, S612, S780, 
S795, S807, S811, T821, and T826) as 
being phosphorylated. They also identi-
fied murine T364 corresponding to P370 
in human pRB as being phosphory-
lated.50 Proteomic analysis by others, of 
both human and murine cell lines, is 
consistent with the studies discussed 
above.54-57 Thus, phosphoproteomic 
approaches are revealing many of the 
same phosphorylation events as muta-
tional analysis and phosphopeptide 
mapping, the exceptions being T5, S230, 
and S567.

A number of studies have attempted 
to identify critical phosphorylation sites 
that regulate pRB-E2F interactions. 
Brown et al.44 attempted to address this 
by expressing combinatorial pRB 
mutants in pRB null C33A cancer cells. 
It was  concluded that the effect of  
phosphorylation on pRB was cumula-
tive, with no single site or combination 
of sites predominating. Others have 
observed that the central pocket region 
(or small pocket) of pRB spanning 
amino acids 379-792 is sufficient to con-
fer transcriptional repression on E2F 
and that this is not affected by co-expres-
sion of this region with cyclin D1 and 
cyclin E.58,59 In contrast, transcriptional 
repression was relieved when the pocket 
domain including the C-terminal region 
(large pocket) was expressed with Cdk 4 
and Cdk 2, suggesting an important reg-
ulatory role for the C-terminal Cdk 
phosphosites.59 In agreement with these 
findings, Knudsen and Wang60 observed 
that phosphorylation of the C-terminal 
sites inhibited binding of the large 
pocket to E2F, and Rubin et al.61 
observed that phosphorylation of S788 
and S795 and of T821 and T826 induce 
allosteric changes to pRB that destabi-
lize the interaction with E2F.61 More-
over, these conformational changes 

A B C-Term

1 928379 772581 643

Small Pocket

1 928379 772581 643

Large Pocket

Phosphoryla�on observed only for corresponding site in mouse pRb (S224). 

Confirmed in pRB

Figure 2.  Schematic representation of the Cdk phosphorylation sites in pRB. Position of the 
consensus Cdk phosphorylation sites in relation to the pRB protein is indicated. Phosphorylation 
of S230 has not been confirmed by either site directed methods or mass spectrometry in human 
pRB, but phosphorylation of the corresponding serine in mouse pRb (S224) has been observed by 
site directed methods (see text). Unless specified, amino acid numbering throughout the text will 
refer to human pRB. The A and B domains of the small pocket and large pocket and the carboxyl-
terminus are indicated.
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unmask other phosphorylation sites 
which, upon phosphorylation, induce 
further alterations in secondary struc-
ture, ultimately resulting in the loss of 
the binding interface required by 
E2F.19,45,49,61 Phosphorylation at T821 
and T826 also disrupts binding of the 
histone deacetylases HDAC1 and 
HDAC2, which facilitate transcriptional 
repression by helping to maintain chro-
matin in a closed conformation.49,62,63 In 
contrast to the C-terminus alone, pRB 
mutants in which all the C-terminal and 
linker phosphorylation sites were 
mutated, leaving just the amino terminal 
Cdk sites (T5, S230, S249, T252, T356, 
and S567), were still capable of G

1
 

arrest, and binding to E2Fs was unaf-
fected,60 indicating the importance of 
the carboxyl-terminal Cdk phosphoryla-
tion sites in regulating the pRB-E2F 
interaction.

In another approach, the roles of spe-
cific Cdk phosphorylation sites were 
determined by measuring the relative 
binding affinities of purified phosphory-
lated pRB Cdk mutants for an E2F 
derived peptide. In this case, a pRB 
mutant phosphorylated at S608/S612 in 
the linker region and T356/T373 in the 
amino-terminal region displayed a bind-
ing affinity for E2F similar to that of a 
fully phosphorylated wild-type.19,20 
Phosphorylation of these sites results in 
intramolecular rearrangements within 
the pocket domain that occlude E2F and 
prevent binding.19,20 This suggests that 
discrete aspects of pRB-E2F interac-
tions are competed unambiguously by 
single phosphorylation modifications. In 
summary, phosphorylation of the C-ter-
minal Cdk sites by cyclin D/Cdk4/6 ini-
tiates structural changes to pRB resulting 
in the establishment of intramolecular 
interactions leading to the exposure of 
secondary Cdk phosphorylation sites. 
As the cells enter late G

1
, the exposed 

Cdk sites at T373 and S612 are phos-
phorylated by cyclin E/Cdk2, leading to 
conformational changes within pRB and 
resulting in a loss of the E2F binding 
cleft within the pocket domain. Taken 
together, the picture that is emerging  

indicates that different combinations of 
phosphorylation events catalyzed by 
Cdks inactivate pRB by changing the 
binding affinity for E2Fs and possibly 
other interacting proteins as well.

Phosphorylation by Cdk9. Cdk9 is 
another cyclin dependent kinase related 
to Cdk1, but it is regulated by 2 different 
cyclins, cyclin T and cyclin K, neither of 
which exhibits cell cycle regulation.64 
Consequently, Cdk9 activity does not 
fluctuate with the cell cycle.64 The func-
tion of Cdk9 differs depending on which 
cyclin it is associated with. With cyclin 
T, Cdk9 regulates transcription by form-
ing a complex with and stabilizing Pol II 
as the positive transcription elongation 
factor b complex.64 When in a complex 
with cyclin K, Cdk9 functions in 
response to replicative stress where it 
accumulates on chromatin to mitigate 
the effects of accumulating single 
stranded DNA.65 Cdk9 phosphorylates 
pRB exclusively on serine residues66,67 
subsequently mapped to S795, S807, 
and S811.68 The functional significance 
of Cdk 9 phosphorylation of pRB is also 
not known since these phosphorylation 
sites were identified by in vitro phos-
phorylation assays of pRB by Cdk9. 
Because Cdk9 does not undergo cell 
cycle regulation and levels of active 
enzyme and cyclin T are high in termi-
nally differentiated cells,64,69 it is 
unlikely to be involved in proliferative 
control of actively cycling cells.

Regulation of pRB function by Cdk3 
phosphorylation during G

0
 to G

1
 phase. 

