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ABSTRACT

DIFFERENTIAL ACTIVITIES AND GENE REGULATION BY THE DROSOPHILA
RETINOBLASTOMA PROTEINS

By

Rima Mouawad

The Retinoblastoma proteins are a family of transcriptional co-repressors that play important roles
in regulating various cellular processes, including cell proliferation, differentiation and apoptosis.
There are three retinoblastoma family proteins in humans; Rb, p107 and p130, which perform
overlapping yet distinct roles in regulating the transcription of genes involved in diverse processes.
The molecular mechanisms underlying the distinct functions of the retinoblastoma proteins are not
fully understood, but may include differences in complex formation with E2f factors as well as
interactions with distinct chromatin modifying and remodeling factors. Gene duplication is rare in
the retinoblastoma gene family; most metazoan genomes encode a single retinoblastoma protein.
Interestingly, Drosophila has undergone an independent duplication event that yielded an ancestral
Rbfl gene and a more derived Rbf2 gene, which makes it a good system to study paralogy in this
family. Structurally, Rbf1 resembles p107 and p130 most closely, and bears a conserved regulatory
C-terminal domain (IE) that is critical for stability and activity of these proteins. The IE is lost in
Rb and Rbf2, which are the more derived forms of the protein, suggesting that the presence or
absence of the IE may contribute to the different functions of these proteins. Here, using genomic
approaches, | provide new insights on the function of Rbf2, which were not apparent from prior
cell-based assays. | show that Rbf2 regulates a set of cell growth related genes, and has an impact
on fertility and lifespan of flies. | define cis regulatory features of CycB gene that allow preferential
repression by Rbf2, indicating that it is not merely a weaker version of Rbf1 as previously thought,

but a highly effective repressor in certain contexts. | furthermore show using transcriptomic studies



that the IE of Rbf1 is critical for the repression function of this protein in a gene specific manner.
Mutation of specific conserved residues within the IE have a distinct impacts on subsets of genes,
indicating that the IE is an important regulatory element for specific sets of genes. The
specialization of retinoblastoma function in Drosophila may reflect a parallel evolution found in
vertebrates, and raises the possibility that control of cell growth control is equally important to cell

cycle function for this conserved family of transcriptional corepressors.
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CHAPTER 1

Introduction

The retinoblastoma protein (Rb) is an evolutionarily conserved transcriptional co-repressor
involved in the regulation of major cellular processes including proliferation, differentiation,
metabolism and apoptosis. The best known function of Rb is regulation of cell cycle progression
through repression of E2F target genes that are important for G1 to S phase transition (Giacinti
and Giordano, 2006; Khidr and Chen, 2006). Rb was the first tumor suppressor to be identified,
based on observations of retinoblastoma, a malignant tumor of the retina that mainly affects young
children (Knudson, 1971; Benedict et al., 1983; Cavenee et al., 1983). Deregulation of Rb has been
associated with various types of human cancer, involving either direct deletion or mutation of the

RB gene, or through altered activity of upstream regulators (Giacinti and Giordano, 2006).

The Rb/E2F pathway is evolutionarily conserved in virtually all eukaryotes, from metazoans to
plants and fungi (Cao et al., 2010). The human genome encodes three retinoblastoma pocket
proteins, Rb, p107 and p130, which perform overlapping and unique functions in gene regulation.
Genetic experiments and chromatin immunoprecipitation studies indicate that they are required
for repression of different sets of genes (Dyson, 1998; Takahashi et al., 2000; Black et al., 2003).
With respect to human disease, Rb is the main tumor suppressor in this family; mutations in p107
and p130 have been described in cancer genomes, but the significance of these lesions is unclear.
At a molecular level, many questions remain regarding the specific biochemical activities of the
retinoblastoma proteins, and how cellular tasks are apportioned between them. These proteins are
not expressed in identical manners; thus, part of the different activities may lie with divergent

regulation. At the same time, different members of this family have divergent promoter targeting



activities, a property that structural studies have characterized as due to specific distinctions in the
binding of E2F factors by different pocket proteins (Rubin et al., 2005; Liban et al., 2017)). In
addition, the protein complexes associated with these pocket proteins contain distincttypes of
regulatory proteins, and it is possible that at the gene regulation level, different pocket proteins
have distinct targets within the basal transcriptional machinery and/or the chromatin. Thus, the

significance of the multiplicity of retinoblastoma proteins is still undetermined.

Despite the conservation of Rb, p107, and p130 in vertebrates, virtually all other metazoa encode
a single retinoblastoma pocket family protein in their genomes. Duplication of this family of
proteins is thus a rare event in evolutionary terms, unlike the case for numerous other transcription
factors. Thus, it is of particular interest that all Drosophila species characterized to date encode
two retinoblastoma proteins, Rbfl and Rbf2, which makes Drosophila a powerful tool to study
paralogy in this gene family. In this chapter, | will provide background on the retinoblastoma
family of proteins in mammals and Drosophila. I will discuss the evolutionary conservation of

retinoblastoma proteins with emphasis on conserved regulatory domains of the protein.

Mammalian retinoblastoma proteins

General characteristics

Studies of a childhood malignant tumor, retinoblastoma, led to the identification of the RB gene,
the first tumor suppressor to be characterized (Knudson, 1971; Benedict et al., 1983; Cavenee et
al., 1983). Studies of retinoblastoma indicated that this cancer is initiated by independent lesions
affecting both copies of the RB gene, leading to the famous two-hit hypothesis (Knudson, 1971).
Since Rb was identified, various studies have shown the association of Rb with a number of human

cancers including lung, prostate, bladder and breast cancer (Burkhart and Sage, 2008). The best



studied function of Rb is its role in regulation of the cell cycle through interactions with E2F

transcription factors, to which it binds by means of its pocket domain.

Rb is a target of oncoviral proteins, including the adenovirus E1A, human papillomavirus E7 and
polyomavirus large T antigen proteins, which play a role in cellular transformation and cancer
development. These proteins inhibit Rb interactions with E2F factors by binding to the Rb pocket
domain (Felsani et al., 2006). These viral oncoproteins share a common peptide motif called
LxCXE, which binds to a conserved region on the B-pocket domain. This specific LXCXE motif is
also present in proteins contained in chromatin modifying complexes, including histone
deacetylases (e.g. HDAC1 and HDAC?2), histone methyl transferases (e.g. Suv39h1), histone
binding proteins (e.g. HP1) and others (Henley and Dick, 2012). Therefore, Rb can repress E2F
target genes in two major ways: binding to E2Fs and directly inhibiting their transcriptional
activation activity, as well as recruiting chromatin remodeling factors that modify chromatin

structure leading to repression.

p107 and p130 are pocket proteins related to Rb; they were identified based on their associations
with oncoviral proteins (E1A, SV40 large T antigen) and sequence homology to Rb (Harlow et al.,
1986; Dyson et al., 1989; Ewen et al., 1991; Li et al., 1993; Mayol et al., 1993). These proteins
along with Rb are known as pocket proteins because they contain the conserved pocket domain
responsible for most of the protein-protein interactions (Du and Pogoriler, 2006). p107 and p130

are structurally more similar to each other than to Rb (Figure 1-1).
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Figure 1-1: Schematic representation of the mammalian and the Drosophila retinoblastoma
proteins. The dark grey box represents the cyclin fold domain in the N-terminus. Pocket A and B
domains are shown in light grey. The C-terminal instability elements (IE) of p107, p130 and Rbf1l
are shown in blue. The RbC™" and RbC®"® regions of Rb that function in E2F1/DP interactions

are shown in magenta. (Figure adapted from Sengupta et al. 2015)

Interaction with E2Fs

There are at least eight E2F transcription factors in the mammalian system, including E2Fs mainly
involved in transcriptional activation (E2F1-3) and others mainly involved in repression (E2F4-8)
(Du and Pogoriler, 2006). E2F1-E2F5 factors bind pocket protein by means of a region within the
transactivation (TA) domains, whereas E2F6-E2F8 contain divergent C-termini that lack pocket
protein binding regions. These proteins are thought to be Rb-independent repressors. E2F1-E2F6
act as heterodimers; they bind to dimerization partner (DP) proteins through the leucine zipper
(LZ) and marked box (MB) domains (Trimarchi and Lees, 2002). Rb binds to both activator and

repressor E2Fs (E2F1-4), whereas p107 and p130 bind to repressor E2Fs: E2F4 and E2F4-5



respectively. The E2F TA binds to the cleft between the A and B pocket domains (Lee et al., 2002;

Xiao et al., 2003).

In addition to the interactions between the pocket domains and the E2F TA domains, the C-
terminal domains of Rb proteins mediate an additional interaction which is, in part, responsible for
differential E2F binding. Studies from the Rubin lab showed that the p107 C-terminal domain has
higher affinity to the coiled-coil and marked-box domains (CMs) of E2F4-DP, than to E2F1 (Liban
et al., 2017). All the interactions made by the C-terminal domain of p107 are contained within
p107C%+1%81 which is termed the p107C"® (Liban et al., 2017). On the other hand, the Rb C-
terminal domain exhibits a strong affinity to E2F1-DP CM. Two regions in the C-terminus of Rb
interact with E2F1-DP CM: residues 786 - 801, termed the RbC™" and residues 829 - 864, termed
the RbC®" (Rubin et al., 2005).Interestingly, this unique Rb-E2F1 interaction mediated by Rb C
terminus persists in the presence of adenoviral E1A protein, which usually disrupts Rb pocket
binding to E2F1 TA (Seifried et al., 2008). Such stable Rb-E2F1 interactions enable Rb-E2F1
complexes to persist when Rb is phosphorylated in the cell cycle, when most other E2Fs are
released (Cecchini and Dick, 2011). Therefore, this specific interaction mediated by the Rb C-
terminus may be important for regulation E2F1-unique activities such as apoptosis (Dick and

Rubin, 2013), a function known to be uniquely attributed to Rb.

Interaction with chromatin remodeling factors and enzymes

In vitro biochemical studies show that the pocket proteins interact with various chromatin
remodeling factors and modifying enzymes. Rb, p107 and p130 interact with BRG1 and hBRM,
which are the human homologs of the yeast SWI12/SNF2 chromatin remodeling factor. Interaction

of Rb with BRG1 and hBRM was shown to be important for Rb repression activity (Dunaief et al.,



1994; Strober et al., 1996; Trouche et al., 1997). In addition, Rb interacts with histone deacetylase
1 (HDAC1), and this interaction potentiates its repression function on certain genes (Brehm et al.,
1998; Luo et al., 1998; Magnaghi-Jaulin et al., 1998). Similarly, p107 and p130 interact with
HDAC1, and inhibition of the deacetylase affects their repression activity (Ferreira et al., 1998).
The retinoblastoma proteins have been also shown to interact with histone methyltransferases
SUV39H1, Suv4-20h1 and Suv4-20h2 (Nielsen et al., 2001; Vandel et al., 2001; Nicholas et al.,

2003; Gonzalo et al., 2005).

In addition to these chromatin modifying activities, Rb has been shown to interact with the DNA
methyltransferase DNMT1, an interaction that enhances the Rb repression function (Robertson et
al., 2000). Most of these studies were done in cultured cells or in purified systems, thus it is still
unclear whether these properties are the essential functions acting in the intact organism.
Interestingly, Isaac et al., 2006 showed that mouse embryonic fibroblasts (MEFs) with mutations
in Rb LXCXE binding motif, so that it cannot interact with chromatin remodelers, have no changes
in cell cycle progression but display mitotic defects (Isaac et al., 2006). Therefore, the
physiological impact of Rb’s interaction with chromatin remodeling and modifying enzymes on

regulating cellular processes is not fully understood in vivo.

Regulation of retinoblastoma proteins

During the cell cycle, the three pocket proteins are regulated through phosphorylation (Henley and
Dick, 2012). When Rb is hypophosphorylated, it binds to E2F and induces the repression of genes
required for DNA synthesis and cell cycle progression. Upon mitogenic stimuli, CyclinD/Cdk4/6
and CyclinE/Cdk2 phosphorylate Rb during early and late G1 respectively. Phosphorylation leads

to the release of E2F transcription factors and activation of E2F target genes leading to S-phase



entry (Giacinti and Giordano, 2006; Du and Pogoriler, 2006). p107 and p130 are also regulated by
phosphorylation in a similar fashion to Rb, leading to release of the associated E2F factors (Classon

and Dyson, 2001).

Recent studies showed that in early G1, Rb is monophosphorylated by CyclinD/Cdk4/6
(Narasimha et al., 2014). Thirteen conserved Cdk phosphorylation sites are present in Rb, and
different phosphorylation events may induce different conformational changes that may alter Rb
function in a different way. Some models have been proposed regarding specific phosphorylation
events and how they may impact Rb function. For example, phosphorylation of a specific threonine
residue (T373) at the Rb N-terminus induces docking between the RbN and the pocket, which
inhibits the E2F-TA and LxCXxE binding domains, whereas phosphorylation of two threonine
residues in the Rb C-terminus (T821 and T826) induces conformational changes that blocks the
E2F-DP MB and LXCXE binding domains (Dick and Rubin, 2013). Therefore, phosphorylation of
Rb is not uniformly inactivating, but may alter the function of Rb in specific ways until Rb is

hyperphorylated in late G1 and totally inactivated.

At the end of mitosis, the pocket proteins are reactivated by dephosphorylation (Henley and Dick,
2012). Dephosphorylation of Rb is mediated through protein phosphatase 1 (PP1) (Kolupaeva and
Janssens, 2013). The PP1 binding site overlaps with the cyclin/cdk binding site on the C-terminus
of Rb, indicating competition of phosphatases and kinases to bind and modify Rb (Henley and

Dick, 2012).

Other post-translational modifications that impact Rb regulation include methylation and
acetylation (Burkhart and Sage, 2008). The C-terminal lysine 873 of Rb is subject to acetylation

and methylation. Acetylation of this residue, and lysine 874, prevents Rb inactivation by
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phosphorylation. Methylation of K873 leads to Rb association with heterochromatin binding
protein HP1, which increases repression activity. Methylation of another residue, K810, leads to
inhibition of Cdk dependent phosphorylation (Macdonald and Dick, 2012). Interestingly,
acetylation of lysine residue (K1079) in p130 increases its response to phosphorylation (Saeed et
al., 2012) indicating differential impact of post-translational modifications on Rb protein

regulation.

In addition to regulation by phosphorylation, levels of the pocket proteins are controlled by the
ubiquitin-proteasome system. Specific E3 ligases are involved in turnover of Rb (MDM2), p107

and p130 (SCFSkp2) (Tedesco et al., 2002; Uchida et al., 2005; Sengupta and Henry, 2015).

Levels of retinoblastoma proteins during cell cycle

p130 is the most abundant pocket protein in GO phase, whereas p107 is the least abundant. As cells
enter the cell cycle, the levels of p130 decline, and the levels of Rb and p107 increase. When the
levels of p107 increase, it replaces p130 at E2F responsive promoters (Takahashi et al., 2000). Rb
is moderately expressed in GO, and in G1, Rb levels become more abundant where it binds to
activator E2Fs and prevents activation of transcription of cell cycle genes (Grana et al., 1998;
Henley and Dick, 2012). Therefore distinct retinoblastoma/E2F complexes are present in different
stages of the cell cycle: p130/E2F4-5 is found mainly in GO, p107/E2F4 mainly in S phase cells
but can also be found in G1, and Rb/E2F1-4 is present mainly as cells progress from G1 to S phase,

but can also be found in GO (Dyson, 1998).



Mutation phenotypes and tumor suppressor functions

Mutations in retinoblastoma proteins produce a variety of phenotypes, indicating distinct roles in
development. Loss of Rb in mice is embryonic lethal; RB1 null mice show defects in neurogenesis
and hematopoiesis (Lee et al., 1992; Clarke et al., 1992; Jacks et al., 1992). This indicates that Rb
is indispensable for normal development and its loss cannot be compensated by the other pocket
proteins. Embryonic lethality in RB17- mice has been shown to be associated with abnormal
placenta, and supplying a normal placenta, via tetraploid aggregation or by genetic approaches,
rescues embryonic lethality, but mice die soon after birth (Wu et al., 2003). p107 and p130 can
compensate for each other, as studies indicated that loss of either gene results in viable mice with
no developmental defects (Lee et al., 1996; Cobrinik et al., 1996). However, loss of both p107 and

p130 is lethal, and mice die shortly after birth due to breathing defects (Cobrinik et al., 1996).

In mice, partial loss of Rb increases predisposition to pituitary and thyroid tumors, and not
retinoblastoma as in humans (Jacks et al., 1992; Hu et al., 1994). In contrast to Rb, loss of either
p107 or p130 in mice does not lead to any tumor formation (Cobrinik et al., 1996; Lee et al., 1996).
However, additional loss of p107 and p130 in an RB1 mutant background leads to formation of
retinoblastoma and other types of tumors, and loss of Rb and p130 in a Trp53 null background
increases the predisposition to small cell lung carcinoma. These results indicate tissue-specific
tumor suppressor function of the retinoblastoma proteins (Robanus-Maandag et al., 1998; Jacks et
al., 1992; Dannenberg et al., 2004; MacPherson et al., 2007). However, Rb is the major tumor
suppressor of this family, and it is the only one frequently mutated in human cancers (Wirt and

Sage, 2010; Burd and Sharpless, 2010).



Pleiotropic functions of Rb

Rb is best known for inhibiting E2F transcription factors and downregulating genes that contribute
to cell-cycle progression (Dimova and Dyson, 2005; Henley and Dick, 2012). However, Rb also
plays important roles in regulating other cellular processes that contribute to its tumor suppressor
functions. One of the processes is apoptosis, and interestingly, Rb can have an anti-apoptotic or
pro-apoptotic function depending on the cellular context. Through binding E2F1, Rb inhibits pro-
apoptotic genes, and it was shown that loss of Rb function triggers the p53 apoptotic pathway
(Harbour and Dean, 2000). However, upon DNA damage, Rb and E2F1 form a complex that

results in activation of specific pro-apoptotic genes (Dick and Rubin, 2013).

Another function of Rb is regulating cellular differentiation by its interaction with lineage-specific
transcription factors that are required for development of tissues such as bone, muscle, pancreas
and erythroid cells (Viatour and Sage, 2011). In addition, Rb is essential for proper mitosis and
genomic stability. Loss of Rb results in abnormal spindle formation, impaired cohesion,

aneuploidy and genomic instability (Hayashi and Takahashi, 2015).

Rb has been shown to regulate cellular metabolism as well. Loss of Rb was shown to be associated
with various metabolic defects including reduced mitochondrial respiration, reduced activity of
the electron transport chain, and alteration in glutamine metabolism (Dyson, 2016). An additional
function of Rb appears to be the control of mitochondrial biogenesis; loss of Rb in erythrocytes

leads to mitochondrial defects and impaired erythropoiesis (Viatour and Sage, 2011).

Recent studies uncovered a newly discovered role for Rb in regulation of cell polarity (Parisi et
al., 2018). Loss of Rb in mouse keratocytes is associated with polarity defects and upregulation

of core polarity genes such as Par3 and aPKC, and Rb inactivation causes tissue closure defects
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during mouse development (Parisi et al., 2018). As discussed below, similar involvement of

Rbfl in Drosophila polarity has been described.

Differential roles of pocket proteins in gene regulation

Genetic and molecular studies demonstrate that retinoblastoma proteins have overlapping yet
distinct functions in gene regulation. Using reporter assays and 3T3 fibroblast cells lacking
different retinoblastoma family proteins, Classon et al. (2000) showed that E2F-responsive
promoters are differentially regulated by specific pocket proteins; the B-myb reporter gene was
found to be derepressed in absence of p107 and p130 and not affected by loss of Rb, however the
p107 reporter gene was derepressed by loss of Rb and not affected by loss of p107 and p130. In
agreement with this result, using RB17, p107”, p1307, and p1077p1307" mouse embryonic
fibroblasts, Hurford et al. (1997) showed that Rb, p107 and p130 are required for regulation of
different sets of genes. For example, Cyclin E and p107 were derepressed in RB17 cells and
unaffected in p1077p1307 cells, however, B-myb, cdc2, cyclin A2 and E2F1 were derepressed in
p1077p1307 cells and affected in RB17 cells. Interestingly, in both studies, RB1” and p1077
p1307 cells displayed higher percentage of S-phase in comparison to control cells, indicating that

Rb and both p107 and p130 are essential for regulating cell cycle progression in this particular cell

type.

In contrast, using a different approach, Stengel et al. (2009) showed that transfection of Saos-2
cells with Rb, p107 or p130 results in similar levels of repression on TS and Cyclin A reporter
genes, and all the expressed pocket proteins were able to bind to endogenous TS and RNR2 genes

as shown by ChIP assays. This study suggests that these promoters respond to different pocket
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proteins in an identical manner and emphasizes that pocket proteins do have overlapping functions

in specific contexts.

