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EXPLANATION OF THE DISSERTATION FORMAT 

This dissertation contains three chapters and is formatted to include manuscripts 

that are already published (Appendix A) or are in press (Appendices B and C).  Chapter 1 

includes a description of the research question and a review of the relevant literature.  

Chapter 2 briefly summarizes the major findings of the research contained in the 

appendices.  Chapter 3 is a discussion of the significance and future directions of this 

research. 

I designed and carried out all of the experiments described in the manuscripts 

under the direction of Dr. Giovanni Bosco, with the exception of Figure 1 of Appendix A 

where Xiao-Bo Chen produced the data in panel A and panels C-G.  The text of this 

dissertation consists entirely of my original writing with the valuable guidance of my 

advisor Dr. Bosco. 
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ABSTRACT 

The retinoblastoma tumor suppressor protein (RB) is an important regulator of the 

cell cycle and development.  Significantly, RB is inactivated in a majority of human 

cancers.  Thus, elucidating the function of RB will give us a better understanding of how 

it prevents cancer.  Many decades of research have yielded a detailed understanding of 

the role of RB in cell proliferation through transcriptional repression of target genes.  

However, the precise mechanisms of its action in many cellular pathways are poorly 

understood, including the control of DNA replication and post-transcriptional control of 

gene expression.  Drosophila melanogaster presents a simplified genetic system to study 

cancer genes.  Several published observations have suggested a role for RB in regulating 

DNA replication.  Interestingly, other data indicate that RB associates with RNA 

processing factors.  I have characterized novel protein-protein interactions with the 

Drosophila retinoblastoma tumor suppressor homologue Rbf, with an emphasis on its 

poorly characterized N-terminal domain.  I describe the interaction of Rbf with the origin 

recognition complex, indicating a unique connection to DNA replication control.  I also 

show that Rbf interacts with the RNA binding protein Squid, and review the literature 

that suggests potential role of RB/E2F in the control of RNA processing.  The ability to 

control RNA processing may be an additional, unappreciated mode of gene regulation by 

RB.  A focused study of the uncharacterized amino-terminal domain of Rbf has revealed 

new details about the retinoblastoma tumor suppressor in cell regulation, including DNA 

replication and RNA processing. 
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CHAPTER 1:  INTRODUCTION 

An Explanation of the Problem 

Knowledge of how genes and their products regulate cell proliferation and 

development are central to our ability to understand and treat disease, including cancer.  

The retinoblastoma tumor suppressor, RB, is mutated or inactivated in a majority of 

human cancers (Mittnacht. 2005).  The RB protein inhibits cell cycle progression by 

downregulating transcription of dozens of factors necessary for DNA replication and cell 

cycle progression (Dimova et al. 2003).  RB also has less well understood roles in other 

developmental processes, such as differentiation and apoptosis (Delston and Harbour. 

2006).  Deciphering the many functions of the RB protein will give us a more 

comprehensive understanding of how it prevents cancer progression and allow us to 

design targeted treatments for tissues where RB is inactivated. 

Although it has been under investigation for several decades, much remains to be 

learned about RB function.  In particular, very little is known about the function of the 

amino-terminal domain of the retinoblastoma tumor suppressors (Goodrich. 2003).  Data 

from studies in both mammals and flies suggest a role for RB in regulating DNA 

replication directly, independent of transcription, and various data suggest a role for the 

amino-terminal domain of RB in this process (Ahlander et al. 2008; Angus et al. 2004; 

Avni et al. 2003; Bosco et al. 2001; Hartl et al. 2007; Kennedy et al. 2000; Sterner et al. 

1998).  Interestingly, other lines of evidence indicate that the RB N-terminal domain 

associates with RNA processing factors, which points to an unappreciated aspect of RB 

in regulation of cell proliferation and development (Doostzadeh-Cizeron et al. 1999; 
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Durfee et al. 1994). 

Drosophila melanogaster is an ideal system within which to study cancer 

pathways, including the retinoblastoma tumor suppressor (Brumby and Richardson. 

2005).  This is because Drosophila has many of the same functional homologs as human 

cells yet posses many fewer genes and thus less redundancy and less complexity.  I have 

undertaken a study of protein-protein interactions with the Drosophila Rbf N-terminal 

domain.  I describe its interaction with the origin recognition complex, which provides a 

direct link to DNA replication control (Appendix A).  I also demonstrate a novel Rbf 

interaction with the RNA binding protein Squid (Appendix B) and discuss the potential 

role of RB/E2F in the control of RNA processing (Appendix C). 

  

The Retinoblastoma Tumor Suppressor 

Discovery 

 Retinoblastoma is a pediatric cancer that occurs in very young children, usually 

before the age of two.  It is a tumor that develops in the actively developing retina and if 

not promptly removed can metastasize to the nearby brain resulting in an untimely death.  

The “two hit” hypothesis of tumor formation was proposed in 1971 that explained how 

retinoblastoma cancer could result from the loss of both copies of a predicted tumor 

suppressor gene (Knudson. 1971).  A gene was later identified as mutated in 

retinoblastoma tumors and was thus named the retinoblastoma tumor suppressor, RB 

(Cavenee et al. 1985).  RB has since been found to be mutated or inactivated in a wide 

range of cancers (Mittnacht. 2005).  It is also a target of direct inactivation by a number 
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of tumor viruses (Helt and Galloway. 2003).  Hence, RB plays a critical role in cancer 

biology. 

Structure 

 RB has three protease-resistant domains, corresponding to the amino-terminus 

(N), and the A and B domains.  The N-terminal domain comprises roughly the first half 

of the protein, while the A and B domains make up the latter half of RB.  The A and B 

domains fold up to create a cleft called the pocket, which is why RB is often referred to 

as a “pocket protein” (Hensey et al. 1994).  RB binds to E2F and numerous other proteins 

through the pocket (Morris and Dyson. 2001).  The pocket domain is sufficient for cell 

cycle arrest in cell culture and for tumor suppression in mouse models (Xu et al. 1994; 

Yang et al. 2002).  It is unclear what role the N domain has in RB function (Goodrich. 

2003). 

The retinoblastoma protein family contains cyclin-like folds also found in cyclins 

and basal transcription factors, indicating a deep ancestral relationship with transcription 

and cell cycle control.  Both the N-terminal and C-terminal halves of RB proteins have 

tandem cyclin folds, suggesting that this family of proteins emerged from two successive 

tandem duplication events.  Since each of the N-terminal and C-terminal cyclin folds 

share sequence similarity, it suggests that these domains are intrahomologous and share 

an ancient common ancestor that gave rise to multiple cell cycle regulators (Ahlander et 

al. 2008; Hassler et al. 2007). 

RB proteins have CDK phosphorylation sites throughout their sequences, but 

these are more concentrated along the latter half of the protein that is important for cell 
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cycle arrest.  For example, CDK phosphorylation inhibits the binding of RB to E2F 

(Cobrinik. 2005).  This observation demonstrates how protein interactions with the C-

terminal half of RB are integral to coordination of cell cycle events.  On the other hand, it 

implies that the poorly understood N-terminal domain is not so intimately tied to the cell 

cycle and points to its potential role in other cellular events such as differentiation. 

Evolutionary conservation 

 The retinoblastoma family proteins are found in all multicellular organisms 

including Dictyostelium (MacWilliams et al. 2006), plants (Sabelli and Larkins. 2006), 

invertebrates (Du et al. 1996; Lu and Horvitz. 1998), and vertebrates (Goodrich. 2003).  

RB homologues have not been found in unicellular organisms such as yeast, with the 

exception of unicellular green algae (Umen and Goodenough. 2001).  The amino acid 

sequence is very much conserved for all RB domains, including the N-terminal domain, 

suggesting conservation of function.  Although the general structure and function is 

conserved across all taxa, the number of RB genes in a given species varies.  For 

example, C. elegans has only one RB gene, Drosophila has two, and mammals have 

three.  In organisms with multiple RB family members, the RB proteins have retained 

some overlapping function while also diverging to acquire distinct functions (Mulligan 

and Jacks. 1998).  The configuration of RB/E2F pathway interactions in Drosophila is 

highly analogous to the mammalian system, and a reduced number of RB and E2F genes 

in Drosophila make genetic analysis in the fly very attractive (Stevaux and Dyson. 2002). 
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RB and Transcriptional Control 

The best characterized function of RB is to restrict cell proliferation by 

suppressing gene expression by the E2F family of transcription factors.  E2F regulates the 

expression of hundreds of genes involved in cell cycle progression, DNA replication, 

mitosis, apoptosis, and differentiation (Cobrinik. 2005).  RB suppresses E2F 

transactivation by two mechanisms.  First, the pocket domain of RB binds to the 

transactivation domain of E2F, which effectively masks the ability of E2F to stimulate 

transcription (Hagemeier et al. 1993a).  Second, RB recruits histone deacetylases to 

create a chromatin structure that is not permissive to transcriptional activity (Kennedy et 

al. 2001).  Phosphorylation of RB by Cyclin D/Cdk4 complexes in G1 and by Cyclin 

E/Cdk2 in G1/S disrupt its binding and inhibition of E2F (Cobrinik. 2005).  RB 

deregulation in tumorigenesis often occurs through activation of cyclin/cdk or 

inactivation of cdk inhibitors (Kaye. 2002). 

 

RB and DNA Replication Control 

DNA replication initiation 

Specific locations in the genome are sites of replication initiation during S phase, 

which are called origins of replication.  A heterohexameric protein called the origin 

recognition complex (ORC) binds to origins of replication and serves as a platform for 

assembly of the replication initiation machinery.  After ORC binding, cdc6 binds to ORC, 

followed by Cdt1.  Cdc6 and Cdt1 helps recruit the MCM helicase complex.  Through the 

action of Cdc7 and Cdk2 kinases, MCM is activated and unwinds the DNA.  During this 
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process Cdc6 and Cdt1 dissociate from ORC.  Other factors are recruited, such as DNA 

polymerase, to initiate DNA replication (Machida et al. 2005).  DNA replication 

initiation is tightly controlled so that it happens only once per cell cycle, and the DNA 

replication machinery is a primary transcriptional target of the RB/E2F pathway. 

RB control of DNA replication in mammals 

The retinoblastoma tumor suppressor regulates DNA replication through multiple 

mechanisms and is important for maintaining genome integrity.  It is required for S-phase 

arrest in response to DNA damage (Knudsen et al. 2000; Wang et al. 2001).  RB 

deficient cells continue DNA replication under nonpermissive conditions, such as with 

nocodazole treatment, which can result in polyploidy and genetic instability (Avni et al. 

2003; Di Leonardo et al. 1997; Hernando et al. 2004; Khan and Wahl. 1998; Mayhew et 

al. 2005; Niculescu et al. 1998; Zheng et al. 2002).  Similarly, Rbf loss results in 

inappropriate genomic replication and gene amplification in Drosophila follicle cells 

(Bosco et al. 2001).  RB loss is positively correlated with increased ploidy and 

tumorigenicity in mouse liver cells (Mayhew et al. 2005; Mayhew et al. 2007). 

Evidence suggests that RB may regulate DNA replication in two ways – through 

downregulation of replication factors by inhibition of E2F or through direct regulation of 

replication machinery – but it is not known to what extent each mechanism might 

influence DNA replication in vivo.  Evidence from the scientific literature strongly argues 

that the primary role of RB is to negatively regulate transcription of genes required for 

DNA synthesis and S phase progression (Dimova et al. 2003; Markey et al. 2002).  In 

one study, RB deficient cells had higher levels of chromatin-associated replication 
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factors.  These cells were able to replicate DNA under nonpermissive conditions 

produced by exposure to nocodozole, often resulting in polyploid cells.  However, 

overexpression of E2F phenocopied these RB-deficient phenotyopes, suggesting that this 

misregulation of DNA replication is attributable to increased transcriptional activity by 

E2F (Srinivasan et al. 2007).  Other studies have shown that release of PCNA from 

chromatin during S-phase arrest requires Rb (Naderi et al. 2005; Sever-Chroneos et al. 

2001).  One possible explanation for this observation is that Rb may directly regulate 

PCNA loading through its interaction with RFC (Schmitz et al. 2004).  However, it was 

shown that E2F activity can restore PCNA tethering, so it again seems that the 

transcriptional repressor function of RB may be the dominant activity in this process 

(Angus et al. 2004).  Thus, there is convincing evidence supporting a model of indirect 

control of DNA replication of RB through suppression of E2F target genes. 

Notwithstanding the support for the indirect (transcriptional) model, studies in 

both mammals and flies suggest a role for RB in regulating DNA replication directly.  RB 

physically interacts with the proteins of many genes it regulates, such as ORC (Ahlander 

et al. 2008; Bosco et al. 2001), MCM (Schmitz et al. 2004; Sterner et al. 1998), DNA 

polymerase alpha (Takemura et al. 1997), and RFC (Pennaneach et al. 2001) suggesting 

that RB might also have a direct, post-transcriptional influence on DNA replication 

machinery.  Consistent with this, the mammalian RB has been detected at sites of DNA 

replication (Avni et al. 2003; Kennedy et al. 2000; Takemura et al. 2006).  Studies with 

phosphorylation deficient mutants showed that RB has the ability to inhibit the 

completion of S phase that is independent of E2F, and it was suggested that this may 
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occur through inhibition of the replication initiation machinery (Chew et al. 1998).  The 

amino-terminal domain of RB may play a role in DNA replication initiation.  The Rb N-

terminal domain was shown to inhibit DNA replication in vitro through an interaction 

with MCM7, although this finding remains controversial (Angus et al. 2004; Pacek and 

Walter. 2004; Sterner et al. 1998).  Given the strong transcriptional influence of RB on 

the production of the DNA replication machinery, it is unclear to what extent these direct 

interactions may affect DNA replication control.  Future experiments will need to focus 

on targeted mutational analysis to genetically separate these potential functions of RB 

from E2F regulation. 

RB control of DNA replication in Drosophila 

Genetic and biochemical evidence suggests that Drosophila Rbf/E2F can regulate 

replication origins, but the mechanism of action is unclear.  Follicle cells of the 

Drosophila ovary undergo developmentally controlled DNA amplification of specific 

genomic loci, including the chorion gene cluster (Claycomb and Orr-Weaver. 2005).  

Follicle cells go through several variations of the cell cycle during the stages of egg 

chamber development.  Mitotic proliferation occurs from stages 1 to 6, at which point 

follicle cells stop dividing and begin several rounds of genomic DNA replication, called 

endoreduplication, where they increase genome content from 2C to 16C.  All follicle 

cells finish genomic replication by stage 10A, when they begin repeated replication 

initiation (amplification) at specific loci.  Rbf, E2F
i1
, E2F2, and DP mutants fail to 

restrict genomic replication beyond stage 10A, as evidenced by genomic BrdU 

incorporation.  Intriguingly, E2F
i1
 and E2F2 mutants maintain a genomic content of 16C, 
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whereas Rbf and DP mutants overreplicate the follicle cell genome to 32C (Bosco et al. 

2001; Cayirlioglu et al. 2001; Cayirlioglu et al. 2003; Royzman et al. 1999).  Rbf mutant 

follicle cells not only experience an extra round of genomic replication, but they also 

have increased amplification at the chorion gene cluster (Bosco et al. 2001).  Mutations 

of Rbf results in an increase in transcription of the DNA replication initiation machinery, 

which may cause ectopic activation of origins of replication leading to the extra genomic 

replication seen in mutant follicle cells (Cayirlioglu et al. 2003).  However, a direct 

physical interaction of Rbf/E2F with ORC suggests that Rbf may also influence the 

replication machinery directly (Bosco et al. 2001). 

Different mutant alleles of E2F have revealed some insight into its role in site-

specific DNA replication, or amplification.  E2F can bind to the chorion gene cluster 

where amplification occurs during late oogenesis (Bosco et al. 2001).  The E2F
i1
 allele 

produces a protein that has a mutation in the DNA binding domain that presumably 

prevents its association with the chorion gene cluster, and this mutant exhibits reduced 

amplification.  This data implies that E2F DNA binding is required for DNA 

amplification in this context.  Another allele E2F
i2
 produces a truncated protein that 

deletes the transactivation domain and cannot bind to Rbf.  Interestingly, this mutant 

causes an increase in amplification above wild-type levels, suggesting that Rbf 

recruitment by E2F may be important to restrict the activity of adjacent origins of 

replication (Royzman et al. 1999). 

Rbf is found in complex with Myb and E2F2 along with a few other proteins as an 

evolutionarily conserved transcriptional repressor complex (Korenjak et al. 2004; Lewis 
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et al. 2004).  The Myb complex physically interacts with ORC.  It also binds to the 

amplification element of the chorion gene cluster, and this binding is required for DNA 

amplification (Beall et al. 2002).  Evidence indicates that the other Myb complex 

members appear to have a repressive role in DNA amplification, while Myb acts as the 

switch to activate amplification (Beall et al. 2004).  Although it has not been examimed 

directly, Rbf may function in this Myb complex to regulate DNA replication. 

Chromatin states have a significant effect on both transcription and DNA 

replication initiation.  Histone H4 acetylation is highly enriched at amplifying loci and 

colocalizes with ORC (Aggarwal and Calvi. 2004).  Overexpression of rbf decreases 

histone acetylation at amplifying loci, whereas rbf mutant follicle cells show prolonged 

histone acetylation (Hartl et al. 2007).  Thus, Rbf may regulate DNA replication initiation 

at origins of replication by recruiting histone deacetylases. 

