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Abstract
The retinoblastoma tumor suppressor protein (RB) is inactivated in a majority of cancers. RB
restricts cell proliferation by inhibiting the E2F family of transcription factors. The current model
for RB/E2F function describes its role in regulating transcription at gene promoters. Whether the
RB or E2F proteins might play a role in gene expression beyond transcription initiation is not well
known. This review describes evidence that points to a novel role for the RB/E2F network in the
regulation of RNA processing, and we propose a model as a framework for future research. The
elucidation of a novel role of RB in RNA processing will have a profound impact on our
understanding of the role of this tumor suppressor family in cell and developmental biology.

Keywords
RB; Retinoblastoma tumor suppressor; E2F; RNA processing; Pre-mRNA splicing

Introduction
The retinoblastoma tumor suppressor protein (RB) is mutated or inactivated in a majority of
cancers, and therefore its function has been the subject of much investigation. RB is highly
conserved among metazoans and is a major component of the cell cycle, and it has a central
role in development and differentiation. Thus, a detailed understanding of RB function is
important to biology and medicine. The best described function of RB is to restrict cell
proliferation by suppressing gene expression through direct inhibition of the E2F family of
transcription factors [1]. The current model for RB/E2F network function describes its role
in modulating gene expression at promoters. However, the question of whether the RB or
E2F proteins play a role in gene expression beyond transcription initiation has never been
systematically addressed. This review describes several lines of evidence that point to a
novel role for the RB/E2F network in the regulation of RNA processing.

RB interacts with RNA-binding proteins
The RB protein has no known enzymatic function; its primary function is thought to be in
coordinating the binding of different proteins to form diverse multiprotein complexes. Much
work has been done to identify binding partners of RB in order to better understand its
function in the regulation of cellular processes [2]. Among the many proteins identified are
several RNA-binding proteins (Table 1). The proteins listed in Table 1 have been shown to
affect a wide range of processes during RNA production, including transcription elongation,
splicing, and transport. Future experiments will be required to determine how the
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retinoblastoma tumor suppressor might influence these processes through its interaction with
RNA-binding proteins.

RB was found to interact with Skip, a binding partner of the oncoprotein Ski [3]. Skip binds
to the Ski oncogene to synergistically overcome RB-mediated transcriptional repression and
cell cycle arrest [3]. Skip is the functional orthologue of the yeast splicing factor Prp45 and
thus physically links RB to RNA splicing control [4]. RB also physically binds to Pur-alpha,
a protein with the ability to bind both single-stranded DNA and RNA. This RB interaction
was shown to reduce the ability of Pur-alpha to bind single-stranded DNA in vitro [5]. It is
not known whether RB affects the biological activity of Pur-alpha in vivo. However, the
ability of Pur-alpha to bind and inhibit E2F suggests that it may modify the RB-E2F
interaction to regulate the cell cycle [6]. Pur-alpha is known to function in transcription and
mRNA transport and may work through the RB/E2F pathway to integrate RNA processing
with cell cycle control [7].

RB regulates differentiation of a variety of tissues during development. For example, RB
controls erythrocyte differentiation in part through a physical interaction with PU.1 [8]. The
PU.1 oncoprotein belongs to the Ets family of transcription factors and is necessary for
proper differentiation during hematopoiesis [9]. PU.1 requires RB to suppress transcription
of the target gene GATA-1 [10]. PU.1 can also bind to RNA and interact with splicing
factors to influence alternative splicing of RNA transcripts [11,12]. Interestingly, it was
found that splicing regulation by PU.1 was dependent upon its promoter binding and
transactivation activities [13]. Similar promoter-dependent splicing control was also
demonstrated by E2F [14]. Integration of transcription with RNA splicing control is a
common theme in RNA biology [15], and we predict that RB controls differentiation by
regulating alternative splicing through its interaction with RNA-binding proteins such as
PU.1 (Fig. 2).

The RB/E2F pathway regulates apoptosis, and RB inhibition of apoptosis is an important
mechanism of tumor suppression whereby cells deficient for RB function can be eliminated
by apoptosis. One manner through which RB can inhibit apoptosis is through its binding to
RNA processing factors. Although the mechanism for inhibition in this context is not
known, it may occur through modification of RNA processing pathways. For example, the
pp32 protein is a positive regulator of apoptosis and physically associates with
hyperphosphorylated RB [16]. RB is a suppressor of pp32 transactivation and is found in a
pp32 complex with splicing machinery [17]. Importantly, RB inhibits pp32-induced
apoptosis [16].