Because regulatory regimes change as cells enter quiescence and senescence, the roles of Rb, p107,
and p130 in regulation of endogenous genes were explored in growing, quiescent and senescent
human lung fibroblasts using shRNAs targeting RB, p107 and p130 (Chicas et al., 2010). This
study identified classes of genes that were either similarly or differentially regulated by the
individual pocket proteins. During quiescence, there was minimal impact of suppressing individual
retinoblastoma proteins on E2F target gene expression, indicating overlapping functions in this
growth state. However, during senescence, Rb knockdown resulted in upregulation of many genes,
indicating unique role of Rb in gene regulation during this state. Using ChIP technology, these
authors found that Rb and p130 bind to different types of genes in different growth states (growing,
quiescence and senescence). A general pattern was that binding of p130 to many promoters
increased in quiescent cells knocked down for Rb, but not in senescent cells indicating that Rb’s
role in gene regulation during senescence is not redundant. The replacement of Rb by p130 in the
quiescent state indicates that there may be antagonism between the Rb family proteins on specific
target genes in certain cell types. Collectively, these studies indicate that pocket proteins have
common and different characteristics related to gene targeting and repression activity, and the
molecular mechanisms underlying these characteristics are still not fully understood. Importantly,
the unique contributions of the individual retinoblastoma family members on gene regulation

haven’t been studied in vivo.
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Drosophila retinoblastoma proteins

General characteristics

The conserved Rb/E2F pathway is simpler in Drosophila, involving fewer components than in
mammals, which makes it a good model for Rb and E2F studies. The Drosophila Rb/E2F pathway
consists of two pocket proteins, (Rbfl and Rbf2), two E2fs (E2f1 and E2f2) and one Dp protein
(Dimova and Dyson, 2005). Similar to the mammalian system, E2fs dimerize with Dp and are
divided into activators and repressors; E2f1 is a potent activator of transcription, whereas E2f2 is
associated with repression (Frolov et al., 2001). Co-immunoprecipitation assays showed that Rbfl
interacts with both E2f1 and E2f2, whereas Rbf2 interacts only with E2f2 (Stevaux et al., 2002).
Rbfl and Rbf2 proteins have extensive similarity to the mammalian retinoblastoma proteins, with
a defined N-terminus, pocket and C-terminal regions (Figure 1-1), and they are regulated by
phosphorylation during the cell cycle in a fashion similar to the mammalian pocket proteins

(Stevaux et al., 2002; Xin et al., 2002).

Expression patterns of Rbfl and Rbf2

Rbfl and Rbf2 have different patterns of expression during development. During embryonic
stages, Rbf1 protein levels are relatively constant with a slight decrease in late embryogenesis. In
contrast, Rbf2 is absent from the early oocyte. The levels of this protein increase and peak in 4-10
hr. embryos, and gradually drop until reaching undetectable levels in the late stage embryo (Keller
et al., 2005). The patterns of expression of Rbfl and Rbf2 are overlapping in early stages of the
embryo, but at stage 13, Rbf2 expression is confined to the brain and the ventral nerve cord,
whereas Rbf1 is also expressed in the gut. Both Rbfl and Rbf2 are expressed in imaginal discs in

third instar larvae including wing, leg and eye (Keller et al., 2005). In adults, Rbflis expressed in
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both males and females, whereas Rbf2 expression is undetectable in males, and confined to ovaries

of females, suggesting a potential role in oogenesis (Stevaux et al., 2002).

Rbfl and Rbf2 mutant phenotypes

Zygotic Rbf1 null mutants (Rbf1!4) die before the pupal stage and display developmental delays
in the third instar larval stage (Du and Dyson, 1999). Stevaux et al. (2005) showed that Rbf2 mutant
flies are viable and “do not display any observable phenotypes”. However, these authors also
reported that homozygous mutant females had an elevated egg laying rate (Stevaux et al., 2005).
However subsequent analysis in our laboratory suggests that this effect may have been due to
genetic background effects rather than the lesion in Rbf2. The Rbf2 mutant allele that was
generated still produces a 30 kD Rbf2 amino-terminal fragment of Rbf2, which may be partially
functional. The possible activity of the N-terminus of Rbf2 is still not fully understood, however
a conserved cyclin fold domain resides in the N-terminus of mammalian and Drosophila N-

terminal regions (Figure 1-1).

Flies with a partial loss of function Rbf1 allele (Rbf1'2%?) display normal eye morphology (Du and
Dyson, 1999), but additional loss of Rbf2 leads to rough eye phenotype, which is absent in Rbf2
null flies only. Flies that carry null alleles of both Rbf1 and Rbf2 display poorer viability and longer
developmental delay than Rbfl null flies, indicating that loss of Rbf2 enhances the phenotypes

observed due to Rbf1 loss (Stevaux et al., 2005).

Diverse functions of Rbfl

Similar to mammalian Rb, Rbfl regulates various cellular processes in Drosophila. When Rbfl

was first identified based on homology to the mammalian pocket proteins, it was shown to regulate
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cell cycle genes (PCNA and RNR2), which are E2f regulated genes, and therefore regulate G1-S
phase transition (Du and Dyson, 1999). In addition to cell cycle regulation, Rbfl has been shown
to regulate apoptosis. Overexpression of Rbfl in wing imaginal discs using the UAS-Gal4 system
results in apoptosis, and notches along the wing margin, and this phenotype was reversed by co-
expression of E2F1 (Milet et al., 2010; Elenbaas et al., 2015). Rbfl overexpression causes
apoptosis by downregulating two anti-apoptotic genes: Buffy and Diapl. Buffy encodes an anti-
apoptotic protein member of the Bcl-2 family and is directly repressed by Rbf1 at a transcriptional
level, whereas Diapl, which encodes a caspase inhibitor, is repressed by Rbfl post-
transcriptionally through regulation of held out wings, a gene that encodes an RNA binding protein
involved in Diapl mRNA degradation (Clavier et al., 2014). In addition, Rbfl overexpression
induces mitochondrial fragmentation, ROS production and apoptosis through Debcl, a Bcl-2
family member, and Drpl, which is a large GTPase of the dynamin family required for
mitochondrial fission (Clavier et al., 2015). Another study indicated that loss of Rbfl results in
apoptosis in eye imaginal discs through upregulation of the pro-apoptotic gene hid (Moon et al.,

2006).

Through analysis of loss of function mutants, Rbfl has been shown to play a role in metabolism;
metabolomic analysis of third instar Rbfl mutant larvae revealed altered nucleotide synthesis and
glutathione metabolism. Under fasting conditions, Rbf1 mutants showed an increase in flux of
glutamine toward glutathione synthesis (Nicolay et al., 2013). The impact of a partial loss of
function in Rbf1 was investigated in the eye imaginal discs of third instar larvae; SCRNA-seq data
revealed that this mutation leads to increased intracellular acidification though upregulation of Ald,

HIF1la and Ldh, and eventually leading to apoptosis (Ariss et al., 2018).
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Rbf1 is also important in maintaining genomic stability. Rbfl promotes chromatin condensation
through association with dCAP-D3, a component of the Condensin Il complex, and promoting
efficient association of dCAP-D3 with chromatin (Longworth et al., 2008). Another recently
discovered role of Rbf1 in Drosophila is the regulation of cell polarity. Knockdown of Rbf1 results
in polarity defects in eyes, wings, and notum, and results in upregulation of core polarity genes
such as aPKC, Vang and par-6 (Payankaulam et al., 2016). Collectively, studies from Drosophila
Rbf1 show that regulation of cell cycle, apoptosis, metabolism, genomic stability and polarity are

all conserved features of the retinoblastoma family.

Unlike the functional roles ascribed to Rbf1, the roles of Rbf2 have not been as thoroughly studied.
Initial characterization of this protein showed that increased expression of Rbf2 and E2f2 in wing
and eye imaginal discs resulted in blocked entry into S-phase, suggesting a role in cell cycle
regulation, however Rbf2 exhibits only weak regulation of some well-characterized cell cycle
promoters (Stevaux et al., 2002). The unique expression of Rbf2 in female ovaries suggests a role

in oogenesis, which hasn’t been studied yet.

Gene targets of Rbfl and Rbf2

Korenjak et al. (2012) performed a ChlIP-chip analysis to study Rbfl, E2f1 and E2f2 genome
occupancy in Drosophila third instar larvae. Binding sites were enriched around transcription start
sites for the three factors. There was a strong enrichment for cell cycle genes among the genes
targeted by Rbfl. Rbfl and E2f2 were found to bind more sites than E2f1, and there was a
significant overlap between Rbf1 and E2f2 binding sites. The majority of E2f1 binding sites were
also bound by Rbfl. Some of the Rbf1 target genes (14%) lacked a consensus E2F motif, although

these genes are bound by E2f2. Using Dp mutant larvae, binding of Rbf1 and E2f2 was diminished

16



on selected genes that lack a consensus E2F motif, indicating that Rb/E2f complexes can be present

at sites that don’t contain a classical E2F site (Korenjak et al., 2012).

Acharya et. al. (2012) studied Rbfl occupancy in the Drosophila embryo using ChIP-seq
technology. In addition to the canonical cell cycle genes, many targets of Rbfl in the embryo
belonged to signaling pathways including insulin, Notch, Hippo and JAK/STAT. The functional
significance of the targeting of these diverse signaling pathways is yet to be elucidated, however
Rbfl appears to regulate the insulin receptor gene through the promoter proximal E2F site. In
agreement with the previous study by Dyson lab, most of the peaks were promoter proximal. In
addition to the E2F motif, transcription factor motifs including DREF and FOXJ2 were enriched

in Rbf1 bound regions (Acharya et al., 2012).

An independent ChlP-seq of Rbfl and Rbf2 was carried out by Wei et al. (2015) in the Drosophila
embryo. Strikingly, Rbf2 was found to bind to twice as many genes as Rbfl, and most of the Rbfl
bound genes were also bound by Rbf2. Genes that were uniquely bound by Rbf2 were not enriched
in E2F motifs, unlike genes that were bound by both Rbfl and Rbf2. Genes that were bound by
both Rbfl and Rbf2 were enriched with cell cycle genes. Interestingly, genes that were uniquely
bound by Rbf2 were enriched with ribosomal protein genes, and Rbf2 is able to mediate repression
of a tko reporter gene, which encodes a cytosolic ribosomal protein. Both Rbfl and Rbf2 were
bound on many genes belonging to signaling pathways. The physiological significance Rbf1/Rbf2
binding to ribosomal protein and signaling pathway genes is still not fully understood, however,
coregulating the expression of these genes with cell cycle control may be of importance for proper

coordination of cell growth and cell division.
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Mechanisms of gene regulation by Rbfl and Rbf2

To identify regulatory targets of Rb and E2f factors, Dimova et al. (2003) depleted Rbf1, Rbf2,
E2f1, E2f2 and Dp in cultured S2 cells using double-stranded RNA (dsRNA). They functionally
categorized the genes by response: Groups A and B include genes involved in cell cycle regulation
and DNA replication, groups C, D and E include genes that have development and differentiation
functions. Interestingly, depletion of Rbf2 alone had little impact on gene expression in these cells,
however, when depleted in conjunction with Rbfl, many genes of class C, D, and E were
upregulated, indicating that Rbf2 has a redundant function. In contrast, depletion of Rbfl alone
was sufficient to induce upregulation of genes of group A and most of group B, including PCNA,
Cyclin E, Orcl and other cell cycle genes. Those Rbfl-dependent genes also were downregulated
by E2f1, but no change was seen with E2f2 depletion. Interestingly, groups C, D, and E, which are
upregulated by E2f2 depletion, are also affected by joint depletion of Rbfl and Rbf2, indicating
that requirement for Rbfl or Rbf2 depends on regulation by either E2f1 or E2f2. These genes
include oogenesis related genes such as vasa, spn-E and bng, and male specific genes such as
Arp53D. This study shows that E2fs and Rbfs have different functions in gene regulation, where
Rbf1/E2f1 are important for regulating cell cycle genes, whereas both Rbfl and Rbf2 in complex

with E2f2 are important for differentiation related genes (Dimova et al., 2003).

An earlier study showed that on E2f regulated reporter genes (PCNA, MCM3 and Pola), Rbf2 can
repress E2f-dependent transcription, but is considerably weaker than Rbfl. Unlike Rbfl, Rbf2
failed to block E2f1 activation of Pola reporter, consistent with its ability to form complexes with
E2F2 only, unlike Rbfl, which can interact with both E2f1 and E2f2 (Stevaux et al., 2002).

However, combined expression of E2f2 and Rbf2 was able to block E2f1 activation of a PCNA
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reporter and inhibit DNA synthesis and entry into S-phase, indicating cooperation between the two

factors to antagonize E2f1 activity.

Loss of Rbf2 in ovaries had no impact on cell cycle genes but affected differentiation specific
genes, including testis differentiation markers. Strikingly, a significant number of genes were
upregulated in Rbf2 mutant ovaries, but unchanged in E2f2 mutant ovaries, suggesting that Rbf2
may play a role in gene regulation independent of E2f2. Interestingly, on these genes, Rbf2 and
E2f2 were present on the promoters regardless whether the genes are impacted by loss of E2f2 or
Rbf2. There was very minimal overlap between genes affected by loss of Rbf2 in ovaries, S2 cells,
and embryos indicating specific roles of Rbf2 in different cell type and different stages of

development (Stevaux et al., 2005).

The unique binding of Rbf2 to ribosome protein genes raises the possibility that Rbf2 may be an
important regulator of this gene family. Overexpression of Rbf2 in Drosophila S2 cells resulted in
modest repression of tko reporter and a stronger repression with co-expression of E2f2. Rbf1 failed
to repress this ribosomal protein gene, indicating a potential unique role for Rbf2 in regulating this
class of genes. The physiological significance of this regulation is yet not fully understood (Wei

et al. 2015).

Rbfl and chromatin remodeling factors

The interaction of retinoblastoma proteins with chromatin remodeling and modifying enzymes,
and their impact on gene regulation, is poorly studied in Drosophila. In one study, p55/dCAF-1, a
chromatin assembly factor, was shown to be important for repression of a set of E2f2 regulated
genes in cultured S2 cells (Taylor-Harding et al., 2004). Rbfl was shown to bind p55 which is a

histone-binding protein and a component of several chromatin complexes. Depletion of p55 in
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Drosophila S2 cells resulted in upregulation of differentiation specific genes such as Arp53D
(group E genes from Dimova et al. 2003) that are known to be repressed by Rbfl in S2 cells, with
no impact on group A genes (e.g. RNR2) that are normally coupled with cell proliferation. These
results indicate that mechanisms of Rbfl regulation of different classes of genes are different.
Interestingly, unlike mammalian studies which showed requirement of HDAC and SWI/SNF
chromatin-modifying complexes in Rb-mediated repression, this study showed that Rbfl
repression of group A and E genes generally does not require HDAC or SWI/SNF proteins (Taylor-

Harding et al., 2004).

However, in disagreement with the previous study, another study showed that HDAC activity is
essential for repression of the developmentally regulated genes (group D/E) including Arp53D and
others. In addition, this study showed that the Polycomb group (PcG) protein, Enhancer of zeste
(E(2)), which is an H3k27 methyltransferase in Drosophila, is important for silencing group D and
E genes through dimethylation of histone H3 Lys27 (H3K27me2) (Lee et al., 2010). It is not
known whether Rbf2 represses target genes by associating with chromatin modifying or
remodeling factors. Using mass spectrometric analysis, Ullah et al. (2007) showed that Rbf2
associates with TRRAP, a component of several histone acetyltransferase complexes, and
chromatin remodeling factors such as Moira, BAF53 and Cafl/P55. The significance of these

protein interactions is yet to be elucidated.

The dREAM complex

Rbf1 and Rbf2 are part of a conserved gene regulatory complex termed dREAM (Drosophila Rbf,
E2f, and Myb-interacting proteins). Biochemical studies have shown that two dREAM complexes

exist in flies each containing the Myb-interacting proteins (Mip120, Mip130 and Mip40), dMyb
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transcription factor, CAF1p55, E2f2/Dp in addition to either Rbfl or Rbf2 (Korenjak et al., 2004).
In proliferating cells, the dREAM complex is important for repression of differentiation-specific
genes, which are only targeted by E2f2, but not cell cycle genes, which are bound by both E2f1
and E2f2 (Korenjak et al., 2004; Georlette et al., 2007; Lee et al., 2012). dREAM is also required
for E2f2 binding at differentiation-specific genes, which remain repressed during the S-phase, but
does not affect its binding on cell cycle genes. E2f1 does not bind to differentiation-specific genes
even in the absence of E2f2 and the entire (REAM complex, indicating that there is no competition

between the E2fs for binding on these promoters (Lee at al., 2012; Dimova et al., 2003).

As part of dREAM, Rbfl is hypophosphorylated, and dREAM is required for maintaining the
hypophosphorylated form of Rbfl during the S-phase where the complex binds to differentiation-
specific genes (Lee et al., 2012). Therefore, Rbfl function in the cell cycle is partly dependent on
whether it is part of the dREAM complex. In the mammalian system, E2F4 in addition to p107 or
p130 are part of the dREAM complex, which plays a role in repressing cell cycle genes during
quiescence and has been shown to be deregulated in various human cancers (Sadasivam and

DeCaprio, 2003).

The instability element (1E)

In addition to regulation by Cyclin/Cdk phosphorylation, turnover by the ubiquitin-proteasome
pathway is another level of control of retinoblastoma family members. Previous studies from
Arnosti and Henry labs revealed many aspects of turnover regulation of Rbfl and the mammalian
retinoblastoma family members (Acharya et al., 2010; Raj et al., 2012; Zhang et al., 2014,
Senguptaet al., 2015). A conserved C-terminal region (58 residues), termed the instability element

(IE), acts as an autonomous degron and is important for degradation of Rbfl, p107 and p130 by
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the ubiquitin-proteasome pathway (Acharya et al., 2010; Sengupta et al., 2015). The Rb C-terminal
regions (RbC"" and RbC®'®) that were described by the Rubin lab to mediate additional specific
interactions with E2F/DP MB domains, also contribute to Rb turnover by the proteasome (Figure

1-1) (Sengupta et al., 2015; Sengupta and Henry, 2015).

Interestingly, the IE of Rbfl, p107 and p130 also affects repression function as tested by reporter
assays for E2F target genes (Acharyaet al., 2010; Sengupta et al., 2015). These studies demonstrate
a tight link between proteasome-mediated protein turnover and repression function. In reporter
assays, Rbf1-AlIE (deletion of the IE) mutant, which is a more stable than full length WT-Rbf1
protein, showed impaired repression on canonical E2F target genes (PCNA, Polo. and MCM7) but
not on non-canonical E2F genes (InR, wts and Pi3K68D) suggesting that the IE affects gene-
specific repression (Acharya et al., 2010; Raj et al., 2012). Forced ubiquitination of Rbf1-AIE
enhanced repression on the PCNA reporter but not InR reporter gene indicating an interesting link

between ubiquitination and gene-specific repression (Raj et al., 2012).

Specific lysine and serine residues within the IE affect Rbfl stability and activity in different
manner (Acharya et al., 2010; Zhang et al., 2014). Rbf1 bearing mutations in three, four or the six
lysine residues within the IE exhibited higher stability in comparison to wild type protein.
Interestingly, lysine to alanine and not lysine to arginine (charge conserving) mutations increased
Rbf1 stability, indicating that ubiquitination of these lysines is not the reason for the instability.
Interestingly, single mutations in the IE lysine residues did not affect stability of Rbf1 but exhibited
hypomorphic and hypermorphic functions, indicating that the IE has positive and negative
transcription regulatory elements (Acharya et al., 2010). One interesting hypermorphic mutation,
K774A/R, enhanced repression of Rbfl on a PCNA reporter and induced severe phenotypes when

overexpressed in fly eyes and wings (Acharya et al., 2010; Zhang et al., 2014). Interestingly, K774
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is conserved in mouse (K1079) and human (K1083) p130, and acetylation of mouse K1079 is
important for in vitro Cdk4-mediated phosphorylation (Saeed et al., 2012). Whether specific
mutations affecting the IE are relevant for cancer is unknown, however, one study showed that this

mutation was reported in human lung cancer (Claudio et al., 2000).

Cyclin/Cdk overexpression stabilizes Rbfl and inactivates it, indicating a tight link between
regulation of stability and activity. Three conserved serine residues (S728, S760 and S771) within
the IE are important for Cyclin/Cdk control of Rbfl (Zhang et al., 2014). When these serines were
mutated to alanines (3SA), Rbf1-3SA was not stabilized by Cyclin/Cdk overexpression and
repression on PCNA was not elevated. Overexpression of Rbf1-3SA in wings and eyes resulted in
severe phenotypes which were similar to those resulting from the K774A mutant. Interestingly,
Rbf1-K774A mutant is also not stabilized nor inactivated by Cyclin-Cdk overexpression. This
indicates that this residue may play a role in Cyclin/Cdk control of Rbfl stability and activity

(Zhang et al., 2014).

The evolutionary conservation of the IE and this functional characterization of mutants bearing
lesions in this domain of retinoblastoma proteins indicate that the IE is a critical regulatory region.
This element is modified or lost in the more derived forms of the pocket proteins, Rb in mammals
and Rbf2 in Drosophila, which may be a key to understanding the different functions of the pocket
proteins. Importantly, various point mutations and deletions that map to p107 and p130 IE region

have been reported in cancer patients (Forbes et al., 2011; Gao et al., 2013).