RB as a positive regulator of DNA replication 

RB is generally thought to be a negative regulator of E2F and the cell cycle, so we 

are often tempted to presume that the function of any new protein interaction with RB is 

for negative regulation.  However, several studies highlight how RB can act as a postitive 

regulator of cellular processes.  For example, cells with a constitutively active Ras mutant 

proliferate slower when Rb is downregulated by RNAi (Williams et al. 2006).  Also, RB 

can promote apoptosis (Ianari et al. 2009).  Interestingly, a study in plants showed that a 

retinoblastoma protein homologue promotes transcription and cell cycle progression   

(Sabelli et al. 2009).  Clearly, the generic model of RB as a suppressor is not the 

complete picture. 
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Some evidence supports a role for RB in promoting DNA replication.  RB is 

hypophosphorylated during G1, and as the cell cycle proceeds toward S phase cyclin-

CDK complexes become increasingly active, leading to hyperphosphorylated RB that can 

no longer bind and inhibit E2F.  Most studies have focused on the action of 

hypophosphorylated RB, since this form of RB is thought to possess its tumor-

suppressive properties, so consequently few investigators have focused on the function of 

hyperphosphorylated RB.  However, it was discovered that hyperphosphorylated RB 

physically associates with DNA polymerase alpha (Takemura et al. 1997).  Interestingly, 

a form of RB that was hyperphosphorylated by cyclin E/cdk2 stimulated the activity of 

DNA polymerase alpha in vitro in a dose-dependent manner, whereas 

hypophosphorylated RB could not.  Furthermore, a different form of RB that was 

phosphorylated by cyclin D/cdk4 had a minimal effect on DNA polymerase alpha activity 

(Takemura et al. 2001).  These observations support a model in which 

hypophosphorylated RB in G1 acts to suppress DNA replication through inhibition of 

E2F target gene transcription.  As cells enter S phase RB becomes hyperphosphorylated 

by cdk2 and converts into an activator of DNA replication.  Thus, this bipolar activity of 

RB may be an important switch to enable the restriction point of the cell cycle (Yao et al. 

2008). 

Another study demonstrated how RB can promote DNA replication.  Polyploid 

cells resulted when Aurora B kinase function was specifically inhibited (Nair et al. 2009).  

Interestingly, a reduction of RB protein during Aurora B inhibition resulted in a reduced 

number of polyploid cells, whereas overexpression of RB increased the number of 
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polyploid cells.  This data indicates a positive role for RB in promoting polyploidy by 

endoreduplication during Aurora B inhibition (Nair et al. 2009).  Thus, the action of RB 

is heavily dependent on context.  Rather than viewing RB simply as a negative regulator I 

propose that it may act as a molecular switch that can change from a repressor to an 

activator depending on the cellular context. 

 

RB and RNA Processing Control 

The current model for RB/E2F network function describes its role in modulating 

gene expression at promoters (Hagemeier et al. 1993a; Harbour and Dean. 2000).  It is 

unclear whether the RBF or E2F proteins play a role in gene expression beyond 

transcription initiation.  However, several lines of evidence point to a novel role for the 

RB/E2F network in the regulation of RNA processing. 

The RB protein has no known enzymatic function, so its primary function is 

thought to be coordinating the binding of different proteins to form diverse multiprotein 

complexes (Welch and Wang. 1995).  Much effort has been spent to identify binding 

partners of RB in order to better understand its function in cellular regulation (Morris and 

Dyson. 2001).  Among the many proteins identified are several RNA binding proteins, 

which have been shown to affect a wide range of processes during RNA production, 

including transcription elongation, splicing, and transport.  For example, RB was found to 

interact with the splicing factor and transcriptional regulator Skip, which physically links 

RB to RNA splicing control (Figueroa and Hayman. 2004; Prathapam et al. 2002).  RB 

regulates differentiation of a variety of tissues during development (Skapek et al. 2006), 
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including erythrocyte differentiation through a physical interaction with PU.1 (Hagemeier 

et al. 1993b).  PU.1 requires RB to suppress transcription of the target gene GATA-1 

(Rekhtman et al. 2003).  PU.1 can bind to RNA and interacts with splicing factors to 

influence alternative splicing, which links RB to splicing control during erythrocyte 

differentiation.  RB can also supress apoptosis through its binding to the RNA processing 

factors pp32 and Hpr1.  Hpr1 colocalizes with RB in nuclear speckles that are associated 

with RNA processing centers in the nuclear matrix (Durfee et al. 1994).  The 

retinoblastoma tumor suppressor protein may have an important role in regulating the cell 

cycle, differentiation, and apoptosis through its interactions with RNA processing factors. 

E2F also has the potential to regulate splicing events in the cell.  Mammalian 

studies have shown that E2F can regulate the transcription of splicing factors (Jumaa et 

al. 1997; Li et al. 2005; Muller et al. 2001; Ren et al. 2002; Young et al. 2003).  An 

intriguing study showed that the suppression of PFK-2 pre-mRNA splicing in G0/G1 is 

dependent on the binding of E2F (Darville and Rousseau. 1997), which implies that an 

RB/E2F complex can act to suppress RNA splicing during the cell cycle.  Furthermore, a 

genome-wide RNAi screen C. elegans recently showed that the RB homologue lin-35 

genetically interacts with many core components of the splicesosome to regulate vulval 

development (Ceron et al. 2007).  Taken together, these observations suggest that the 

RB/E2F pathway interacts with the RNA processing machinery in a conserved manner to 

regulate developmental processes. 
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CHAPTER 2:  PRESENT STUDY 

 

The methods, results, and conclusions of the present study are described in the 

manuscripts appended to this dissertation.  The following is a summary of the most 

important findings of this study. 

 

The N-Terminal Domain of the Drosophila Retinoblastoma Protein Rbf1 Interacts 

with ORC and Associates with Chromatin in an E2F Independent Manner 

(Appendix A) 

The retinoblastoma tumor suppressor negatively regulates DNA replication.  This 

regulation may happen in part through direct interaction with the replication machinery.  

It was shown previously that the Rbf/E2F complex physically interacts with the origin 

recognition complex, ORC.  However, it was not known whether this interaction was 

mediated through Rbf or E2F.  We used Drosophila S2 cell culture to test the association 

of transiently transfected Rbf1 proteins with endogenous ORC proteins.  We found that 

the Rbf1 N-terminal fragment (Rbf1N, amino acids 1-345) was sufficient for its 

interaction with ORC.  We observed that the Rbf C-terminal fragment could also be 

coimmunoprecipitated with Orc2.  Thus, Rbf1 interacts with ORC through multiple 

domains.  E2F does not coimmunoprecipitate with Rbf1N, which suggests that ORC can 

interact with Rbf independent of E2F. 

We also examined the intracellular localization of the amino-terminus of 

Drosophila Rbf (RbfN) in vivo and found that it has nuclear localization and chromatin 
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association in larval salivary gland cells.  Antibody staining of histone dimethyl-H3K4 

and DAPI staining revealed that Rbf1N-RFP is enriched at interbands of salivary gland 

polytene chromosomes.  Interestingly, Rbf1N-RFP localization on polytene 

chromosomes also overlaps with acetylated histone H4, a histone modification that was 

shown to also mark active origins of replication in Drosophila follicle cells.  We also 

observe that RbfN colocalizes with Orc2 on polytene chromosomes.  Consistent with our 

immunoprecipitation data, we conclude that Rbf1N-RFP and Orc2-GFP colocalize on 

polytene chromosomes.  Our results indicate that the amino-terminal domain of Rbf1 is 

sufficient to localize to interband DNA of polytene chromosomes at regions of active 

chromatin, and may therefore play a role in modulating transcription and/or DNA 

replication at these sites where it is recruited. 

Finally, we analyzed the structure of RbfN using sequence alignment, secondary 

structure prediction, and three dimensional structure homology modeling.  We found that 

the RbfN sequence has experienced negative selection, suggesting a conservation of 

structure and function.  The RB N-terminal domain is conserved between flies and 

humans in primary, secondary, and tertiary structure.  Rbf has conserved tandem cyclin 

folds in both the N and C domains.  Based upon this tandem architecture, we propose a 

revised model of RB function.  Our research suggests that the retinoblastoma tumor 

suppressor may regulate the cell cycle by coordinating transcription and DNA replication 

through its interaction with multiple protein complexes. 
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Sqd interacts with the Drosophila retinoblastoma tumor suppressor Rbf (Appendix 

B) 

RB serves as a scaffold to coordinate binding of numerous proteins, including 

E2F and histone deacetylases, through its C-terminal domain.  As such, most studies have 

focused on elucidating the function of the RB through analysis of its C-terminal half 

(Morris and Dyson. 2001).  On the other hand, the amino-terminal half of RB has few 

known binding partners and its function is not well understood (Goodrich. 2003). 

To gain more insight into the function of the amino-terminal domain of Rbf (RbfN) we 

indentified novel binding partners by immunoprecipitation coupled with mass 

spectrometry.  Our experiment reveals that the heat shock cognate protein Hsc70-4 is a 

putative binding partner of RbfN.  In addition, the RNA-binding protein Squid (Sqd) was 

identified as a putative interacting partner of RbfN.  Western blot analysis confirmed that 

Sqd interacts with the amino-terminal domain of Rbf.  We also observed that Sqd shows 

a cytoplasmic localization that overlaps significantly with RbfN.  However, chromosomal 

localization of Sqd-GFP and RbfN-RFP do not completely coincide.  We conclude that 

Sqd colocalizes extensively with RbfN in the cytoplasm and nucleus.  Our data also 

suggests that cytoplasmic RbfN localizes to microtubule networks, since it colocalizes 

with cytoplasmic Beta-tubulin, and we infer that this association may be mediated by an 

interaction with Sqd. 

Since we have shown that Rbf and Sqd physically interact, and we also tested 

whether these proteins work together in proliferating tissues.  Scanning electron 

microscopy shows that lowered expression of either Rbf or Sqd by RNAi in the eye 
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results in a modest reduction of eye bristles.  However, a simultaneous RNAi knockdown 

of Rbf and Sqd results in an extensive loss of eye bristles.  These results suggests that Rbf 

and Sqd function in a common pathway, where reduction of both gene products results in 

an enhanced mutant phenotype.  We conclude from our studies that Rbf physically and 

genetically interacts with Sqd.  Since Sqd is an RNA binding protein, we propose that 

Rbf may play a novel role in RNA processing. 

 

The RB/E2F Pathway and Regulation of RNA Processing (Appendix C) 

Our discovery that Rbf associates with the RNA binding protein Squid prompted 

us to ask whether RB might have a role in the regulation of RNA processing.  The current 

model for RB/E2F network function describes its role in modulating gene expression at 

promoters.  However, the question of whether the RBF or E2F proteins play a role in 

gene expression beyond transcription initiation has never been systematically addressed.  

We have therefore written a review that 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.  Based upon this understanding, 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).  We observe that RbfN-

RFP exhibits a striking colocalization with SmD3-GFP in salivary gland nuclei.  This 

observation is consistent with previous experiments which show that human RB 
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colocalizes with RNA processing centers in the nuclei of mammalian cells (Durfee et al. 

1994).  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. 

Many transcription factors, including E2F, have been implicated in promoter-

dependent regulation of pre-mRNA splicing (Darville and Rousseau. 1997).  We propose 

a model based upon the genetic and biochemical data of RB/E2F interaction with RNA 

processing factors that describes a possible role in splicing regulation.  The elucidation of 

a novel role of RB in RNA processing will have a profound impact our understanding of 

the role of this tumor suppressor family in cell and developmental biology. 
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CHAPTER 3:  DISCUSSION 

Significance of this Study 

 Drosophila melanogaster provides a system in which RB function can be studied 

in a multicellular organism with powerful genetic tools to uncover the pathways involved 

in RB regulation.  I have shown a novel interaction of Drosophila Rbf with the origin 

recognition complex, which indicates a novel role in DNA replication control.  

Characterization of Rbf in regulating DNA replication has expanded our understanding of 

the role of the retinoblastoma protein family in cell and developmental biology.  Future 

studies in fly and human cells will help us to better understand how RB prevents cancer 

by regulating DNA replication and may provide new targets for the development of 

therapeutic agents.  In addition, a focused study of the uncharacterized amino-terminal 

domain of Rbf has revealed new insights into how RB might regulate cellular events, 

including DNA replication.  

I have shown that Drosophila Rbf can physically associate with RNA binding 

proteins.  Our observations corroborate the findings of several studies in mammalian cells 

demonstrating similar interactions of RB with RNA processing factors.  Regrettably, the 

scientific community has largely ignored these observations, so the meaning of these 

molecular interactions remains a mystery.  However, our studies have revived an interest 

in the possibility of RB as a regulator of RNA processing.  A thorough study of the affect 

of RB on RNA processing will certainly be a fruitful area of investigation that will reveal 

new insights into cell regulation by the retinoblastoma tumor suppressor protein family. 

 



 29 

Future Directions 

 Our work in Drosophila has given many clues about novel functions of the 

retinoblastoma tumor suppressor in cell regulation.  However, the thoughtful reader will 

quickly realize how many things we have yet to learn about the mechanisms involved.  I 

offer here many of these unanswered questions and propose experiments that, with proper 

funding and a legion of students, will reveal much about the mysteries of RB. 

DNA replication 

Several lines of evidence, including work from our lab, suggest that Rbf 

negatively regulates DNA replication initiation, both indirectly and directly.  However, 

the precise mechanism of direct regulation of DNA replication by Rbf is still unknown, 

and many questions remain about the function of its physical interaction with ORC.  For 

example, is the Rbf-ORC interaction cell cycle regulated?  Phosphorylation by CDKs 

modifies the interaction of Rbf with E2F.  Does CDK phosphorylation also inhibit the 

ability of Rbf to interact with or regulate ORC?  We know that Rbf can 

coimmunoprecipitate with ORC, but we do not know very much about the biochemical 

nature of the Rbf-ORC interaction.  ORC is a complex consisting of six different 

proteins.  Does Rbf interact with one ORC subunit or several?  Is the interaction direct, or 

is it mediated by other proteins? 

Our lab has mapped the interaction of Rbf with ORC to be within the first 330 

amino acids of Rbf, and this interaction is independent of E2F binding.  Yeast two-hybrid 

experiments in our lab with full-length Rbf as bait have failed to show an interaction with 

Orc1 or Orc2, although the other ORC subunits were not tested.  However, RB-
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GAL4DBD fusions have been shown to repress transcription of a reporter gene in yeast 

(Arneric et al. 2002; Kennedy et al. 2001).  The yeast two-hybrid assay relies on 

transcriptional activation, so a negative result may be due to transcriptional repression by 

Rbf.  These repressor functions require the carboxyl-terminal half of RB, therefore one 

way around this problem would be to use only the amino-terminal half of Rbf as bait to 

test for interaction of the ORC subunits.  A negative result could mean that the interaction 

is indirect, so an alternative strategy would be to test an interaction with candidate 

proteins known to interact with ORC, such as Cdc6 or Cdt1, or perform a full cDNA 

screen.  An interesting possibility is that Myb, an ORC interacting protein, mediates the 

ORC/Rbf interaction.  Rbf is found in complex with Myb in Drosophila, and B-Myb in 

mammals has been shown to physically bind the N-terminus of p107, which shows high 

sequence homology to Rbf (Ahlander et al. 2008; Joaquin et al. 2002).  One way to test 

this hypothesis is to see whether Rbf interacts with ORC in a Myb mutant background.  

Knowledge of the nature of the Rbf-ORC interaction will lead us to a better 

understanding of how Rbf might regulate DNA replication. 

ORC binds to chromosomes at origins of replication.  Does Rbf also localize to 

origins of replication?  Very little is known about the chromosomal association of Rbf.  

Immunostaining shows that Rbf localizes to discrete regions of polytene chromosomes 

(Longworth et al. 2008).  However, the precise genomic coordinates of Rbf localization 

have not been mapped, and therefore it is not known how these Rbf sites overlap with 

ORC binding or known origins of replication.  Does Rbf localize to all ORC sites at 

origins of replication, or might Rbf only localize to a few ORC sites where replication 
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does not initiate?  Does Rbf localize to the same sites in different tissues, or are there 

tissue-specific sites?  How does the cell cycle affect the chromosomal localization of 

Rbf? 

An established cell culture system is the best place to begin to answer the 

questions proposed above.  ORC binding and origins of replication have been finely 

mapped in Drosophila Kc cell culture and are being mapped in a variety of other cell 

types.  In addition, Kc cells are amenable to cell cycle synchronization, so it is most 

appropriate for initial studies of how Rbf might influence ORC and origins of replication.  

The cells would be synchronized in G1, G1/S, late S, G2/M, and M phases of the cell 

cycle, monitored by flow cytometry.  For each of these samples a chromatin 

immunoprecipitation (ChIP) would be performed with an Rbf antibody and test for 

enrichment of DNA from known origins of replication by PCR.  Perhaps a more 

informative experiment would be to hybridize ChIP DNA to whole genome tiling arrays.  