Under conditions such as nutrient depri-
vation, cells exit the cell cycle and move 
into a state of quiescence termed G

0
.21 

The role of pRB in the G
0
-G

1
 transition 

was suggested in experiments in which 
knockdown of pRB in quiescent fibro-
blasts initiated a rapid reentry into the 
cell cycle.70 In G

0
, pRB is considered to 

be nonphosphorylated,41,42 but hypo-
phosphorylation of pRB has been pro-
posed to be necessary in order to initiate 
G

1
.41 However, while levels cyclin D are 

low at the onset of G
1
, but expression of 

cyclin C peaks at the transition between 
G

0
 and G

1
.71 In an extensive study to 

determine the function of pRB in the 
transition from G

0
 to G

1
, Ren and Roll-

ins72 observed phosphorylation by cyclin 
C/Cdk3 on S807/S811. Moreover, phos-
phorylation of pRB at these sites was 
shown to be necessary for an efficient 
G

0
-G

1
 transition, as SAOS-2 cells 

expressing a double S807/S811 mutant 
transitioned to G

1
 at a much lower fre-

quency than cells overexpressing wild-
type pRB or cyclin C.72 Although these 
sites are also targets for Cdk4/6 and 
Cdk2, pRB phosphorylated in vitro by 
Cdk3 and microinjected into cells can-
not inactivate E2F function,52 suggest-
ing that when present, cyclin C/Cdk3 
phosphorylation of S807/S811 mediates 
pRB functions specific for G

0
 exit.72

pRB phosphorylation by Cdk5 in neu-
rons. Reentry of neurons into the cell 
cycle results in apoptosis and cell death 
and neurodegenerative diseases such as 
Alzheimer’s and Parkinson’s have been 
linked to aberrant cell cycle regula-
tion.73-75 The mechanism as to how neu-
rons lose their postmitotic status and 
enter the cell cycle is somewhat contro-
versial; however, the atypical Cdk5 
appears to play a central role. This 
kinase is unique in that although struc-
turally similar to other Cdks, it is not 
regulated by any known cyclin but rather 
is regulated by p35 and p39 and is local-
ized primarily in the cytoplasm.76-79 The 
regulatory protein p35 is normally 
myristoylated and membrane associ-
ated; however, under neurotoxic condi-
tions such as high ROS, p35 is cleaved 
into a soluble 25 kDa fragment that 
binds and activates Cdk5,79 and a num-
ber of reports have linked p25/Cdk5 
with cell cycle dysregulation and neuro-
toxicity.77,80-82 In neuronal-like SY5Y 
cells compelled to reenter the cell cycle 
by overexpressing p25, pRB was phos-
phorylated at S795 and S807/811.83 
Phosphorylation was shown to be Cdk5 
dependent, as opposed to Cdk4 and 
Cdk6, in vivo by differential inhibition 
and by in vitro kinase reactions.83 In 
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another study, a pool of nuclear Cdk5 
was shown to phosphorylate all the 
C-terminal pRB phosphosites (S780, 
S788, S795, S807, S811, T821,  
and T826) in mouse cerebellar and corti-
cal neurons, and this correlated with 
increased E2F1 transcriptional activ-
ity.84 Thus, it appears that dysregulation 
of pRB function by overactive p35 or 
p25, or by mislocalization of Cdk5 to the 
nucleus, results in activation of E2F and 
reentry into the cell cycle.

Phosphorylation by Other Serine/Threo-
nine Kinases

p38 MAP kinase. In addition to under-
going Cdk mediated phosphorylation, 
pRB is also phosphorylated by p38 
MAPK. The p38 MAPK pathway may 
be activated by mitogenic stimulation85 
but is mostly associated with pathways 
activated in response to cell stress such 
as oxidative stress and DNA damage.86-88 
In studies of nonmitogenic stimuli on 
pRB function, Wang and colleagues 
observed pRB to be directly phosphory-
lated by p38.25,26 In addition, phosphory-
lation of pRB in vivo following TNFα 
stimulation of Jurkat T cells was inde-
pendent of Cdk activity and corre-
sponded with elevated levels of p38 
activity and transcription of E2F1 target 
genes.25,26 Subsequently, others have 
observed p38 phosphorylation and inac-
tivation of pRB in response to nonmito-
genic cues in other cell lines.27,28,89,90

Although it appears that p38 phos-
phorylates pRB directly, only limited 
information exists concerning the loca-
tion of these sites. Faust et al,85 using a 
phosphospecific antibody, observed 
pRB to be phosphorylated on S807/S811 
in a p38 dependent fashion under mito-
genic conditions. Again, using a phos-
phospecific antibody, Yeste-Valasco  
et al.28 and Cho et al.90 observed S780 to 
be a target for direct phosphorylation by 
p38 in cerebellar granular neurons and 
the hepatocyte cell line AML12, respec-
tively. Similarly, Delston et al.89 
observed p38 mediated phosphorylation 
of S567 of pRB using an antibody 

specific for phosphorylation of this site. 
Phosphorylation of S567 of pRB 
resulted in an association with the E3 
ubiquitin ligase Mdm2 resulting in pRB 
degradation, loss of E2F1 repression, 
and active transcription of proapoptotic 
genes.89 This latter result is surprising in 
the sense that a previous report sug-
gested that this site only becomes 
exposed upon Cdk mediated phosphory-
lation of C-terminal phosphorylation 
sites.49 However, p38 phosphorylation 
of S567 occurred independently of 
C-terminal phosphorylation suggesting 
that alternate mechanisms must exist to 
facilitate p38 phosphorylation of S567. 
Thus, pRB phosphorylation by p38 is 
part of a proapoptotic signal.