Thesis preview

A critical gap in our knowledge about the retinoblastoma proteins is their different biochemical

activities and functional roles in development, in an in vivo setting. Therefore, to answer these
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questions, | used Drosophila as a model to study the impact of Rbfl and Rbf2 proteins on gene
regulation in Drosophila embryos. | showed that Rbfl and Rbf2 regulate different sets of genes,
and Rbf2 mainly affects ribosomal and mitochondrial genes hinting to potential role in regulating
cell growth. We had questions about the role of Rbf2 in fly development, since it was neglected
and hasn’t been studied as much as Rbfl. We believed that conservation of Rbf2 in all Drosophila
genomes points to necessary roles in flies. Therefore, to understand the role of Rbf2, we created
CRISPR knockout flies and showed that Rbf2 is important for regulating ovary function in females

and is necessary for longevity in both females and males.

One interesting feature that is shared by the ancestral retinoblastoma proteins (p107, p130 and
Rbfl) is the presence of the IE in the C-terminus, which impacts both stability and repression
activity of these proteins. This element is lost in the derived forms, Rb and Rbf2, and the impact
of losing this region on the functional diversification of these proteins is still not understood. To
answer this question, | studied the function of the IE and how it impacts repression activity of Rbfl
during development. | expressed various Rbfl isoforms bearing specific mutations in the IE, in
wing tissues and in embryos, and | studied how these mutants impact the transcriptome using
RNA-seq analysis. | found that the IE is an important regulatory domain, and specific residues
within the IE impact Rbf1 function in a distinct manner. Therefore, divergence in this C-terminal

domain could be driving the functional diversity of the retinoblastoma proteins.
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CHAPTER 2

Role of Drosophila retinoblastoma protein instability element in cell growth and proliferation

Abstract

The RB tumor suppressor, a regulator of the cell cycle, apoptosis, senescence, and differentiation,
is frequently mutated in human cancers. We recently described an evolutionarily conserved C-
terminal “instability element” (IE) of the Drosophila Rbf1 retinoblastoma protein that regulates
its turnover. Misexpression of wild-type or non-phosphorylatable forms of the Rbf1 protein leads
to repression of cell cycle genes. In contrast, overexpression of a defective form of Rbfl lacking
the IE (AIE), a stabilized but transcriptionally less active form of the protein, induced ectopic S
phase in cell culture. To determine how mutations in the Rbfl1 IE may induce dominant effects in
a developmental context, we assessed the impact of in vivo expression of mutant Rbf1 proteins on
wing development. AIE expression resulted in overgrowth of larval wing imaginal discs and larger
adult wings containing larger cells. In contrast, a point mutation in a conserved lysine of the IE
(K774A) generated severely disrupted, reduced wings. These contrasting effects appear to
correlate with control of apoptosis; expression of the pro-apoptotic reaper gene and DNA
fragmentation measured by acridine orange stain increased in flies expressing the K774A isoform
and was suppressed by expression of Rbfl1AIE. Intriguingly, cancer associated mutations affecting

RB homologs p130 and p107 may similarly induce dominant phenotypes.
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My contribution to this study was showing that mutant forms of Rbfl have impacts on apoptosis
and show differential gene regulation when expressed in wing imaginal discs. Wing imaginal discs

expressing a mutant form of Rbf1 show distorted tissue architecture.
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Introduction

The retinoblastoma (Rb) protein functions as a regulator of cell cycle in multicellular eukaryotes,
enabling progression of mitosis in a seamless manner. Rb is also key to the unfolding of
developmental programs through its effects on differentiation and apoptosis. In light of its role in
these central cellular processes, it is not surprising that the Rb gene or its regulatory pathway is
disrupted in most human cancers (Nevins, 2001). The activity of the Rb protein is tightly regulated
during the cell cycle. Hyper-phosphorylation of Rb during the late G1 phase by the activity of
CDKl/cyclin enzymes results in its inactivation throughout S, G2, and M phases (Rubin, 2013;
Narasimha et al., 2014). Mammalian Rb and the homologous family members p130 and p107 are
also subject to regulated protein turnover by proteasome dependent and independent pathways, a

property shared by the Drosophila Rbfl homolog (Ying and Xiao, 2006; Acharya et al., 2010).

We previously showed that the Drosophila Rbf1 protein is protected from turnover by the COP9
regulatory complex, and that a C-terminal instability element (IE) of the protein mediates turnover
of the protein (Ullah et al., 2007). Deletion of or point mutations in the IE stabilize Rbf1, and
recent studies indicate that the IE is a conserved feature in mammalian Rb family proteins
(Sengupta et al., 2015). At the same time, the IE appears to be critical for the transcriptional
activity of Rbf1; removal of the entire IE inhibits Rbf1 activity on some but not all target genes in
cell culture, while mutations that eliminate phosphorylation targets, or a conserved lysine 774, can
exhibit marked hypermorphic effects (Acharya et al., 2010; Raj et al., 2012; Zhang et al.,
2014). We were particularly interested in 2 classes of mutation; that which eliminated the IE
entirely, and mutations affecting K774. The AIE mutant protein induces ectopic cell cycles when
expressed in cultured cells, and similar forms of proteins may be produced in cancer cells with

nonsense mutations that eliminate the C-termini of Rb family proteins. Mutations affecting K774
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did not significantly impact transcriptional activity in cell culture, but the mutant protein has
dramatically disruptive effects on eye development in the fly (Acharya et al., 2010). Interestingly,
mutations in human p130 residue K1083 (homologous to K774 in Rbfl) have been reported in
human lung cancer (Claudio et al., 2000), although the frequency of occurrence of this lesion is
not known. Because of the potential relevance of IE mutations to cancer, we assessed the
developmental importance of both of these classes of mutation to Rbfl in the wing, a highly
sensitive system for quantitative assessment of morphological impacts and molecular effects on

gene expression.
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Results

Phenotypes induced by expression of mutant RBF1 proteins.

To understand the functional consequence of mutations affecting the Rbfl IE in a physiological
setting, we overexpressed Rbfl, RbflIAIE and K774R/A in larval wing imaginal discs using
a pendulin GAL4 driver (Figure 2-1A). Flies expressing Rbfl appeared to have slightly smaller
wings and had notches along the wing margins as previously noted (Milet et al., 2010). Expression
of K774A and K774R had a much more severe effect, inducing significant size reduction and
disruption of wing morphology, similar to its dramatic effect on eye development (Zhang et al.,
2014) (Figure 2-1B). Expression of Rbf1AIE did not induce gross disruption of wing development,
but adult wings (Figure 2-1B) and wing imaginal discs (Figure 2-1C) dissected from third instar
larvae expressing Rbfl1 AIE appeared to be slightly larger than those expressing wild-type Rbfl or
a control GFP protein. Discs from crosses expressing K774A were significantly smaller with

perturbed tissue architecture (Figure 2-1C).

Previous studies with the Rbfl AIE mutant had not identified a biological activity of this protein
when expressed in developing eyes, but our recent observations that the protein induces S phase
entry in cultured cells, together with the transcriptional repression activity on certain promoters
led us to quantitatively examine the effect on wing development. We used the WINGMACHINE
tool (Rohlf et al., 2003) to measure controls and wings in which Rbf1AIE had been overexpressed.
We observed a statistically significant ~4% increase in the wing size of both males and females
with expression of RbflAIE (Figure 2-2A, B and Table 2-1). Patterning of the wings was
unaffected. Similar increases in wing size were noted when Rbf1AIE was expressed with a wing-

specific beadex driver (not shown).
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Expression of Rbfl1AIE increases cell size.

To determine whether the increase in wing size was due to increase in cell number, size or both,
we measured the numbers of trichomes in a defined area of the wing. Single trichomes are
produced by individual cells in adult wings. The number of trichomes and area calculations
provides a basis to determine cell size and density. Measured cell size was significantly larger in
wings of both males and females expressing Rbf1AIE (Figure 2-2C and Table 2-1) and Rbf1 (data
not shown). The stronger effect in the male may reflect the X-chromosomal location of the
endogenous rbfl gene; the hemizygosity of the males may lead to stronger perturbations of the

Rbf1 regulon upon misexpression of the transgene.
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Figure 2-1: Mutant Rbfl IE isoforms induce dominant and contrasting phenotypes. (A)
Schematic diagram of wild type and mutant Rbf1 proteins. The E2F binding domain is shown in
black and the instability element in gray. The instability element was excised in the mutant labeled
AIE. Residue 774 was mutated to either a non-conservative alanine or a conservative arginine in 2
additional mutant proteins. (B) Wing phenotypes of adult flies expressing mutant isoforms.
Representative images show the observed phenotype for each of the overexpressed proteins. The
line bearing the PenGal4 alone showed no observable phenotype. The PenGal4 > UAS Rbfl WT
flies exhibited a notched phenotype, while the PenGal4 > UAS Rbf1AIE exhibited a slight

increase in wing size. Wings from crosses expressing Rbf1K774A or K774R exhibited dramatic
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Figure 2-1 (cont’d)

decreases in size among other defects. All images were taken at 4x magnification and in each case
more than 30 wings were examined. (C) Third instar larval wing imaginal discs of Rbfl mutants
showing distinct growth response. The wing discs of the mutant flies were dissected from third
instar larvae and photographed. The control PenGal4 > UAS GFP flies had discs that were
indistinguishable from wild-type wing discs. Discs expressing wild-type Rbfl appeared to be
slightly reduced in size but showed no obvious defects in gross morphology. The PenGal4>
UAS Rbf1AIE discs were noticeably larger in size compared to wild-type discs, while discs
expressing Rbf1K774A were much smaller than wild type and showed dramatic morphological
defects. Shown are the most commonly observed phenotypes for each transgenic line, representing

approximately 75% of at least 100 discs observed for each genotype.

Table 2-1: Tabulated results for wing and cell size measurements from crosses expressing

RbfLAIE.
? 3
UAS PenGal4 UASUAS PenGal4 UAS
Genotype rofiale eG4 posiale Rofiale TG Rofiale
N 25 24 22 24 23 22
'(\r/'ne&r;) surface area, 4.0.14 4.69+0.08 4.9040.05  4.0040.09 4.0120.08 4.18+0.07

Percent increase in

surface area

N 42 52 50 26 23 21
Mean cell Sizesq,56 547408 611623 462623 494427 57.3%23
(pixels/trichome)

Percent increase in

cell size

4.0% 4.4%

12% 16%

Mean surface area and cell size were tabulated with standard deviations. The increase in surface

area was approximately 4% in both females and males, compared to those of the parental lines.
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Total wing area was deduced from 22-25 wings and 21-52 for cell size measurements. There was

a 16% increase in cell size for males and 12% in females within the area measured.
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Figure 2-2: Rbf1AIE expression causes an increase in wing and cell size (A) Representative

wing images were chosen from the test and parental lines. (a,b,c) Representative images for the 2

parental lines and the test line. (d) Composite images of the parental lines. No significant size

difference was noticed between the 2 parental lines. (e,f) The composite image of the test line and

the parental lines revealed a significant increase in both length and width of the test line compared

to the parental lines. (B) Surface area was measured using WINGMACHINE software. Males and
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Figure 2-2 (cont’d)

females were evaluated separately due to sex-specific differences in wing size. Only right wings
were measured. Both females and males show very significant (***P < 0.001, n = 22 to 25 wings)
increases in surface area compared to both parental strains. (C) Cell size was measured using
Fijiwings. Cell size was calculated using reported values for area measured and number of
trichomes counted (n = 21 to 52 wings were used). The males showed greater increase in cell size

compared to the females. Error bars represent standard deviation.

Rbfl isoforms induce contrasting apoptotic responses.

Proliferation of imaginal disc tissue reflects a delicate balance of signaling processes that involve
developmentally-regulated cell division and apoptosis. The Rbfl protein and the mutant forms
used in this study have been tested previously for protein expression and stability. Our studies
show that transfected S2 cell cultures express Rbfl and K774A isoforms at comparable levels, and
exhibit similar protein stability. In contrast the Rbf1AIE protein is expressed at higher levels and
has a longer half-life (Acharya et al., 2010; Zhang et al., 2014). The opposing effects on
proliferation noted for the RbflAIE and K774A/R alleles of Rbfl therefore may reflect different
impacts on apoptosis. We stained wing discs with the vital dye acridine orange, which is a
particularly useful tool in identifying apoptotic bodies in the live tissue (Abrams et al., 1993;
Arama et al., 2006). Wild-type wing discs in late third instar larvae show low levels of apoptosis,
usually restricted to the notum-wing boundary area. In discs with expression of extra wild-type
Rbf1, we observed increased acridine orange staining in the wing pouch, consistent with an earlier
report (Milet et al., 2010) (Figure 2-3A). These levels were dramatically higher in discs where the
K774A isoform was expressed, while discs with Rbf1AIE overexpression showed little apoptosis,

similar to wild-type wing discs. Consistent with these observations, the pro-apoptotic
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gene reaper was found to be strongly induced in discs expressing the K774A mutant protein, and
suppressed in discs expressing the Rbfl1AIE protein (Figure 2-3B). p53, a likely regulator of this
gene, was similarly expressed at lowest levels in the Rbfl1 AIE background, and possibly modestly
up regulated in the K774A discs. The expression of other pro-apoptotic genes, including hid,
grim and sickle, did not show any significant changes (data not shown for grim and sickle, their
levels were found to be extremely low in all samples; >14 fold lower than PCNA). RpL37a control
ribosomal protein gene, showed no significant changes in expression, while 2 canonical Rbf1 cell-
cycle related genes, PCNA and pola, were down regulated in response to all forms of the protein.
Thus, the specific effects of overexpression of each form of Rbfl appear to be associated with

differential apoptotic responses.
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Figure 2-3: Differing apoptotic response to overexpression of Rbfl isoforms. (A) Visualization
of apoptosis in third instar larval wing imaginal discs. Wing discs were stained with acridine

orange to examine apoptotic activity. No acridine-positive cells were observed in wild-type discs
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Figure 2-3 (cont’d)

expressing only Gal4 or RbflAIE. Discs from flies expressing Rbfl and Rbfl1K774A showed
numerous brightly stained spots, indicating increased apoptosis. Apoptosis was centralized in the
wing pouch of flies expressing Rbf1 while the flies expressing Rbfl K774A showed significant
apoptosis throughout the wing disc. In each case 10 wings were stained and analyzed. (B) Distinct
changes in the transcript levels of reaper in larval wing imaginal discs. reaper transcripts were
reduced in discs from Rbfl1AIE expressing flies, and strongly elevated in discs from Rbf1K774A
expressing flies. hid transcript levels were not significantly different in any of the tested
backgrounds; the higher variability reflects the very low expression level of this gene. RbflAIE
expressing discs had significantly lower levels of p53 transcript levels, while changes in levels
were not significantly different in other backgrounds. Levels of PCNA and Pola were reduced
with expression of all isoforms. RpL37a showed no significant change in expression among the
different lines. Transcript levels were normalized to those measured in discs with PenGal4 > GFP.
Values represent averages of 5 biological replicates (*P < 0.05; **P < 0.01; ***P < 0.001) and

error bars represent standard deviation.

Expression of Rbfl or Rbfl AIE increases disc cell size with no effect on cell cycle phasing.

To examine the effect of Rbfl or Rbfl1AIE overexpression on cell cycle phasing, we dissociated
wing imaginal discs from late third instar larvae overexpressing Rbfl or Rbfl AIE and measured
DNA content and cell size by fluorescence activated cell sorting (FACS) (Figure 2-4).
Misexpression of Rbfl or RbflAIE increased cell size as seen by the rightward shift in the mean
of the histogram, indicating larger cell size, while the percentages of cells in each phase of the cell

cycle were unaffected in both when compared to control discs. These effects on cell cycle and cell
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size are similar to previous observations for Rbfl overexpression (Neufeld et al., 1998; Prober et

al., 2000).

Rbf1AIE
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Figure 2-4: Overexpression of Rbfl and Rbf1AIE increases wing imaginal disc cell size with
no effect on cell cycle phasing. (A) FACS analysis of Rbfl and RbflAIE wing disc cells shows
no significant change in cell cycle phasing compared to cells from control discs. Numbers
represent the percentage of cells in each phase. A typical cell cycle profile is represented here (n
=3). (B) Cell size as measured by forward scatter (FSC). FSC analyses indicate that misexpression
of Rbfl (Mean = 1.24) and Rbfl1AIE (Mean = 1.21) increases cell size as observed by the rightward
shift in the mean of scatter intensity when compared to control (n = 2). Mean value is obtained by

taking the ratio of forward scatter intensity value of Rbf or RbfAIE to that of the control.
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Discussion

Role of Rb/E2F in apoptosis

Although many mutations affecting RB in human cancer are thought to constitute a loss of
function, there are specific cases in which elevated RB protein levels positively correlate with
disease severity (Yamamoto et al, 1999). Additionally, certain types of mutations in RB, p130, and
p107 may not be inactivating, but rather generate hypo- or neomorphic forms of the proteins whose
activities may contribute to cellular transformation. Indeed, mutations in Drosophila Rbfl can
generate a proliferative phenotype in cell culture (Raj et al., 2012). Our studies show that
the Drosophila Rbf1 protein C-terminal IE domain affects protein stability and activity, generating
gene-specific regulatory effects. This regulation through C-terminal IE-like domains is highly
conserved in vertebrate RB family proteins (Sengupta et al., 2015), thus we determined here how

changes to IE function impact Rbf-mediated developmental processes.

One of the most striking findings was the opposing effects on apoptosis produced by different
lesions in Rbf1; the removal of the IE in its entirety suppressed apoptosis, while the point mutation
K774A dramatically enhanced levels of this response. These functional differences are unlikely to
be solely due to an overexpression artifact because gene expression analysis shows that all 3
isoforms repress pcna, and other canonical target genes in a similar manner. Rbf1 and its binding
partner E2F1 have been previously linked to induction of apoptosis in Drosophila. Elevated levels
of E2F1 induces pro-apoptotic genes such as p53, Ark/Apafl, hid, and reaper (Asano et al., 1996;
Du et al., 1996; Nicholson et al., 2009). While hid appears to be responsible for apoptosis in the
eye discs, loss of Rbf1 also causes apoptosis in wing imaginal discs (Duman-Scheel et al., 2004;
Moon et al., 2006; Steele et al., 2009). At the same time, expression of Rbfl can also induce

apoptosis in proliferating cells, an effect that is suppressed by ectopic E2F (Asano et al., 1996).
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The “threshold” model of E2F activation poses that a precise balance of Rbfl to E2F1 may be
essential to avoid induction of this response (Ziebold et al., 2001). In our case, the most striking
effects on apoptosis were those produced by mutant forms of Rbfl, both of which are competent
for transcriptional regulation. Rbfl1AIE, a protein entirely lacking the IE regulatory domain, may
suppress apoptosis because this stabilized protein may continue to repress pro-apoptotic genes
under circumstances where the wild-type protein is destroyed. Note that the differential impact
on reaper, a pro-apoptotic gene, is likely to be indirect, as this gene is not found to be bound by
Rbfl in ChIP-Seq experiments (Acharya et al., 2012). The suppression of p53 expression may be

important in this context, as p53 is an activator of reaper (Brodsky et al., 2000).

The strong pro-apoptotic effect of RbfLK774A requires a different explanation; this protein was
somewhat less effective in repression of PCNA, pola, and p53, thus it is possible that weaker
effects on a broad range of target genes may induce an apoptotic response. One likely candidate
would again be the p53 gene, which appears to be differentially regulated by Rbf1K774A
compared to the effects of wild-type Rbfl overexpression. Alternatively, or in addition,
Rbf1K774A may displace endogenous Rbfl but fail to effectively repress specific pro-apoptotic
genes. Another possibility is that this protein may activate pro-apoptotic genes, similar to the
activating role that Rb has on pro-apoptotic genes under conditions of DNA damage (lanari et al.,

2009).

The notion that gene-specific readouts may reflect contributions of different portions of Rbf1, in
this case the regulatory IE domain, is supported by structural analysis of the human Rb protein.
The mammalian Rb protein makes different types of contacts with members of the E2F family;
certain interactions mediated by the Rb pocket domain appear to involve all E2F family members,

while other interactions provide discrimination between E2F family members (Dick and Dyson,
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2003; Julian et al., 2008; Dick and Rubin, 2013). An illustration of how specific interactions can
control apoptotic responses stems from analysis of mutant Rb proteins in cell culture, where
disruption of C-terminal interactions does not eliminate repression of cell cycle promoters such as
p107 and cyclin E1, but it does abrogate apoptosis. Other mutations in the pocket and the C-
terminal domains have an enhanced ability to repress apoptosis (Cecchini and Dick,
2011). Specific interactions between Rb and E2F proteins appear to be conserved. Residues in the
C terminus of mammalian Rb make specific contacts with E2F; alanine substitutions in M851A,
and V852A, which is conserved in the Drosophila IE ((Sengupta et al., 2015), abolish interaction
with E2f1 (Dick and Dyson, 2003; Julian et al., 2008). Thus mutations in the IE are likely to alter
E2F interactions, preferentially affecting a subset of Rbfl targets, with consequent effect on

apoptosis. Genome-wide approaches will be helpful to identify such targets.

Consistent with our observations about the effects of Rbfl overexpression, previous studies have
shown that such perturbations increase cell size and cell doubling time (Neufeld et al., 1998). The
slow progression through the cell cycle may permit increased accumulation of cell mass, leading
to larger cells. Strikingly, only in the case of Rbfl1AIE overexpression does this result in larger
wings presumably because of this protein's anti-apoptotic activity. Increased apoptosis in the case

of Rbf overexpression leads to smaller, notched adult wings, despite the larger cell size.