This would allow a relatively unbiased and comprehensive view of the localization of 

Rbf throughout the cell cycle.  This experiment would answer a whole host of questions 

about how Rbf may regulate transcription and/or DNA replication.  For example, does 

Rbf suppress origin firing before S phase, or does it suppress re-firing of origins after the 

initiation of S phase?  The timing of Rbf-origin association would give insight into this 

matter.  This experiment would also inform us of whether Rbf associates with different 

regions of the chromosome, such as euchromatin, heterochromatin, or telomeres, which 

may lead to a better understanding of how Rbf regulates chromatin dynamics and 

maintains genome stability.  Unfortunately very little is known about the genome-wide 
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binding of RB.  An experiment like this has never been done for the retinoblastoma 

protein in any system, so it will reveal a great deal about RB function. 

As a technical note, the RB protein in both humans and flies has been difficult to 

ChIP.  This is probably due to antibody accessibility problems since RB coordinates the 

simultaneous binding of many proteins.  A recent study showed how GFP tagging of RB 

can circumvent this problem and give robust ChIP signals (Stengel et al. 2009).  For our 

purposes, a GFP fusion construct under the control of the endogenous Rbf promoter 

would be preferred to most closely model the behavior of the endogenous Rbf protein.  

Modifying the protocol to include a protein-protein crosslinking agent before 

formaldehyde fixation also improves the ability to detect RB binding by ChIP 

(Vandromme et al. 2008). 

These experiments will give a basic understanding of how Rbf normally behaves 

during the cell cycle, which will provide a foundation for follow-up experiments.  For 

example, how would phosphorylation of Rbf affect its ability to bind to target sites?  On 

the other hand, would a mutant Rbf that could not be phosphorylated behave differently?  

How would these proteins affect the activation of origins of replication?  One possible 

mechanism for Rbf inhibition of replication origins is by recruitment of histone 

deacetylases (HDACs).  Histone H4 acetylation status has been shown to affect origin 

activity in Drosophila (Aggarwal and Calvi. 2004; Hartl et al. 2007).  A second, but not 

mutually exclusive, possibility is that Rbf regulates recruitment of replication initiation 

factors.  Once target Rbf binding sites have been characterized they can be used to test 

these models.  Synchronized cells would be used for ChIP analysis using antibodies to 
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acetylated histone H4, ORC, MCM, Cdt1, etc.  In addition, these experiments would be 

repeated in the presence of overexpressed wild-type and mutant Rbf.  We would test 

whether Rbf association with origins of replication correlates with histone acetylation 

status and recruitment of replication initiation proteins. 

Our lab has shown that overexpression of wild-type Rbf in follicle cells 

dramatically inhibits DNA replication, as shown by an absence of BrdU incorporation 

and reduced acetylated histone H4 (Hartl et al. 2007).  However, it is not known if this 

activity is dependent on transcriptional repression of E2F target genes or whether the 

phosophorylation status of Rbf is important in this context.   To test this, we would make 

use of transgenic flies that can overexpress one of several Rbf mutants.  These mutants 

have different properties, such as the inability to be phosphorylated at one or many sites.  

Some cannot bind and repress E2F, while others constitutively inhibit E2F 

transactivation.  Expression of these mutant proteins in follicle cells, therefore, may 

reveal whether there are transcription-independent functions of Rbf in DNA replication 

control. 

RNA processing 

Since Rbf associates with RNA binding proteins, this therefore implies that Rbf 

should also be found in a complex with RNA molecules.  RNA binding proteins often 

bind to specific subsets of RNA transcripts, and it would be informative to know which 

transcripts are associated with Rbf.  The isolation of Rbf-associated transcripts should be 

straightforward – immunoprecipitation of Rbf, followed by RNA purification.  The 

identity and abundance of these Rbf-associated transcripts can be analyzed by 
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microarrays or high-throughput sequencing.  RNA association by RB has never been 

demonstrated, so this result alone would be very exciting.  Nevertheless, the 

identification of Rbf-associated RNA would provide specific targets for further 

investigation of how these might be regulated by Rbf.  It will be interesting to see 

whether any of the Rbf-associated transcripts are from known Rbf/E2F-regulated genes, 

which would suggest a role for Rbf/E2F in multiple levels of gene regulation.  For an 

identified transcript not known to be Rbf/E2F regulated, ChIP experiments could be 

performed to determine whether Rbf or E2F binds to the genomic location of the related 

transcript. 

I have shown that Rbf physically interacts with the RNA binding protein Sqd.  

Sqd is best known for its role in the cytoplasmic localization of gurken mRNA during 

oogenesis.  However, Sqd is also essential for cell viability and may play a role in gene 

expression and alternative splicing of RNA transcripts.  Does Rbf affect the ability of Sqd 

to localize gurken mRNA in the oocyte?  Could Rbf affect alternative splicing of 

transcripts through its interaction with Sqd?  Or, on the other hand, could Sqd play a role 

in the Rbf/E2F transcriptional program? 

 Mammalian RB has been shown to associate with RNA-binding protein involved 

in many stages of RNA processing, such as splicing, nuclear export, and cytoplasmic 

transport.  Can Rbf regulate any of these steps in RNA processing?  For example, in 

mammalian cells RB associates with Hpr1, an RNA binding protein that is important for 

the nuclear export of a subset of RNA molecules.  Overexpression of Rbf in Drosophila 

cell culture followed by in situ hybridization of polyA tails will show whether Rbf can 
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inhibit nuclear export of transcripts.  This method was used to show that Drosophila 

Hpr1 deficiency results in nuclear accumulation of transcripts.  A microarray analysis of 

nuclear versus whole cell transcripts will subsequently reveal whether any transcripts are 

retained in the nucleus upon Rbf induction.   If whole genome tiling arrays are used, we 

would also be able to determine whether there is a change in the ratio of spliced versus 

unspliced RNAs and whether alternative splicing occurs.  We can look specifically for 

known Rbf/E2F regulated genes, but this experiment may also reveal novel Rbf targets.  

There is evidence that some RNA binding proteins can regulate splicing only when they 

are bound to the promoter of the same gene whose transcript is alternatively spliced.  

Does Rbf bind to the promoter or gene region of any of these targets?  The ChIP-chip 

experiments described earlier would be complementary to this transcriptomic study.  An 

integrated bioinformatic analysis of these data can correlate transcriptional/splicing 

regulation with binding to RNA/DNA by Rbf.  The work would also include an analysis 

of RNA motifs, intron/exon structure, and splice site preference within the context of the 

RB/E2F network.  From this analysis will begin to emerge a global view of 

transcriptional and post-transcriptional regulation by the retinoblastoma tumor 

suppressor. 

Other experiments could include a genetic screen of RNA binding proteins as 

modifiers of the Drosophila Rbf/E2F pathway and an analysis of splicing regulation in 

response to E2F expression.  RNA binding proteins are often involved in many processes 

in addition to splicing, so future work could include an analysis of RNA stability or other 

aspects of RNA processing.  For example, does Rbf affect the stability of any of the 
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transcripts that it regulates?  The work proposed here will naturally lead to parallel 

experiments in human cells.  This new knowledge will help us better understand how the 

RB/E2F network regulates development and prevents cancer progression. 
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Abstract

Background: The retinoblastoma (Rb) tumor suppressor protein can function as a DNA replication inhibitor as well as a
transcription factor. Regulation of DNA replication may occur through interaction of Rb with the origin recognition complex
(ORC).

Principal Findings: We characterized the interaction of Drosophila Rb, Rbf1, with ORC. Using expression of proteins in
Drosophila S2 cells, we found that an N-terminal Rbf1 fragment (amino acids 1–345) is sufficient for Rbf1 association with
ORC but does not bind to dE2F1. We also found that the C-terminal half of Rbf1 (amino acids 345–845) interacts with ORC.
We observed that the amino-terminal domain of Rbf1 localizes to chromatin in vivo and associates with chromosomal
regions implicated in replication initiation, including colocalization with Orc2 and acetylated histone H4.

Conclusions/Significance: Our results suggest that Rbf1 can associate with ORC and chromatin through domains
independent of the E2F binding site. We infer that Rbf1 may play a role in regulating replication directly through its
association with ORC and/or chromatin factors other than E2F. Our data suggest an important role for retinoblastoma family
proteins in cell proliferation and tumor suppression through interaction with the replication initiation machinery.
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Introduction

During the cell cycle each chromosome must be faithfully

replicated before cell division. Numerous mechanisms exist to

ensure the appropriate replication of chromosomes, including

precise control of replication initiation [1,2]. Limiting genomic

DNA replication to just once per cell cycle ensures proper

maintenance of gene dosage and ploidy, and failure to do so may

lead to various pathologies, including cancer [3–5].

Specific locations in the genome, called origins of replication, are

sites of DNA replication initiation during S phase. A heterohexa-

meric protein complex called the origin recognition complex (ORC)

binds to origins of replication and becomes a stage upon which the

replication initiation machinery assembles. Cdc6 and Cdt1 associate

with ORC and help recruit the MCM helicase complex. Many

other factors are recruited, including DNA polymerase, which allow

DNA replication to begin [1,6]. Thus, the assembly of these proteins

onto origins and regulation of their activities is a critical step in

limiting DNA replication to once per cell cycle.

The retinoblastoma tumor suppressor (Rb) regulates DNA

replication and is important for maintaining proper ploidy. Rb has

been detected at sites of DNA replication [7–9]. It is required for S

phase arrest in response to DNA damage, and Rb deficient cells

can re-replicate their DNA to give polyploid cells [9–14].

Similarly, loss of the Drosophila Rb homologue, rbf1, results in

inappropriate replication and mislocalization of Orc2 in follicle

cells [15]. In addition, the temporal and spatial pattern of histone

acetylation at a Drosophila replication origin is altered in rbf1

mutant follicle cells, also suggesting a role for this protein in

chromatin-mediated origin activity [16].

The canonical function of Rb is to restrict cell proliferation by

binding and suppressing members of the E2F family of transcription

factors, which results in downregulation of genes required for DNA

synthesis and S phase progression [17,18]. However, Rb also

physically interacts with the proteins of many genes it transcrip-

tionally regulates, such as MCM, DNA polymerase alpha, RFC,

and Cyclin E [19–23]. Furthermore, human Rb can repress

replication in a Xenopus cell-free and transcription-free system by

binding to MCM [19,24,25]. Collectively, this evidence suggests

that Rb may have a direct, post-transcriptional influence on DNA

replication machinery. The molecular mechanisms through which

Rb might directly influence origin activity are unclear.

The amino-terminal domain of Rb may play a role in regulating

DNA replication initiation. Some in vitro replication assays have
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shown that the Rb amino-terminus can bind and inhibit MCM7, a

component of the replicative helicase that is important for

replication initiation and elongation [19,25]. In this study we

show that Drosophila Rbf1 interacts with ORC in an E2F

independent manner through multiple domains that are outside

of the E2F binding domain. The Rbf1 amino-terminal domain

associates in vivo with chromosomal regions implicated in

replication initiation, including colocalization with Orc2 and

acetylated histone H4. Significantly, our work illustrates novel

interactions of Rb with the replication initiation machinery that

have important implications for our understanding of cell

proliferation and tumor suppression.

Results

Rbf1 interacts with ORC through multiple domains
We showed previously by coimmunoprecipitation that Drosophila

Orc1 and Orc2 proteins interact with the dDP/dE2F1/Rbf1

complex in ovarian extracts, and we wished to further characterize

this interaction [15]. Previous experiments using e2f1i2 mutant flies

[26] demonstrated that ORC does not interact with a truncated

dE2F1 that has lost its Rbf1 interaction domain, which suggested

that Rbf1 might mediate the ORC-dE2F interaction [15]. We

used Drosophila S2 cell culture to test the association of transiently

transfected Rbf1 proteins with endogenous ORC proteins. We

expressed V5 epitope tagged Rbf1 deletion fragments in S2 cells

under the inducible metallothionein promoter [27] and tested

whether they would coimmunoprecipitate with endogenous Orc2.

We found that the Rbf1 N-terminal fragment (Rbf1N, amino acids

1–345) was sufficient for its interaction with ORC (Figure 1A). We

next tested the Rbf1-ORC interaction in S2 cells using two

different constructs of the Rbf1 C-terminal fragment, one with

amino acids 345–845 and another with amino acids 345–797. We

observed that the Rbf1(345–845)-V5 fragment could be coimmu-

noprecipitated with Orc2 (Figure 1B). Interestingly, the Rbf1(345–

797)-V5 fragment did not pellet with Orc2 immunoprecipitates

(Figure 1C). This data suggests that an interaction of ORC with

the Rbf1 C-terminus requires amino acids 797–845 of Rbf1.

However, it was also possible that the 345–797 fragment could not

properly fold into a functional protein. It has been shown

previously that the C-terminal half of Rbf1 contains a pocket

domain that interacts with dE2F and that the 345–797 fragment is

sufficient for this interaction [28]. Therefore, we asked whether the

V5 tagged Rbf1 345–797 fragment could still associate with dE2F1

in S2 cell extracts. Indeed, Rbf1(345–797)-V5 was found in dE2F1

immunoprecipitates while Rbf1(1–345)-V5 was not (Figure 1D).

Additional deletions of the Rbf1 N-terminal region into amino

acids 1–150 (Figure 1E) and amino acids 1–330 (Figure 1F)

allowed us to further define the N-terminal 150–330 Rbf1 amino

acids as being necessary for its association with Orc2. These

observations indicate that ORC interacts with Rbf1 through

multiple sites distinct from the dE2F binding site. Since there are

two Rb family genes in Drosophila, Rbf1 and Rbf2, we tested

whether ORC also interacts with Rbf2. We had previously shown

that endogenous Rbf1 from Drosophila ovarian extracts interacts

with ORC [15]. Intriguingly, endogenous Orc2 and Rbf2 could

not be coimmunoprecipitated from ovarian extracts (Figure 1G),

suggesting that ORC interacts specifically with Rbf1 and not Rbf2.

Nuclear localization and chromatin association of Rbf1N
It was previously shown that the amino-terminus of human Rb

alone cannot localize to the nucleus without an added nuclear

localization signal [29]. However, data presented above suggested

that Drosophila Rbf1 might be tethered to chromatin independently

of dE2F by association with other nuclear proteins. To examine

the intracellular localization of the amino-terminus of Drosophila

Rbf1, we transfected S2 cells with Rbf1(1–345)-V5, hereafter

referred to as Rbf1N. Immunostaining of V5 shows Rbf1N

localizes strongly to the nucleus, with some cytoplasmic staining

(Figure 2A).

To further study the localization of Rbf1N in vivo, we made

transgenic flies with Rbf1N-V5 fused to the mCherry red

fluorescent protein [30] in the pUASP expression vector [31].

Expression of Rbf1N-RFP using tissue-specific GAL4 drivers

shows robust nuclear localization in larval salivary gland cells in

addition to cytoplasmic and plasma membrane localization

(Figure 2B). Furthermore, treatment with chromatin wash buffer

before fixation [32] reveals that Rbf1N is chromatin-associated

(Figure 2C). It may be that some of the recruitment of Rbf1N to

chromatin is due to its association with ORC, although Rbf1N is

probably recruited to many other sites through its interaction with

other nuclear proteins, such as MCM (data not shown). Expression

of Rbf1N in ovarian nurse cells and follicle cells also exhibited

nuclear localization (data not shown). Thus, the amino-terminal

domain of Rbf1 is sufficient for nuclear localization and chromatin

association in vivo in a variety of cell types.

Rbf1N colocalizes with acetyl-H4 at interbands of
polytene chromosomes

We next wished to understand the character of the chromatin

with which Rbf1N is associated in order to gain insight into its

function. We expressed Rbf1N-RFP in larvae using GAL4 drivers

expressed specifically in the salivary glands. The salivary glands

were incubated in chromatin wash buffer before being fixed with

formaldehyde to remove any unbound Rbf1N-RFP. Confocal

images of whole-mount nuclei reveal that Rbf1N-RFP localizes

specifically to the regions in between DNA bands stained by

DAPI, called interband DNA (Figure 3). Co-staining with an

antibody directed against the modified histone dimethyl-H3K4, a

marker of interbands [33], confirms that Rbf1N-RFP is enriched

at interbands. In addition, measurements of fluorescent intensity

along chromosome bands visibly exhibit the interband localization

of Rbf1N-RFP and dimethyl-H3K4 in between the DAPI bands

(Figure 3E). Rbf1N-RFP appears to be more broadly distributed

across the chromosomes than dimethyl-H3K4. However, a closer

analysis of colocalization revealed that 49 out of 54 dimethyl-

H3K4 bands chosen at random overlap conspicuously with

Rbf1N-RFP (Figure 3F). Interestingly, Rbf1N-RFP localization

on polytene chromosomes also overlaps consistently with acety-

lated histone H4 (Figure 4), a histone modification that was shown

to also mark active origins of replication in Drosophila follicle cells

[16,34]. Both of these histone markers indicate that Rbf1N is

highly enriched at chromatin regions involved in active transcrip-

tion and/or DNA replication. We note that there some regions of

dimethyl-H3K4 and acetyl-H4 enrichment where Rbf1N-RFP is

not (Figure 3D and Figure 4D, asterisks). These may be specific

regions where Rbf1N is not recruited, and thus would not have a

role in altering local activity at these sites. Our results indicate that

the amino-terminal domain of Rbf1 is sufficient to localize to

interband DNA of polytene chromosomes at regions of active

chromatin, and may therefore play a role in modulating

transcription and/or DNA replication at these sites where it is

recruited.