All the p38 MAPK phosphorylation 
sites identified are also targets for Cdk 
phosphorylation. This contrasts with the 
observations of Nath et al,26 who indi-
cated that p38 MAPK phosphorylation of 
pRB occurred at sites distinct from those 
of Cdk. Like other members of the 
MAPK family, p38 MAPK is a proline 
directed kinase91,92 and phosphorylates 
sequences lying within the general  
consensus of P-X-S/T-P and S/T-P; how-
ever it may also phosphorylate sequences 
that diverge from this generally accepted 
consensus.93-95 In addition, upstream 
docking sites may be more important in 
determining the site of phosphorylation 
than the individual consensus sequence.96 
Therefore, the possibility exists that p38 
phosphorylation of pRB is not restricted 
to specific MAPK consensus sequences. 
This variability of sites that are phosphor-
ylated raises the question of how they are 
selected and contribute to this distinct 
cellular outcome. More work is clearly 
needed in this area.

Phosphorylation by Chk1/2. The check-
point kinases Chk1 and Chk2 play an 
integral role as regulators of cell sur-
vival under conditions of genotoxic 
stress. These kinases are activated by 
upstream “sensor” kinases ATM and 
ATR in response to double stranded 
DNA breaks, or replicative stress, which 

may lead to the accumulation of single 
stranded DNA.97,98 The Chk kinases 
function in the S and G

2
 phases and initi-

ate growth arrest in response to DNA 
damage.97,98 Inoue et al.99 observed an 
increase in S612 phosphorylation in 
pRB in cells that had undergone growth 
arrest due to genotoxic stress. Although 
S612 is phosphorylated by Cdk4/6, 
reduced phosphorylation at other Cdk4/6 
or Cdk2 phosphorylation sites suggested 
that S612 was being phosphorylated by 
another kinase activated in response to 
DNA damage.99 Further experiments 
indicated that both Chk1 and Chk2 
phosphorylate pRB at S612 and that 
Chk2 phosphorylation was ATM depen-
dent.99 E2F1 is involved in transcription 
of proapoptotic genes in response to 
DNA damage, and E2F1-pRB com-
plexes have been observed in cells that 
have undergone growth arrest due to 
DNA damage.22,24 Phosphorylation of 
S612 by Chk2 increases the affinity for 
pRB toward E2F1, and alanine substitu-
tion at S612 both decreased the pRB/
E2F1 interaction and compromised  
the E2F1 dependent transcription of  
proapoptotic genes in DNA damaged 
cells.99 It is interesting that phosphoryla-
tion of S612 by Chk1/2 promotes pRB/
E2F1 interactions under these condi-
tions, whereas at the G

1
-S checkpoint, 

Cdk phosphorylation of S612, in combi-
nation with phosphorylation of S608 
and T356/T373, reduced the affinity  
of the E2F1 transactivation domain  
for pRB by about 250-fold.19 These dif-
fering results indicate that although dif-
ferent kinases phosphorylate the same 
sites on pRB, it is the cellular context 
and combination of phosphorylated 
sites, along with potentially other post-
translational modifications, that dictate 
pRB function for a given physiological 
state.22

Phosphorylation by Aurora kinase. In 
addition to having a role in G

1
-S check-

point control, pRB functions in the 
maintenance of chromosome stability. 
Indeed, chromosomal instability is a 
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characteristic feature of most solid 
tumors,100 a primary consequence of 
which is aneuploidy that arises as a result 
of the failure of chromosomes to segre-
gate properly.100 Loss of pRB has been 
observed to cause polyploidy or aneu-
ploidy in a number of cell types,101,102 
and one function of pRB is the recruit-
ment of chromatin modifying proteins to 
the centromere.101,103,104 The serine/thre-
onine Aurora b kinase is a member of the 
Chromosomal Passenger Complex and 
functions in regulating the attachment of 
the mitotic spindle to the centromere.105 
Transcription of Aurora b is cell cycle 
dependent, beginning in G

2

106 and con-
tinuing through mitosis. Aurora b shows 
dynamic changes in localization as the 
cell progresses through mitosis associat-
ing with chromosomes, inner centro-
meres, microtubules at the central 
spindle, the cleavage furrow, and finally 
the midbody.106 As a key regulator of 
mitotic fidelity, Aurora b misregulation 
has been implicated in a variety of can-
cers.106,107 Aurora b phosphorylates a 
large array of proteins including 
pRB.105,108 In a series of experiments 
using a combination of siRNA and selec-
tive Aurora b inhibitors, Nair et al.108 
observed that pRB hypophosphorylation 
could be uncoupled from Cdk inhibition 
under conditions of pseudo-G

1
 cell cycle 

arrest.108 Inhibition of Aurora b led to 
polyploidy, which was mitigated by 
knockdown of pRB and inhibition or 
pRB dephosphorylation.108 The sugges-
tion that pRB was a potential down-
stream substrate of Aurora b kinase was 
confirmed by both in vitro and in vivo 
kinase assays identifying S780 as the tar-
get residue. Expression of a phosphomi-
metic S780D pRB mutant in SaOS2 cells 
provided a measure of protection against 
polyploidy induced by Aurora b inhibi-
tion, suggesting that the function of pRB 
in preventing endoreduplication is 
dependent on Aurora b.108 Interestingly, 
the primary effect of phosphorylation of 
pRB on S780 by Aurora b was to stabi-
lize the E2F1-pRB interaction.108 In 
forming this stable interaction, it was 
argued that phosphorylation of pRB by 
Aurora b serves as a checkpoint after a 

failed mitosis to prevent cell cycle reen-
try and polyploidy.108

Interaction with Raf1 and Ask1 kinases. 
Mitogenic signals propagated by acti-
vated cell surface receptors converge on 
Ras and require Cdk mediated inactiva-
tion of pRB for cell cycle progres-
sion.109-113 The serine/threonine kinase 
c-Raf1 functions to activate the MAPK/
Erk pathway in response to growth fac-
tors as a downstream effector of Ras.114 
Upon activation by Ras, Raf1 interacts 
directly with pRB early in G

1
 preceding 

cyclin D/Cdk 4/6 binding.115,116 This 
interaction is necessary to alleviate the 
repressor activity exerted by pRB on E2F, 
partly by disrupting the LXCXE medi-
ated interaction between Brg1 and 
pRB,116 and is dependent upon Raf1 
kinase activity.115-118 Despite this interac-
tion, phosphorylation of pRB by Raf1 has 
only been observed in vitro and the sites 
of phosphorylation have not been 
assigned.115