During development, activities of complex signaling pathways normally render imaginal disc
growth resistant to perturbation. For instance, experimentally induced apoptosis during early
stages of wing development is compensated by increased proliferation, resulting in discs of normal
size (Weinkove and Leevers, 2000). Besides cell cycle control programs, a variety of signaling
mechanisms including the ecdysone, insulin, Wnt, Dpp, Notch, and Hippo pathways are

responsible for coordinated growth rates between and within imaginal discs (Justice et al., 1995;
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Burke and Basler, 1996; Serrano and O'Farrell, 1997; Weinkove et al., 1999; Dominguez and de
Celis, 1998; Montagne et al., 1999; Scanga et al., 2000; Shingleton, 2005). Expression of Rbfl1 AIE
appears to override such controls, resulting in significantly larger cells and measurably larger
wings. One possible molecular mechanism may involve changes to Hippo signaling, as the Yorkie
effector of this pathway has been demonstrated to co-regulate a number of promoters with E2F1
in Drosophila (Nicolay et al., 2011). We previously reported that removal of the IE domain has
promoter-specific effects, which may differentially impact signaling pathway genes (Raj et al.,
2012). Interestingly, the connection between Rb family proteins and Hippo signaling is
evolutionarily conserved, as proliferative controls in mouse hepatocytes are dependent on both
E2F/Rb family and Hippo signaling, and may be both affected in hepatocarcinomas (Ehmer et al.,

2014).

Despite the tremendous progress in our understanding of Rb's role beyond cell cycle (Nicolay and
Dyson, 2013), a major question regarding the function of specific Rb mutations particularly in
disease such as cancer remains obscure. Our study argues that lesions affecting Rb family proteins
may contribute to cancer in ways beyond simple loss of function. Cancer sequencing projects
(Forbes et al., 2011) have identified a number of mutations in p107 and p130 that result in
truncation of the C-terminal regions of these proteins and subsequent loss of the conserved IE
domains. The molecular activities of Rbfl1AIE are consistent with this hypothesis, as a dominant,
proliferative, anti-apoptotic activity would presumably be selected for in the development of
tumors. Additional studies are required to determine whether such mutations can induce similar
phenotypes in vertebrates, and whether such activities may present interesting new targets in
cancer therapy or diagnosis. Less obvious is the significance of the Rbf1K774A mutation to

development of cancer; if this protein were to be expressed in a cell, it appears that its pro-apoptotic

52



activity would be selected against, unless the perturbed signaling were different in the context of
additional mutations accompanying cellular transformation. Determination of the mechanism by
which this protein shifts cells to an apoptotic state may be useful for treatment tumors that express

Rb family proteins, assuming that Rb, p107, or p130 are similarly affected by such mutations.
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Materials and Methods
Fly genetics

The Rbf1 expression lines were constructed as described previously (Acharya et al., 2010; Zhang
et al., 2014). Driver lines w[1118] P{w[+mW.hs] = GawB}Bx[MS1096] (referred to as Bx)
and y[*] w[*]; P{GawB}NP6333 / CyO,{UAS-lacZ.UW14}UW14 (referred to as Pen) were
obtained from the Bloomington Stock Center. For each experiment, 2 independent crosses were
made with 3 virgin females of each genotype with males of the same genotype or differing
genotype. The UAS attB Rbf101E line was balanced over Sm2 marked with CyO. Homozygosity
was confirmed in previous experiments for females of both driver lines (data not shown). These
crosses resulted in offspring with one of the following genotypes: PenGal4, BxGal4,
UAS RbfI0IE, PenGal4 > UAS Rbf16IE, and BxGald > UAS RbfI10IE. All crosses were made in
parallel and stored at 26°C and 33% humidity. Parent flies were discarded at 9 days after original
cross. Adult flies were collected on days 10-19 daily or on alternate days to control population
sizes, flies exhibiting the CyO phenotype were discarded. Flies were stored in 80% ethanol in

separate vials based on sex and genotype.
Wing photography

Right wings were identified, removed, and washed in 1x PBS. They were then mounted onto slides
with mounting solution (70% glycerol, 30% PBS), photographed with an Olympus DP30BW
camera mounted on an Olympus BW51 microscope at the same magnification and software
settings. Approximately 15 landmarks were identified using tpsDIG software (Rohlf et al.,
2003) which was then used to measure the surface area of the wing. To count cells and calculate

cell size, wings were photographed at higher resolution with trichomes in focus using an Olympus
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BX51 microscope with an Olympus DP30BW camera under the same magnification and settings
for all genotypes. Cell density and total trichome number were calculated using the Fijiwings
150px density tool (Dobens et al., 2013). The total number of trichomes were measured in a 150
x 150 pixel area located between L4 and L5 veins and immediately distal to the cross vein. Total
numbers of trichomes counted ranged from roughly 300-500 within the area measured. Additional
measurements were also made in a 75 x 75 pixel area between L3 and L4 at an equal distance
between the intersection of the cross veins, with identical results. ANOVA tests were performed
followed by post-hoc T-tests with a Bonferroni correction in Microsoft Excel 2013 to determine

statistical significance.
Acridine orange staining

Third instar larvae of similar age were dissected in PBS 1x. Wing imaginal discs were collected
and incubated 3 min in 0.6 mg/ml acridine orange/PBS 1x solution. Wing discs (approximately 8

from each line) were then rinsed in PBS 1x and rapidly photographed for fluorescence.
qRT-PCR

Wing imaginal discs were dissected from third-instar larvae, and total RNA was isolated
according to the Kreitman (Kreitman, 2012) protocol using TRIzol (Invitrogen) followed by
Rneasy Mini kit (Qiagen) for cleanup. 300 ng of total RNA was converted to cDNA using High
Capacity cDNA Reverse Transcription kit (Applied Biosystems). The resulting cDNA was
diluted 1:10 and 3 pl was used for PCR in a 20pul reaction mixture using SYBR green PCR
Master Mix (Applied Biosystems). gPCR was performed on five biological replicates for each
Rbf1 isoform. The fold change in gene expression was calculated based on ACt analysis method

and normalized to rp49 gene expression. Figure 2-3B represent data from four biological
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replicates. Primers used for gene analysis were as follows: RpL37a forward
CCTTCACGGACCAGTTGTAG, RpL37a reverse ACAATAAGACGCACACCCTG, reaper
forward CCACCGTCGTCCTGGAAAC, reaper reverse CCGGTCTTCGGATGACATG, p53
forward CCGTGGTCCGCTGTCAA, p53 reverse TGCGTTATTGGCCGTCAAA, PCNA
forward TGCAGCGACTCCGGCATTCA, PCNA reverse CGGAACGCAGGGTCAGCGAG,
polo forward TGCTCTCAGATGAATGGAAGG, pola reverse
TGAAGTGCGAAAGATAGTCCC, RBF1 forward AAGCAGCTGAGCGCCTTCGG, RBF1
reverse GCAGCTTGGCTATTACCTCTTCGCC, hid forward CGAGGATGAGCGCGAGTAC,
hid reverse CGCCAAACTCGTCCCAAGT, rp49 forward

ATCGGTTACGGATCGAACAAGC, and rp49 reverse GTAAA CGCGGTTCTGCATGAGC.

Flow cytometry

40-50 Wing imaginal discs from 3rd instar larvae were dissected in PBS and were incubated for
15 min at room temperature in 200 ul of trypsin solution (trypsin-EDTA, Sigma T4299) containing
3 pug/ml of Hoechst (Hoechst 33342, trihydrochloride trihydrate H3570, Molecular Probes) with
gentle agitation. Trypsin digestion was stopped by addition of 300 ul of 1% fetal bovine serum
(HI FBS, Gibco) in PBS, and after centrifugation at 3500 rpm for 5 min at 4°C the cells were
resuspended in 350 ul of 1% FBS (Andrade-Zapata and Baonza, 2014). The cell cycle profile was
analyzed on a BD Influx Sorter. Three independent experiments for cell cycle profiles were
analyzed using Winlist version8 software. Two independent experiments were used for the

analysis of cell size.
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CHAPTER 3

Diversification of retinoblastoma protein function associated with cis and trans adaptations

Abstract

Retinoblastoma proteins are eukaryotic transcriptional co-repressors that play central roles in cell
cycle control, among other functions. Although most metazoan genomes encode a single
retinoblastoma protein, gene duplications have occurred at least twice: in the vertebrate lineage,
leading to Rb, p107, and p130, and in Drosophila, an ancestral Rbf1 gene and a derived Rbf2 gene.
Structurally, Rbfl resembles p107 and p130, and mutation of the gene is lethal. Rbf2 is more
divergent and mutation does not lead to lethality. However, the retention of Rbf2 over 60 million
years in Drosophila points to essential functions, which prior cell-based assays have been unable
to elucidate. Here, using genomic approaches, we provide new insights on the function of Rbf2.
Strikingly, we show that Rbf2 regulates a set of cell growth related genes and can antagonize Rbfl
on specific genes. These unique properties have important implications for the fly; Rbf2 mutants
show reduced egg laying, and lifespan is reduced in females and males. Structural alterations in
conserved regions of Rbf2 gene suggest that it was sub- or neofunctionalized to develop specific
regulatory specificity and activity. We define cis regulatory features of Rbf2 target genes that allow
preferential repression by this protein, indicating that it is not a weaker version of Rbfl as
previously thought. The specialization of retinoblastoma function in Drosophila may reflect a
parallel evolution found in vertebrates, and raises the possibility that cell growth control is equally

important to cell cycle function for this conserved family of transcriptional corepressors.
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the paper.
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Introduction

Retinoblastoma proteins are highly conserved transcriptional co-repressors known to be major
regulators of cell cycle, differentiation and apoptosis (Burkhart and Sage, 2008). These proteins
do not have DNA binding domains but instead have “pocket” domains with which they bind to
transcription factors. The well-characterized regulation of cell cycle genes involves the binding
and inhibition of E2f/DP1 family transcription factors, and subsequent downregulation of their

target genes, a pivotal role conserved in virtually all multicellular organisms.

The mammalian retinoblastoma family includes three paralogs: Rb, pl107 and p130 have
overlapping and distinct functions in gene regulation. In humans, germline mutations in RB1, the
gene for Rb, cause retinoblastomas, and numerous cancers involve somatic mutations in RB1 or
associated pathway genes. Mutations in genes encoding p130 and p107 are less common in tumors,
but in an RB1 mutant background, they modify disease outcomes (Wirt and Sage, 2010; Henley
and Dick, 2012). At least eight E2f transcription factors are found in humans and classified as
activators (E2f1-3) and repressors (E2f4-8). Rb interacts with E2f1-5, p107 preferentially interacts
with E2f4, and p130 with E2f4 and E2f5. The specific interactions of Rb with the activator E2fs
may contribute to its distinct cellular functions. Genetic and molecular studies have uncovered
specific activities of Rb family proteins in different tissues and cell types, including a role for Rb
in senescence (Chicas et al., 2010), and p130 in quiescence (Henley and Dick, 2012), but is it is
not fully understood how cellular functions are distributed among the Rb members. Furthermore,
the cis regulatory information that leads to preferential association of specific E2f factors and Rb

family members is poorly understood.
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The presence of three retinoblastoma paralogs in vertebrates is a derived feature, since most
metazoans rely on a single retinoblastoma protein to perform cellular functions. The expansion of
the retinoblastoma family in vertebrates suggests that the genes may have undergone
subfunctionalization and/or neofunctionalization. From a structural point of view, Rb itself is the
most derived paralog, as it possesses structural aspects that differ from p107 and p130, which are
more similar to an inferred ancestral gene (Wirt and Sage, 2010). The distinct functions acquired
by Rb may involve gaining new gene targets related to new functional roles in regulation of
apoptosis and differentiation. Interestingly, unlike the gene duplications that impact many other
families of transcription factors, retinoblastoma genes tend not to be duplicated in metazoan
lineages, with the exception of Drosophila, where a gene duplication ca. 60 million years ago
resulted in the expression of two retinoblastoma proteins, Rbfl and Rbf2, which are found in all
characterized genomes of this genus. Thus, Drosophila provides a natural system in which to

consider the impact of gene duplication in this important family.

Rbfl and Rbf2 proteins have similar but not identical expression patterns in early embryogenesis,
but in adults, Rbf1 is widely expressed, whereas Rbf2 is expressed mainly in the ovaries (Stevaux
et al., 2002; Keller et al., 2005). Simpler than the vertebrate system, there are two E2f factors in
Drosophila, E2f1 which is an activator and E2f2 which is classified as a repressor. Previous work
by Dyson and colleagues suggested that Rbfl interacts with both E2f factors, whereas Rbf2
interacts mainly with E2f2 (Stevaux et al., 2002). These studies showed that when assayed on cell
cycle promoters, Rbf2 is a weaker repressor than Rbfl, and few genes are derepressed upon
depletion of Rbf2 in cultured S2 cells (Stevaux et al., 2002; Dimova et al., 2003). Rbf2 null flies
do not have a lethal phenotype, unlike the case for Rbfl null alleles (Stevaux et al., 2005). The

conservation of the Rbf2 gene thus poses a conundrum. Here we explore the activities of Rbf2 and
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Rbf1 in the context of the intact animal, and show that Rbf2 appears to regulate a large set of genes
related to growth control, using unique cis regulatory signals important for specificity. New null
alleles of Rbf2 reveal an important role for Rbf2 in the development and physiological regulation
of the ovary. These functions of derived retinoblastoma family members may reflect similar

molecular processes that apply to vertebrate paralogs, with application in development and disease.
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Results

Rbf2 shows higher divergence than Rbfl from ancestral lineage, impacting important

functional portions of protein sequence.

The Rbfl and Rbf2 genes were originally identified by their similarities to mammalian
retinoblastoma family genes, including a segment encoding the "pocket” domain critical for
interactions with E2f/DP1 (Du et al., 1996; Stevaux et al., 2002). We used multiple sequence
alignments to understand conservation of specific segments of these genes within the Drosophila

lineage, as well as their relative conservation with other metazoan retinoblastoma genes.

To facilitate our analysis, we divided the protein-coding sequences into three segments: the E2f-
binding “pocket” domain (including A and B subdomains), all sequences N-terminal to the pocket,
and all sequences C-terminal to the pocket, which include the so-called Instability Element (IE)
that is important for stability and activity of pocket proteins (Acharya et al., 2010; Raj et al., 2012;
Zhang et al., 2014; Sengupta et al., 2015). Considering diverse Drosophila Rbf1 protein sequences,
central cyclin fold and pocket domains are more conserved than extreme N and C terminus regions
(Figure 3-1A). Furthermore, the level of conservation for all three domains closely mirrors the
overall phylogenetic distances, suggesting that gradual changes in Rbfl genes may represent
neutral or compensated alterations in the protein (Figure 3-2, 3-3, 3-4, 3-5). Rbf2 protein sequences
are more divergent overall than Rbf1, especially in sequences of the C-terminus and in the spacer
region between the A and B pockets, as well in as the N-terminus (Figure 3-1B, 3-6, 3-7, 3-8, 3-
9). Unlike the sequence alignments for Rbfl, Rbf2 sequences can be separated into two clusters;
protein sequences from the melanogaster subgroup are overall much more similar to each other

than those from more distantly related species (D. ananassae and others) (Figure 3-6). The Rbf2
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sequences from these more divergent lineages exhibit lower conservation than that observed for
Rbf1, meaning that Rbf2 sequences are quite malleable in all Drosophila lineages. Considering the
D. melanogaster sequences, the regions most conserved in Rbfl and Rbf2 are the E2f/DP1 binding

pocket domains (Figure 3-1C).

The pocket regions of retinoblastoma proteins are in general the most conserved; within
Drosophila, Rbfl regions A and B show higher conservation among themselves than do the
comparable regions of Rbf2 (Figure 3-2, 3-6). Also impacted is the spacer region between the A
and B domains: in mammalian p107 and p130 proteins, the spacer regions have unique cyclin/cdk
binding and inhibition activity that is absent from Rb, suggesting that changes in this region have
functional consequences (Wirt and Sage, 2010). In the Drosophila counterparts, the spacer between
the A and B pocket domains is well conserved among Drosophila Rbf1 homologs, with a constant
length of 19 amino acids (Figure 3-1A, 3-4). Rbf2 proteins, in contrast, feature spacer sequences

of different lengths and more sequence diversity (Figure 3-1B, 3-8).

In the Rbfl C-terminus, the IE is the most conserved region, which is consistent with our previous
studies that this degron is critical for turnover and function (and is also conserved in p107 and
p130). Serines 728, 760, and 771, which represent serine-proline phosphorylation sites (SP) have
been shown to mediate regulation by phosphorylation in D. melanogaster Rbfl (Zhang et al.,
2014). Lysine 774, which is conserved in p107 and p130, plays an important regulatory role, and
is known to be a target of acetylation in the mammalian system (Saeed et al., 2012). These residues
are highly conserved in all Rbfl sequences (Figure 3-5). In addition, conserved blocks of
hydrophobic residues within this IE element found in p107, p130 and Rbfl are absent in Rbf2.

Although there are residues of the Rbf2 C-terminus that align with Rbf1 sequences, Rbf2 proteins
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appear to lack a canonical IE, and only one of the three conserved SP phosphorylation sites found

in Rbf1 can be identified (Figure 3-1D).

Retinoblastoma family proteins contain a cyclin-fold homology domain within the N-terminus.
This region is conserved to a similar level in Rbfl and Rbf2, with more divergence in Rbf2
sequences in the region between the cyclin fold and the pocket (Figure 3-1A, B). Threonine residue
356 of D. melanogaster Rbfl has been shown to be important for regulation of the protein by
phosphorylation, similar to Rb (Burke et al., 2012); this residue is absolutely conserved in Rbfl

proteins; this residue is not conserved in Rbf2 (Figure 3-3, 3-7).

The sequence variations for the two gene Drosophila Rbf family may represent a functional
interplay between these genes, reflecting neofunctionalization or subfunctionalization. To
understand how divergence of Rbf protein sequences in the Drosophila lineage compares with that
observed in related arthropod lineages possessing a single Rbf gene, we aligned sequences of
diverse insect orders, as well as more distantly related chelicerate and crustacean proteins (Figure
3-10, 3-11, 3-12). Conserved features noted in Rbfl are a general feature of homologous proteins;
in these genomes, we see a conservation of the N-terminal cyclin fold, the C-terminal IE element
and the phosphorylation sites discussed above. Interestingly, the pocket A-B spacer sequence and
length is not highly conserved. The diversification in sequence found in Rbf2 proteins in these
generally conserved domains points to relaxed constraints on protein structure, perhaps underlying
new cellular roles for this protein. We hypothesize that Rbf2 may have diverged faster than Rbfl
because of specialized roles assumed in the physiology and reproduction of different Drosophila
species, as indicated by our genetic studies. In this view, Rbf1l may be responsible for regulation

of conserved, general functions that are not subject to marked variation across Drosophila species.
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In order to understand how conservation patterns observed for the Drosophila Rbfl and Rbf2
proteins compare to the other lineage in which this gene family shows duplications, we aligned D.
melanogaster Rbfl and Rbf2 with the human Rb, p107, and p130 protein sequences. As previously
observed, Rbf1 sequences are more similar to those of p107 and p130 than to those of Rb (Figure
3-1D). In the C-terminal IE region, specific residues shown to be critical for the selectivity of p107
for E2f4 (Liban et al., 2017) are conserved in Rbfl, but not Rbf2. Interestingly, the human Rb
protein is more divergent in this area, suggesting that changes in the IE may be a common
mechanism for divergent function of duplicated retinoblastoma protein family members (Rubin et

al. 2005).