Chromatin-associated Rbf1N colocalizes with ORC in vivo
We next determined whether chromatin-associated Rbf1N

interacts with ORC in vivo. We collected flies containing both

transgenes Sgs3.GAL4 and UAS.Rbf1N-RFP and crossed them to
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Orc2-GFP flies, which have an engineered exon containing the

EGFP coding sequence inserted into the coding region of

endogenous Orc2 [35]. We dissected salivary glands from

wandering third instar larvae and incubated them in chromatin

wash buffer before fixation. Rbf1N-RFP fluoresced strongly

(Figure 5C), as expected, whereas the Orc2-GFP fluorescence

was generally faint (Figure 5B). Rbf1N and Orc2 appear to

colocalize in many places on the chromosomes (Figure 5D), where

32 out of 40 bands chosen at random contain both Rbf1N-RFP

and Orc2-GFP (Figure 5E). Measurement of fluorescent intensity

along one region of the chromosome shows that colocalization of

Rbf1N and Orc2 occurs in an interband (Figure 5F). It is also

Figure 1. ORC interacts with Rbf1 N-terminal and C-terminal fragments in an E2F independent manner. S2 cells were transfected with
metallothionein promoter (pMT) regulated Rbf1 deletion constructs with a C-terminal Simian Virus 5 (V5) epitope-tag and cell extracts from
uninduced (2) and copper sulfate induced (+) cultures were subjected to immunoprecipitation (IP) and anti-V5 immunoblotting (IB). (A) Rbf1(1–345)-
V5 transfected cell extracts were immunoprecipitated with anti-Orc2. Note that extracts from induced cells show a Rbf1(1–345)-V5 fragment
(arrowhead) in the IP pellet while uninduced cell extracts treated identically with anti-Orc2 serum failed to IP an anti-V5 reacting band of comparable
size. (B) Rbf1(345–845)-V5 transfected cell extracts were induced and anti-HA (negative control), anti-dE2F1 and anti-Orc2 serum were used in IP
reactions. Western IB was probed with anti-V5 which detects the Rbf1(345–845)-V5 protein fragment (arrowhead) that migrates just above the IgG
heavy chain (arrow). (C) Extracts from Rbf1(345–797)-V5 cells uninduced (2) and induced (+) cultures were subjected to anti-Orc2 IP and western IB
probed with anti-V5. (D) Extracts from Rbf1(1–345)-V5 or Rbf1(345–797)-V5 cells uninduced (2) and induced (+) were subjected to anti-dE2F1 IP.
Extracts from (E) Rbf1(1–150)-V5 and (F) Rbf1(1–330)-V5 cells that were uninduced (2) and induced (+) were subjected to anti-Orc2 IP and anti-V5
western IB. In each case 5–10% of the IP supernatant (sup.) and all of the IP pellets were loaded. In all panels (except D) the IgG heavy chain protein is
noted by an arrow and Rbf1-V5 deletion fragments are denoted by an arrowhead. (G) Rbf2 does not interact with ORC. Ovarian extracts were
immunoprecipitated (IP pellets) with no antibody (No Ab.), anti-Orc2 or anti-Rbf2. Entire IP pellets and 10% of supernatant were loaded. Immunoblot
(IB) was first probed with anti-Orc2, stripped and then reprobed with anti-Rbf2.
doi:10.1371/journal.pone.0002831.g001
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interesting to note that photobleaching of Rbf1N-RFP resulted in

a modest increase in GFP signal (Figure 5D boxed area, and

Figure 5G), which may be an indication of FRET. Previous studies

illustrated that EGFP and mCherry have the ability to exhibit

fluorescence resonance energy transfer (FRET) with a Förster

radius at 5.4nm, which is the distance at which 50% of the excited

EGFP molecules are neutralized by FRET [36,37]. Thus, it

appears that Rbf1N-RFP complexes with ORC and is within

sufficient proximity (1–10 nm) so as to neutralize some of the light

emission from Orc2-GFP, which is characteristic of FRET. Upon

photobleaching, Rbf1N-RFP can no longer absorb the GFP

emission, which allows us to more fully visualize the Orc2-GFP.

To quantify FRET we photobleached RFP in a discrete section of

three different nuclei and compared the amount of fluorescence

between photobleached and non-photobleached areas within the

same nucleus. We found that GFP fluorescence increases 1.5–2

fold after RFP photobleaching (Figure 5H). A two-tailed T-test

indicates that GFP fluorescence increase is highly statistically

significant p,0.0001 in each of the three nuclei. Consistent with

our immunoprecipitation data (Figure 1), we conclude that Rbf1N

and Orc2 colocalize on polytene chromosomes.

The N-terminal domain of Rbf1 is not sufficient for
altering cell cycle or DNA replication

Given the the in vitro interactions of Rbf1N with ORC and

colocalization of Rbf1N and Orc2, we hypothesized that the

Rbf1N domain may function to regulate cell cycle progression in

general and DNA replication in particular. To test this hypothesis

we overexpressed the Rbf1N protein in tissues of transgenic

Drosophila. First, actin.GAL4 driving expression of the

UAS.Rbf1N-RFP was examined in the ovarian follicle cells. We

observed robust expression and nuclear localization of the Rbf1N-

RFP in follicle cells, however BrdU labeling of follicle cells did not

reveal any detectable changes in DNA replication patterns during

endoreplication or chorion gene amplification (data not shown).

Flow cytometry analysis of follicle cell nuclei also did not reveal

any significant differences in ploidy content (Table S1), proportion

of follicle cells in S phase (Table S2) or nuclear size (Table S3)

versus controls. In addition, overexpression of Rbf1N-RFP in

diploid proliferating neuroblasts similarly did not cause any cell

cycle pertubation, as assayed by flow cytometry (data not shown).

Lastly, overexpression of different independent insertion lines of

UAS.Rbf1N-RFP in the developing eye by GMR.GAL4 [38] or

Figure 2. The Rbf1 amino-terminal domain, Rbf1N, is sufficient for nuclear localization and chromatin association. (A) S2 cells were
transfected with a copper inducible construct containing Rbf1N (Rbf1 amino acids 1–345) tagged with a V5 epitope. Immunofluorescence using V5
antibodies shows Rbf1N is mostly nuclear with small amounts cytoplasmic localization. To observe the localization of Rbf1N in vivo, transgenic flies
containing UAS.Rbf1N-RFP were crossed to flies bearing a GAL4 transgene that expressed specifically in salivary glands. (B) Rbf1N-RFP localizes to
the nucleus in salivary gland cells. RFP fluorescence is brightly seen throughout the nucleus and cytoplasm, and it appears to also associate with
cytoplasmic structures and the plasma membrane. (C) To remove unbound Rbf1N-RFP, salivary glands were incubated in chromatin wash buffer,
revealing that Rbf1N-RFP associates with chromatin and localizes in a striped pattern along polytene chromosomes.
doi:10.1371/journal.pone.0002831.g002
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ey.GAL4 [39] did not yield any obvious adult eye phenotypes

(data not shown). These data suggest that although Rbf1N is

sufficient for chromatin localization and its interaction with Orc2,

the Rbf1N (1–345) domain alone is not sufficient for significantly

altering the cell cycle in vivo.

Rbf1 has a conserved tandem cyclin fold structure
Despite our failure to detect an in vivo phenotype when

overexpressing the Rbf1N fragment it may be that this region of

Rbf1 is nevertheless critical for a multitude of cellular functions.

Although there is an abundance of information regarding the

function of the C-terminal pocket domain of Rb, there is little

known about the function of the amino-terminal domain of Rb

family members [40]. We analyzed the Drosophila retinoblastoma

proteins to determine the extent of sequence and structure

conservation of the N-terminal domain between flies and humans.

Our analysis using protein sequence alignments reveals that the N-

terminal domain of Rbf1 is highly conserved within Drosophilidae

as well as between flies and humans (Figure S2). Such protein

sequence conservation supports our hypothesis that the N-terminal

region of Rbf1 may have important in vivo functions and that

further analysis of this domain is warranted.

We also explored a structural analysis of Rbf1N. Protein fold

analysis using Phyre [41,42] showed that Rbf1N contains a cyclin-

like fold with high similarity to transcription factor TFIIb, and this

was also true for human pRb, p107, and p130. Using amino acid

sequence alignment with pRb guided by secondary structure

prediction of Rbf1, we observed that each Rbf1 domain contains

tandem cyclin folds consisting of five alpha helices each (Figure 6).

Previous studies using structural analysis have indicated that

human pRb contains tandem cyclin-like folds in both its N and C-

terminal domains, and suggesting that this family of proteins

emerged from two successive tandem duplication events possibly

sharing an ancient common ancestor that gave rise to multiple cell

cycle regulators [43,44]. Moreover, since the alpha helices

comprising each of the N-terminal and C-terminal Cyclin folds

of Rbf1 share sequence similarity (Figure 6E), this intrahomolo-

gous tandem domain architecture of retinoblastoma proteins may

explain our finding that ORC interacts with multiple Rbf1

domains (Figure 1). Rbf1 may be an adaptor molecule that is able

to switch between several orientations with ORC to accommodate

different combinations of binding partners depending on the

cellular context (Figure 7B). Such high conservation of both

sequence and structure of the retinoblastoma N-terminal domain

will provide the basis for future studies using directed mutagenesis

for in vitro and genetic functional studies.

Discussion

The retinoblastoma tumor suppressor, Rb, plays a significant

role in regulating the cell cycle, including S phase [18]. Rb

deficient cells in both flies and mammals show a reduced ability to

restrict re-replication of DNA [13–15], which may lead to genome

instability and tumor progression [5]. It is clear that Rb negatively

regulates DNA replication indirectly by shutting down gene

expression of crucial replication factors [17,45,46]. However, it

remains to be seen how much Rb directly influences the

replication machinery itself. In this study we present evidence

that Drosophila Rbf1 associates with ORC through multiple

domains, further supporting a role for Rbf1 in regulating DNA

replication.

Our immunoprecipitation data demonstrate that ORC interacts

with Rbf1 independent of dE2F1 binding. ORC interacts with the

N-terminal domain of Rbf1 (Figure 1A), whereas E2F interacts

only with the C-terminal pocket containing region (Figure 1D). We

also show that ORC has a second interaction site on the C-

terminal domain of Rbf1 that appears to require a region outside

of the E2F binding domain on Rbf1 (Figure 1B and 1C). Previous

studies have identified a number of mammalian Rb binding

proteins that also interact with both the N- and C-terminal

domains [43,47–50]. Our finding that Rbf1 can interact with

chromosomal proteins like ORC regardless of E2F association

gives fresh insight into the tumor suppressive properties of

retinoblastoma proteins, since they may retain the potential to

regulate cellular events, such as replication initiation, even while

Figure 4. Rbf1N colocalizes with acetylated histone H4 at
interband regions of salivary gland polytene chromosomes.
Salivary glands expressing Rbf1N-RFP were chromatin washed and
counterstained with antibodies specific for acetylated histone H4, a
marker of active transcription and active origins of replication. Acetyl-
H4 colocalizes with Rbf1N-RFP at interbands. (A) DAPI staining marks
chromosomal bands. Acetyl-H4 (B) and Rbf1N-RFP (C) colocalize at
many chromosomal locations (D). The merged image (D) reveals
extensive colocalization of Rbf1N-RFP and acetyl-H4, as well as some
areas of non-overlap. The arrow indicates an interband representing
colocalization, and the asterisk denotes a site where colocalization does
not occur.
doi:10.1371/journal.pone.0002831.g004

Figure 3. Rbf1N colocalizes with modified histones at interband regions of salivary gland polytene chromosomes. (A) Salivary glands
expressing Rbf1N-RFP were chromatin washed and counterstained with antibodies specific for histone H3 dimetylated on lysine 4, a modified histone
that marks interband DNA and is an indicator of active transcription. Rbf1N-RFP (C) and dimethyl-H3K4 (B) colocalize at interbands (D and E), whereas
DAPI stains the bands of the polytene chromosomes (A and E). Arrows indicate interbands demonstrating colocalization, and the asterisk denotes a
site where colocalization does not occur. The merged image (D) reveals extensive colocalization of Rbf1N-RFP and dimethyl-H3K4, as well as some
areas of non-overlap. (E) A graph of fluorescent intensity along several chromosome bands shows the banding pattern of DAPI versus the alternating
interband pattern of Rbf1N-RFP and dimethyl-H3K4. (F) A Venn diagram illustrates that Rbf1N-RFP colocalizes extensively with the modified histone
dimethyl-H3K4 in randomly chosen bands.
doi:10.1371/journal.pone.0002831.g003
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E2F binding to RB is inhibited by mutation, phosphorylation, or

binding of viral oncoproteins [18].

We show that the Rbf1 amino-terminal domain, Rbf1N, is

sufficient for nuclear localization and chromatin association in vivo.

Significantly, we show that Rbf1N localizes to interband regions

on larval salivary gland polytene chromosomes (Figure 3).

Drosophila polytene chromosomes have long served as a model

for studying genetics and chromatin dynamics for [51], and several

studies have highlighted their potential in studying the properties

of replication timing along the chromosome [52,53]. A compar-

ison of the characteristics of interbands of salivary gland polytene

chromosomes and early origins of replication in Kc cell culture

reveal striking similarities. Interbands and early origins are both

AT rich, are enriched with RNA polymerase II, and are

transcriptionally active [54–56]. Furthermore, they are enriched

with ORC, incorporate BrdU, and replicate early in S phase

[52,57,58]. These previously published observations suggest that

interbands may contain origins of replication. Our results further

support an interband origin hypothesis. First, we show that Rbf1N

localizes to interbands (Figure 3). Second, Rbf1N colocalizes at

interbands with acetylated histone H4 (Figure 4), a histone

modification that has been shown to be associated with active

origins of replication in Drosophila amplification stage follicle cells

[16,34]. Third, we show that Rbf1N colocalizes with Orc2 at

interbands (Figure 5). Collectively, these observations support a

hypothesis in which interbands serve as places for assembly of

replication initiation complexes, including ORC and Rbf1. Since

we were not able to demonstrate that in vivo expression of the

Figure 5. Rbf1N physically interacts with ORC in vivo. Salivary glands from transgenic larvae expressing both Rbf1N-RFP and Orc2-GFP were
chromatin washed and fixed for fluorescence microscopy. Rbf1N-RFP (C) and Orc2-GFP (B) colocalize on polytene chromosomes (D through F). DAPI
stains the bands of the polytene chromosomes (A). Photobleaching of Rbf1N-RFP, indicated by the boxed area, results in an increased GFP signal,
which is a consequence of fluorescence resonance energy transfer (FRET) by the red and green fluorescent proteins, mCherry and EGFP. FRET reveals
that Rbf1N-RFP and Orc2-GFP are in very close physical proximity. (E) A Venn diagram illustrates that Orc2-GFP colocalizes extensively with Rbf1N-RFP
fluorescence in randomly chosen bands. (F) A graph of fluorescent intensity along the region indicated by an arrow (D) shows that Rbf1N-RFP and
Orc2-GFP colocalize within an interband region. (G) Photobleaching of RbfN-RFP results in an increased GFP signal in salivary gland nuclei. (H) Fold-
change after Rbf1-N-RFP photobleaching is shown as the ratio of bleached/non-bleached signal in each of three different nuclei. Blue bars show DAPI
signal, red is RFP signal and green show fold-change in Orc2-GFP signal. A two-tailed T-test indicates that GFP fluorescence increase is highly
statistically significant p,0.0001 in each of the three nuclei. RFP photobleaching increases GFP fluorescence by 1.5–2-fold. These three nuclei (see
Figure S1) are representative of larger populations.
doi:10.1371/journal.pone.0002831.g005
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Figure 6. Alignment of Cyclin fold helices within the Rbf1 sequence. The retinoblastoma proteins in humans and flies share a domain
structure containing four cyclin folds, with each fold consisting of five alpha helices. The N-terminal (A and B) and C-terminal (C and D) domains of
Rbf1 each have a cyclin fold A and B, resulting in four total cyclin folds that share extensive sequence conservation with pRb. It is likely that the
retinoblastoma family of proteins emerged from two successive tandem duplication events from an ancient cyclin-like ancestor that gave rise to
many cell cycle regulators. This finding seems to indicate that the retinoblastoma N and C-terminal domains are intrahomologues. The tandem
domain architecture of Rb family proteins may explain our finding that ORC interacts with multiple Rbf1 domains, and suggests that Rbf1 may be an
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Rbf1-N domain alone was sufficient to perturb replication and cell

cycle progression, further studies will be required to characterize

its function and the chromosomal sites bound specifically by the

ORC-Rbf1 complex.

Many lines of genetic and biochemical evidence suggest that Rb

restricts replication initiation, although its mechanism is not clearly

understood. We suggest a model describing how Rbf1 might

directly regulate replication initiation (Figure 7A). First, Rbf1

binding may inhibit ORC complex formation with other

replication initiation factors. Second, Rbf1 may inhibit activity

of the replication initiation machinery after it has assembled at an

origin of replication. Third, Rbf1 may recruit chromatin

modifying factors to origins of replication to suppress origin

activity before and/or after replication initiation. For example,

retinoblastoma family proteins associate with histone methyl

transferases and histone deacetylases [59,60]. Histone acetylation

status has been shown to correlate with origin activity in Drosophila

[16,34]. In addition, rbf1 mutant follicle cells have overactive

origins associated with prolonged H4 acetylation [15,16]. Rbf1

may be employed in ways such as these to inhibit premature origin

firing or, perhaps more importantly, prevent reinitiation of DNA

replication during the cell cycle.