The apoptosis signal-regulating 
kinase 1, Ask1, is also a member of the 
MAPKKK family of serine/threonine 
kinases.119 Unlike Raf1, Ask1 does not 
activate the MAPK/Erk pathway but 
rather is involved in the activation of 
stress response pathways mediated by 
JNK and p38 and as such plays a role in 
apoptosis and other cellular stress 
responses.119 In addition, Ask1 has been 
linked to a number of malignancies such 
as colon, skin, and gastric tumors.120 In 
human gastric cancer cells, Ask1 regu-
lates cyclin D1 expression and knock-
down of Ask1 arrests cells in G

1
.120 Ask1 

interacts with pRB through the LXCXE 
binding motif in response to apoptotic 
signals and phosphorylates pRB in vitro 
in an LXCXE dependent fashion, 
although the sites of phosphorylation 
have not been identified.121 In addition, 
binding of Ask1 alleviates the pRB medi-
ated repression of E2F1 by destabilizing 
the pRB/E2F1 interaction,121,122 and 
knockdown of Ask1 or disruption  
of the pRB/Ask1 interaction mitigates the 
apoptotic effects of TNFα in human aor-
tic epithelial cells.122 The fact that Ask1 
mutants that are incapable of binding  

pRB could not induce apoptosis sug-
gests that this interaction contributes to  
a balance between the proapoptotic 
function of E2F1 and the antiapoptotic 
functions of pRB.121,122 It is interesting 
to note that both Raf1 and Ask1 compete 
for binding to pRB in vitro, but binding 
of these kinases in vivo is governed by 
different pathways indicating a level of 
specificity.121

Tyrosine Phosphorylation. Although 
much is known about serine/threonine 
phosphorylation of pRB, little is known 
about tyrosine phosphorylation. Tyrosine 
phosphorylation in response to external 
stimuli serves a fundamental regulatory 
role in almost all facets of cellular physiol-
ogy. Many tyrosine kinases are rendered 
oncogenic by mutations that lead to dys-
regulation,123 and because of this many 
protein tyrosine phosphatases are tumor 
suppressors.124 Unlike serine/threonine 
phosphorylation, which is to a large part 
structural, tyrosine phosphorylation is 
mostly regulatory and a large number of 
proteins bind phosphotyrosine motifs.123 
There are 28 tyrosine residues in pRB, of 
which 8 are phosphorylated under a vari-
ety of conditions (Fig. 3).57 Most of these 
sites are uncharacterized, and little is 
known as to their function. This part of the 
review focuses on what is known about 
tyrosine phosphorylation of pRB and dis-
cusses possible functions for it.

Phosphorylation by c-Abl. The non–
receptor tyrosine kinase c-Abl is ubiqui-
tously expressed and is found in both the 
cytosol and the nucleus. Observations 
that pRB and c-Abl interact in a phos-
phorylation dependent manner125,126 and 
that overexpression of c-Abl induces 
cell cycle arrest suggested that c-Abl 
functions as a negative growth regulator 
through pRB.126-128 The interaction 
between pRB and c-Abl is mediated 
through the C-terminus of pRB interact-
ing with the kinase domain of c-Abl126 
and is sensitive to phosphorylation of 
S807/S811 but not T821/T826, suggest-
ing that it is not mediated through an 
LXCXE motif.60,129 Although Abl can 
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drive either transformation or growth 
arrest, depending on the cellular con-
text,128 it also functions in apoptosis and 
is positively regulated by ATM during 
genotoxic stress in proliferating cells but 
not in growth arrested cells.130-132 In G

0
-

G
1
 cells, Abl is negatively regulated by 

pRB where binding inhibits Abl activity 
by masking the kinase domain.125,126

Nagano et al.133 observed constitutive 
tyrosine phosphorylation on Y805 of 
pRB in chronic myelogenous tumor 
(CML) cells expressing a constitutively 
active Bcr/Abl fusion protein. From a 
functional aspect, phosphorylation of 
Y805 by Abl in these cells plays a role in 
cell survival. These CML cells are 
dependent on Abl to activate signaling 
pathways necessary for survival, and 
inhibition of Abl activity induces apopto-
sis.133 However, nuclear localization of 
Bcr/Abl induces apoptosis134 and, as 
pRB is a nuclear protein, it can be 
inferred that in these CML cells Bcr/Abl 
must at least in part be nuclear, suggest-
ing that phosphorylation of Y805 of pRB 
must mediate an antiapoptotic signal. 
Indeed, expression of a phosphomimetic 
Y805D pRB mutant reduced the apop-
totic index relative to wild-type pRB, 
suggesting that when phosphorylated on 
Y805, pRB is capable of exerting an 
antiapoptotic effect. This argument is 
further supported by observations that 

apoptosis is induced in CML cells upon 
knockdown of endogenous pRB.133

It is puzzling that binding of Abl to 
pRB blocks Abl kinase activity, and yet 
in Abl dependent CML cells, pRB is 
constitutively phosphorylated by Abl. 
Indeed, Nagano et al.133 observed virtu-
ally no phosphotyrosine immunoreactiv-
ity in pRB/Abl co-immunoprecipitates 
from CML cells upon overexpression of 
pRB, indicating a lack of Abl kinase 
activity. However, the Bcr/Abl fusion 
protein, while retaining Abl tyrosine 
kinase activity, displays inherently dif-
ferent properties than Abl alone.130 
Therefore, the loss of Abl activity upon 
binding to pRB observed in these cells 
must occur only when pRB is in excess. 
Indeed, the cells used in this study are 
dependent upon Abl activity for sur-
vival, suggesting that binding to pRB 
does not impede tyrosine kinase activ-
ity.133 How phosphorylation of Y805 
provides protection against apoptosis is 
open to speculation. However, although 
Y805 phosphorylation of pRB has been 
observed by others,57,135 it is not univer-
sal133 and has been observed primarily in 
cancer cell lines. Bearing this in mind, it 
was suggested that phosphorylation of 
Y805 by Abl might represent a form of 
dysregulation of pRB and may facilitate 
tumorigenesis by protecting transformed 
cells from apoptosis.133