Cyclin fold A Pocket B Pocket

Cyclin fold A Pocket B Pocket

C
Rbf] —m———ee—— - - -  _ —
Rbf2 : IE

Cyclin fold A Pocket B Pocket

D Rpchter RbCcore

Figure 3-1: Sequence conservation of retinoblastoma proteins in Drosophila and humans.
(A) Multiple sequence alignment of Rbf1 in 12 Drosophila species; conservation is observed in C-
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Figure 3-1 (cont’d)

terminal IE region and A-B pocket and spacer, as well as N terminal regions. (B) Multiple sequence
alignment of Rbf2 in 12 Drosophila species, showing lower conservation in C-terminus and in A-
B pocket and spacer, as well as N terminal regions. (C) Pairwise alignment of Drosophila Rbfl
and Rbf2, showing higher conservation in central pocket domains, and lower in C-terminus. For
A, B and C, the y-axis represents alignment scores generated by ClustalW, which takes into
consideration both identity and chemical similarity (see Methods). Higher bars indicate more
conservation. The functional domains are denoted including the cyclin fold domain, A pocket, B
pocket and the instability element (IE) in the C-terminus. (D) Multiple sequence alignment of C-
termini of Drosophila and mammalian retinoblastoma proteins. The yellow color represents
conserved residues and grey represents similar residues with respect to p107. Specific portions of
the C-terminus involved in direct contacts with E2F/DP1 proteins are highlighted; the RbC"" and
RbC*®'® are shown on top of the figure, and the p107°° is shown at the bottom (Rubin et al., 2005;
Libanetal., 2017). The IE, from residue 728 to 786 of Rbf1, is denoted by the red arrows. Triangles
represent residues that make contacts with E2F/DP marked box domains for both Rb and p107.
The asterisk denotes conserved serine residues within SP motifs that are targeted for

phosphorylation. The K774 residue within the SPAK motif is denoted by a square.
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Figure 3-2: Bar graph representing percent identity values from multiple sequence
alignments of Rbfl from Drosophila species against D. melanogaster for the N-terminus,
pocket and C-terminus. Percent identities calculated from multiple sequence alignments

performed using Clustal Omega.
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D. simulans 3 EYTNL QGYETY. IYTACRRTSTPTVTGONAV IYEFKTK. FVNEI IT] 1IMDMI ISL 175
D. sechellia kSt EYTHL GYETYL T VTGO IR TYEFKTKII VNET TIMDMI 1SL 175
D. yakuba 3 KYTNLCRDL EGESL PTVIGQ! NNLL DF QEFVKET! ITFTLYKRFCTIFDMI ISL 175
D. erecta 31 TELLGYQTY VTRRLCC TPTVDSKD: TYDFMTK VNEIETLERKEGITETLYKRYRTIFDKI USR 175
D. ananassae 31 TVIGGDAV QMSTYDFKTKT] VNET 17TETLYKRYRSIFE 1SL 175
D. persimilis 2 KYTNLCREL DSLMWECCCEEA TVIGE: LRCCOMSTYDFKTK VNET ITFTLYKRFRNIFDKI 1sL 175
D. pseudoobscura 123 Ky DS LMWECCC PTVIGQDAY LRCCOMSIYDFKTKI VNEI ITFTLYKRFRNIFDKI! 1SL 267
D. willistoni 54 IYENLCREL QRCSLEG NGE! LRCCOISTYDFKTKIKOWCDMANLS POCKNLIETVDRKES ITE TLYKNYRVI FETIFLCPPNEKKHSKYSSL 198
D, mojavensis 1 e sucnnL.Nno KTLSPA!‘KMI.KLV!.KHVSUGrIIHM‘CCALFVACRQSTTPIVGGQNAVVWGNC‘VPLNNLLHCCQMSlYLPKKKIK WCOMANMPHT FAQOMEELERKES T8 T Y KKYRD1 FUQVE L CPPNEKNHSK-- -~ 151
D. virillis 32 TVGGQDAY IYEFKQKIKI VG 1TETIYKRYRNIFEQLET 176
D. grimshawi 52 KEENLCROL NEVL IGHWE TVDGQDTV LRSCQMSIYEFT LG I FITETLYKKYRKIFEQVE 192
Cyclin fold
D. melanogaster 176 -~AHGKCSY TKLDDICWRLELCAKNQKPSNTVDLVTSYNLMICCIDLIYNNVLAEKRTDLINPKFEGLPSNWTELDFR - - -HNPHCIL TERQT QASTT 301
D simulans 176 ~AHGKCSY [KLDDICWRLELCAKNQKPSNIVDLVTSENLMICC I DLIYNNVLAEKRTDL ENPKEEGLPSNATELOE! TLSNE TERQIMSSFFQAST L 301
D. sechellia 176 - AHGKCSY TKLDDTCWRLELCAKNOKPSNTVDLVTSENLMICCT DL I YNNVLAEKRTDL I NPKEEGLPSNATEL TLSNFCDMT TFRQIMSSFFQASTI 301
0. yakuba 176 ¥ IKLEDICHRLEL DLVTSEXLMICCIDLIYNNVLAEKRTDLINPKPEGLPSNATELDER - - ~HKPHCILAY QASTT 301
D. erecta 176 - AHGKCSY TKLHDICWLLFLCAKNQKPSHTVOLVTSENLMICCIDLI YNNVLAEKRTDLINSKFEGLPSNWTEL PHCTLOYH TFRQIMSSFFQASTT 301
D. ananassae 176 - AHGKCSYIKLDDI THRLELCAKNOKPSTTVDLVTSENLMICC IDLT YNNVLSEKRADLINPKFEGL R--~HOOHCTL TFRET T 301
D. persimilis 176 3] TKLDDICWRLFL TVOLV DLIYNNVLAEKRTDLINPKEDGLEN] FK- TLTYFC TFREIMSSFFQTMTIYGHKDNML 301
D. pseudoobscura 268 TKLDDICWRLELCAKNQKPSTTVDLVTSENLMICCIDLI YNNVLAEKRTDLINPKFDGL FK: 1LTY TFREIMSSFFQTMTIYGHKDNML 393
D. willistoni 199 HANHT SYIKLDDICWRLEL VDLVTSYNLMICCIDLIYANVLAEKRSDLINPDFEGL NCILVYR FPKIIASFFQAKTIYGNRDTHL 325
D. mojavensis 153 NSKCSYIKLODICWRLELCAKNQKPETTLOLVTSYNLMMCCIDLI YANVLAEKRTDLINPKFEGL ETQARNHCILAYF FRNIMDSFFQT 215
D. virillis 177 LCK LXSCLSVYFSPKCTYSKLON: VTTENLMICCLDLIYANVLAEKRTDLINENFKGLEPNWNTPDEDETQARKHCILOFE TETTHSFFQTNTIVGNEDTEL 321
D. grimshawi 193 ~-YSTKCS¥TKLODICHRLEL TILDLS DLIYANVLAEKRTDLINPNFEGL! ETQARNHCTLK ESNIMHSFFQANTT 317
.

D::melanogaster 302 GLL KsL. EQYVL: 11, NDOSLRPPVTPLTRKQDLPAQPAMAGDKFEPVRNAT 382

D. simulans 302 GLLAN KSLNTSYEQY! 1L NDQSLREPVTE! 362

D. sechellia 302 GLLAN KSLNISYEQYVL! TLSAY- P 382

D. yakuba 302 6oL ILSAY- v 382

D. erecta 302 GLLANENLERNL 1LSAY--DAG! VTRLT) VRNAT 382

D. ananassae 302 GLL KSLNISYEQY 1 PYT! PA NAT 382

D. persimilis 302 GLLAY 1. TLSAY- LREPVTE! NAT 382

D. pseudcobscura 394 LL IL 474

D. willistoni 326 GLLARENCERNLRSLNISYEQYVLSVGELDERTL! ODLPSHT 106

D. mojavensis 276 GLI NISYEQYVLSVGEFDERILGAYS NEQALROPVTPLTRKQDLPAQ 358

D. virillis 322 KSLNLSYEQYVI, ARYQLDASDHSNLNEQALRQPVTPLTRKQELPAQEVHSES--—-VANAT 400

D. grimshawi 318 YEQY TLARYOLDA P 400

Figure 3-3: Multiple sequence alignments for Rbfl N-terminus within Drosophila species.
Yellow shade represents conserved residues and grey represents similar residues to D.
melanogaster. The cyclin fold domain is demarcated by a black line. The (*) denotes conserved

Thr356 residue.
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Pocket A

2. malanodaster 383 NNVKQLS-AFGRITERTDFVK-QAGEEVIAKLLS I IEEIEQKFLAKYPS-TEAKSRFQLAKSFEFYLLDQILQAE - -- RNKPDIDLKRLLVQKVSLVI ENI TLMACCVELVLEAYKTE- LKEPHVLDCESISAFEFQKITEIVY 520
Dicaimnlans; 383 TNVKQLS-AFGRITEPTDEVK-QAGEEVIAKLLST 1EETEQKFLAKYPS - TEAKSREQLAKSFFEYLLDQILQAE - - -RNKEDI DLKRLLVQKVSLVI NI TLMACCVELVLEAYKTE-LKF PVLDCES ISAFEFQKT IETVV 520
D. sechellia 383 TNVKQLS-AFGRITEPTDFVK-QAGEEVIAKLLSI TEEIEQKFLAKYPS-TEAKSRFQLAKS FEFYLLDQILQAET - - ~RNKPDI DLKRLLVQKVSLVI FNI TLMACCVELVLERYKTE - LKF PAVLDCES ISAFEFQKI TEIVV 520
D. yakuba 383 NNVKQLE-AFGRITEPTDFVK-QAGEEVIAKLLS TEGIKQKFLAKYPS - TEARSRFRLAKSFYFYLLDQT LQAE - - -RNKPDI DLKRLLVOKISLDIENTTLMACCVELVLEAYKTE - LKEPHVLDCFSISAFEFQKT IEIVY 520
D. erecta 383 NNVKQLI -AFGRITEPTDFVK-QAGEEVIAKLLS T TEDMKQNFLAKYBS - TEARSRFRLAKS FYFYLINQT LOAE - - - HNKPDIDLKRLLVQKISLDIENI TLMACCVELVLERYKTE- LKE PHVLECFSTSAFEFQKT TEIVV 520
D aumngnas 383 TNVKQLA-AFARTTERTEFVM-QAGPEVIAKLLNNLDEMCQKFLAKYTS - PEAKSRFKLAKS FYFYLLDQILQAE T ---RNKPDIDLKRLLVQKTSLDIFNITLMACCVELVLEAYKTEAYKE PAVLECLS 1SSFEFQKI TETVV 521
D.‘persinilis 383 NNVKQLS-AFDRITEPTEYVK-QAGDEVIAKLLKI TEDIKLKELAKYPS-GEAKSRFRLAKS FYYYLLDQTLQAET - --KNKPEFDLKRLLVQXISLDIENITLMACCVELVLEAYKTE - LKF PRVLECFSISAFEFQKI IEIVV 520
D. pseudoobscura 75 NNVKQLS-AFDRITERTEYVK-QAGDEVIAKLLKI 1EDIKLKFLAKYPS - GEAKSRERLAKS FYYYLLDQT LOAE T - - -KNKPEFDLKRLLVOKTSLDIEN I TLMACCVELVLEAYKTE-LKE PAVLECESTSAFEFQKI TEIVY 612
D. willistoni 107 KNVKQLL-AFSGIKEPTDFVK-QAGDDVVAKLVQS TKQMKQKFLAKYPE -GI - - DREELAECNEYYLL DRI LRAE TEQK INKPKI DLKRQLVQKVSLS IENVTLMACCVELVLAAYETE -RKE PAINDCESISAFDFQKI TEIVV 545
D. mojavensis 359 NNVKKLSATVSHITEPTDFVKRQAGEAATAKMLOTIGEMEEQF NFYLIDPILRDEI-~~T QIVEKISLDICIRTLMACCTELVLEAYTTE- LKFPWILDCFSINAFQFSKIIEIVV 493
D. virillis 401 NNVKKLSASTSRITEPTDFVK-QAGEAALAKMMKT IEQUELKFLAKYPTRSEAENRFRMAKS LYY YLMDH T LRAE - - - KNKP- - ----QIVRKISLDIENETLMACCLELVLEAY T TE- LKEPHILDCFS INAFEFHKTIETVV 534
D. grimshawi 401 NNVKKLSATISRITEPTEFVK-QAGEEHT AKILKI TEQMGNKFLAKY PMRSEAENRERLAKS L YFY LMDRILRAE - -~KNKE- - - ---QTMRRISLDIFNVILMICCTELVLYAYNTE - LNFPWILECES INAFEF FKT IEIVV 534
Pocket A Pocket 8
D. melanogaster 521 RHG---SHEGCLNRSLIKHLNS TEETCLERLANARNS TVWEMIASAQLPLPTHLMVNLDRARGPLOI FLRKVY LLGHLRIQKLCSELSLCEKTPE S TWHIFERS I THETELMKDRHLDONIMCAT Y IY IRVKRMEDPKFSDIMRA 662
D. simulans 521 RHG---SHEGCLNRSLIKHINS TEETCLERLAWARNSTVWOMIASAQL PL P TWLMVNLDRAAGALQT FLRKVY LLGHLRI OKLCSELSLCEKTPES TWHTFEHS TTHETDLMKDRHLDONTMCATY TY TRVKRMEDPKESDIMRA 662
D. sechellia 521 RHG- - - SHEGCLNRSLIKHLNS TEETCLERLAWARNSTVWDM IASAQL L PTWLMVNLDRANGALQ T FLRKVY LLGHLRIQKLCSELSLCEKTPE S IWHIFERS TTHETDLMKDRELDONIMCATY TY TRVKRMEDPKFSDIMRA 662
D. yakuba 521 RHG---SHEGCLNRSLIKHLNSIEETCLERLANARNSTVWDMIASE PLELPTWLRVNLDRSAGALQTFLRKVY LLGHLRIQKLCSELSLCEKT PECINA] FEHS 1 THETDLMKDRELOQNIMCAT Y 1Y TRVKRMEDPKEFSDIMRA 662
D. erecta 521 RHG---SHEGCLNRSLIKHINSIEETCLE T ASAQLPLPTC QIFLRKVYLLGHLRIQKLCMELSLSEETHEY TNHI FEHS] THETELMKDRHLOQNTMCAT Y TY TRVKRMEDPKFSDIMRA 662
D. ananassae 522 RHG---SH-GCLTRSLIKHINSVEETCLEQLARVSNS PLNTMISSASSPLPTSLDVNRNRTAGPLE TFLRKLYLLAWLRIQKLCSELGLCD - - PERTWHI FEHS ITHETDLMKDRHLOQNIMCATY IY TRVKRMEDPKESDIMRA 660
D. persimilis 521 RHG---SHEGCLNRYLIKHLNSIEETCLERLARASNS PVHDMIATAPKPLPTHY DVNCDRTAGALQ T FLRKVY LLGHLRIQKLCSELI LI DKAPER IWH I FEHS 1TOKTDLMKDRELOQT IMCAT Y 1Y IRVSKLEDPKESDIMRA 662
D. pseudoobscura 613 RHG---SHEGCLNRYLIKHLNS IEETCLERLAASNS PVHDMIATAPKPLPTHY DVNCDRTAGALQT FLRKVYLLGWLRIQKLCSELT LI DKAPERTWHIFEHS 1TOKTDLMKDRALDQT IMCATYTYTRVSKLEDPKESDIMRA 754
D. willistoni 546 RHG---SRVGFLNRSQTKHINSIEETCLERLARSRTS PVHEMIASAVKELPTSLDVNRDQTAGALOT FLRKVY LLGHLRIQKLCSELNLSNPTPEKVWHI FEHS TAQETGLMQDRELDQT IMCATY TY TRVTRMAEPKF IDIMRA 687
D. mojavensis 494 RNGIHGEPEGCLTRSLVKHLNSIEETCLERLVRKRNS PFHEMI DHAPKPLPGWSEVNADKAADOLOTFLRKI LLLGHLRIGKLCSELSLGEKQ- SETWT 1FDHS I THKTDLMKDRELOQT IMCATYTYTRVINMEGPKESDIMKA 637
D, virillis 535 RHG---SREGCLTRSLVKHLNSIEETCLERLAWQLIS PVWEMIGNTGKPLPTC TEVNEDRAAGPLQI FLRKVYLLGALRIGKLCSELKLGEKKPEKIWT IFEHS I THKTHLMQDRELDQI IMCAIYTYIRVTKMEETKFSDIMRA 676
D. grimshawi 535 -~KDCLTRSLVKHLNSIEETCLERLVWORT SPARDI IGSAANELPPYMEVCEGRTAGPLOTFLRK Y OLGHART L TLCNELNLGETKAEK INTIFENSTTNK T HLLQDRRLDQT IMCATYTY TRVTRMLEPKFSKIMHR 674
Pocket B
D. melanogaster 663 YRNQPOAVNSVYREVFIDINEDGEPKVKDITHFYNHTYVPIMR) 706
D. simulans 663 YRNQPQAVNSVYREVFMDINEDGEPKVNDIIHEYNHAYVRLMRQ 706
D. sechellia 663 YRNQPQAVNSVYREVEMDINEDGEPKG === =========m=== 689
D. yakuba 663 YRNQPQAVNSVYREVFIGDNEDGEPKVKDITHFYNNTYVEVIRQ 706
D. erecta 663 YRNQPQAVNSVYREVFIGINADGEPEVKDIIREYNSTYVEVIRQ 706
D. ananassae 661 YRNQPQAVNSVYREVLIGYNEDGEPKVKDIIYFYNHIYVEAIRK 704
D. persimilis 663 YRNQPQAVNSVYREVLFDINDDGQPKVTDIIYFYNHKYVELMKQ 706
D. pseudoobscura 755 YRNQPOAVNSVYREVLFDINDDGOPKVTDIIYFYNHKYVRLMKQ 798
D. willistoni 688 YRNQPOAVNNVYREVLIL--EGGETKYKDITYFYNKKYVDRMEKQ 729
D. mojavensis 638 YRNQPQAVNSVYREVLIKVNENGEYEHKDITHFYNFTYVEEMEN gg1
D. virillis 617 YRNOPQAVNSVYREVLISYN-EGERKYKDITHEYNYTYVEEMTK 719
D. grimshawi 675 YRNQPOAVNSVYREVLISVKENGELEYRDITHEYNYTYVEEMTK 718

Figure 3-4: Multiple sequence alignment for Rbf1 pocket domain within Drosophila species.
Yellow shade represents conserved residues and grey represents similar residues to D.

melanogaster. A and B pocket subdomains are shown flanking the 19-residue spacer region.

IE
D. melanogaster 722 ASDLQLS KKVTQSHSLE 1008 BNQUVYS FORS PAKDL RML TMAETK KISQVKAVMDDPEL TAV-TTEGC foeae 845
D. simulans 122 ASDLQLSPHPKERAAQPKKVTQSHSLEVSQMSKNEI(QSPNOMVY SFCRSPAKDL -GKRML GGYVERKRQ- -~~~ LISQVKAVMDDPDLQSAEQQPAY - TTEGGVGGEGGEQET - - 845
i 690 KRARQPKKVTQSHSLE IQQSENQMVYSFCRSPR- -~ GKRML VEAKRP- HISQVKVVMDDEDLQSAEQQPAV-TT b 799
D. yakuba 722 ISDLQLSPHPKERTAQPKKVTQSHSLEVSQMPKNEIQQSPNQMVYSFCRS PAKDLS GGIVEMKRP- -~~~ HLSQTKAVMDL JRPAV-PAEE! T 852
Dy expeta 722 I1SDLQLSPHPKERAAQPKKVTQNHSLEVSQMSKNETQQS PNQMVYSFCRS PAKDL KRUL LGGIVE RETQINAVMDDRCLQSAEQRPAV-ATKAGVGCAGGER: 845
D. ananassae 724 SSDLLLSPHPKERAAQPKKVTONHSLYVSOMSKNEIQQSPNQIVYREYHSPAKELQLMNEKVRG - - GKRMLSEGDDPT PGTVTETKRAVREL PGRLSQIKAVMDDREKEQERELREQVE PRSAGTARAGEH- - 854
D. persimilis 725 AADLLLSPHPSERAAQPKKVTQNHSLYVIQMPKNETQQSPNQMVYE FYRS PAKDLQLMNEKVRG--GKRMLS FGDEPGLGOLE TK -~ ~R INLPTHLSQTKAVMDDRESE 833
D. pseudoobscura 817 AADLLLSPHPSERARQPKKVTONHSLYVIQMPKNETQQS PNQMVYE F YRS PAKDLQLMNEKVRG -~ GKRMLSFGDEPGLGOLE TK -~ -RINLPTHESQIKAVMDDRESE PRD 925
D. willistoni 741 PADLLLSPHPTERPALPKKLTONH-VYITOMOKNETLVSDNNMIYEEYRSPGKDL KRML GPIDSKR-LVRNLQSD 833
D. mojavensis 694 NVNLLMSPHPTERPMVPRKL T HNOSLYVKQMSKNEMOOSPOOLVYVI SSSPSKKLDYMNK IVLG-SGKRVLDEDDN-AVS PIDTK-RRRMEQQ 1L KTARQQDE- 802
D. virillis 731 NVNLLMSPHP1ERTMLPKKLIKNHSLYVIQMSKNETQOSPOQUVY 1 1SASPAKKLODMNKIVLG-SGKRVLOETDDDG PNSIETK -ROMLELPSRESQIKAGL! 839
D. grimshawi 730 NVNLLLSPHPIERTTVEKKLI PNHSLYVTKMSKNEIQQSPOQLEY 1 1SCSPAKKLE DMNKKVLG-NGKRMLSFGDEPGLNATDTK -RLRF DQPPHESQLQAVL 838

P07

Figure 3-5: Multiple sequence alignments for Rbfl C-terminus within Drosophila species.
Yellow shade represents conserved residues and grey represents similar residues to D.

melanogaster. The instability element (IE) region is demarcated with a black line. The p107core
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region is demarcated with a red line. Triangles indicate residues that interact with E2F/DP1 marked
box domain. The asterix denotes conserved serine residues that are targeted for phosphorylation.