The amino-terminal domain of Rbf1 is sufficient for the

interaction with ORC. However, the Rbf1 N-terminus alone may

not be sufficient for inhibition of DNA replication initiation in vivo

and thus may serve to recruit other important factors, such as

histone modifying enzymes, to origins of replication through the

C-terminal domain (Figure 7). Furthermore, this N-terminal tether

to ORC may retain Rbf1 at origins of replication throughout the

cell cycle even while the repertoire of binding partners changes on

its C-terminus. For example, there are a few putative CDK

phosphorylation sites on Rbf1, but all of them reside within the C-

terminal pocket domain [28]. Phosphorylation by cyclin-CDKs

dissociates Rbf1-dE2F1 complexes [61]. However, phosphoryla-

tion of Rbf1 by Cyclin E-cdk2 is not sufficient to prevent its

association with the Myb-MuvB complex [61]. In another study,

human Rb was shown to associate with chromatin well into S-

phase at a time when its phosphorylation status typically prevents

its association with E2F [62]. These findings raise the interesting

possibility that cell cycle mediated phosphorylation of Rbf1 can

modulate protein interactions while Rbf1 remains tethered to

specific chromosomal sites, such as origins of replication through

its association with ORC and/or Myb-MuvB. In addition, Rbf1

may also associate with other replication factors, for example RFC

and MCM complexes that may also serve to tether Rbf1 to

chromatin. Our observations and data reported by others support

a model in which Rbf1 may constitute part of a sensor switch at

origins of replication and/or sites of transcription that can be

rapidly disabled to allow for replication initiation or gene

transcription, while its physical presence allows it to be reactivated

just as quickly to repress these processes in response to specific

cues, such as DNA damage or developmental signals

[16,34,61,63–65]. Cell cycle and mutational analysis of the

ORC-Rbf1 interaction will give us more insight into the

mechanism of Rbf1 at origins of replication.

Retinoblastoma proteins are generally thought to be recruited to

chromatin in vivo through DNA binding proteins, such as E2F,

although a limited number of studies show some ability of Rb to

bind nonspecifically to DNA in vitro [66,67]. Our observations that

Rbf1 can associate with ORC independently of E2F raises the

possibility that Rbf1 could be tethered to chromatin and act as a

transcriptional regulator for genes that do not contain E2F binding

sites [68] (Figure 7B). ORC has been implicated in transcriptional

roles, as well [69]. Moreover, transcriptional activity and DNA

replication timing appear to be tightly coordinated at a local

chromatin level [52,53], which suggests that the transcription

repressor functions of Rbf1 may be co-opted to also regulate

replication initiation. Rbf1 may possibly be recruited to interband

regions of polytene chromosomes by both its association with

replication factors and its association with the basal transcription

machinery [70]. The coincidence of both replicative and

transcriptional components at polytene interbands may signify a

dual role of Rbf1 in these processes.

Given that the amino-terminal domain of Rb family members is

conserved between flies and mammals (Figure 6 and Figure S2), it

is astonishing that this domain is largely ignored in the

experimental literature [40]. In fact, many publications have

characterized Rb protein interaction and function using only N-

terminally deleted pRb constructs. Notwithstanding, of the

handful of reports that have explored the function of the Rb N-

terminal domain, two have shown that it may play a role in

suppression of apoptosis and tumor formation [71,72]. In addition,

the amino-terminal domain of p107 is necessary for growth

inhibition and can bind and inhibit cyclin-CDK complexes [73].

The tandem duplication of cyclin folds in both Rb domains

[43,44] that is conserved in Rbf1 (Figure 6) may explain how Rbf1

associates with the same complexes (i.e. ORC) through multiple

domains. Consequently, it is interesting to speculate that Rbf1 can

be tethered to chromatin by a single complex (e.g. ORC) in

different orientations (Figure 7B). This idea adds further

complexity to the sensor switch model in that any given genomic

locus where Rbf1 is tethered may have very different chromatin

states (at different times or in different cells) that are determined as

Rbf1 ‘‘rotates’’ through its multiple binding sites with its tether

(Figure 7B). The ‘‘rotation’’ or ‘‘ping-pong’’ models [16] predict

that the Rbf1 binding orientation would occlude or present

additional docking sites on Rbf1 for factors that can only associate

through single and specific sites on the Rbf1 protein. Although

speculative, this model is consistent with the observations

presented in this study as well as previous reports on Rbf1

function [16,34,61,63–65].

We have presented data using the N-terminus of Rbf1 that

suggest an important and conserved role for retinoblastoma family

proteins in cell proliferation and tumor suppression through

interaction with the replication initiation machinery. Although we

have failed to observe any appreciable cell cycle function of the

Rbf1N domain by itself, we nevertheless propose that this domain

plays an important function by creating multiple protein binding

configurations and by tethering Rbf1 to chromatin. Protein

sequence and structural conservation between humans and flies

and within Drosophilidae also suggests a conserved and unappre-

ciated function of the N-terminal domain of retinoblastoma tumor

suppressor proteins. We speculate that the amino-terminal domain

of Rb in both flies and humans has much to reveal about cell cycle

control and cancer biology that merits further investigation.

adaptor molecule that is able to switch between several orientations with ORC to accommodate different combinations of binding partners
depending on different cellular contexts. (E) All five helices from the four Rbf1 cyclin folds were compared together. Amino acids conserved in two or
more helices were shaded accordingly, revealing a collective conservation of amino acid sequence between the cyclin folds. Black shading with white
letters indicates identical amino acids. Grey shading indicates amino acid similarity. Helices are underlined in red.
doi:10.1371/journal.pone.0002831.g006
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Figure 7. Models of Rbf1 adaptor functions. (A) Rbf1 associates with ORC and may inhibit recruitment other replication initiation factors. Due to
its association with ORC, Rbf1 might inhibit the activity of the replication initiation complex. Phosphorylation of the C-terminal domain of Rbf1 by
Cyclin-CDK complexes releases binding partners, such as E2F, and may constitute part of a reversible switch to regulate origins of replication. This
switchable regulation may come in part through changes in recruitment of associated chromatin modifying enzymes and tethering of
phosphorylated Rbf1 by the Myb-MuvB complex may allow Rbf1 to ping-pong from one complex to another in a localized manner. (B) We speculate
that because Rbf1 may be able to associate with chromatin bound ORC and through multiple domains it can be tethered in more than one
orientation, thereby presenting and/or occluding docking sites for other Rbf1-associated chromatin factors (e.g. histone deacetylases, histone
methyltransferase, etc.). For example, this may allow Rbf1 to function as an ‘‘adaptor’’ molecule at any one ORC site where its specific orientation
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Materials and Methods

RBF1 expression constructs and transgenic flies
All C-terminal V5-tagged RBF1 proteins were expressed under the

metallothionein gene promoter [27] in the Drosophila pMT/V5-HisB

expression plasmid (Invitrogen). RBF1 cDNA fragments [74] were

PCR amplified with KpnI and SacII restriction sites designed into the

59-primer and 39-primer, respectively, for all V5-tagged proteins. For

RBF1 1–345 (Rbf1N) the primers used were 59-CTTGGTACC-

TATGAGCGAGCCTGACCCGCAG-39 and 59-TCCTCCCCG-

CGGGGCAGTGTGTTCCCCCGCATC-39. For RBF1 345–797

(Rbf1C) the primers used were 59-CTTGGTACCTATGGCCCT-

CAACGACCAGTCCCTG-39 and 59-TCCTCCCCGCGGCT-

AGTCCGGCTCGTCGCCAAAGCT-39. Subsequent restriction

digestion and cloning of PCR products was done directly into the

vector. All clones were validated by sequencing. To generate the

UAS.Rbf1N-RFP vector, the mCherry RFP [30] coding sequence

was PCR amplified with primers designed with 59 SpeI and 39

XbaI sites: 59-ATAGTAGTATGGTGAGCAAGGGCGAG-39

and 59-GCTCTAGATTACTTGTACAGCTCGTCCAT-39. The

mCherry PCR product was digested and cloned into pUASP [31].

Subsequently, we used the RBF1-containing pMT/V5-HisB con-

structs described above to PCR amplify RBF1 amino acids 1–345

with the V5 epitope tag with primers designed with 59KpnI and 39

SpeI sites: 59-ATAGGTACCATGAGCGAGCCTGACCCGCA-39

and 59-CGCACTAGTCGTAGAATCGAGACCGAGGA-39. This

PCR product was digested and subcloned in-frame with mCherry in

pUASP, resulting in Rbf1N with a C-terminal V5 and mCherry tag.

Sequencing of this construct revealed a missense mutation converting

amino acid 241 of RBF1 from Lys to Glu. However, this change

retains the ability to coimmunoprecipitate with ORC (data not

shown). The UAS.Rbf1N-RFP construct (pJA024) was used for

embryo injections to create transgenic fly lines. The pUASP and

mCherry plasmids were a kind gift from Marc Brabant and Hanna

Fares, respectively.

S2 cell culture, transfections and protein expression
Drosophila Schneider cells were grown under standard conditions

(M3 medium, Sigma) with antibiotics and up to 12% calf serum

(Invitrogen). In a typical transfection 2 ug of plasmid was used

with the transfection reagent CellFectin (Invitrogen). In the case of

the V5-RBF1, protein expression was induced with 0.7 mM

copper sulfate 24 hours after transfection and cells were harvested

48 hours after transfection.

Antibodies, immunoprecipitations, and immunoblots
Extracts from ovaries and S2 cells were prepared by dounce

homogenization of tissue in 16 IP buffer (150 mM NaCl, 50 mM

Tris pH 8, 2.5 mM EDTA, 2.5 mM EGTA, 1% NP-40, 0.1 mM

PMSF, 0.02% NaN3) as previously described [15]. Anti-serum was

added to approximately 50–100 ml of extracts for each immuno-

precipitation and incubated on ice for one hour. Protein-G beads

(Sigma) were used for all reactions. The anti-RBF2 [75] mouse

monoclonal antibodies have been described. The rabbit anti-

ORC2 and Guinea pig anti-dE2F1 have been described

[15,26,76]. For immunoprecipitations: Anti-HA (Sigma), Anti-

ORC2, and anti-dE2F1 antibodies were used at 1:100 dilutions.

Anti- RBF2 was used at 1:1 dilutions. Anti-V5 (Invitrogen) was

used at 1:25 dilutions. IP pellets were resuspended in SDS-PAGE

sample buffer and denatured at 95uC for 10 minutes. Where

indicated IP supernatant (sup.) was saved and approximately 10%

was loaded on gels. Samples run on SDS-PAGE were transferred

to PVDF nylon membrane. Immunoblotting was done by

standard techniques using the following antibodies in 16 TBST,

5% non-fat milk and 2% BSA. For immunoblots: Anti-ORC2 and

anti-dE2F1 were used at 1:5,000; anti-RBF2 was used at 1:5. Anti-

V5 was used at 1:5,000. Peroxidase-conjugated anti-rabbit, anti-

mouse and anti-guinea pig were used as secondary antibodies

(Jackson Immunoresearch). Chemiluminescence was used to

visualize the immunoblots (Amersham). The ORC interaction

with RbfC amino acids 345–845 was performed essentially as

described above, except that anti-V5 was used for immunoblotting

at 1:1000 dilution, the extracts were precleared with rabbit serum

and protein G beads to reduce nonspecific binding, and ethidium

bromide was included to eliminate DNA-mediated interactions.

Immunostaining and microscopy
S2 cells were transfected as described above with pMT/Rbf1N-

V5 and induced for 2 days. The cells were then fixed with 4%

formaldehyde in PBS before immunostaining. Mouse anti-V5

(Invitrogen) was used at 1:200 dilution, and anti-mouse Cy3

secondary antibody was used at 1:100 (Jackson Immunoresearch).

Transgenic Rbf1N-RFP virgins were collected and crossed to

males containing salivary gland specific GAL4 drivers Sgs3 or 43B

[77,78]. 43B-GAL4 flies were a kind gift from Patrick O’Farrell,

and Sgs3-GAL4 flies were obtained from the Bloomigton stock

center. Salivary glands were dissected from wandering third instar

larvae in Grace’s medium and incubated in chromatin wash buffer

[32] 20–30 minutes in the dark. The glands were then fixed with

8% formaldehyde in Buffer B [26] before immunostaining. Rabbit

anti-dimethyl-H3 Lys4 and acetyl-H4 (Upstate) were used at 1:500

and 1:200 dilutions, respectively. Anti-rabbit FITC secondary

antibody was used at 1:100. Images were obtained using a Zeiss

LSM 510 Meta microscope. Fluorescence intensity was obtained

with LSM imaging software and graphed with Microsoft Excel.

FRET acceptor photobleaching and quantitation
Photobleaching of Rbf1N-RFP was performed with a 543 nm

laser in a discrete rectangular area within nuclei. ImageJ [79] was

used to measure fluorescence intensity in ten randomly chosen

areas of non-photobleached chromatin and ten randomly chosen

areas of photobleached chromatin within a single nucleus. DAPI,

Orc2-GFP and Rbf1N-RFP signal was measured and an average

signal and standard error was determined for photobleached and

non-photobleached areas in each channel. A fold-change in

fluorescence was determined by dividing the photobleached signal

by the non-photobleached areas average for DAPI, GFP and RFP.

The raw data for photobleached and non-photobleached areas

was subjected to a two-tailed T-test assuming unequal variance

using Microsoft ExcelH. This analysis was done for three different

nuclei.

Cell cycle and BrdU labeling
Drosophila flies carrying the actin.GAL4/CyO were crossed to

UAS.Rbf1N-RFP. Tissues were hand dissected, and flow

cytometry of purified follicle cell nuclei and larval neuroblast

nuclei was done as previously described [80]. A transgenic line

dictates which factors (depicted as ‘‘X’’ and ‘‘Y’’) may or may not be present at any given time. This model predicts that a single genomic site may
have constitutive ORC/Rbf1 localization while re-orientation of the Rbf1 molecule can mediate the recruitment of different suites of chromatin
modifying enzymes. This model and that described above (A) are not mutually exclusive.
doi:10.1371/journal.pone.0002831.g007
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carrying a GFP-histone H2Av fusion [81] was used as a control for

flow cytometry as previously described [80]. BrdU labeling and

imaging of follicle cells was done as previously described [15].

Flow cytometry data was analyzed and extracted using WinMDI

2.9H (Flow Cytometry Core Facility, Scripps Research Institute;

http://facs.scripps.edu.software.html). Calculations and ANOVA

analysis were performed with Microsoft ExcelH.

Protein sequence and structural analysis
Protein sequences were obtained from Flybase (www.flybase.

org), Entrez (http://www.ncbi.nlm.nih.gov/Entrez/), and the

UCSC Genome Browser (http://genome.ucsc.edu/). Pairwise

alignments for comparison of fly and human proteins were

generated with the Needleman-Wunsch global alignment algo-

rithm using the PAM250 scoring matrix with a gap extension

penalty of 0.5 and an open gap penalty of 10. Multiple protein

sequence alignments and phylogenetic trees were generated using

ClustalW (align.genome.jp). Ka/Ks analysis was performed with

the Pairwise KaKs Perl script [82]. Protein fold analysis and

secondary structure prediction of Rbf1 were achieved using Phyre

(http://www.sbg.bio.ic.ac.uk/phyre/) [41,42]. Alignments of cy-

clin fold helices were dermined by comparing the predicted helices

of Rbf1 with the helices determined by Rb crystal structures

[43,83]. A homologous protein structure model for Rbf1N was

produced using the homology modeling server CPHmodels 2.0

(http://www.cbs.dtu.dk/services/CPHmodels/) [84], and the

Rbf1N structure image was created with Chimera [85].

Supporting Information

Figure S1 Photobleaching of Rbf1N-RFP. Rbf1N-RFP was

photobleached with a 543 nm laser in a discrete rectangular area

within three different nuclei. Fluorescence intensity in ten

randomly chosen areas of non-photobleached chromatin and ten

randomly chosen areas of photobleached chromatin were

measured within a single nucleus to generate the data in Figure 5G.

Found at: doi:10.1371/journal.pone.0002831.s001 (4.89 MB TIF)

Figure S2 Sequence and Structural Conservation of Rbf1.

Pairwise protein sequence alignments were performed to deter-

mine the percent amino acid identity between respective N-

terminal (A) and C-terminal (B) domains of human and fly

retinoblastoma family proteins. Note that percent similarity is in

parentheses. The analysis revealed that Drosophila Rbf1 shares the

highest percentage of amino acid identity with human p107, most

notably in its N-terminal domain. On the other hand, Rbf2 is most

identical to Rbf1 throughout the length of the protein. The C-

terminal half of the Drosophila Rbf proteins show more overall

amino acid similarity to human pRb than p107 or p130. Thus,

Rbf1 appears to have a split personality between p107 and pRb.

(C and D) Both domains of the Rbf1 and Rbf2 proteins are

conserved within Drosophilidae. Multiple sequence alignments of

the protein domains of Rbf1 and Rbf2 were used to produce a

phylogenetic tree that includes relative distances of divergence.