Acetylation and Methylation of pRB
Acetylation. Another means of post-

translational regulation of pRB function 
involves acetylation and methylation of 
lysine and arginine residues. Recruit-
ment of pRB into the p300/CPB tran-
scriptional co-activator complex by 
binding the viral oncoprotein E1A leads 
to the acetylation of pRB on K873/K874 
in the C-terminus by the histone acetyl-
transferase activity inherent to this com-
plex  (Fig. 4).30 Acetylation at these sites 
increases the affinity of pRB for Mdm2 
and exerts a negative influence on pRB 
cyclin/Cdk dependent phosphorylation, 
thus maintaining pRB in an active 
state.136 Such a state of activation is 
desirable in cells that are terminally dif-
ferentiated. Indeed, it was noted that 
acetylation of pRB increased in differen-
tiating U927 cells.136

Similar to Chan et al,30 Nguyen  
et al.31 observed acetylation of pRB in 
differentiating myocytes. In this instance, 
the initiation of myogenesis in CC42 
cells by serum withdrawal of confluent 
cultures induced P/CAF, the p300/CBP 
associated factor, to associate with and 
acetylate pRB on K873/874. In addition, 
acetylation of pRB was necessary for 
proper transactivation of MyoD and  
thus for cell cycle withdrawal and differ-
entiation in CC42 muscle precursor 
cells.31 Increased P/CAF dependent  
acetylation of pRB on K873/874 has  
also been observed in differentiating 
keratinocytes.32 Similar to the results 
described previously with CC42  
cells, keratinocyte differentiation was 
impeded by an acetylation defective 
mutant of pRB in which K873/K874 
were replaced with arginine,32 despite the 
fact that this mutant still retained the abil-
ity to arrest growth in SaOS cells.32

Acetylation of pRB at K873/K874 is 
induced by DNA damage, and although 
it is expected to protect pRB from phos-
phorylation as outlined above, it also 
acts to reduce the interaction between 
pRB and E2F1.137 Interestingly, a dis-
tinct pRB/E2F1 population exists fol-
lowing DNA damage that excludes 
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Figure 3.  Identified tyrosine phosphorylation sites in pRB. Sites of tyrosine phosphorylation in pRB 
identified by site specific methods or mass spectrometry are indicated. Tyrosine phosphorylation 
at Y651/Y659 has yet to be observed in human pRB, but phosphorylation of the corresponding 
tyrosines (Y644/Y652) in murine pRb has been identified by mass spectrometry (see text). The site 
at Y805 in pRB is a target of the c-Abl tyrosine kinase.
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acetylation.22,24,99 In addition, pRB 
phosphorylated at S612 by Chk2 appears 
to also be part of a separate subpopula-
tion of pRB/E2F1 complexes that arises 
following DNA damage. Taken together, 
current evidence suggests that a series of 
pRB containing multiprotein complexes 
are formed in response to DNA damage 
and that each is distinguished by unique 
modifications.22,24,99 In addition to these 
site specific studies, a proteomic study 
of global protein acetylation identified 
acetylated lysine residues at K427, 
K548, K640, K652, and K896 on pRB 
(Fig. 4).138 Of these sites, 2 (K640 and 
K652) lie within or close to the bound-
ary of the B domain of the large pocket, 
2 (K427 and K548) lie within the A 
domain, and K896 is in the C-terminus. 
Another site at K925 in the C-terminus 
has also been identified by mass spec-
trometry.57 In both of these studies, cells 
were treated with HDAC inhibitors 
before harvesting, making it difficult to 
ascertain the state of the cells and there-
fore the context in which acetylation of 
these new sites occurs.

Methylation. In contrast to acetyla-
tion, which occurs only on lysine resi-
dues, methylation occurs on both lysine 
and arginine residues.139 Methylation 

has been implicated in transcriptional 
regulation primarily through the study 
of histones and chromatin, and in many 
ways methylation of histones defines the 
degree of transcriptional activity taking 
place in given regions of the genome.140 
Many nonhistone proteins are also meth-
ylated, and like other posttranslational 
modifications, these influence interac-
tions and function.141-143 Methyltransfer-
ases have previously been shown to bind 
to pRB both directly and indirectly and 
to regulate E2F transcriptional activity, 
but it was not clear whether binding of 
these proteins resulted in pRB methyla-
tion.144-148 Recently, the mono-methyl-
transferase Set7/9 was shown to actively 
methylate pRB at K873149 and at K81033 
(Fig. 4). When pRB is methylated at 
K873, a docking site for the heterochro-
matin binding protein HP1 is created.149 
HP1 binds methylated histones and 
functions to repress transcriptional 
activity by regulating the structure of 
chromatin.150 Methylation of either 
K873 or K810 on pRB by SET 7/9 
enhances cell cycle arrest,33,149 and K810 
methylation exerts a negative effect on 
global Cdk dependent phosphoryla-
tion.33 The effect of K873 methylation 
on Cdk phosphorylation has yet to be 
determined. The correlation between 

increased pRB methylation and cell 
cycle arrest is consistent with observa-
tions that increased K873 methylation in 
differentiating myoblast cell lines is 
concurrent with increased pRB and HP1 
occupancy at E2F regulated promot-
ers.149 Moreover, decreases in E2F1 
transcriptional activity in cells undergo-
ing genotoxic stress are also associated 
with increased Set 7/9 dependent pRB 
methylation at K810.33 Recently, pRB 
has been shown to be methylated on 
K860 by SMYD2 (Fig. 4),34 a mono-
methyltransferase that also methylates 
p53 resulting in repression of p53 
responsive genes.151 Methylation of 
K860 by SMYD2 allows for the binding 
to pRB of the malignant brain tumor 
protein L3MBTL1, a transcriptional 
repressor that binds to mono and dimeth-
ylated histones and silences gene expres-
sion by influencing chromatin 
structure.34 As with Set7/9 methylation 
at K873 and K810, methylation at K860 
increases as cells withdraw from active 
proliferation.34