The K774 residue within the SPAK motif is denoted by a square.
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Figure 3-6: Bar graph representing percent identity values from multiple sequence
alignment of Rbf2 from Drosophila species against D. melanogaster for the N-terminus,
pocket and C-terminus. Percent identities calculated from multiple sequence alignments

performed using Clustal Omega.
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Cyclin fold

D. melanogaster 0 EL )SALSTYHRLDAVNGLS' LCCAVYSEL RE-SI-NE AN L 123
D. simulans 0 ELEARTQOGALSTYRRLOAVSGLSTSEAD--AQEWLCCAVYSEL - NN A 1 TONE 123
D. sechellia g ceorsmaed DLEERIROGALSTYRRLDAVSGLSTSEAD--AQEWLOCAVYSEL N-NE AN~---DSEEQNF TSLL TONE 123
D. yakuba 0 ELEPKIQQSALSTYHRLDADGGLSTSEGE- - AQEWLCCAVYSELQRLKMRDIREEST- NE- -~~~ BN--- HNMSLTRLL TONE 124
D. erects 0 ELEPRIQQSALSTYYRLDADGGLSTSEGE--AQEWLCCSVYSELORLKMRDIREEST-SE -~~~ -Al--- L 3 TENE 124
D. ananassae 0 ~MNICEVDAQPDALLORYYASCELLELDPKIQI SAMATYRRFDADGSLAGSGGDDMAQEWLCCSVYSELQRVK 1DPSDQI 1 F AQNE 129
D. persimilis /- AN T 7 DLDPATKLKALAABQOSTSD - -~ DVQENLCCAVY CELORVKIKOMLDAKL T TD- - - - ~Y PTNAAEKAGTSCHNLSLTKLLAAFKVNENQFMERMKOHNVLVKNE 127
D. pseudoobscura 0 10 TATCDMLDLDPATKLKALAAFQQS TSDGGLIEKR- - ~ DVOEWLCCAVYCELQRVKIKDMLDAKL T TD- - - - - YPTNAAEKAGT SCHNESLTKLLA NQFMERMK 127
D. willistoni 0 MAHTDSSEMSY IEERTETEDDAETKRVAQICEPLELSSY IKQNALDT LSAD----AQERFCCSVYSCIA 'ANGDEQEVDTATTGMERTKSWNMSLTRLLRCFQMNMTKE! 1000 141
D. mojavensis 0 ~ADDWLCCATYSELQQT! DTTSK-SDNDLEPWEKKT LTQLLRSENINITKF AQ: 126
D. virillis 0 -ADDWLCCAVYSELQQT VNTX )SWNISLTKLL NKF AQNG 124
D. grimshawi 0 - -MMKEDT TLQHEVANCOKLETETT TWQNATKTFHKLNSDGY LISE - - - - - AKDRLCCATYCELQOAKTKNTRQE, LTKLL MRFLERMERWIYLAQSS 117
Cyclin fold
D.‘melanogaster 124 NTFQLEVEELRCRLGITSTLLRHYKHIFRSLEVHPGKG-ADP-GAANKYQALYEFGWLLFLVIRNELPGFAT TNLINGCOVLVCTMDLLF TRREFSG! EDFNPILLNKYSVLEALGELIPELPAKGVV 266
D. simulans 124 NIFQLEVEELRCRLGITLTLLRHYQHIFRCLEVQPGKD-ADP-DATYQYQALYEFGWLLFLVIRNELPGFATTNL INGCQVIVCTMDLLE VIRRE EDENPILLNK GELIPELPAKGVM 266
D. sechellia 124 NTFQLEVEELRCRLGITLTLLRHYQHTFRCLEVQPGKD-ADP- DATYQYQALYEFGHLLFLVIRNELPGFATTNLINGCQVLVCTMDTLFVNALEL I EDENPVLLNKYSVLEALGELIPELPARGVM 266
D. yakuba 125 NTFQLEVEDLRRRLGITLTLLRHYKHIFRSLEVQPDKD-ADP- DALNKYQALYEFGHLLFLVIRNELPGFATTNL INGCQVLVCTMDLLFVNALEVPQSVVIRREFSGVPRKHDTKDENPTLLNKY SALEALGELTPELEVKGYM 267
D. erecta 125 NTRQLEIEELRRRLGI TMTLLREYKHIFRSLFVQPGKD-ADP- DDLNEYQALYEFGRLLFLVIRNELPGFATTNLINGCQVLVCTHMDLLFVNALEVAQSVV T LNKYSALEAMGELT! 267
D. ananassae 130 GTLQLEVEELQRRLGITLTLRKHYKHIFEKLFVQPAED-ADS-EAVALYMSL LI I K TLLTKYSALEATVDLIPQLPAKGVT 272
D, persimilis 128 KVEQOETODLHRRLCHTL T IRKHYQRVFDRLEVLEEED- TENVEARS THTSLYEFGHLLFLTIRNEL OVLICTLELLYVNAL INRRF? DDGLLL ICSLIPBLERKGVR 27
D. pseudoobscura 128 KVEQOEEDDLHRRLCHTL I IRKHYORLFDRLEVLEEED- TENVEARS IHTSLYEFGHLLFLTIRNELEGFATSNLYSGCOVLICTLELLYVNAL INRTE? GLLLKYSALEEICSLI 2m
D. willistoni 142 RTFQQEIVELQRRMSITMITQOHYONTFNHLEVLEKDVGQEGDDGRSHYQTLYEFGRELFLVLRNELESFVT LICYVE TGSIVINQSFPGLPKDHPS PEEDSNKLDKNSALPSTMALMPELPEKGIR 286
D. mojavensis 127 EVFQQEENDLERRLGITLLLOQHYKRIFNQLYVOPST--A- - - SRAKYQMLYEFGHLLFLVYRNELPSFATTNIVNGCQVLVCTLELVYVNAL VINTSE NDEDTDMLLKYSALDATCGLIPELPVKGAR 266
D. virillis 125 EVBQOEVNDLERRLGITLLLLQHYKRIFQKLYVLEAT--A DSRAKYQMIYEE‘GWLLFLWRNELPPFATTNLINGCQVLVCALELWVNALEVYKSDVIWAFQGVPPSHCNKDFDIDLLHKYSM(DAICGLIPELPAKGAR 264
D. grimshawi 118 ATSQKEIVDIKRHLGINRLLLQHYKHLFRKLYVLPPATET---ESRSHYQMVYEFGWLLFLARRNDLEVVVSSCLYTGCOVLVCALELVYVNALEVPSSDI INAEFKGLPTNWS CGDEDI DLLRNYSALEATCELTPELSSKSVS 259
D. melanogaster 267 IML 1IKEGMLDI LSVQGA K PQLAFQ- STHDLPASLPLSIL 385
D. simulans 267 oM TMLYMDOCL 1 DINL ADI. L PQLAFQ-- FTHDLPKTLPLSIIKAF 383
D. sechellia 267 oM TMLYMDOCL TKEGMLDINLANL TNQIADI: LSVKGA PQLAFQ----TSLSPSHRKLFTHDLPKTLPLSTIKAFPKKEDADK 385
D. yakuba 268 o MLL DINLANLNRKY EMDERVLLSFQC )1 BLPAFR----KSSSLSHKKLFSQDLPETLRSSITKATONEEGGDE 386
D. erecta 268 oM I DINL v SVQRAT--KEDSQRS -PPEQ SODLPDTLPPSIIKAIQKEEDGDK 383
D. ananassae 273 o FMDHI LLGNNHMRETVKEGMLDVNLGTLNRKYDT CFQELKEK KS VTLSISTTSTT LSQSLPLKLAPNIVERLODDGKS -~ 392
D. persimilis 272 FSDONL IKEGLLDVNLATLN EIDERFLSCSKKTPPVRYK RYKQLOKLPKAMPSYITEALDPEDA-D- 376
D. pseudoobscura 272 NVLESDQNL TKEGLLDVNLATLY SEIDERFLSCSKKTPEARY RVEY RYKQLQKLEKAMPSVITEALDPEDA-DV 3
D. willistoni 287 IMOKAFFQKSLMVLEMDORLEGNDN T FRDLVKDGI LEINLAAL HHEADI L ETQ18SSLIQLLDKKLEQVMPTT IVEALDKNSGN-— 396
D. mojavensis 267 FMDQRLL LEVNLTSL BIDERTLLKPSTYSSTEK-LSLRETEKRINENEAD-RKI ISLLTNATORDNLTKLLTCGLROSLEVY IGGTLGKEDTSR- 398
D. virillis 265 FMDQRL KDGI. ASLNRSYA TSEIDERVLLKHT LREEKQONNISEAN~-RKLISELTSDIQRDNLTKLLTDELPQTLATY ISGALSKS -~~~ 393
0. grimshawi 260 MR-KT KDGI. sk IDERTLLIHF IAETPSKAQLTG--~KQLPRNGADLY PYAQLSLSSSQRDONLLKLLTGELLPSHPVHISNELDQHE -~~~ 386

Figure 3-7: Multiple sequence alignment for Rbf2 N-terminus within Drosophila species.
Yellow shade represents conserved residues and grey represents similar residues to D.

melanogaster. The cyclin fold region is demarcated with a black line.
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PocketA

D. melanogaster 86 TVNYLOQTLEEMNRTETMAVKDFLDAEL YYKYLQKILGPELVOKPQLKIGQLMKQ- -RKLTAALLACCLELALHVHHKLVEGLRE PEVLHCES-LDAYDFQK I LELVVRYDEGFLGRELTKHLDVVEEMCLDSL 527
Dealmylans 384 TVSYLDETLEEMNRTETMAVKDFLDDELSRKRFROARGLC YKYLOKILGRELVQKPHLKI GOLIKR -~ RKLTDALLACCLELALHVHHKLVEGLKF PEVLHCES- LDAYDFOR I LELVVRCDHGELGRELTKHLDVVEEMCLDSL 525
D. sechellia 386 TUNYLDETLEEMNRTETMAVKDELODEL RQARGLCYKYLQKIL KIGQLIKK--RKLTDALLACCLELALHVHHKLVEGLKE PEVLHCES- LDAYDFOK I LELVVRCDHGELGRELIKHLDVVEEMCLOSL 527
D. yakuba 387 IVKYVDQILOEMNLTFSIAREDFLDAEVSAKRFROAKGLY YKFLQK I LVPELTQKPQLKIGOLIKQ--RTLTARLLACCLELALYVY DKOVEGLRF PEVLHCFS- LDAYDFQK I LELVVRYDHGFLGRELIKHLDVVEETCLDSL 528
D arecta 384 IMKYVYRTLQEMNLTFTIAAKDFLDAEVSGKRFRQVRGLYYKELQK ILVPELAQKPQLKIGQLING - -RTLTVALLACCLELALHVY DKLVEGLRF PEVLHCFS - LDAYDFQK 1 LELVVRYDHGFLGRELIKHLDIVQETCLDSL 525
D.ananassae 393 VIKHLEQTLXSMGOKFSAAAKDY I TAQEADERFRLASGLYYKLIDKIVT SETALKPWLKI SKLIKQ- - PTLNETLLACCLEVALHVHRE DVDGLKE PFTLDCYS - LEAYDFQK 1 LEVVVRHDOGLLGRELVKHLHALEEECLGSL 534
D. persimilis 377 VLSNVENLYLDMARTFGYS SRDHLSTDAAGECFALACRLYY OFLORTIGSELLLKPHLKMVOLLKQ- -RTLSVT LVACCLELALRTRE DRVEELKF PFILKCYS- LDAYEFOR I LELVVRHRTGLIGRDLIKHLOAVEDECLGSL 518
D. pseudoobscura 378 - LSNVENLYLDMARTFGYSSROHLSTDASGECFALACRLYYQLLQRT ISSELLLKPHLKMVOLEKQ - -RTLSFTLVACCLELALR TREDRVEELKF PFTLXCYS- LDAYEFOK T LELVVRHRTGLMGRDLIKHLOAVEDECLGSL 518
D. willistoni 397 LINELKTSLONMGS QF GIMAKNCLNKQEAEARFNLASGLYYKLLKTT 1 TSELELKPFUKI TQLEEQ- - PTFSSNFMACCLOLALYAYDEDSDOLMF PEVLSCY PDVDPYHFQKI PELVVRHHNS LLSROLVKHLHEVEEKCLESL 539
D. mojavensis 399 ----LENSLREMCHKLELXS- -PLKODTTECRENLVRGLYYVLLDKIVGAELRRRPS KT AQMLKQLORTFNATLIACCLELVLHTFGTDETQTKE PWVINCE G- TDAYEFOK I TELVVRHESGLLTRDLIKHLQEIETOCLTKL 536
D. virillis 394 DVKLLQOSLLEMCDKFESAA--LLKTNTSDSRENLVRGLY¥QLLDKT TAAELRRRPTIKLAQLL TQLORTFNVALTACCLOLVLHIFEAQDTQLKF PWLLKCEN- TDPYEFQKTTELVVRHECGLLTROLIKHLHDIEAQCLTSL 535
D. grimshawi 387 -SNVLETILLDMCNKEESAV-- HFKGEAMECCLELGKGLYY TLLGKILAAELORRPTLKVGQFEMOK -NRFNATLIACCLOLMLATLGS --~TLQLOWLLOLFA- INAYEFHKTTELVVTHGRHLLTRNLAKHLGDEEVRCLDSL 523
Pocket B
D. melanogaster 528 TFRKSSQLAWELNQRLP- -RYKEVDAETEDK- - -~ ---~- ENFSTGSSICLRKFYGLANRRLLLLCKSLCLVDSF PQIWHLAEHS FTLES SRLLRNRHLDQLLLCATHL HVRLEKLHLTF S TQHYRRQPHFRRSAYREVSLGN 661
D.. simulans 526 TFRKSSQUAWELKQRIP--SYKEVDAETEGK- - -ENEPTGLSICLRKFYGLANRRLLLLCKSLCLVDSE PQTWHLAEHS FTLESGRLLRNRHLDQLLLCATHL HVRLEKLHLTFSMI IQHYRRQPHSRRSAYREVI LGN 659
D. sechellia 528 TFRKSSQLWWELKQRI P--SYKEVDAETEGK: ENFSTGLSICLRKFYGLANRRLLLLCKSLCLVDSF PQIWHLAEHSFTLESGRLLRNRHLDQLLLCATHLHVRLEKLHLTFSMI IQHYRRQPHSRRSAYREVILGN 661
D. yakuba 529 IFRKSSQLWNDLRQSLP - ~RYKEVDAETEGK-- -ENFSTGSAICLRKFYGLANRRLLLLCKSLCLVDSE PE IWHLARHS FTLEGGRLLRNRHLDQLLLCATHLHVRLEK LHLTF SMI IQHYRROPHAQRRVYREVSVGN 662
D. erecta 526 TFRKSSQLWWDLKQRLP- -RYKEVDAETEGK- - -ENFSTGSGICLRKFYGLANRRLLLLCKSLCLVDSE PR WK LAEHS FTLEGGRLLRNRHLDQLLLCAT Y LHVRLEKLHLTF ST 1 IQHYRROPHAQRRVYREVSLGN 659
D. ananassae 535 TFRKNSQLWRSFGKALH-~LEGY QDVQAEGK-~ -ENASTGAEICLRKFYELAKRRLFVLCOSTGLVDNEARTHHLAEHSFTTKGGOLLRORSVDQLLLCATHLHARLEELRLTF SAT IQHYRRQPHARS SVYRAVANND 668
D. persimilis 519 MFRGDSSFWKILGKAQR--VPSCKEV GSGPEEKPRTGFVICLCKFYCLANQRLVNLCOSLVLMEHF PK INLIAEHSF 1 QOGGDLLKQRNLDHLLICATHLHARLKRLRLNFSQTLOHYRWQPHARREVYRAVPLGD 661
D. pseudoobscura 519 MFRGDSSFWKILGKAQR--VPSCKEVQAREKENALGSGPEEKARTGFVICLCKEY CLANQRLVNLCQSLVLMEHF PK IHL IAERSF I QQGGDLLKORNLDHLLICATHLAARLKRLRLNFSQTLQHYRWQPHARREVYRAVPLGD 661
D. willistoni 540 IERNSSQFWKCFSSDWGSSLPSAKEVQHKKCFGEKENQRVAS TRQGPY ICLRKFYSLAHORLTRLCOAL Y IKESY I RIHQLVEYS 1 TFEGGKLIQORKLDQLLLCATHLHDRLTKERLNFS DI IQOYRROPFGKSSVYROVVLSE 684
D. mojavensis 537 IHOKSSQLURYWDSA---GLEREQDVQSSLG-----0ENVKFASGSVEICLRKEYHYANORL T YLCKCLSLVTSY TQ I KT LERS T 1¥HGEELLQORKLDOLLICAT Y LWGRK SHLRITFSDIIQOYRROPHADSAIYRAVYCAD 673
D. virillis 536 THONNSQLARTYAST -~ -GLPRCODVOSSSG: ENVRAAPGATNICLRKFYHLANORLAYLCKCLSLLASY TKIWHILEKS T IVHGYELLRERKLDQLIMCAT YLCVRKGOLRISFSDITIQOYRROPHAQSAT YRAVHLAD 672
D. grimshawi 524 TRORNSPLALTYG----~ NLPRYQHVQLS-~ V§SASTCLRKFYYLANORLVQLCKGLCMLEE Y POIHRIVERS 1 SVHGAELLLERHLDQLLLCAVHLCMRKL.CLRSSFSDI TFQYRYQPRAQSAVYREVYNS P 649
D. melanogaster 267 GQ-TADIITFYNSVYVQSM 679
D. simulans 267 GQ-TADIITFYNSVYVQSM 67
D. sechellia 267 GQ-TADIITEYNSVYVOSM 679
D. yakuba 268 GQ-TADIITEYNSVYVQSM 680
D. erecta 268 GQ-TADIISEYNSVYVOSM 677
D. ananassae 213 GQ-TGDIIRFYNRIYVRIM 686
D. persimilis 272 GQ-SGDIIDEYNKVYVKSM 679
D. pseudoobscura 272 GQ-SGDIIDEYNKVYVKSM 679
D. willistoni 287 GR-TGDITAFYNQIYVKSY 702
D. mojavensis 267 GQPTTDIISFYNRVYIPLM 692
D. virillis 265 GQENTDIITEYNRVYVQRM 691
D. grimshawi 260 GQPTTDIISFYNRCYVPRM 448

Figure 3-8: Multiple sequence alignment for Rbf2 pocket domain within Drosophila species.
Yellow shade represents conserved residues and grey represents similar residues to D.

melanogaster. A and B pocket subdomains are shown.

b: melanogaster 699 ---QSNVGILTETTSNE- - --LSMRANISISSBPPPRVCQSGSCSSHEE- - -5 SPA- -~~~ - ~ASPLSLOSSPNVKRARSSNDLMR - - - - EIKRPNILRRRQLSVI 783
D ‘Bimalans 697 ---QSNGGILTETTPNE----LIMRANISISSPPPPRICQSDSCSSHSP---PSPA-- -EIKRENILRSRQLSVI 779
D, sechellia 699 ---QSNVGILTETTPNE----LILRANISISSPPPPRICQSGSCSSHSE---PSPA-- -EIKRENILRRRQLSVI 782
D. yakuba 700 ---QSNFGILKESTHNE----LSLRANISISSPPPPRVCQSSSCSSLPP- -~ PSPG-------ASPLSSQSSPNIKRAASSSE-LR----- EVKRPNILRRRQLSVI 783
D. erecta 697 ---QSNVGILKERTHNE----LSLRANISISSPPPPRVCONASCSSLPP- - - PSPA-------ASPLSSQSSLNIKRAASSSE-LR-----EVKRPNILRSRQLSVI 780
D. ananassae 721 -~-GRNICVSSPSPENVCVRESCSAI TL---QIDR-----~-ESSPVSEEAPNLKRTLSNKE-LG-----VIKRENILRRRICFQ- 786
D. persimilis 699 mmmmmmmm QETLPKK----NVJSLNITVCEQUKPENLQY--CSGTHIKVNKSKADPEDESTLVELDQLL 1 TPLKRGHSSNDLGL--- - LASPNVIKRQCIO-- 782
D. pseudoobscura 699 mmmmmmmmee QETLPKK----NLLSLNLIVCEQVKPKNLQY--CSCTU LKVNKSKADPEDESTLVKLDQLL 1TPLKRGHSSNDLCL------LASENVLKROCIQ-- 781
D. willistoni 125 QTPLGHRAPLQEFTITN- - -VKRUCSNIFVYPPAMDRTF LXNAPEVEKTAVROSPY------- QVPESSSTNDKLKRTNSEKELPV-----VIKRPNILRRSTSHE- 815
D. mojavensis 112 -—--ATSRPLQELSGNNNK--RREKSNVTVS PAAMPRICVANDCKAK T -~ ~—-=--——-—=——- ITDREATPKNLKRAHSNDELGHPYS---SKRPNILRRRTTFL- 792
D. virillis 711 ~---STQRPLQELTSKMRLKSNGNNTNVEVSPEAMPRICMANGCRAK I~~~ ITE-TATPXNLKRAHSNEELGKQIS--TSKRENILRRRITFO- 793
D. grimshawi L —— LSNNGHGEHIMSNGENMNVELTPERMPTICKAADCQFMS -~ --KAETPLYLKRARSSDELIKSLSLGSGKRPNIHKORTSCO- 770

Figure 3-9: Multiple sequence alignment for Rbf2 C-terminus within Drosophila species.
Yellow shade represents conserved residues and grey represents similar residues to D.
melanogaster.
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Figure 3-10: Multiple sequence alignment of N-terminus of Rbfl from D. melanogaster and

other arthropods. The following arthropod species are: Danaus plexippus (Lepidoptera), Apis

cerena (Lepidoptera), Tribolium castaneum (Coleoptera), Frankliniella occidentalis

(Thysanpotera), Myzus persicae (Hemiptera), Cryptotermes secundus (lsoptera), Folsomia

candida (Hymenoptera), Parasteatoda tepidariorum (Spider), and Penaeus vannamei (White-

legged Shrimp).The yellow shade represents conserved residues and grey represents similar

residues. The cyclin fold of D. melanogaster is demarcated with a black line. The (*) denotes

conserved Thr356 residue.
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Figure 3-11: Multiple sequence alignment of Rbfl pocket from D. melanogaster and other
arthropods. The following arthropod species are: Danaus plexippus (Lepidoptera), Apis cerena
(Lepidoptera), Tribolium castaneum (Coleoptera), Frankliniella occidentalis (Thysanpotera),
Myzus persicae (Hemiptera), Cryptotermes secundus (lsoptera), Folsomia candida
(Hymenoptera), Parasteatoda tepidariorum (Spider), and Penaeus vannamei (White-legged
Shrimp). The yellow shade represents conserved residues and grey represents similar residues. The

A and B pocket subdomains are indicated.
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p107¢e

Figure 3-12: Multiple sequence alignment of C-terminus of Rbfl from D. melanogaster and
other arthropods. The following arthropod species are: Danaus plexippus (Lepidoptera), Apis
cerena (Lepidoptera), Tribolium castaneum (Coleoptera), Frankliniella occidentalis
(Thysanpotera), Myzus persicae (Hemiptera), Cryptotermes secundus (lsoptera), Folsomia
candida (Hymenoptera), Parasteatoda tepidariorum (Spider), and Penaeus vannamei (White-
legged Shrimp). The instability element (IE) region is demarcated with a black line. The p107core
region is demarcated with a red line. Triangles indicate residues that interact with E2F/DP1 marked
box domain. (*) denotes conserved serine residues that are targeted for phosphorylation. The K774

residue within the SPAK motif is denoted by a square.