Tree branch lengths indicate that amino acid sequences of both

domains of Rbf1 have been more tightly conserved relative to

Rbf2. Indeed, Ka/Ks analysis (E) confirms that both domains

have been under negative selection and that Rbf1 appears to have

been under stronger negative selection than Rbf2. It is also

interesting to note that, although Rbf2 protein sequence has

experienced greater drift than Rbf1, the Rbf2 N-terminal domain

appears to have drifted less than its C-terminal domain, as

indicated by the branch lengths of the phylogenetic trees (C and D)

and Ka/Ks analysis (E). Rbf2 is not an essential gene, and it has

overlapping functions with Rbf1, which might explain the loose

conservation of its protein sequence. However, the N-terminal

domains of Rbf1 and Rbf2 had similar Ka/Ks values, indicating

that they had been under similar selection pressures to retain the

amino acid sequence of this domain. (F) A protein structure of

Rbf1N was modeled based on the crystal structure of the human

RbN. Residues were highlighted based upon conservation

determined by pairwise sequence alignments, with red indicating

identical amino acids, orange representing conserved substitutions,

and yellow being semi-conserved substitutions. The dashed circle

encompasses an area of conservation representative of a possible

protein interaction surface. (G) Multiple sequence alignment of the

conserved surface circled in (F) from widely divergent organisms

revealed that this region is highly conserved. Black shading with

white letters indicates identical amino acids, and grey shading

indicates amino acid similarity.

Found at: doi:10.1371/journal.pone.0002831.s002 (5.31 MB TIF)

Table S1 Ploidy of follicle cells not affected by Rbf1N-RFP

expression. Ovaries from Drosophila tissues expressing

UAS.Rbf1N-RFP driven by actin.GAL4 or CyO control were

dissected. The tissues were homogenized and DAPI stained for flow

cytometry of purified follicle cell nuclei. Ovaries from a transgenic

line carrying a GFP-histone H2Av fusion were used as a control.

Follicle cell nuclei undergo several rounds of endoreduplication,

resulting in polyploid cells containing 2C, 4C, 8C, 16C, and 32C

nuclei. Flow cytometry data was analyzed for DAPI content of

follicle cell nuclei in each phase of the cell cycle, which did not reveal

any significant differences in ploidy content versus controls.

Found at: doi:10.1371/journal.pone.0002831.s003 (0.03 MB

XLS)

Table S2 Proportion of follicle cells in G or S phases not affected

by Rbf1N-RFP expression. Ovaries from Drosophila tissues

expressing UAS.Rbf1N-RFP driven by actin.GAL4 or CyO

control were dissected. The tissues were homogenized and DAPI

stained for flow cytometry of purified follicle cell nuclei. Ovaries

from a transgenic line carrying a GFP-histone H2Av fusion were

used as a control. Follicle cell nuclei undergo several rounds of

endoreduplication, resulting in polyploid cells containing 2C, 4C,

8C, 16C, and 32C nuclei. Flow cytometry data was analyzed for

number of DAPI-staining follicle cell nuclei in each phase of the

cell cycle divided by total number of counted nuclei, which did not

reveal any significant differences in cell cycle phases versus

controls.

Found at: doi:10.1371/journal.pone.0002831.s004 (0.03 MB

XLS)

Table S3 Follicle cell nuclear size not affected by Rbf1N-RFP

expression. Ovaries from Drosophila tissues expressing

UAS.Rbf1N-RFP driven by actin.GAL4 or CyO control were

dissected. The tissues were homogenized and DAPI stained for

flow cytometry of purified follicle cell nuclei. Ovaries from a

transgenic line carrying a GFP-histone H2Av fusion were used as a

control. Follicle cell nuclei undergo several rounds of endoredu-

plication, resulting in polyploid cells containing 2C, 4C, 8C, 16C,

and 32C nuclei. Flow cytometry data was analyzed for forward

light scatter, a measure of nuclear size, for each ploidy level (2C,

4C, 8C, etc), which did not reveal any significant differences in

nuclear size versus controls.

Found at: doi:10.1371/journal.pone.0002831.s005 (0.02 MB

XLS)
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Supplementary Data 

 

Figure S1.  Photobleaching of Rbf1N-RFP.  Rbf1N-RFP was photobleached with a 543 

nm laser in a discrete rectangular area within three different nuclei. Fluorescence 

intensity in ten randomly chosen areas of non-photobleached chromatin and ten randomly 

chosen areas of photobleached chromatin were measured within a single nucleus to 

generate the data in Figure 5G. 
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Figure S2.  Sequence and Structural Conservation of Rbf1. Pairwise protein sequence 

alignments were performed to determine the percent amino acid identity between 

respective N-terminal (A) and C-terminal (B) domains of human and fly retinoblastoma 

family proteins. Note that percent similarity is in parentheses. The analysis revealed that 

Drosophila Rbf1 shares the highest percentage of amino acid identity with human p107, 

most notably in its N-terminal domain. On the other hand, Rbf2 is most identical to Rbf1 

throughout the length of the protein. The C-terminal half of the Drosophila Rbf proteins 

show more overall amino acid similarity to human pRb than p107 or p130. Thus, Rbf1 

appears to have a split personality between p107 and pRb. (C and D) Both domains of the 

Rbf1 and Rbf2 proteins are conserved within Drosophilidae. Multiple sequence 

alignments of the protein domains of Rbf1 and Rbf2 were used to produce a phylogenetic 

tree that includes relative distances of divergence. Tree branch lengths indicate that 

amino acid sequences of both domains of Rbf1 have been more tightly conserved relative 

to Rbf2. Indeed, Ka/Ks analysis (E) confirms that both domains have been under negative 

selection and that Rbf1 appears to have been under stronger negative selection than Rbf2. 

It is also interesting to note that, although Rbf2 protein sequence has experienced greater 

drift than Rbf1, the Rbf2 N-terminal domain appears to have drifted less than its C-

terminal domain, as indicated by the branch lengths of the phylogenetic trees (C and D) 

and Ka/Ks analysis (E). Rbf2 is not an essential gene, and it has overlapping functions 

with Rbf1, which might explain the loose conservation of its protein sequence. However, 

the N-terminal domains of Rbf1 and Rbf2 had similar Ka/Ks values, indicating that they 

had been under similar selection pressures to retain the amino acid sequence of this 
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domain. (F) A protein structure of Rbf1N was modeled based on the crystal structure of 

the human RbN. Residues were highlighted based upon conservation determined by 

pairwise sequence alignments, with red indicating identical amino acids, orange 

representing conserved substitutions, and yellow being semi-conserved substitutions. The 

dashed circle encompasses an area of conservation representative of a possible protein 

interaction surface. (G) Multiple sequence alignment of the conserved surface circled in 

(F) from widely divergent organisms revealed that this region is highly conserved. Black 

shading with white letters indicates identical amino acids, and grey shading indicates 

amino acid similarity.   
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Table S1. Ploidy of follicle cells not affected by Rbf1N-RFP expression. Ovaries from 

Drosophila tissues expressing UAS>Rbf1N-RFP driven by actin>GAL4 or CyO control 

were dissected. The tissues were homogenized and DAPI stained for flow cytometry of 

purified follicle cell nuclei. Ovaries from a transgenic line carrying a GFP-histone H2Av 

fusion were used as a control. Follicle cell nuclei undergo several rounds of 

endoreduplication, resulting in polyploid cells containing 2C, 4C, 8C, 16C, and 32C 

nuclei. Flow cytometry data was analyzed for DAPI content of follicle cell nuclei in each 

phase of the cell cycle, which did not reveal any significant differences in ploidy content 

versus controls. 



DAPI Fluorescence Key:

2C = diploid, 4C = tetraploid, etc

Sample (n=6) Mean σ σM S1 = first S phase (2C to 4C), S2 = second S phase (4C to 8C), etc

CyO 2C 27.75 0.66 0.27 σ = standard deviation of the mean

RbfN 2C 27.94 0.83 0.34 σM = standard error of the mean

GFP 2C 27.33 0.60 0.25

CyO S1 36.91 1.16 0.47

RbfN S1 37.01 1.24 0.51

GFP S1 36.84 0.71 0.29

CyO 4C 51.83 1.69 0.69

RbfN 4C 51.44 1.60 0.65

GFP 4C 52.00 0.98 0.40

CyO S2 71.71 3.04 1.24

RbfN S2 71.12 2.27 0.93

GFP S2 71.57 1.43 0.58

CyO 8C 97.21 3.78 1.54

RbfN 8C 95.58 3.05 1.25

GFP 8C 97.45 1.98 0.81

CyO S3 129.55 4.95 2.02

RbfN S3 127.99 4.81 1.96

GFP S3 130.65 3.30 1.35

CyO 16C 176.58 4.73 1.93

RbfN 16C 175.84 5.43 2.22

GFP 16C 174.97 2.80 1.14

CyO S4 249.10 6.23 2.54

RbfN S4 251.02 7.45 3.04

GFP S4 248.62 5.04 2.06

CyO 32C 331.60 8.59 3.51

RbfN 32C 333.32 9.48 3.87

GFP 32C 335.05 6.69 2.73

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 2C 6 166.5 27.75 0.43952

RbfN 2C 6 167.66 27.94333 0.688107

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.112133 1 0.112133 0.198884 0.665124 4.964603

Within Groups 5.638133 10 0.563813

Total 5.750267 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S1 6 221.48 36.91333 1.336147

RbfN S1 6 222.08 37.01333 1.538667

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.03 1 0.03 0.020871 0.888001 4.964603

Within Groups 14.37407 10 1.437407

Total 14.40407 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 4C 6 310.97 51.82833 2.839697

RbfN 4C 6 308.65 51.44167 2.565577

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.448533 1 0.448533 0.165961 0.69231 4.964603

Within Groups 27.02637 10 2.702637

Total 27.4749 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S2 6 430.28 71.71333 9.239787

RbfN S2 6 426.71 71.11833 5.139017

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 1.062075 1 1.062075 0.147728 0.708763 4.964603
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Within Groups 71.89402 10 7.189402

Total 72.95609 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 8C 6 583.28 97.21333 14.30415

RbfN 8C 6 573.49 95.58167 9.309737

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 7.987008 1 7.987008 0.676467 0.429981 4.964603

Within Groups 118.0694 10 11.80694

Total 126.0564 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S3 6 777.31 129.5517 24.53246

RbfN S3 6 767.92 127.9867 23.10499

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 7.347675 1 7.347675 0.308483 0.59082 4.964603

Within Groups 238.1872 10 23.81872

Total 245.5349 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 16C 6 1059.5 176.5833 22.33495

RbfN 16C 6 1055.02 175.8367 29.45447

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 1.672533 1 1.672533 0.06459 0.804533 4.964603

Within Groups 258.9471 10 25.89471

Total 260.6196 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S4 6 1494.61 249.1017 38.78278

RbfN S4 6 1506.11 251.0183 55.47246

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 11.02083 1 11.02083 0.233851 0.639097 4.964603

Within Groups 471.2762 10 47.12762

Total 482.297 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 32C 6 1989.62 331.6033 73.74843

RbfN 32C 6 1999.9 333.3167 89.89359

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 8.806533 1 8.806533 0.107632 0.749623 4.964603

Within Groups 818.2101 10 81.82101

Total 827.0166 11
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Table S2. Proportion of follicle cells in G or S phases not affected by Rbf1N-RFP 

expression. Ovaries from Drosophila tissues expressing UAS>Rbf1N-RFP driven by 

actin>GAL4 or CyO control were dissected. The tissues were homogenized and DAPI 

stained for flow cytometry of purified follicle cell nuclei. Ovaries from a transgenic line 

carrying a GFP-histone H2Av fusion were used as a control. Follicle cell nuclei undergo 

several rounds of endoreduplication, resulting in polyploid cells containing 2C, 4C, 8C, 

16C, and 32C nuclei. Flow cytometry data was analyzed for number of DAPI-staining 

follicle cell nuclei in each phase of the cell cycle divided by total number of counted 

nuclei, which did not reveal any significant differences in cell cycle phases versus 

controls. 



Fraction of Cells in Each Cell Cycle Phase Key:

2C = diploid, 4C = tetraploid, etc

Sample (n=6) Mean σ σM S1 = first S phase (2C to 4C), S2 = second S phase (4C to 8C), etc

CyO 2C/T 0.133 0.033 0.014 2C/T = number of events in the 2C peak divided by total events

RbfN 2C/T 0.142 0.029 0.012 σ = standard deviation of the mean

GFP 2C/T 0.122 0.014 0.006 σM = standard error of the mean

CyO S1/T 0.051 0.026 0.011

RbfN S1/T 0.046 0.016 0.007

GFP S1/T 0.024 0.003 0.001

CyO 4C/T 0.226 0.043 0.018

RbfN 4C/T 0.219 0.019 0.008

GFP 4C/T 0.219 0.008 0.003

CyO S2/T 0.036 0.016 0.007

RbfN S2/T 0.031 0.013 0.005

GFP S2/T 0.022 0.002 0.001

CyO 8C/T 0.139 0.022 0.009

RbfN 8C/T 0.135 0.019 0.008

GFP 8C/T 0.204 0.010 0.004

CyO S3/T 0.027 0.010 0.004

RbfN S3/T 0.025 0.009 0.004

GFP S3/T 0.014 0.003 0.001

CyO 16C/T 0.324 0.088 0.036

RbfN 16C/T 0.363 0.071 0.029

GFP 16C/T 0.382 0.007 0.003

CyO S4/T 0.019 0.007 0.003

RbfN S4/T 0.013 0.003 0.001

GFP S4/T 0.005 0.001 0.000

CyO 32C/T 0.035 0.020 0.008

RbfN 32C/T 0.019 0.006 0.002

GFP 32C/T 0.009 0.004 0.001

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 2C/T 6 0.795756 0.132626 0.001116

RbfN 2C/T 6 0.854491 0.142415 0.000868

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000287 1 0.000287 0.289764 0.602147 4.964603

Within Groups 0.009921 10 0.000992

Total 0.010209 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S1/T 6 0.306502 0.051084 0.000665

RbfN S1/T 6 0.273624 0.045604 0.000268

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 9.01E-05 1 9.01E-05 0.193099 0.669694 4.964603

Within Groups 0.004665 10 0.000466

Total 0.004755 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 4C/T 6 1.358415 0.226402 0.001872

RbfN 4C/T 6 1.312376 0.218729 0.000364

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000177 1 0.000177 0.158023 0.699336 4.964603

Within Groups 0.011177 10 0.001118

Total 0.011354 11
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Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S2/T 6 0.218662 0.036444 0.00026

RbfN S2/T 6 0.185301 0.030883 0.000162

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 9.27E-05 1 9.27E-05 0.439594 0.522307 4.964603

Within Groups 0.00211 10 0.000211

Total 0.002203 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 8C/T 6 0.835054 0.139176 0.00047

RbfN 8C/T 6 0.811266 0.135211 0.000371

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 4.72E-05 1 4.72E-05 0.112158 0.744619 4.964603

Within Groups 0.004204 10 0.00042

Total 0.004251 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S3/T 6 0.159022 0.026504 0.000101

RbfN S3/T 6 0.151478 0.025246 7.9E-05

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 4.74E-06 1 4.74E-06 0.052818 0.822864 4.964603

Within Groups 0.000898 10 8.98E-05

Total 0.000903 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 16C/T 6 1.94233 0.323722 0.007715

RbfN 16C/T 6 2.180063 0.363344 0.005084

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.00471 1 0.00471 0.735932 0.411056 4.964603

Within Groups 0.063997 10 0.0064

Total 0.068706 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO S4/T 6 0.115565 0.019261 4.42E-05

RbfN S4/T 6 0.079521 0.013254 8.22E-06

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000108 1 0.000108 4.130396 0.069532 4.964603

Within Groups 0.000262 10 2.62E-05

Total 0.00037 11
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Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

CyO 32C/T 6 0.212873 0.035479 0.000402

RbfN 32C/T 6 0.116635 0.019439 3.2E-05

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000772 1 0.000772 3.556743 0.088654 4.964603

Within Groups 0.00217 10 0.000217

Total 0.002942 11

Note:  The results for S4 and 32C might indicate that RbfN inhibits 

cell cycle progression beyond 16C, since there is on average a 

lower proportion RbfN-expressing cells in these phases compared 

to the CyO control.  However, the GFP control shows an even 

smaller proportion of cells in S4 and 32C phases than either CyO or 

RbfN, which would indicated that the difference we are seeing has 

nothing to do with the expression of RbfN.
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Table S3. Follicle cell nuclear size not affected by Rbf1N-RFP expression. Ovaries from 

Drosophila tissues expressing UAS>Rbf1N-RFP driven by actin>GAL4 or CyO control 

were dissected. The tissues were homogenized and DAPI stained for flow cytometry of 

purified follicle cell nuclei. Ovaries from a transgenic line carrying a GFP-histone H2Av 

fusion were used as a control. Follicle cell nuclei undergo several rounds of 

endoreduplication, resulting in polyploid cells containing 2C, 4C, 8C, 16C, and 32C 

nuclei. Flow cytometry data was analyzed for forward light scatter, a measure of nuclear 

size, for each ploidy level (2C, 4C, 8C, etc), which did not reveal any significant 

differences in nuclear size versus controls.