RB can also inhibit apoptosis induced by overexpression of the RNA-binding protein Hpr1.
Hpr1, also called p84N5 or Thoc1, is part of the evolutionarily conserved THO/TREX
complex that has been implicated in many stages of RNA processing, including transcription
elongation, splicing, and nuclear export [18,19]. The gene was first identified in mammals
by a yeast two-hybrid screen for protein interactions with the amino-terminus of RB. RB
suppression of Hpr1-induced apoptosis depends upon a direct physical association with the
RB amino-terminal domain [20]. The requirement for E2F in this context is not clear.
However, a comparison of gene expression data from Drosophila cell culture studies
suggests that Hpr1 may cooperate with E2F to regulate many of the same genes [18,21].

Hpr1 colocalizes with RB in nuclear speckles that are associated with RNA processing
centers in the nuclear matrix of mammalian cells [22]. RB is known to bind tightly to the
nuclear matrix and is resistant to nuclear extraction protocols [23]. RB may associate with
the nuclear matrix directly through association with nuclear lamins A and C or by
association with RNA processing factors such as Hpr1 [22,23].
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Based upon the understanding that RB associates with RNA processing factors through an
interaction with its amino-terminal domain, we wondered whether this function might also
be conserved in Drosophila. We examined larval salivary gland cells that express the amino-
terminal domain of the Drosophila RB, Rbf, fused to a red fluorescent protein (RbfN-RFP)
in a genetic background that expresses a GFP-tagged core spliceosomal protein (SmD3-
GFP)[24,25]. We observed that RbfN-RFP strongly colocalized with SmD3-GFP in salivary
gland nuclei (Fig. 1). This observation is consistent with previous experiments which show
that human RB colocalizes with RNA processing centers in the nuclei of mammalian cells
[22]. Recent experiments from our lab also show that Drosophila RbfN physically interacts
with the RNA-binding protein Squid [49] which is known to be involved in several stages of
RNA processing including alternative splicing and mRNA transport [26,27]. We infer that
the RB protein may have a conserved role in RNA processing that will reveal new insights
into the function of this versatile tumor suppressor.

The RB/E2F pathway regulates RNA processing
Interesting observations have emerged which support a model involving the RB/E2F
pathway in RNA processing either indirectly through transcriptional regulation of RNA-
binding proteins or by direct physical interaction with RNA processing factors. Mammalian
studies have shown that E2F can regulate the production of splicing factors [28,29]. One
study identified SC35, a member of the SR family of splicing factors, as a direct
transcriptional target of E2F1. Significantly, SC35 is required for E2F-induced pre-mRNA
alternative splicing of pro-apoptotic factors [30].

Experiments using invertebrate organisms have also revealed potential links between the
RB/E2F pathway and RNA processing. Microarray analysis shows that Drosophila RB/E2F
regulates the transcription of splicing factors Hel25E and Hrb87F [21]. Another study
identified the RNA-binding protein Api5 as a regulator of dE2F1-induced apoptosis [31].
Furthermore, a genome-wide RNAi screen in Caenorhabditis elegans recently showed that
the RB homologue lin-35 genetically interacts with many core components of the
splicesosome to regulate vulval development [32]. Taken together, these observations
suggest that the RB/E2F pathway genetically interacts with the RNA processing machinery
in a conserved manner to regulate developmental processes.

E2F can influence gene expression through regulation of the half-life of RNA molecules,
which may occur by controlling expression of several genes involved in mRNA stability
[29,33]. Indeed, E2F expression was shown to stabilize axin2 mRNA in mammalian cells
[34]. E2F also regulates microRNA expression which in turn has an impact on mRNA
stability [35,36]. In line with these observations, several studies in C. elegans have shown a
functional role for the RB pathway in RNA interference [37–40].

Another intriguing study showed a role for E2F in the suppression of RNA splicing during
the cell cycle. E2F regulates transcription of the PFK-2 gene, which encodes an enzyme that
is critical for energy production during glycolysis. Transcription and splicing of the PFK-2
transcript is suppressed in quiescent cells. Upon serum stimulation, PFK-2 transcription
increases and its pre-mRNA is more efficiently spliced, leading to a dramatic increase in
mature transcript as the cell cycle progresses. However, mutation of an intronic E2F binding
site results in a loss of cell cycle sensitive splicing control. Thus, the suppression of pre-
mRNA splicing of PFK-2 in G0/G1 is dependent upon the binding of E2F [14].
Significantly, this data implies that an RB/E2F complex may act to suppress RNA splicing
during the cell cycle (Fig. 2). The ability of RB/E2F to influence mRNA processing may
provide an additional layer of control over gene expression and cell cycle regulation.
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Coupling of transcription and RNA processing
Transcription and RNA processing have commonly been considered as separate events.
Consequently, transcription factors are generally examined for their ability to upregulate or
down-regulate transcription of target genes without giving much consideration to transcript
processing. However, mounting evidence supports a model that integrates transcription
initiation with downstream processing events, including pre-mRNA splicing. For example,
placing a different promoter sequence upstream of a gene can affect the alternative splicing
of its transcripts [41]. Transcription factors may affect alternative splicing by several means.
First, they may physically recruit splicing factors to the promoter region. Second, a
transcription factor may favor the exclusion or inclusion of alternatively spliced exons by
modulating the elongation rate of transcription. Finally, transcription factors may recruit
chromatin modifying enzymes to alter chromatin structure, affecting RNA polymerase
activity that can lead to exon skipping [15].