In contrast to the studies described 
above which indicate that methylation 
of pRB is involved in gene silencing and 
senescence, in human bladder cancer 
cells, SMYD2 dependent methylation of 
pRB at K810 has a positive effect on 
proliferation by promoting pRB inacti-
vation through phosphorylation of S807/
S811.152 In addition, knockdown of 
SMYD2 in these cells inhibits prolifera-
tion.152 Overexpression of SMYD2 has 
been observed in bladder, colon, pros-
tate, and breast cancer cells and corre-
lates with a poor prognosis with respect 
to patient survival.152,153 Such a correla-
tion has been observed with another 
closely related methyltransferase, 
SMYD3.154,155 It was not determined 
whether in these cells methylation of 
pRB results in the recruitment of chro-
matin remodeling proteins, although 
given the positive response on prolifera-
tion, one might presume not. These data 
indicate that similar posttranslational 
modifications can exert opposing effects 
depending upon the context and that the 
observed effect is dependent on which 
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Figure 4.  Nonphosphorylation posttranslational modifications of pRB. Sites of acetylation, 
methylation, ubiquitinylation, and SUMOylation in pRB identified by a combination of site specific 
methods and mass spectrometry are indicated. *Ubiquitinylation of the corresponding lysine in 
mouse pRb (K57) has been identified by mass spectrometry (see text). Ubiquitinylation of this site 
in human pRB has yet to be observed.
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pathways are active within a given 
paradigm.

Ubiquitinylation. Ubiquitin conjugation 
of lysine residues and targeting of proteins 
for degradation constitute an acute means 
of regulation, constantly remodeling the 
cellular proteome to meet changing physi-
ological needs. It has been shown that pRB 
may be targeted for proteasomal degrada-
tion by interaction with viral proteins such 
as human papilloma virus E7, which then 
facilitate pRB proteolysis by recruiting 
ubiquitin ligases.156-159 For example, the 
Epstein-Barr nuclear antigen 3C 
(EBNA3C) binds to pRB and mediates its 
degradation by recruiting the Skp1/Cul1/
F-box (SCFSkp2) ubiquitin ligase com-
plex.159 It is believed that targeting pRB by 
viral oncogenes plays an integral part in 
the tumorigenic properties of these 
viruses.160,161 Ubiquitin dependent protea-
somal degradation of pRB is also mediated 
through interactions with the Mdm2 onco-
protein.35,36 Structurally, Mdm2 contains a 
C-terminal RING finger that has been 
shown to function as a ubiquitin E3 ligase 
for p53.162 Mdm2 overexpression has been 
implicated in many cancers, and its onco-
genic functions revolve largely around its 
ability to target the ubiquitin dependent 
degradation of p53.163,164 However, part of 
the oncogenic functions of Mdm2 may 
also involve inappropriate regulation of 
the pRB pathway. An inverse relationship 
between pRB and Mdm2 has been 
observed in non–small cell lung can-
cer,36,165 and the reduced level of pRB has 
been linked to Mdm2 mediated degrada-
tion.36 Genotoxic stress has also been 
shown to induce Mdm2 facilitated pRB 
degradation. In this instance, phosphoryla-
tion of S567 by stress activated p38 pro-
motes Mdm2 binding and degradation of 
pRB.89 Under these conditions, degrada-
tion of pRB leads to E2F1 mediated tran-
scription of proapoptotic genes, resulting 
in cell death.89 However, Mdm2 can pro-
mote ubiquitin dependent and independent 
protein degradation,166 and this was not 
determined for pRB degradation in the 
context of S567 phosphorylation.

Analysis by mass spectrometry 
reveals that human pRB contains 4 

ubiquitinylation sites, at K143, K265, 
K574, and K810 (Fig. 4).57,167,168 K57 in 
mouse hypophosphorylated murine reti-
noblastoma protein (pRb) (K63 in 
human) has also been identified as a 
ubiquitinated lysine, and it is likely that 
K63 in pRB is also a target for ubiquiti-
nylation.57 In an examination of the 
ubiquitome in HEK293T and HCT116 
cells treated with proteasomal inhibi-
tors, Kim et al.167 observed K143 to be 
the only modified lysine residue in pRB. 
In a similar study with HEK293T and 
MV4-11 cells treated with a different 
proteasomal inhibitor, MG-132, Wagner 
et al.168 found K810 to be modified by 
ubiquitin. Whether distinct lysine resi-
dues are key for pRB degradation in dif-
ferent physiological contexts, or whether 
these discrepancies are more related to 
the extent of coverage possible in most 
mass spectrometric experiments, has yet 
to be established.

SUMOylation. Similar to ubiquitinyl-
ation, SUMOylation involves the covalent 
attachment of a small protein moiety to 
specific lysines on a target protein. Attach-
ment of SUMO (Small Ubiquitin-like 
Modifier) to a target protein can have pro-
found effects on protein function, from 
influencing protein-protein interactions to 
directing proteins for ubiquitin-dependent 
proteasomal degradation.169 There are 4 
distinct human SUMO paralogues desig-
nated SUMO-1 to SUMO-4 with varying 
levels of similarity.170 Hypophosphory-
lated pRB is SUMOylated by SUMO-137 
and by SUMO-2/3.39 The site of 
SUMOylation on pRB was mapped to 
K720, which lies in a cluster of lysine resi-
dues surrounding the LXCXE binding 
cleft in the “B” domain of the small pocket 
(Fig. 4).37 Binding of LXCXE containing 
proteins blocked SUMOylation at K720 
but SUMOylation did not block the bind-
ing of these proteins, indicating that the 
structure of the LXCXE binding cleft was 
not compromised by SUMOylation.37 In 
addition, SUMOylation enhanced the abil-
ity of pRB to repress E2F transcription,37 
and overexpression of the SUMO E3 
ligase PIASy or processed forms of 
SUMO2/3 induced senescence in a pRB 

dependent manner concomitant with an 
increase in the occupancy at E2F target 
promoters by pRB.38,39 However, although 
induction of a senescent phenotype by 
overexpression of SUMO2/3 involved 
SUMOylation of pRB,39 it was not clear 
whether PIASy did likewise, although evi-
dence indicated that PIASy interacted with 
the small pocket domain of pRB and was 
found with pRB to occupy E2F target pro-
moters in senescent cells.38 In this sense, 
although the outcome of SUMO2/3 and 
PIASy overexpression is the same, the 
mechanism may be slightly different.