Forward Light Scatter Key:

2C = diploid, 4C = tetraploid, etc

Sample (n=6) Mean σ σM σ = standard deviation of the mean

2C CyO 3.133 0.625 0.255 σM = standard error of the mean

2C RbfN 2.650 0.288 0.118

2C GFP 2.708 0.429 0.124

4C CyO 10.000 2.460 1.004

4C RbfN 8.567 1.071 0.437

4C GFP 9.475 1.541 0.445

8C CyO 36.400 8.177 3.338

8C RbfN 31.617 3.746 1.529

8C GFP 35.092 4.052 1.170

16C CyO 79.133 11.095 4.529

16C RbfN 72.550 8.228 3.359

16C GFP 63.500 5.000 1.443

32C CyO 159.217 23.455 9.576

32C RbfN 160.000 19.465 7.947

32C GFP 170.792 17.789 5.135

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

2C CyO 6 18.8 3.133333 0.390667

2C RbfN 6 15.9 2.65 0.083

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.700833 1 0.700833 2.959184 0.11613 4.964603

Within Groups 2.368333 10 0.236833

Total 3.069167 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

4C CyO 6 60 10 6.052

4C RbfN 6 51.4 8.566667 1.146667

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 6.163333 1 6.163333 1.712354 0.219955 4.964603

Within Groups 35.99333 10 3.599333

Total 42.15667 11
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Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

8C CyO 6 218.4 36.4 66.864

8C RbfN 6 189.7 31.61667 14.02967

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 68.64083 1 68.64083 1.697063 0.221873 4.964603

Within Groups 404.4683 10 40.44683

Total 473.1092 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

16C CyO 6 474.8 79.13333 123.0947

16C RbfN 6 435.3 72.55 67.707

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 130.0208 1 130.0208 1.36289 0.270119 4.964603

Within Groups 954.0083 10 95.40083

Total 1084.029 11

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

32C CyO 6 955.3 159.2167 550.1497

32C RbfN 6 960 160 378.896

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 1.840833 1 1.840833 0.003963 0.951046 4.964603

Within Groups 4645.228 10 464.5228

Total 4647.069 11
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APPENDIX B:  SQD INTERACTS WITH THE DROSOPHILA 

RETINOBLASTOMA TUMOR SUPPRESSOR RBF 
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a b s t r a c t

The retinoblastoma tumor suppressor (RB) serves as a scaffold to coordinate binding of numerous pro-
teins, including E2F and histone deacetylases, through its C-terminal domain. The amino-terminal half
of RB has few known binding partners and its function is not well understood. We used the amino-ter-
minal domain of the Drosophila retinoblastoma tumor suppressor Rbf (RbfN) to identify novel binding
partners by immunoprecipitation coupled with mass spectrometry. Our experiment revealed that the
RNA-binding protein Squid (Sqd) is a putative interacting partner of RbfN. Western blot confirmed that
Sqd interacts with the amino-terminal domain of Rbf. We observed that Sqd colocalizes with RbfN in Dro-
sophila salivary gland cells. We also show that double RNAi knockdown of Rbf and Sqd in the eye results
in an extensive loss of eye bristles, suggesting that Rbf and Sqd function in a common pathway. We con-
clude from our studies that Rbf physically and genetically interacts with Sqd. We propose that the reti-
noblastoma tumor suppressor may play a novel role in RNA processing through interaction with RNA-
binding proteins.

� 2009 Elsevier Inc. All rights reserved.

Introduction

The retinoblastoma tumor suppressor (RB) is a conserved pro-
tein that plays an important role in development and cell cycle reg-
ulation in all multicellular organisms. The major function of RB is
best characterized by its repression of the E2F family of transcrip-
tion factors which serves to arrest cells in G1. RB also has an influ-
ence over other cellular processes, including apoptosis and tissue
differentiation [1]. RB restricts cell cycle progression by serving
as a scaffold to coordinate binding of numerous proteins, including
E2F and histone deacetylases, through its C-terminal domain. As
such, most studies have focused on elucidating the function of
RB through analysis of its C-terminal half [2]. On the other hand,
the amino-terminal half of RB has few known binding partners
and its function is not well understood [3].

The goal of the present study is to infer new functions for the
retinoblastoma protein by using the Drosophila melanogaster reti-
noblastoma homologue, Rbf, to identify novel binding partners of
its amino-terminal domain. We immunoprecipitated the Rbf N-ter-
minal domain (RbfN) expressed in Drosophila S2 cells and identi-
fied binding partners by mass spectrometry. We identified the
RNA-binding protein Squid as a novel binding partner of Rbf and
discuss the possible implications of this protein interaction in
development and cancer.

Materials and methods

S2 cell culture and protein expression. Drosophila Schneider S2
cells were grown under standard conditions in M3 medium (Sig-
ma) supplemented with antibiotics and 12% fetal bovine serum.
V5 epitope-tagged RbfN protein was expressed in S2 cells, as de-
scribed previously [4].

Antibodies, immunoprecipitations, and immunoblots. Immuno-
precipitations were performed as described previously [4]. Pro-
tein-A beads (Sigma) were used for all reactions. For
immunoprecipitations: Anti-Sqd [5] and anti-V5 (AbD Serotec)
antibodies were used at 1:50 dilutions. Anti-Rbf and its pre-im-
mune serum were used at 1:20 [6]. Immunoblotting was done
by standard techniques as described previously [4]. For immuno-
blots: Anti-Sqd was used at 1:200. HRP-conjugated anti-mouse
was used as a secondary antibody (Jackson Immunoresearch).
Chemiluminescence was used to visualize the immunoblots
(Pierce). Ethidium bromide was included in the immunoprecipita-
tions to eliminate DNA-mediated interactions. Sqd and Rbf anti-
bodies were kind gifts from Trudi Schupbach and David Arnosti,
respectively.

Microscopy. Transgenic UAS > RbfN-RFP virgins were collected
and crossed to males containing salivary gland specific Sgs3 > GAL4
driver (Bloomington). UAS > RbfN-RFP; Sgs3 > GAL4 flies were then
crossed to GFP trap lines for sqd stock #YB0291DE or betaTub56D
stock #YC0063 [7,8]. Salivary glands were dissected from wander-
ing third instar larvae in Grace’s medium and fixed with 8% form-
aldehyde in Buffer B [9]. Images were obtained using a Zeiss LSM

0006-291X/$ - see front matter � 2009 Elsevier Inc. All rights reserved.
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510 Meta microscope Transgenic RNAi lines were obtained from
the Vienna Drosophila RNAi Center.

Proteomics. Proteins from V5 antibody immunoprecipitations
either from S2 cells expressing RbfN–V5 or from control S2 cells
were eluted with SDS–PAGE sample buffer by boiling at 95 �C for
10 min. Eluates were resolved by 12.5% SDS–PAGE (BioRad). The
protein gels were stained with coomassie and nonspecific bands
found in both the experimental and control samples, including
the V5 antibody, were cut out and discarded. The proteins remain-
ing in the rest of the gel were subjected to in gel digestion using
trypsin and then extracted from the gel. The extracted peptides
were then submitted for mass spectrometry analysis, as previously
described [10].

All MS/MS samples were analyzed using Sequest (ThermoFinn-
igan, San Jose, CA; version 27, rev. 12) and X! Tandem (www.the-
gpm.org; version 2007.01.01.1). X! Tandem was set up to search a
subset of the drosoMay05 database also assuming trypsin. Sequest
was set up to search the Drosophila database (downloaded from
NCBI on August 12, 2008 with 87625 entries) assuming the diges-
tion enzyme trypsin. Scaffold (version Scaffold_2_01_01, Proteome
Software Inc., Portland, OR) was used to validate MS/MS based
peptide and protein identifications. Peptide identifications were
accepted if they exceeded specific database search engine thresh-
olds. Proteins were considered as strong candidates if they con-
tained at least two unique peptide identifications.

Results

Proteomic identification of Sqd as a novel binding partner of Rbf

To gain more insight into the function of the amino-terminal
domain of Rbf (RbfN) we wished to indentify novel binding part-
ners by immunoprecipitation coupled with mass spectrometry.
We performed an immunoprecipitation using a V5 antibody with
Drosophila S2 cell lysates expressing RbfN–V5, as described previ-
ously [4]. Lysates from untransfected cells were used for a parallel
immunoprecipitation as a control for nonspecific binding to the
antibody or beads. After extensive washing, the immunoprecipi-
tated proteins were eluted and then subjected to SDS–PAGE fol-
lowed by LC/LC–MS/MS (MudPIT). MudPIT spectra were
manually validated for those proteins that had more than one un-
ique peptide and that were not also identified in the control
immuoprecipitation MudPIT (Table 1).

Our MudPIT experiment revealed that the heat shock cognate
protein Hsc70-4 is a putative binding partner of RbfN. In addition,
the RNA-binding protein Squid (Sqd) was identified as a putative
interacting partner of RbfN. We also identified Sqd as a putative
partner of RbfN in an independent nano-LC–MS/MS experiment
(data not shown). To confirm our MudPIT data we probed a Wes-
tern blot of an RbfN immunoprecipitation with a Sqd monoclonal
antibody [5]. The Western blot showed a band of approximately
40 kDa in the cell extract that corresponds to Sqd (Fig. 1A, lane
1). A control monoclonal antibody failed to pull down Sqd in ex-
tracts containing RbfN–V5 (lane 2). Immunoprecipitation with V5
antibody from cells not expressing RbfN also failed to pull down

Sqd (lane 3). However, immunoprecipitation with V5 or Sqd mono-
clonal antibodies from RbfN lysates resulted in an enrichment of
Sqd protein (lanes 4 and 5). These results confirm that Sqd inter-
acts with the amino-terminal domain of Rbf in Drosophila S2 cells.

We next determined whether Sqd can interact with full-length
endogenous Rbf. We homogenized ovaries from wild-type female
flies and performed an immunoprecipitation using a polyclonal
Rbf antibody and its pre-immune serum as a control antibody
[6]. We performed a Western blot and probed with Sqd antibody,
as before. We observed a band of approximately 40 kDa in the
ovarian lysate indicating the Sqd protein (Fig. 1B, lane 1). The
pre-immune serum antibodies were unable to pull down Sqd (lane
2), whereas Rbf and Sqd antibodies showed a single protein band
corresponding to Sqd (lanes 3 and 4). We conclude that Rbf phys-
ically interacts with Sqd in vivo and that this interaction is medi-
ated by the Rbf N-terminal domain.

RbfN colocalizes with Sqd

We next wished to determine if RbfN exhibited an overlapping
pattern of cellular localization with Sqd. We chose to use larval sal-
ivary glands that contain highly secretory cells with large subcellu-
lar structures that are good for colocalization studies. We
expressed RbfN labeled with red fluorescent protein in salivary
glands that also express a GFP-tagged Sqd protein [4,11]. We dis-
sected salivary glands from third instar larvae, fixed them in form-
aldehyde, and stained them with DAPI. Confocal imaging of these
glands demonstrated nuclear and cytoplasmic localization of
RbfN-RFP (Fig. 2A), as shown previously [4]. Sqd-GFP showed a
cytoplasmic and nuclear localization that overlapped significantly
with RbfN-RFP (Fig. 2D). However, Sqd-GFP appeared in several
bright bands on the polytene chromosomes that did not show a
correlated brightness in RbfN-RFP signal, which indicates that
Sqd may localize to chromatin independently of Rbf. On the other
hand, the RNA-binding protein Rm62 did not show any cytoplas-
mic localization and did not colocalize with nuclear RbfN-RFP,
which demonstrates the specificity of the RbfN interaction with
Sqd (Supplementary data). We conclude that Sqd colocalizes

Table 1
MudPIT results of RbfN–V5 immunoprecipitation

Identified
proteins

Accession
No.

Molecular weight
(kDa)

Unique
peptides

Coverage
(%)

RbfN gi|24638969| 42a 10 26.38a

Hsc70-4 gi|103190| 71 4 6.91
Squid gi|476947| 35 2 7.17

a RbfN amino acids 1–345.

Fig. 1. Rbf interacts with Sqd. (A) RbfN–V5 transfected cell extracts were
immunoprecipitated with anti-V5 and subjected to SDS–PAGE followed by Western
blotting using monoclonal Sqd antibody. Sqd appeared as a band of approximately
40 kDa. V5 or Sqd antibodies from RbfN lysates pulled down Sqd protein. Note that
extracts from untransfected cells treated identically with monoclonal V5 antibody
failed to immunoprecipitate Sqd. A control monoclonal antibody also failed to pull
down Sqd from cell extracts containing RbfN–V5, demonstrating that the interac-
tion between Sqd and RbfN is specific. (B) Endogenous Rbf or Sqd was immuno-
precipitated from wild-type ovarian extracts. Western immunoblotting with
monoclonal Sqd antibody showed that Rbf antibody serum can pull down Sqd
protein, whereas a pre-immune control serum did not pull down Sqd.
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extensively with RbfN in the cytoplasm and throughout the
nucleus.

We were intrigued by the distinct fishnet pattern shown by
both RbfN and Sqd in the cytoplasm of salivary gland cells, so we
investigated this further. It has been shown in the ovary that Sqd
localizes gurken mRNA to the cytoplasm around the oocyte nucleus
by means of microtubule-mediated transport [12]. We hypothe-
sized that the localization pattern of Sqd and RbfN may correspond
to the highly active microtubule networks of salivary glands. We
expressed RbfN-RFP in salivary glands of larvae expressing a
GFP-tagged beta-tubulin and prepared the salivary glands as be-

fore. Cytoplasmic beta-tubulin was organized in salivary gland
cells as a network that is fishnet in appearance (Fig. 2B). As we pre-
dicted, RbfN-RFP colocalized with cytoplasmic beta-tubulin. It is
interesting to note that beta-tubulin also localized to the nucleus
in salivary gland cells, although not as strongly as RbfN. Others
have reported nuclear beta-tubulin localization in mammalian
cells, although the role of nuclear tubulin is unclear [13–15]. We
also observed a cytoplasmic colocalization of RbfN-RFP with
Rab11-GFP, a marker of microtubule-associated transport vesicles,
which appeared similar to beta-tubulin and Sqd cytoplasmic local-
ization (Supplementary data). We believe this cytoplasmic locali-
zation is specific, since we did not see cytoplasmic localization of
the RNA-binding proteins Rm62-GFP or pUf68-GFP in the presence
of RbfN-RFP (Supplementary data). Interestingly, RB has also been
shown to associate with microtubules in human cells [16,17]. Ta-
ken together, our data suggests that Rbf can associate with cyto-
plasmic microtubule networks in Drosophila salivary gland cells.

Rbf genetically interacts with Sqd

We have shown that Rbf and Sqd physically interact, and we
next tested whether these proteins work together in proliferating
tissues. Using the GAL4-UAS system, we expressed UAS > RNAi
against rbf and/or sqd in the developing eye disc under the influ-
ence of GMR > GAL4. Scanning electron microscopy showed a
wild-type adult eye in the absence of GMR > GAL4 (Fig. 3A). Low-
ered expression by RNAi of either Rbf (Fig. 3B) or Sqd (Fig. 3C) re-
sulted in a modest reduction of eye bristles. However, a
simultaneous RNAi knockdown of Rbf and Sqd resulted in an exten-
sive loss of eye bristles (Fig. 3D). In addition, these eye ommatidia
have lost underlying structural integrity and have a flattened
appearance. These results suggests that Rbf and Sqd function in a
common pathway, where reduction of both gene products results
in an enhanced mutant phenotype. We conclude from our studies
that Rbf physically and genetically interacts with Sqd.

Discussion

The retinoblastoma tumor suppressor (RB) is an important reg-
ulator of the cell proliferation during development. Despite the
volumes of research literature dedicated to RB function since its
molecular identification in the 1980s [18], much remains to be
learned about the scope of its function. In particular, very little is
known about the function of the RB amino-terminal domain [3].
To gain further insight into the function of RB, we used the Dro-
sophila retinoblastoma homologue Rbf to identify novel binding
partners of its amino-terminal domain (RbfN) by immunoprecipi-
tation followed by mass spectrometry.

Our mass spectrometry data indicate that Hsc70-4 interacts
with RbfN (Table 1). Several lines of evidence support the validity
this finding. Hsc70-4 was found in a complex with the chromatin
protein Brahma that physically interacts with Rbf [19]. Hsc70-4
deficiency dominantly suppresses a cyclin E hypomorphic pheno-
type [19]. Since cyclin E is an upstream suppressor of Rbf, one
interpretation of this data would suggest that Hsc70-4 may act
as an effector of Rbf function. Finally, a protein interaction has been
shown between the N-terminal domain of the human retinoblas-
toma protein RB and hsc73, a homologue of Hsc70-4 [20]. Thus,
our data confirms that this interaction is conserved between flies
and humans, although the significance of this interaction remains
undefined. Additional studies will be necessary to test the func-
tional significance of this interaction.