In vivo regulation of embryonic genes by Rbfl and Rbf2.

In previous studies, we mapped in vivo binding profiles of Rbfl and Rbf2 in the embryo. Rbf2 is
found at the promoters of approximately 4,000 genes, while Rbfl is found at about half that
number, in a largely overlapping pattern. The targets of Rbfl and Rbf2 include ribosomal, cell
cycle and signaling genes, however it is not known whether these binding events represent direct

regulation in most cases (Acharya et al., 2012, Wei et al., 2015). To determine the effects of Rbfl
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and Rbf2 on gene regulation, we induced the expression of each protein using transgenes under

the control of a heat shock promoter and performed RNA-seq analysis on 12-18 hour embryos.

After a brief induction of either the Rbfl or Rbf2 protein by heatshock, RNA was isolated from
embryos after 60 minutes, and RNA-seq libraries were prepared for treated or control (heatshock
induction with no Rbf transgene) embryos. We filtered the RNA-seq data to focus on genes directly
bound by Rbfl or Rbf2 based on our previous Chip-seq analysis, and removed genes that had low
expression levels in all of the samples. We performed unsupervised clustering on the remaining
3937 genes and analyzed five major clusters, with distinct patterns of gene expression across the
samples (Figure 3-13A). Strikingly, Rbf2, which had been characterized as a weak repressor on
certain promoters, showed a robust effect on gene expression. All genes in cluster 1 are repressed
by Rbf2, with some also exhibiting a weaker repression by Rbfl. On the other hand, Clusters 3
and 5 show a significant upregulation of genes by Rbf2, whereas Rbfl1-mediated changes are fewer
in number, and weaker in these clusters (Figure 3- 13A, Table 3-1). A number of cell-cycle genes
that are repressed by Rbfl expression in our dataset were found to upregulated in Rbfl knock-
down cells and Rbfl mutant flies (Dimova et al., 2003; Longworth et al., 2012), confirming the
physiological relevance of the system used here. The dramatically different effects of Rbfl and

Rbf2 expression point to different functions in gene regulation and cellular processes.

To determine the nature of the genes within each cluster, we performed gene ontology analysis
using the DAVID annotation tool. Strikingly, among the most enriched categories of Cluster 1 are
ribosomal protein and mitochondrial genes, suggesting that Rbf2 may have an important role in
control of genes closely linked to cellular growth control (Figure 3-13B). For specific functional
classes of genes, a significant fraction was regulated by Rbf2. For instance, of 93 ribosomal protein

genes that are direct targets of Rbf1 or Rbf2, 52 genes show at least 10 % repression by Rbf2, and
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15 genes by Rbfl. Out of 80 mitochondrial genes that are direct targets, 70 are repressed at least
by 10 % by Rbf2 and 23 genes by Rbfl (Figure 3-13C). Thus, Rbf2 appears to play a dominant
role in regulation of these cell growth-related genes, with Rbfl playing a secondary role. In the
cases where we observe activation by Rbf2, the most enriched categories in Cluster 3 include
splicing and transcription regulation, while the Cluster 5 top enriched category is cell cycle
including CycB, MCM7 and others. In agreement with previous data, PCNA is repressed by Rbfl
but not impacted by Rbf2, and it is present in cluster 3. The positive action of Rbf2 overexpression
may represent antagonistic action against Rbf1; notably, Cluster 3 and 5 genes have a somewhat

higher fraction of promoters co-bound by both Rbfl and Rbf2 (Table 3-2).

We considered whether the activation or repression by Rbf2 may relate to the inherent expression
levels of targeted genes. Indeed, the majority of genes in Cluster 1 (repressed by Rbf2) were in the
top 50% of expression, whereas half of Cluster 5 genes (strongly activated by Rbf2) were in the
lowest quartile of expression (Figure 3-14). Under normal circumstances, the targets in Cluster 5
may be kept inactive by endogenous Rbfl, and competition by Rbf2 upon overexpression may
cause them to be derepressed, if Rbf2 is less effective as a repressor. Overall, the functional
comparison of Rbfl and Rbf2 activity in the embryo points to a previously unappreciated role for

Rbf2 to regulate a pervasive and functionally distinct set of genes linked to growth regulation.
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A Control Rbft  Rbf2 B cluster GO Term P-value Count Total

1 Mitochondrion 7.73E-08 52 263
Membrane 6.05E-06 356 3266
Ribosomal protein 2.90E-05 33 168
Potassium ion transport 4.75E-04 10 27
1 Nucleotide-binding 8.67E-04 88 701
2, Oxidative Phosphorylation = 0.014 74 139
3 Zinc finger, Transcription 1.02E-13 67 384
regulation
o mRNA splicing 3.30E-11 46 226
2 ATP binding 3.73E-08 71 558
= Histone acetylation 7.81E-06 13 55
Protein Phosphorylation 1.08E-04 36 266
4 Zinc finger 0.003 10 225
3 Transcription regulation 0.008709 10 275
Tyrosine Kinase 0.010833 3 16
+3 5 Cell cycle 2.40E-21 24 129
= Kinetochore 1.24E-09 10 40
4 P-granule 721E-05 6 35
5 B Qogenesis 1.04E-04 7 66
| -3 ATP-binding 1.68E-04 23 751
C Rbf1 Rbf2 Rbf1 Rbf2

-

Ribosome Mitochondria

Figure 3-13: Overexpression of Rbf2 results in profound effects on gene expression in
embryos. (A) A heatmap generated by unsupervised clustering of RNA-seq data from Rbfl and
Rbf2 overexpressing embryos, and control embryos. Values represent log transformed RPKM
reads that are mean centered for each gene. Blue indicates reads below the mean, black equal to
the mean, and yellow, above the mean. Values represent average of three biologic replicates.

RPKM < 1 were excluded from the analysis. Only genes bound by Rbf1 or Rbf2 in vivo are
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Figure 3-13 (cont’d)

included. The heatmap is divided into 5 major clusters based on Euclidean distance. (B) Gene
ontology analysis of the five clusters based on the DAVID annotation tool. P-values represent
significance of enrichment for each category, the count represents the number of genes in the
cluster belonging to each category, and total shows number of genes in the GO category. (C)
Relative gene expression of ribosomal and mitochondrial related genes in Rbfl or Rbf2
overexpressing embryos, relative to control embryos. Values represent average of three biologic

replicates.

Table 3-1: RNA-seq analysis results showing gene expression changes after induction of Rbf1 or

Rbf2 in embryo.

Rbf1 Rbf2 Cluster1 Cluster2 Cluster3 Cluster4 Cluster5
down down 63 131 0 0 0
down no 0 <) 14 0 0
down up 0 0 38 0 2
up down 104 0 0 18 0
up no 3 0 0 122 0
up up 0 0 300 48 94
no down 1058 87 0 0

no no 64 0 0 0

no up 0 0 560 0 69
Total number of genes 1292 223 912 188 165

The changes represent relative expression in comparison to control embryos. Changes in gene

expression of more than 20% are counted as up or down, otherwise no change.
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Table 3-2: Ratio of genes that are shown to be occupied by Rbfl or Rbf2 or both in a previous

Chip-seq dataset (Wei et al., 2015).

Cluster Rbf2 Rbf1 Rbf2 and Only Only

Rbf1 Rbf2 Rbf1
1 0.87 0.44 0.31 0.55 0.12
2 0.78 0.53 0.31 0.46 0.20
3 0.93 0.44 0.37 0.55 0.06
4 0.85 0.46 0.31 0.53 0.14
5 0.92 0.57 0.49 0.42 0.07
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Figure 3-14. Bar graph showing expression levels of genes within each cluster of the heatmap.
The expression levels were determined from the RPKM values of the genes in the control samples.
The RPKM values were ranked from high to low and divided into four quartiles (Q1 lowest, Q4,

highest expression).
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Roles for Rbf2 in development and function of the ovary

A previous study generated an Rbf2 null using deletion of a genomic fragment including the gene,
however, this mutation also impacted the neighboring gene, moira, and the final rescue construct
resulted in expression of a fragment of Rbf2 protein (Stevaux et al., 2005). We generated additional
Rbf2 alleles using CRISPR/Cas9, producing four frameshift alleles that truncate the protein N-
terminal to the pocket domain, and two in-frame alleles removing five amino acids in two portions
of the N-terminus (Figure 3-15A). Transheterozygous combinations of the presumptive null alleles
yielded viable flies, consistent with previous reports for viability of the null mutant. Western blot
analysis from ovaries of mutant flies verify the loss of the full length Rbf2 protein (Figure 3-15B).
As shown in figure 3-15A, it is possible that small pieces of the N-terminus of Rbf2 are still
expressed in mutants carrying the presumptive null alleles. Rbf22! would produce a protein with a
portion of the N-terminal cyclin fold domain. Levels of Rbf2 transcripts are reduced in this
background, presumably due to destabilization of the mRNA by translational defects (Figure 3-

16D).

Although Rbf2 presumptive null mutants are viable, they exhibited effects on ovarian development
and function, as well as survival. Interestingly, the lifespan of both homozygous mutant males and
females was significantly shorter than control yw flies (Figure 3-15C, D). Rbf2 expression is very
low in the adult male, suggesting an earlier developmentally important role for the protein.
Homozygous mutants (Rbf224!/Rbf223, Rbf22!/Rbf224!, Rbf22!/Rbf224¢) laid significantly fewer
eggs than control yw flies (Table 3-3). A large fraction of the ovaries in these homozygous mutant
females had an increased number of mature looking oocytes (data not shown), although the number
of ovarioles per ovary is not different from control flies (Figure 3-16B, C). Our results for Rbf2

mutant flies contrast with previous data from Dyson and colleagues, who reported an increased

87



egg laying for Rbf2 null females (Stevaux et al. 2005). We considered whether this phenotype
resulted from only a partial loss of Rbf2 activity, therefore we tested the egg laying rates from
crosses using either male or female Rbf2 heterozygous flies. We took care to introgress the Rbf22!
allele into a wild-type yw background to control for genetic background effects. These flies did
not show a significant difference in egg laying rates, thus this gene appears to be recessive with
respect to this trait (Figure 3-16A). However, the average number of ovarioles per ovary was ~30%
higher in heterozygous Rbf22! females when compared to control yw flies, and the number of
ovarioles was found to be different between ovaries of the same fly (Figure 3-16B, C). However,
the number of ovarioles is similar to control yw flies for two other heterozygous mutant alleles that

are predicted to produce shorter protein products, indicating that Rbf22! may have residual activity.

The Rbf2215¢/Rbf22415€ homozygotes bearing an in-frame deletion of five amino acids in the cyclin
fold motif within the N-terminus of the protein were female sterile (Table 3-3). The ovaries were
very small, with distorted morphology, no discernable germarium or ovariole structures (Figure 3-
16E); although the appearance of ovaries from one-day old virgins was similar to wild-type flies
(data not shown). Male fertility, on the other hand, was unaffected. Rbf22!/Rbf2215C
transheterozygote females had no obvious defects, suggesting that if the in-frame deletion creates
a neomorphic protein, there must be a dosage threshold for this phenotype to be displayed. Another
possibility is that the Rbf2413¢/Rbf2215¢ homozygotes may have a different recessive mutation

unlinked to Rbf2.

To understand the mutant phenotypes at a molecular level, we assessed expression from select
target genes in ovaries of Rbf24!/Rbf2446 transheterozygous mutant flies. As expected, Rp49, Rbfl
and PCNA are not affected in the Rbf2 mutant flies. Interestingly, another Rbf2 direct target gene,

Pi3K92E is significantly increased in the mutant flies in comparison to controls; the same
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induction of Pi3K92E was found in the other Rbf2 transheterozygous backgrounds (data not
shown) (Figure 3-16D). Interestingly, the expression of this gene is decreased upon overexpression
of Rbf2, but not Rbf1, in embryos, suggesting that this mode of regulation is the same in the two
different developmental contexts. This gene encodes the catalytic subunit of class |
phosphoinositol-3-kinase that is a component of the insulin signaling pathway and is directly

linked to organ growth. Regulation of this gene may contribute to the phenotypes observed.
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Figure 3-15: Rbf2 mutant alleles and longevity phenotype. (A) Schematic representation of the
CRISPR targeting of Rbf2 and the alleles generated. gRNA1 produced Al and A15C alleles, and

gRNA2 produced A38, A41, A46 and AI5SN alleles. (B) Western blot indicating loss of Rbf2
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protein from Rbf2 mutant ovaries from Rbf241/Rbf22%®, Rbf221/Rbf244! and Rbf2*1/Rbf2446 flies.
Anti-CtBP is used as a control. Asterisk indicates nonspecific band. (C) Survivorship curve for
Rbf22!/Rbf2246 and Rbf243¥/Rbf224¢ females and (D) males in comparison to yw flies. The curves
from the mutants were significantly different from the yw flies curves for both females and males

according to log-rank test with a p-value <0.0001.
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Figure 3-16: Rbf2 effects on egg laying, ovariole numbers, and Pi3K92E expression. (A) Egg
laying for introgressed Rbf22! allele for the mutant males or females. The measurements represent
average 24-hour egg count for four days for each single female fly. Mutant or wild-type males
were crossed to a single yw female, and mutant or wild-type females were crossed to three yw

males. (B) Ovariole counts of individual adult ovaries for the following genotypes: yw (n = 56),
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Figure 3-16 (cont’d)

Rbf2A1/TM6B,Th (n = 68), Rbf2*3¥/TM6B,Tb (n = 20), Rbf2*/TM6B,Tb (n = 20),
Rbf2215€/TM6B,Th (n = 24), Rbf2*Y/Rbf22% (n = 10), Rbf22Y/Rbf224! (n = 10), and Rbf221/Rbf2446
(n = 10). (C) Difference in ovariole number between ovaries of each female for the following
genotypes: yw (n = 36), Rbf2*1/TM6B, Tb (n = 48), Rbf221°¢/TM6B,Tb (n = 24), Rbf2*1/Rbf22% (n
=10), Rbf221/Rbf224 (n = 10), and Rbf221/Rbf224¢ (n = 10). (D) Box plot representing relative gene
expression from ovaries of Rbf2*1/Rbf2248 flies in comparison to control yw flies. Data represents
six biologic replicates. For B, C, D (*) indicates p-value < 0.05. (E) Images of ovary from yw and

Rbf2415C/Rbf2215C Images were taken at 10X magnification.

Table 3-3: Rbf2 loss leads to decreased fecundity.

Female Male Eggs/Fly/  SD P-value
Hour

yw yw 3.43 0.59

RbfZAHC/RbﬂAUC RbﬂAISC/RbﬂAMC 0.00 0.00 2.09E-04

Rby2" /Rb2"™" Rbf2" Rb™ 1.36 0.64  7.23E-04

rbf2" Rbf2™ Rb2" /Rbp™! 1.94 0.56  3.65E-03

Rbf2" /RE2™ Rby2" /Rbf2™ 1.60 047  6.36E-04

The table represents the average number of eggs laid by females crossed to males for the shown
genotypes. The numbers represent averages of three to five biologic replicates and the
corresponding standard deviations (SD). P-values are calculated for each of the crosses in

comparison to control yw flies.
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Specific motifs are associated with different classes of genes.

To identify cis-regulatory elements that may drive the differential gene regulation by Rbfl and
Rbf2, we performed motif analysis on gene promoters in each cluster of the heat map, focusing on
regions under Rbfl or Rbf2 peaks which were described previously (Wei et al. 2015). Certain
motifs were enriched only in specific clusters, suggesting that they may represent binding sites for
specificity factors that influence the activity of Rbf proteins (Figure 3-17). Cluster 1 possessed a
motif with similarities to a cell cycle homology region (CHR) motif, and Cluster 3 was specifically
enriched in four motifs for known transcription factors, including the Aefl repressor protein.
Cluster-specific motifs were also noted for Clusters 4 and 5. The disco motif, which also resembles
Motif 1 (Ohler et al., 2002) is uniformly distributed across all clusters. Motif 1 is bound by M1BP,
and is known to be enriched in growth related genes (Li et al., 2010; Li and Gilmour, 2013). The
E2f motif is also uniformly distributed across all clusters, consistent with its important role in
mediating E2f/DP1 binding, critical for Rbf recruitment. E2f binding may therefore not be a
discriminant for differential Rbfl and Rbf2. However, the E2f motif is bound by both E2f1 and
E2f2; differential binding of these factors may affect regulation by Rbfl and Rbf2. We referred to
E2f1 and E2f2 ChIP datasets (Korenjak et al., 2012), and found that percentage of genes bound by
E2f2 is somewhat higher in clusters 3 and 5, while E2f1 bound promoters comprise only a small
fraction of each cluster (Table 3-4). Proteins of the Muv/Myb-dREAM complex are known to co-
bind promoters with Rb proteins; we note that ChIP data for these proteins (Georlette et al., 2007)
identifies a higher fraction of genes in Clusters 3 and 5 (Table 3-4). These results indicate a
potential role for E2f2 and the dREAM complexes, but there does not appear to be a simple “code”

for differential regulation by Rbfl and Rbf2.
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Figure 3-17: Motif analysis of the Rbf1/Rbf2 bound promoter regions of genes within each
cluster of the heatmap. The name of the cognate transcription factor to which the motif

corresponds to is shown on left of the motif logo.

Table 3-4: Ratio of genes that are shown to be occupied by E2f1, E2f2 or DREAM complex as

shown in previous Chip-seq datasets (Korenjak et al., 2012; Georlette et al., 2007).

Cluster E2f1 E2f2 DREAM

1 0.03 0.37 0.53
2 0.05 0.31 0.42
3 0.05 0.46 0.72
4 0.02 0.41 0.48
5 0.06 0.58 0.81
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Cis-regulatory requirements for Rbf2 function.

To understand the effect of promoter structures on Rbfl and Rbf2 repression, we assayed the
activities of promoters from different classes of genes regulated by the corepressors, using
luciferase reporters (Figure 3-18A). We tested the effects of expression of Rbfl or Rbf2 on these
promoters in S2 cells. Notably, E2f (as well as Rbf) proteins are endogenously expressed in S2
cells permitting the overexpressed Rbfl and Rbf2 proteins to interact with promoters (Dimova et
al. 2003). The PCNA luciferase reporter is strongly repressed by Rbfl, while Rbf2 has no effect
on this gene. In contrast, the CycB promoter is preferentially repressed by Rbf2, but also shows a
strong response to Rbfl overexpression (Figure 3-18B). These promoter-specific effects indicate
that the differential activities of Rbfl and Rbf2 are not simply a reflection of different expression
levels of these corepressors. We hypothesized that differences between the PCNA and CycB
promoters may involve different interactions by E2f1 and E2f2, therefore, we overexpressed E2f1
or E2f2 along with these reporters. PCNA is robustly induced by E2f1, but there is little or no
effect with E2f2 expression. Strikingly, CycB is significantly repressed by E2f1, but induced by

E2f2 (Figure 3-18C).

E2f1 induction of PCNA (Figure 3-18C) was reversed by co-expression of Rbfl but not by Rbf2
(Figure 3-18D). In contrast, the weak or nonexistent E2f2 repression was substantially enhanced
by either Rbfl or Rbf2 co-expression (Figure 3-18D). On CycB, the promoter that was more
sensitive to Rbf2, E2f2 induction (Figure 3-18C) was reversed by co-expression of Rbfl or Rbf2
(Figure 3-18E). E2f1 repression was little altered by additional Rbfl or Rbf2 expression (Figure
3-18E). This result suggests that on the CycB promoter, E2f2 alone does not act as a repressor
unless it is bound by Rbfl or Rbf2. We propose that on this promoter, E2f2 may compete with

endogenous E2f1/Rbf complexes, leading to upregulation. Only when Rbf1 or Rbf2 are expressed
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at higher levels does the E2f2 protein become complexed with a corepressor, and form a repressor
complex on the CycB promoter. In contrast to E2f2, E2f1 would always be recruited to the
promoter complexed with Rbf proteins. These data indicate that E2f1 and E2f2 have different
impacts on expression of the PCNA and CycB promoters, and that the E2f activities are

differentially regulated by Rbfl and Rbf2.