 Phosphorylation of pRB in the Absence of 
Known Function
Serine/threonine phosphorylation. As 

discussed above, phosphorylation by 
multiple kinases plays a pivotal role in 
the function of pRB, and many of these 
phosphorylation sites have been identi-
fied. Recent data obtained by proteomic 
analysis of global posttranslational modi-
fications in cells exposed to various con-
ditions have validated much of the 
information regarding pRB phosphoryla-
tion but have also shown that phosphory-
lation of pRB is more extensive than 
previously thought (Fig. 5). Although 
much can be learned from these data, 
most of this information is collated with 
minimal functional context. In addition, 
because of the scale of many of these 
studies, the kind of rigorous analysis 
more typical of site-specific approaches 
is impossible. Therefore, it is important 
that phosphosites identified as part of 
phosphoproteomic studies be indepen-
dently confirmed. With that said, phos-
phoproteomic approaches have identified 
additional phosphorylation sites that we 
have divided into 2 categories based on 
observational frequency and are summa-
rized in Fig. 5. In mapping the mitotic 
phosphoproteome, Dephoure et al.51 and 
Olsen et al.53 reported phosphorylation  
of 10 of the known Cdk target sites and  
3 additional sites not previously 
described—S37, T823, and S855—none 
of which are proline directed and there-
fore are unlikely to be targets of Cdks.51,53 
Phosphorylation of these residues has 
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been identified in other proteomic  
studies.50,54-57,171-174 In compiling an atlas 
of murine tissue specific protein phos-
phorylation, Huttlin et al.50 identified 
previously undocumented phosphosites 
corresponding to S601, T778, S794, and 
S855 in pRB. These phosphorylation 
sites have also been identified by oth-
ers.51,57,175,176 Of the other undocumented 
phosphorylation sites of note, S624 and 
T841 have also been identified in multi-
ple studies (Fig. 5).54,56,57

Although the above phosphosites 
have been observed multiple times, 
other sites have been observed only a 
minimal number of times. Phosphoryla-
tion of T583 and S588 was observed in 
studies on nuclear phosphorylation 
dynamics during DNA damage in differ-
entiating stem cells173,174 and S625, 
S838, T842, and S882 were observed in 
Jurkat T lymphocytes.56 Phosphoryla-
tion of S838 and T842 was also observed 
by Hoffert et al.177 in glomerular kidney 
cells. The PhosphoSite database (www.
phosphosite.org) maintained by Cell 
Signaling Technology (CST)57 offers a 
comprehensive list of all the phosphory-
lation sites obtained from published 
reports and proteomic studies, including 
in-house experiments conducted by 
CST. Many of the studies conducted by 
CST are antibody based PTMScan vali-
dation studies using a variety of estab-
lished cell lines, many of them cancer 
cell lines. A search through this database 
reveals additional unpublished sites 

including T140, S163, S347, S350, 
T605, S618, S829, S895, and T905  
(Fig. 5). Many of these sites do not con-
form to any kinase consensus recogni-
tion sequence, making them novel 
phosphorylation motifs.178 In addition, 
many of these sites were identified in 
Jurkat T leukemia cells under conditions 
of phosphatase inhibition, raising the 
possibility that phosphorylation of these 
sites may be transitory and under these 
conditions phosphorylation may be 
forced. However, the fact that phosphor-
ylation of these sites is observed is inter-
esting and merits further investigation.

Tyrosine phosphorylation. As noted 
previously, the only characterized pRB 
phosphotyrosine site is the c-Abl phos-
phosite at Y805. However, phosphopro-
teomic analysis reveals 8 tyrosine sites, 
including Y805, as being targets of 
phosphorylation on pRB (Fig. 3). Tyro-
sine kinases function in the regulation of 
cell growth, differentiation, and sur-
vival. Dysregulation of these kinases is 
commonly associated with malignant 
transformation and cancer through inap-
propriate activation of downstream 
pathways. Moreover, phosphotyrosine 
residues serve as docking sites for SH2 
and PTB domains and in this way func-
tion as scaffolds in multiprotein signal-
ing complexes. Because of this, studies 
have been undertaken with a view  
to understand the ramifications of dys-
regulated tyrosine kinase activity in 

malignancy. Phosphorylation of Y790, 
Y606, and Y813 has been observed in 
several studies.50,57,176,179 Other sites, 
Y644 (Y651 in human pRB) and Y652 
(Y659 in human), have been observed in 
untreated C2C12 mouse myoblasts.57

Two separate studies identified Y321 
and Y325 to be phosphorylated in non–
small cell lung cancer cells and in highly 
metastatic hepatocellular carcinoma 
cells.180,181 However, although these 
studies profiled their phosphorylation 
targets to match specific oncogenic tyro-
sine kinases such as FER and the EGFR, 
the sequences at Y321 and Y325 do not 
match those of any known tyrosine 
kinase.182 Phosphorylation of tyrosine 
residues may create binding sites for 
SH2 and PTB domain containing pro-
teins, many of which are themselves 
kinases. With this in mind, sequence 
analysis of Y321 when phosphorylated 
conforms strongly to a SH2 binding site 
for the Src family tyrosine kinase Fyn.182 
These data suggest that an investigation 
of tyrosine phosphorylation of pRB 
might uncover novel aspects of regula-
tion that may be important in a number 
of processes, especially proliferation 
and cancer.