We also found through our proteomic analysis that the RNA-
binding protein Squid (Sqd) associates with RbfN (Table 1). Sqd is
an RNA-binding protein which has homology to human hnRNP A

Fig. 2. RbfN colocalizes with Sqd. RbfN-RFP localizes to the nucleus and cytoplasm
in Drosophila larval salivary gland cells. (A) Sqd-GFP shows a pattern of cytoplasmic
localization that overlaps extensively with RbfN-RFP. Nucleoplasmic RbfN and Sqd
also significantly colocalize. However, nuclear localized Sqd-GFP shows enrichment
in some chromosomal regions that appear to be independent of RbfN-RFP
localization. (B) Beta-tubulin-GFP localizes to discrete cytoplasmic structures in
Drosophila larval salivary gland cells that overlaps with RbfN-RFP, indicating the
RbfN potentially associates with microtubule networks.
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proteins that are involved in many processes relative to RNA
metabolism and gene expression, including regulation of transcrip-
tion, RNA splicing, and transport [21,22]. We showed that Sqd
interacts with Rbf in Drosophila S2 cells and ovaries (Fig. 1). Sqd
also colocalized with RbfN in Drosophila salivary gland cells
(Fig. 2). Although this colocalization was extensive, we note that
several chromosomal locations are enriched with Sqd that did
not correspond to an enrichment of RbfN. These genomic locations
may correspond to highly transcribed regions where Sqd is re-
cruited independently of Rbf. We also investigated whether Rbf
and Sqd might genetically interact in vivo. We demonstrated that
double RNAi knockdown of Sqd and Rbf in the Drosophila eye re-
sults in an enhanced phenotype (Fig. 3). We therefore infer that
Sqd and Rbf function together during development, which may
constitute a novel mode of regulation by the retinoblastoma tumor
suppressor.

Although the role of Sqd during Drosophila eye development has
not been studied, the function of Sqd is best defined by its role in
EGFR signaling during oocyte development where it participates
in dorsoventral patterning by localizing gurken mRNA [23]. Gurken
is a ligand for EGFR that locally acts as a signal from the oocyte to
instruct a subpopulation of the dorsal epithelium to adopt a dorsal
cell fate. sqd mutants do not properly localize gurken mRNA, result-
ing in broad gurken signaling that produces a dorsalized egg [24].
On the other hand, mutations that reduce gurken–EGFR signaling
result in reduced dorsal cell fates that give a ventralized phenotype
[25].

The RB/E2F pathway may have a role in EGFR signaling during
Drosophila oogenesis. Loss of the E2F binding partner DP during

oogenesis results in a ventralized egg, which appears to be due
to the reduced ability to transport gurken mRNA into the oocyte
from the nurse cells [26]. Another study found that reduction of
E2F or cyclin E enhances a dorsalization phenotype caused by over-
expression of Imp, an RNA-binding protein that functions in gurken
mRNA localization [27]. In light of this data, our finding that the
Rbf protein associates with Sqd may indicate a direct role for the
retinoblastoma protein in regulation EGFR signaling. Further stud-
ies will reveal to what degree Rbf influences dorsoventral pattern-
ing during oogenesis.

The nematode Caenorhabditis elegans also has a system of EGFR
signaling, where EGF signals locally from the adjacent gonad to in-
duce only one of six vulval precursor cells to adopt a vulval cell fate
[28]. Analogous to what is observed during Drosophila oogenesis,
broad misexpression of EGF from neighboring cells induces all of
the vulval precursor cells to adopt a vulval fate, resulting in a worm
with multiple vulvae. RB normally suppresses EGF signaling in this
context, since mutations in the C. elegans orthologues of RB/E2F/DP
result in a multivulval phenotype [29]. In Drosophila, rbf mutation
sensitizes cells to E2F-induced apoptosis that can be modulated by
EGFR activity [30]. Studies in mammalian cell culture also demon-
strate functional interplay between the EGFR/Ras and Rb/E2F sig-
naling pathways [31–33]. Thus, it appears that the interaction of
these two pathways may be conserved among multicellular organ-
isms, and we suggest that the physical interaction of Rbf with Sqd
may constitute one method by which these pathways converge.
Our findings also raise the interesting possibility that the retino-
blastoma tumor suppressor proteins may have a role in RNA pro-
cessing, since Sqd is an RNA-binding protein that functions in

Fig. 3. Rbf and Sqd in genetically interact in Drosophila eyes. We expressed RNAi against rbf and/or sqd in the developing eye disc using the GAL4-UAS system. (A) A wild-type
adult eye shows a normal arrangement of ommatidia and eye bristles. (B) RNAi of rbf or (C) RNAi of sqd produces a modest reduction of eye bristles. (D) Double RNAi
knockdown of rbf and sqd results in an extensive loss of eye bristles. Also note that these eye ommatidia have a flattened appearance, which may indicate a loss of underlying
cells.
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other pathways of RNA processing, such as alternative splicing of
transcripts [34]. A role in EGFR signaling and influence on RNA pro-
cessing through interaction with RNA-binding proteins may be no-
vel mechanisms for tumor suppression by RB.
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Figure S1.  Rab11-GFP colocalizes with RbfN-RFP in the cytoplasm of salivary gland 

cells, but not in the nucleus. 
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Figure S2.  Rm62-GFP does not colocalizes with RbfN-RFP and does not show 

cytoplasmic localization. 
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Figure S3.  pUf68-GFP colocalizes with RbfN-RFP in the nucleus but does not show 

cytoplasmic localization. 
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a b s t r a c t

21The retinoblastoma protein (RB) is inactivated in a majority of cancers. RB restricts cell proliferation by
22inhibiting the E2F family of transcription factors. The current model for RB/E2F function describes its role
23in regulating transcription at gene promoters. Whether the RB or E2F proteins might play a role in gene
24expression beyond transcription initiation is not well known. This review describes evidence that points
25to a novel role for the RB/E2F network in the regulation of RNA processing, and we propose a model as a
26framework for future research. The elucidation of a novel role of RB in RNA processing will have a pro-
27found impact on our understanding of the role of this tumor suppressor family in cell and developmental
28biology.
29Ó 2009 Published by Elsevier Inc.

30

31

32 Introduction

33 The retinoblastoma protein (RB) is inactivated in a majority of
34 cancers, and therefore its function has been the subject of much
35 investigation. RB is highly conserved among metazoans and is a
36 major component of the cell cycle that has a central role in devel-
37 opment and differentiation, and a detailed understanding of its
38 function is important to biology and medicine. The best described
39 function of RB is to restrict cell proliferation by suppressing gene
40 expression through direct inhibition the E2F family of transcription
41 factors [1]. The current model for RB/E2F network function
42 describes its role in modulating gene expression at promoters.
43 However, the question of whether the RBF or E2F proteins play a
44 role in gene expression beyond transcription initiation has never
45 been systematically addressed. This review describes several lines
46 of evidence that point to a novel role for the RB/E2F network in the
47 regulation of RNA processing.

48 RB interacts with RNA binding proteins

49 The RB protein has no known enzymatic function; its primary
50 function is thought to be coordinating the binding of different pro-
51 teins to form diverse multiprotein complexes. Much effort has
52 been spent to identify binding partners of RB in order to better
53 understand its function in regulation of cellular processes [2].
54 Among the many proteins identified are several RNA binding pro-
55 teins (Table 1). The proteins listed in Table 1 have been shown to

56affect a wide range of processes during RNA production, including
57transcription elongation, splicing, and transport. Future experi-
58ments will be required to determine how the retinoblastoma
59tumor suppressor might influence these processes through its
60interaction with RNA binding proteins.
61RB was found to interact with Skip, a binding partner of the
62oncoprotein Ski [3]. Skip binds to the Ski oncogene to synergisti-
63cally overcome RB-mediated transcriptional repression and cell
64cycle arrest [3]. Skip is the functional orthologue of the yeast splic-
65ing factor Prp45, and thus physically links RB to RNA splicing con-
66trol [4]. RB also physically binds to Pur-alpha, a protein with the
67ability to bind both single-stranded DNA and RNA. The RB interac-
68tion was shown to reduce the ability of Pur-alpha to bind single-
69stranded DNA in vitro [5]. It is not known whether RB affects the
70biological activity of Pur-alpha in vivo. However, the ability of
71Pur-alpha to bind and inhibit E2F suggests that it may modify
72the RB-E2F interaction to regulate the cell cycle [6]. Pur-alpha is
73known to function in transcription and mRNA transport, and thus
74may work through the RB/E2F pathway to integrate RNA process-
75ing with cell cycle control [7].
76RB regulates differentiation of a variety of tissues during devel-
77opment. For example, RB controls erythrocyte differentiation in
78part through a physical interaction with PU.1 [8]. The PU.1/Spi1
79oncoprotein belongs to the Ets family of transcription factors and
80is necessary for proper differentiation during hematopoiesis [9].
81PU.1 requires RB to suppress transcription of the target gene
82GATA-1 [10]. PU.1 can bind to RNA and interacts with splicing
83factors to influence alternative splicing of RNA transcripts
84[11,12]. Interestingly, it was found that splicing regulation by
85PU.1 was dependent upon its promoter binding and transactivation
86activities [13]. Similar promoter-dependent splicing control was
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87 also demonstrated by E2F [14]. Integration of transcription with
88 RNA splicing control is a common theme in RNA biology [15],
89 and we predict that RB controls differentiation by regulating alter-
90 native splicing through its interaction with RNA binding proteins
91 such as PU.1/Spi1 (Fig. 2).
92 The RB/E2F pathway regulates apoptosis, and RB inhibition of
93 apoptosis is an important mechanism of tumor suppression where-
94 by cells deficient for RB function are eliminated by apoptosis. One
95 manner through which RB can inhibit apoptosis is through its
96 binding to RNA processing factors. Although the mechanism for
97 inhibition in this context is not known, it may occur through mod-
98 ification of RNA processing pathways. For example, the pp32/
99 Anp32A protein is a positive regulator of apoptosis and physically

100 associates with hyperphosphorylated RB [16]. RB is a suppressor of
101 pp32 transactivation and is found in a pp32 complex with splicing
102 machinery [17]. Importantly, RB inhibits pp32-induced apoptosis
103 [16].
104 RB can also inhibit apoptosis induced by overexpression of the
105 RNA binding protein Hpr1. Hpr1, also called p84N5 or Thoc1, is

106part of the evolutionarily conserved THO/TREX complex that has
107been implicated in many stages of RNA processing, including tran-
108scription elongation, splicing, and nuclear export [18,19]. The gene
109was first identified in mammals by a yeast two-hybrid screen for
110interactions with the amino-terminus of RB. RB suppression of
111Hpr1-induced apoptosis depends upon a direct physical associa-
112tion with the RB amino-terminal domain [20]. The requirement
113for E2F in this context is not clear. However, a comparison of gene
114expression data from Drosophila cell culture studies suggests that
115Hpr1 may cooperate with E2F to regulate many of the same genes
116[18,21].
117Hpr1 colocalizes with RB in nuclear speckles that are associated
118with RNA processing centers in the nuclear matrix of mammalian
119cells [22]. RB is known to bind tightly to the nuclear matrix and
120is resistant to nuclear extraction protocols [23]. RB may associate
121with the nuclear matrix directly through association with nuclear
122lamins A and C or by association with RNA processing factors such
123as Hpr1 [22,23].
124Based upon the understanding that RB associates with RNA pro-
125cessing factors through an interaction with its amino-terminal
126domain, we wondered whether this function might also be con-
127served in Drosophila. We examined larval salivary gland cells that
128express the amino-terminal domain of the Drosophila RB, Rbf, fused
129to a red fluorescent protein (RbfN-RFP) in a genetic background
130that expresses a GFP-tagged core spliceosomal protein (SmD3-
131GFP) [24,25]. We observed that RbfN-RFP strongly colocalizes with
132SmD3-GFP in salivary gland nuclei (Fig. 1). This observation is con-
133sistent with previous experiments which show that human RB
134colocalizes with RNA processing centers in the nuclei of mamma-
135lian cells [22]. Recent experiments from our lab also show that Dro-
136sophila RbfN physically interacts with the RNA binding protein
137Squid (unpublished data) which is known to be involved in several
138stages of RNA processing including alternative splicing and mRNA
139transport [26,27]. We infer that the RB protein may have a con-
140served role in RNA processing that will reveal new insights into
141the function of this versatile tumor suppressor.

142The RB/E2F pathway regulates RNA processing

143Interesting observations have emerged which support a model
144involving the RB/E2F pathway in RNA processing either indirectly
145through transcriptional regulation of RNA binding proteins or by
146direct physical interaction with RNA processing factors. Mamma-
147lian studies have shown that E2F can regulate the production of
148splicing factors [28,29]. An important study identified SC35, a
149member of the SR family of splicing factors, as a direct transcrip-
150tional target of E2F1. Significantly, SC35 is required for E2F-in-
151duced pre-mRNA alternative splicing of pro-apoptotic factors [30].
152Experiments using invertebrate organisms have also revealed
153potential links between the RB/E2F pathway and RNA processing.
154Microarray analysis shows that Drosophila RB/E2F regulates the
155transcription of splicing factors Hel25E and Hrb87F [21]. Another

Table 1

RNA binding proteins that 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]

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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156 study identified the RNA binding protein Api5 as a regulator of
157 dE2F1-induced apoptosis [31]. Furthermore, a genome-wide RNAi
158 screen Caenorhabditis elegans recently showed that the RB homo-
159 logue lin-35 genetically interacts with many core components of
160 the splicesosome to regulate vulval development [32]. Taken
161 together, these observations suggest that the RB/E2F pathway
162 interacts with the RNA processing machinery in a conserved man-
163 ner to regulate developmental processes.
164 E2F can influence gene expression through regulation of the
165 half-life of RNA molecules, which may occur by controlling expres-
166 sion several genes involved in mRNA stability [29,33]. Indeed, E2F
167 expression was shown to stabilize axin2mRNA in mammalian cells
168 [34]. E2F also regulates microRNA expression which in turn has an
169 impact on mRNA stability [35,36]. In line with these observations,
170 several studies in C. elegans have shown a functional role for the RB
171 pathway in RNA interference [37–40].
172 An intriguing study showed a role for E2F in the suppression of
173 RNA splicing during the cell cycle. E2F regulates transcription of
174 the PFK-2 gene, which encodes an enzyme that is critical for energy
175 production during glycolysis. Transcription and splicing of the PFK-
176 2 transcript is suppressed in quiescent cells. Upon serum stimula-
177 tion, PFK-2 transcription increases and its pre-mRNA is more effi-
178 ciently spliced, leading to a dramatic increase in mature
179 transcript as the cell cycle progresses. However, mutation of an
180 intronic E2F binding site results in a loss of cell cycle sensitive
181 splicing control. Thus, the suppression of PFK-2 pre-mRNA splicing

182in G0/G1 is dependent on the binding of E2F [14]. Significantly, this
183data implies that an RB/E2F complex can act to suppress RNA splic-
184ing during the cell cycle (Fig. 2). The ability of RB/E2F to influence
185mRNA processing may provide an additional layer of control over
186gene expression and cell cycle regulation.

187Coupling of transcription and RNA processing

188Transcription and RNA processing have commonly been consid-
189ered as separate events. Consequently, transcription factors are
190generally examined for their ability to upregulate or downregulate
191transcription of target genes without giving much consideration to
192transcript processing. However, mounting evidence supports a
193model integrating transcription initiation with downstream pro-
194cessing events, including pre-mRNA splicing. For example, placing
195a different promoter sequence upstream of a gene can affect the
196alternative splicing of its transcripts [41]. Transcription factors
197may affect alternative splicing by several means. First, they may
198physically recruit splicing factors to the promoter region. Alterna-
199tively, a transcription factor may favor the exclusion or inclusion of
200alternatively spliced exons by modulating the elongation rate of
201transcription. Finally, transcription factors can recruit chromatin
202modifying enzymes to alter chromatin structure which affects
203RNA polymerase activity that can lead to exon skipping [15].
204Coordination of promoter activity with RNA processing may
205be a common mechanism of gene regulation. The transcription
206factor PU.1/Spi-1 can regulate splicing in a promoter-dependent
207manner [13]. PCG-1 can also regulate mRNA processing only
208when it is bound upstream to the promoter [42]. E2F has like-
209wise been implicated in promoter regulation of pre-mRNA splic-
210ing [14]. In light of this knowledge we propose the following
211model based upon the genetic and biochemical data of RB/E2F
212interaction with RNA processing factors (Figure 2A). The RB pro-
213tein binds to E2F, masking its transactivation domain, and
214recruits histone deacetylases (HDAC) and chromatin remodeling
215enzymes to attenuate transcription [43,44]. At the same time,
216RB interacts with RNA processing factors to suppress pre-mRNA
217splicing. As the cell cycle proceeds towards S phase, RB is hyper-
218phosphorylated by Cyclin/Cdk complexes and is released from
219E2F, relieving splicing suppression and allowing E2F to activate
220transcription. E2F upregulates RNA processing factors which
221stimulates alternative splicing of transcripts to promote either
222cell proliferation or apoptosis, depending on the cellular context.
223Misregulation of alternative splicing upon RB inactivation may
224be one mechanism that contributes to cancer progression.

225Conclusion

226The RB tumor suppressor protein interacts with RNA processing
227factors that help it to regulate a diverse array of processes (Figure
2282B). Future experiments will reveal how the retinoblastoma tumor
229suppressor might influence RNA splicing, transport, and stability.
230The elucidation of a novel role of RB in RNA processing will have
231a profound impact on our understanding of the role of this tumor
232suppressor family in cell and developmental biology, and it will
233place this versatile protein at almost every level of gene regulation.
234Most importantly, this new knowledge will help us better under-
235stand how mutation of RB leads to cancer and may provide new
236therapeutic targets.
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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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