Coordination of promoter activity with RNA processing may be a common mechanism of
gene regulation. The transcription factor PU.1 can regulate splicing in a promoter-dependent
manner [13]. PCG-1 can also regulate mRNA processing only when it is bound upstream to
the promoter [42]. E2F has likewise been implicated in promoter regulation of pre-mRNA
splicing [14]. In light of this knowledge we propose the following model based upon the
genetic and biochemical data of RB/E2F interaction with RNA processing factors (Figure
2A). The RB protein binds to E2F, masking its transactivation domain, and recruits histone
deacetylases (HDAC) and chromatin remodeling enzymes to attenuate transcription [43,44].
At the same time, RB interacts with RNA processing factors to suppress pre-mRNA
splicing. As the cell cycle proceeds towards S phase, RB is hyperphosphorylated by Cyclin/
CDK complexes and is released from E2F, relieving splicing suppression and allowing E2F
to activate transcription. E2F upregulates RNA processing factors which stimulates
alternative splicing of transcripts to promote either cell proliferation or apoptosis, depending
on the cellular context. Misregulation of alternative splicing upon RB inactivation may be
one mechanism that contributes to cancer progression.

Conclusion
The RB tumor suppressor protein interacts with RNA processing factors that help it to
regulate a diverse array of processes (Figure 2B). Future experiments will reveal how the
retinoblastoma tumor suppressor might influence RNA splicing, transport, and stability. The
elucidation of a novel role of RB in RNA processing will have a profound impact on our
understanding of the role of this tumor suppressor family in cell and developmental biology,
and it will place this versatile protein at almost every level of gene regulation. Most
importantly, this new knowledge will help us better understand how mutation of RB leads to
cancer and may provide new therapeutic targets.
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Fig. 1.
The Drosophila retinoblastoma tumor suppressor colocalizes with the spliceosomal
component SmD3 in salivary gland nuclei. The amino-terminal domain of Drosophila Rbf
fused to RFP (RbfN-RFP) colocalizes with a GFP-tagged SmD3 in larval salivary gland
cells. The DNA stain DAPI was used to show the bands of the characteristic polytene
chromosomes. Confocal imaging shows extensive colocalization of SmD3-GFP and Rbf1N-
RFP in the nucleoplasm and along the chromsomes. Salivary glands were isolated from
mature larvae and fixed with 4% formaldehyde. Confocal images were obtained using a
Zeiss LSM510 Meta.
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Fig. 2.
Models of RB/E2F and RNA processing control. (A) RB is bound to gene promoters
through E2F. RB may inhibit splicing factors at promoters to suppress splicing of nacent
RNA transcripts. Alternatively, RB may directly recruit splicing repressors. As the cell cycle
proceeds toward S phase RB is phosphorylated and released from the promoter, which
relieves splicing suppression and allows E2F to stimulate transcription. (B) RB interacts
with several RNA processing factors that may serve to regulate diverse cellular processes.
The role of RB in RNA processing control is a relatively unexplored area of research that
may yield many insights into RB function.
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Table 1

RNA-binding proteins that physically associate with RB.

Symbol Full name Function with RB References

PU.1/Spi1 Spleen focus forming virus (SFFV) proviral
integration
oncogene spi1

RB and PU.1 are corepressors of transcription and
erythroid
differentiation

[8,10]

p84/Hpr1/THOC1 THO complex 1 RB inhibits p84-induced apoptosis [20,22]

RBQ-1/RBBP6/PACT/
 P2P-R

Retinoblastoma binding protein 6 Unknown [45–47]

Pur-alpha Purine-rich element binding protein A RB inhibits Pur-alpha ssDNA binding [5]

Skip/SNW1 SNW domain containing 1 Skip inhibits RB to overcome transcriptional
repression

[3]

Ssu72 SSU72 RNA polymerase II CTD phosphatase
homolog

Unknown [48]

pp32/Anp32A Acidic (leucine-rich) nuclear phosphoprotein 32
family,
member A

RB inhibits pp32-induced apoptosis and
transactivation

[16,17]

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 February 17.