Concluding Remarks

In this review we have summarized the 
posttranslational modifications that reg-
ulate the function of pRB. By far the 
most common of these is phosphoryla-
tion. For instance, we have seen how 
phosphorylation by Cdks regulates the 
interaction of pRB with the E2F family 
of transcription factors. 
 But proteomic analysis has revealed 
pRB to contain many more phosphosites 
than those targeted by the Cdks. In the 
context of the G

1
-S checkpoint control, 

phosphorylation of pRB by Cdks inacti-
vates pRB in the sense that it no longer 
binds to E2F, allowing for progression 
into S phase. However, observations that 
partially phosphorylated forms of pRB 
may still associate with E2F, especially 
E2F1,22,24,41,42 have led to the idea that 
different functions of pRB are regulated 
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Figure 5.  Non-Cdk targeted serine/threonine phosphorylation sites on pRB identified in proteomic 
studies. Information regarding the sites of phosphorylation was obtained from the literature and 
from the PhosphoSite database (www.phosphosite.org).
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by variations in its phosphorylation 
state. Evidence supporting this has been 
supplied by proteomic analysis of pep-
tides isolated within a given tissue or 
cell line that indicates considerable vari-
ation exists with respect to phosphoryla-
tion. For example, Stokes et al.176 
identified 12 individual molecular spe-
cies within a single peptide sequence 
based entirely on differential phosphor-
ylation. Given that pRB contains  
51 identified phosphorylation sites, the 
number of combinations that could arise 
is enormous, giving rise to considerable 
regulatory potential. In addition to phos-
phorylation, pRB is also subject to 
methylation, acetylation, SUMOylation, 
and ubiquitinylation, which create many 
more binding sites. These modifications, 
in concert with phosphorylation, add to 
the complexity of pRB regulation.

It has been suggested that posttransla-
tional modifications in proteins can be 
explained in terms of a “code,” where 
proteins are modified by “writers”; rec-
ognized by “readers,” effector proteins 
that bind the modified site; and then sub-
ject to “erasers” that remove the modifi-
cation and restore the system back to the 
ground state.18 Although the concept was 
originally formulated to address histone 
modifications in the context of chromatin 
structure and DNA dynamics,183 the idea 
has been extended to include other bio-
logical processes including phosphoryla-
tion and posttranslational modifications 
in proteins other than histones and may 
represent a universal mechanism for bio-
chemical regulation.184,185 We have seen 
how acetylation and methylation at spe-
cific sites in pRB create docking sites for 
other proteins such as L3MBTL1.34 Thus 
far it is not clear whether SUMOylation 
creates additional docking sites and what 
proteins might be involved. With respect 
to phosphorylation the writers are the 
kinases, the readers are proteins that rec-
ognize the modified sequence. and the 
erasers are the phosphatases. In this con-
text it is interesting to note that some of 
the Cdk phosphorylation sites are also 
targeted by other kinases (Table 1) and in 
so doing confer specific functions to 

pRB. For example, S567 phosphoryla-
tion by p38 creates a binding site for 
Mdm2, which then targets pRB for deg-
radation.89 In addition, Chk2 phosphory-
lation of S612 under conditions of 
genotoxic stress strengthens the interac-
tion between pRB and E2F1 and prevents 
the transcription of proapoptotic genes.99 
Thus, although the site is the same, differ-
ent “writers” may influence profoundly 
different “readers” and therefore direct 
protein function within a given set of 
physiological parameters.

Although pRB is highly phosphory-
lated, little is known about potential 
adapter proteins that may bind to the 
phosphosites and how they might influ-
ence pRB function. Numerous proteins 
with key regulatory functions contain 
domains shown to bind phosphoserine 
and phosphothreonine residues,185,186 
and members of the 14-3-3 family of 
phosphoserine/phosphothreonine bind-
ing proteins have a role in checkpoint 
control.187 Similarly phosphotyrosine 
residues may be targets for SH2 and 
PTB domain containing proteins.185,188 
Amanchy et al.182 have established a 
database of collected information 
regarding phosphorylation motifs that 
allows for the prediction of kinases 
responsible for a given modification 
(www.hprd.org). However, many 

phosphorylation sites do not conform to 
known kinase consensus sequences. 
Using a bioinformatics approach, Aman-
chy et al.178 examined phosphorylation 
data accumulated from the Human Pro-
tein Reference Database and identified 
1167 novel phosphorylation motifs, of 
which 299 were statistically significant. 
Thus, although consensus sequence sim-
ilarities are useful for their predictive 
value, the findings of Amanchy et al. 
expose limitations to these predictions 
based solely on consensus sequence 
similarity and suggest a great deal of 
latitude regarding recognition sequences 
for individual kinases. With respect to 
pRB, the Cdk phosphosites are proline 
directed, and we have seen how they are 
targets for other proline directed kinases 
such as members of the MAP kinase 
family. However, most of the additional 
phosphorylation sites are found within 
sequences that either conform loosely to 
consensus sequences corresponding to 
any one of a number of kinases or have 
no known consensus sequence, making 
it difficult to predict new upstream regu-
lators of pRB. Initially, phosphorylation 
of pRB served to explain E2F transcrip-
tional repression within the context of 
G1-S phase checkpoint control. Now, 
phosphorylation by other kinases has 
entered the picture, revealing more 

Table 1.  Summary of Documented Phosphorylation Sites on Prb

Site           Kinase Reference

T5 Cdk2/Cdk4 46
S230 N/D  
S249 Cdk2/Cdk4/Cdk6 46, 48, 52
T252 Cdk2/Cdk4/Cdk6 46, 48, 52
T356 Cdk2/Cdk4 46, 52
T373 Cdk2/Cdk4 46, 48, 52
S567 Cdk2/p38 49, 89
S608 Cdk2/Cdk4 46
S612 Cdk2/Chk1/2 46, 99
S780 Cdk4/Cdk5/p38/Aurora b 28, 52, 84, 90, 108
S788 Cdk2/Cdk4/Cdk5 46, 48, 52, 84
S795 Cdk2/Cdk4/Cdk5/Cdk9 46, 52, 68, 83, 84
S807 Cdk2/Cdk3/Cdk5/Cdk9/p38 46, 48, 68, 72, 83, 84, 85
S811 Cdk2/Cdk3/Cdk5/Cdk9/p38 46, 48, 72, 83, 84, 85
T821 Cdk2/Cdk5 46, 52, 84
T826 Cdk4/Cdk5 46, 84
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aspects for phosphorylation based regu-
lation. With the advent of proteomics, a 
whole new group of phosphosites with 
no known function and many with 
unique sequences has been introduced. 
Functional studies on these sites prom-
ise to introduce new insights into the 
regulatory roles played by pRB in nor-
mal cell physiology and cancer.
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