The differential responses of these genes to E2f and Rbf proteins is undoubtedly mediated by the
distinct sequences of these compact promoters. In order to understand the role of the core promoter
region of PCNA and CycB, we created two chimeric reporters (Figure 3-18A). The first reporter
(CycB-PCNA) includes CycB 5’ sequences (-464 to -53) fused to PCNA core promoter region (-38
to +23). A complementary reporter, PCNA-CycB, includes PCNA 5’ promoter region (-168 to -38)
fused to the CycB core promoter region (-53 to +100). Introducing the CycB core promoter to the
PCNA reporter (PCNA-CycB) permitted repression by Rbf2, although not as strong as for the wild-
type CycB construct (Figure 3-19A). Rbf1 repression of this fusion gene was less effective than
for the wild-type PCNA reporter. Introduction of the PCNA core promoter into the CycB gene
(CycB-PCNA) virtually eliminated the strong Rbf2 response; this gene also had weak response to
Rbfl expression (Figure 3-19A). The CycB core promoter appears to play a dominant role in
sensitivity to E2f1 and E2f2 expression as well; insertion into the PCNA gene turns an E2f1-
activated gene into an E2f1 repressed gene, while replacement of this core promoter in CycB with
the corresponding PCNA sequences leads to loss of E2f1 repression, and loss of E2f2 activation
(Figure 3-19B). On CycB-PCNA, co-expression of Rbfl or Rbf2 along with E2f1 or E2f2 produced
a response similar to the expression of the E2f proteins alone (Figure 3-19C). The repression of

E2f1 on PCNA-CycB is weakened when Rbfl is coexpressed, while Rbf2 had no impact on the
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repression exerted by ectopic E2f1 (Figure 3-19D). The E2f2 induction of PCNA-CycB is reversed

after coexpression of either Rbf1 or Rbf2 (Figure 3-19D).

Together, these results indicate that both the core promoter region of CycB and the more 5’ regions
are important for optimal repression by Rbf2. The presence of E2f motifs in the CycB core
promoter suggests that the position or specific sequence of these elements may play a role in

differential regulation by the Rbf proteins.
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Figure 3-18: Specific regulation of PCNA and CycB by Rbfl and Rbf2. (A) Schematic
representation of CycB, PCNA, chimeric CycB-PCNA and PCNA-CycB luciferase reporter genes.
Black bars indicate E2f motifs, and gray bars DREF motifs, often located in cell-cycle related

genes. (B) Regulation of PCNA and CycB by Rbfl and Rbf2. (C) Regulation of PCNA and CycB



Figure 3-18 (cont’d)

by E2F1 and E2F2. (D, E) Combined action of Rbf and E2F proteins on PCNA and CycB
promoters. Luciferase measurements were normalized to expression of the reporters in cells
cotransfected with the empty expression vectors (no Rbf or E2F genes). Fold changes represented
on a logz scale plot. Values represent at least three biologic replicates and error bars represent

standard deviations. (*) indicates p-value < 0.05.
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Figure 3-19: The CycB core promoter drives responsiveness to Rbf2. (A) Luciferase reporter
assays of chimeric reporters CycB-PCNA and PCNA-CycB in response to expression of Rbfl or
Rbf2 (B) Effect of expression of E2F1 or E2F2 on chimeric reporters. (C, D) Expression of CycB-
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Figure 3-19 (cont’d)

PCNA or PCNA-CycB in response to co-expression of Rbf and E2F proteins. Luciferase
measurements are normalized to expression of the reporters in cells cotransfected with the empty
expression vector (no Rbf or E2F genes; red horizontal line). Values represent at least three

biologic replicates and error bars represent standard deviations. S2(*) indicates p-value < 0.05.
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Discussion

Retinoblastoma protein function appears to be indispensable in almost all eukaryotes, however
duplication of retinoblastoma genes has only occurred in selected lineages, including in vertebrates
and separately in Drosophila. Whether this duplication involves subfunctionalization,
neofunctionalization, or both is not currently understood, but our studies of the derived Rbf2
retinoblastoma protein in Drosophila has uncovered features of unique gene targeting, likely linked
to rapid evolutionary changes in several conserved parts of the ancestral protein, as well as
connection with fertility that may explain why this gene duplication became locked into
Drosophila genomes of diverse species. Although the mutant alleles we generated confirm the
earlier finding by Dyson that Rbf2 is not strictly required for viability, the impacts on lifespan and

fertility indicate that in fact on an evolutionary scale, the gene is indispensable.

We speculate that Rbf2 genes have evolved more rapidly than Rbfl genes within Drosophila due
to specialized functions that are specific to each species. For example, the exact fashion in which
transcriptional control is exerted over cell growth-related genes (ribosomal, mitochondrial
functions) in response to nutritional signaling may impact the degree to which reproductive
strategies are tied to immediate nutritional signals (Terashima and Bownes, 2004). On the other
hand, Rbfl, the major regulator of cell cycle genes, may be more conserved within Drosophila,

and more widely in metazoa, because of its role in maintaining core cell cycle functions.

Considering functional domains of retinoblastoma proteins, we find parallel changes in mammals
and Drosophila. The C-terminus of retinoblastoma proteins is critical for specific binding to E2f
transcription factors. Residues in this domain in the mammalian Rb protein permit specific

interaction with E2f1, while limiting p107 and p130 to interactions with E2f4-5 (Rubin et al., 2005;
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Liban et al., 2017). The C-terminal instability element (IE) region is conserved in the fly Rbfl as
well as the mammalian p107 and p130 proteins; conserved residues in p107 permit specific
interaction with E2f4. Strikingly, these residues are conserved in all Drosophila Rbf1 proteins and
most arthropods that have a single retinoblastoma protein. The mammalian Rb is divergent in this
region; changes in some of the residues allow it to uniquely interact with E2f1 and thus perform
Rb-specific functions. Interestingly, Rbf2 is also divergent in this region, perhaps allowing Rbf2
to similarly develop distinct promoter targeting. Indeed, Rbf2 is found at twice the number of
promoters as Rbfl, indicating that the binding functions of Rbfl and Rbf2 are non-identical.
Another functional region in retinoblastoma proteins is the spacer region located between the A
and B subdomains of the pocket. In mammalian p107 and p130 proteins, the spacer possesses a
unique cyclin/cdk binding and inhibition activity that is absent from Rb (Wirt and Sage, 2010).
Interestingly, the spacer between the A and B pocket domains is well conserved in Rbfl among
Drosophila, whereas in Rbf2 it is not, possibly affecting the specialized functions of Rbf2 in

Drosophila species.

Previous studies of Rbfl and Rbf2 function focused on these proteins’ activities on reporter genes
assayed in cultured cells. On specific cell cycle promoters, Rbf2 has only weak effects compared
to Rbfl. Using the embryo as a setting for functional tests of Rbfl and Rbf2, we found that rather
than just being a redundant, and less potent version of Rbfl, Rbf2 has unique effects on distinct
classes of genes, such as ribosomal and mitochondrial genes in Cluster I, most of which are directly
bound by Rbf2. Interestingly, these are genes that are widely expressed and are viewed as
“housekeeping” in nature, however, this designation can obscure the dynamic transcriptional
regulation that these genes also undergo. It appears that Rbf2 interactions with these genes are

geared to effects that are moderate in nature, changing overall output less than twofold in many
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cases, a regulation that we deem “soft” repression. Unlike cell cycle target genes that may exhibit
complete on/off cycles, these cellular growth-related targets are continuously up and down
regulated within specific parameters. Such cybernetic regulation is likely the explanation for the
complex transcriptional circuitry found on some Rbf targets, such as the insulin receptor gene, a
widely expressed, critical signaling node that includes transcriptional input from Rbf proteins, in
addition to a dozen additional genetic elements (Wei et al., 2016). Interestingly, the deployment
of specific retinoblastoma proteins to cell growth related genes may be a feature that relates to
subfunctionalization of these genes (Figure 3-20A); in human cells, the p130 protein is targeted to

many ribosomal protein genes, although the functional relevance remains to be tested.

Regarding the biochemistry of transcriptional regulation, numerous studies have pointed to
engagement of mammalian retinoblastoma proteins with a wide spectrum of effectors and targets,
including E2f proteins, the basal transcriptional machinery and chromatin regulators (Ross et al.,
1999; Dick, 2007; Fiorentino et al., 2013). Similar pathways are likely to be invoked in Drosophila,
although this area remains to be explored. It is possible that with divergence of Rbfl and Rbf2,
regulatory mechanisms may also differ, with intrinsic differences in the ability to target basal
machinery and recruit histone modifying activities. Alternatively, the finding that Rbf2 regulatory
effects appear to be less dramatic than that of Rbf1 may be a function of Rbf2 binding to highly
active promoters that are not prone to complete silencing. We explored in depth one instance where
Rbf2 exhibits potent repression activity, similar to that found for Rbfl on its target genes. The
ability of Rbf2 to potently inhibit CycB reporter appears to be linked to the unique core promoter
sequences, which include putative E2f binding sites. The preferential inhibition by Rbf2 is
conferred to chimeric reporters containing this unique basal promoter, allowing a switch of

preference from Rbfl to Rbf2. Such activity may point to a preferential interaction with
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components of the basal transcription machinery (Figure 3-20B); indeed, the mammalian Rb
protein has been shown to interfere with the basal transcription machinery to regulate E2f target
genes in vitro (Ross et al., 1999). Interestingly, the core promoter of CycB includes a TATA box
that is not present in PCNA core promoter, while the PCNA core promoter includes Initiator and
Motif 1; both are absent in CycB. Therefore, we think that core promoter elements impact the
repression potency of the Rbf proteins. In the embryo, CycB is one of the class 5 genes that highly
upregulated by Rbf2, in contrast to what we find in our reporter assays in S2 cells. The stage at
which we assayed Rbf2 function in the embryo contains many differentiated cells that have exited
the cell cycle. In contrast, S2 cells are continuously proliferating, and would activate CycB with
each cell cycle. The induction in cluster 5 genes observed in the embryo may represent Rbf2
competition with Rbfl on otherwise silent promoters, whereas repression in S2 cells involves

highly active genes.

Preferential action by Rbfl or Rbf2 may also relate to the type of E2f protein binding to the
promoter; certain E2f sites can be bound by either activator or repressor E2fs (Araki et al., 2003).
PCNA (responsive to Rbfl and not Rbf2) may be predominantly regulated by E2f1, while CycB
may be predominantly regulated by E2f2, as supported by ChlP-seq studies (Korenjak et al., 2012).
Our coexpression experiments (Figure 3-18) indicate that there may be preferential association
with these promoters by unbound E2f proteins, or by E2f associated with Rbf factors. the

biochemical basis for such preferential occupancy remains to be elucidated.

A different aspect of Rbf2 function comes from consideration of gene clusters 3 and 5, in which
Rbf2 overexpression actually activates genes. Here, antagonism between different retinoblastoma
proteins may provide optimal Rbf regulation on certain classes of genes. We found that the most

potently induced genes were normally expressed at low levels, possibly silenced by Rbfl. We
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hypothesize that Rbf2 overexpression allows the protein to compete with endogenous Rbfl,
allowing the genes to be upregulated due to Rbf2’s inherently weaker inhibition (Figure 3-20C).
This mode of regulation is conceivable, given the normal pattern of expression of Rbfl and Rbf2.
The proteins are co-expressed in many different developmental settings, and it is possible that in
addition to its unique roles on certain genes, Rbf2 serves as a moderator of Rbf1 activity through
such a competitive mechanism. The alternative occupancy of retinoblastoma target gene promoters
by different isoforms is well documented in human cells. For instance, p130 replaces Rb on many
promoters in quiescent cells; whether the impact on transcription is equivalent, or whether this

poises the genes for alternative regulation is unknown (Chicas et al., 2010).

The developmental role of Rbf2 appears to be tightly, but not uniquely, linked to reproduction.
Loss of Rbf2 leads to decreased fecundity. Interestingly, Dyson and colleagues had previously
reported the opposite phenotype for a disruption in the Rbf2 locus that they had engineered
(Stevaux et al., 2005). However, in their study, they compared egg laying to control flies possibly
without taking into consideration the background effects. In addition, what they assumed was a
functional null may in fact have residual activity, as an N-terminal portion of the protein was still

expressed.

Gene expression changes in the ovary point to a role for Rbf2 in signaling pathways connected to
regulation of oogenesis; we find that Pi3K92E is significantly upregulated in Rbf2 mutant female
ovaries. Female fertility is influenced by the InR/Pi3K signaling pathway (Orme et al., 2006;
Pritchett and McCall, 2012). We propose that Rbf2 may be optimizing oogenesis by regulating the
InR signaling pathway through Pi3K. In addition to this role in regulation of signaling molecules
in the adult, a role for Rbf2 in female reproduction would also involve the development of the

ovary, as Rbf2 heterozygotes often possess ovaries with an increased number of ovarioles, which
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are specified in larval development. The roles for retinoblastoma proteins in development of the
reproductive system appear to be conserved; the conditional knockout of Rb in female mice leads
to progressive infertility (Andreu-Vieyra et al., 2008), suggesting that it would be important to
examine the role of Rb in regulating fertility in humans as well. In addition to a clear connection
to female reproduction, it appears that Rbf2 expression has additional roles in fly physiology. We
observed that both male and female Rbf2 mutants had shorter lifespans, suggesting that the
expression of Rbf2 in embryo and larva outside of reproductive tissues is likely to have significant

consequences in both sexes.

Our study has provided important insights on parallel evolution of retinoblastoma paralogs.
Mammalian Rb and Drosophila Rbf2 are the most derived proteins in the retinoblastoma family in
their respective lineages, and appear to have acquired indispensable new functions that may
represent a process of sub-functionalization or neofunctionalization. The findings that Rbf2 is
more subject to evolutionary modifications, has acquired unique gene targeting activities, and may
play a role in functional antagonism of the ancestral protein appear to mirror similar processes in
mammalian systems. Our study demonstrates how biochemical and physiological activities of
these conserved transcriptional corepressors are subject to evolutionary modification, and how
diverse retinoblastoma protein functions in humans may be better understood in model systems

such as Drosophila.
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Figure 3-20: Model for evolved functions of Rbf proteins. (A) Subfunctionalization of Rbf

I—»

proteins into cell cycle and cell growth control. Ancestral Rbf proteins (gray circle) regulate cell
cycle and cell growth related genes. Duplication of Rbf proteins resulted in subfunctionalization
where the more derived Rbf2 protein (black circle) assumes regulation of cell growth related genes.
Rbf2 protein is subject to more rapid evolution within different Drosophila species to provide
optimal growth control and fecundity. (B) Model for specific action of Rbf2 from the core
promoter position, as in CycB; repression is weaker from 5’ positions. (C) Rbf2 competes with
Rbf1 binding on E2F2 regulated genes, leading to partial derepression and optimal gene regulation

on certain classes of genes.
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Materials and Methods

Protein sequence alignments

Protein sequences of retinoblastoma genes were obtained from FlyBase and NCBI databases.
Multiple sequence alignments were generated with Clustal Omega v1.2.4 and ClustalW v2.1
(European Bioinformatics Institute, EBI) using default settings and manual adjustments. Output

files from ClustalW were visualized with Jalview v2.10.5 (EBI).

Creation of transgenic lines to express Rbfl and Rbf2 proteins, and generation of novel Rbf2

alleles with CRISPR

For expression of proteins in the embryo, FLAG-tagged Rbfl and Rbf2 cDNAs were subcloned
from the pAX vector (Acharya et al., 2010; Wei et al., 2015) into the pattB heatshock vector (Kok
et al., 2015) using Hindlll and Xbal restriction sites for Rbf1. For Rbf2, a bridge oligonucleotide
containing Bgll and Notl sites was cloned between Hindlll and Xbal sites, and Rbf2 cDNA was
inserted into pattB using these new restriction sites. The plasmids were injected by Rainbow
Transgenics into the 51D site on the second chromosome of yw flies to generate the homozygous

transgenic lines.

Genomic Rbf2 target sites were identified at http://tools.flycrispr.molbio.wisc.edu/targetFinder/
(Gratz et al. 2014). Three sites near the 5° end of the Rbf2 coding region were selected. Guide-
RNAs targeting ebony (JRNA-e) and Rbf2 (QRNA-1, gRNA-2, and gRNA-3) were inserted in
vector pU6-Bbsl-chiRNA (Addgene plasmid #45946) as described (Gratz et al., 2014). The
sequences for ebony gRNA is: 5’-CTTCGCCACAATTGTCGATCGTCA-3’ and 5’-

AAACTGACGATCGACAATTGTGGC. The sequences for each Rbf2 gRNA are as follows: 5°-
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CTTCGCAGCGCTTGGTAGTGATTCG-3’ and 5’-AAACCGAATCACTACCAAGCGCTGC-
3’ for gRNA-1; 5’-CTTCGCTCGAAGATGCGCGATATTA-3" and 5°-
AAACTAATATCGCGCATCTTCGAGC-3’ for gRNA-2; and 5°-
CTTCGTCTGTCCACCTACCATCGCT-3’ and 5’-AAACAGCGATGGTAGGTGGACAGAC-
3’ for gRNA-3. y[1] M{w[+mC]=nos-Cas9.P}ZH-2A w[*] embryos were injected with each
gRNA along with gRNA-e by BestGene Inc. Fly crosses and screening were accomplished using
a co-CRISPR strategy adapted from Kane and colleagues (Kane et al., 2017). Injected adult flies,
whose germlines potentially contained mutated Rbf2 alleles, were crossed to the double balancer
stock w[1118]/Dp(1;Y)y[+]; CyO/BI[1]; TM2, e/TM6B, e, Tb[1] (Bloomington Drosophila
Stock Center #3704) in the parental F(0) generation. Flies in the F (1) generation were scored for
ebony body color and tubby pupal shape. These progeny were then crossed to the third
chromosome balancer stock w[1118]; INR[GC25]/TM6B, e, Tb[1]. Ebony and tubby phenotypes
were again scored in the F(2) generation and the flies were crossed inter se to produce
homozygous (non-tubby) and balanced (TM6B,Tb) fly lines. Genomic DNA extraction and
PCR-amplification of the target-regions was performed on all homozygote and heterozygote
lines. Mutations were confirmed by Sanger sequencing. Rbf2*! represents a one base pair
deletion that disrupts the codon for N168 of Rbf2 and creates an out of frame, truncated protein
with an additional 28 amino acids. Rbf221°C represents a 15 base pair deletion that eliminates
codons 168-172 (NHYQA). Rbf2241N represents a 15 base pair deletion that disrupts codon 71
(M71T) and eliminates codons 72-76 (RDIRE). Rbf22% represents a 38 base pair deletion that
disrupts the codon for S64 and creates an out of frame, truncated protein with an additional 26
amino acids. Rbf2*# represents a 41 base pair deletion that disrupts the codon for Y63 and

creates an out of frame, truncated protein with an additional 26 amino acids. Rbf2246 represents a
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46 base pair deletion that disrupts the codon for C60 and creates an out of frame, truncated
protein with an additional 20 amino acids. Introgression of the Rbf24/ allele into a lab stock of yw

flies was performed over 5 generations.

Measurements of gene expression

RT-gPCR

Rbfl or Rbf2 transgenes were induced in 12-18 hour embryos by means of a 20-minute heat shock,
floating 35 mm apple juice plates with freshly laid embryos on a covered water bath. After 20, 40
or 60 minutes recovery time, RNA was extracted using Total RNA Kit (OMEGA). Control
embryos lacking the heat shock transgene were treated similarly to control for nonspecific heat
shock effects. cDNA synthesis was performed on total RNA using high capacity cDNA reverse
transcription kit (Applied Biosystems). gPCR analysis was performed using Perfecta SYBR Green
Fastmix (Quanta Bio). Three biologic replicates were done for both control and transgenic flies
(Figure 3-21). To analyze gene expression in Rbf2 mutants, RNA was extracted from ovaries using
Trizol followed by cDNA synthesis and qPCR analysis, with six biologic replicates from control

flies and the mutants. Sequence of primers used are available upon request.

RNA-seq analysis

Rbf1 or Rbf2 transgenes were induced with a 20-minute heat shock in 12-18 hour embryos. After
60 minute-recovery, RNA was extracted using Total RNA Kit (OMEGA). Control flies were
treated similarly to control for the effect of heat shock on gene expression. Poly-A+ RNASs were
purified from the total RNA using Oligotex mMRNA Mini kit (Qiagen) and were prepared for the

SMS essentially as described previously (Kapranov et al. 2010). Sequencing was performed at the
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SeqLL, LLC facility (Woburn, MA). The SMS reads were processed basically as described before
(Kapranov et al., 2010) and aligned to the DM6 version of the Drosophila melonagaster genome
using indexDPgenomic aligner (Giladi et al., 2010). Uniquely aligned reads were used to generate
RPKM values for each transcript annotated in the RefSeq Genes database of the UCSC Genome

browser (http://hgdownload.soe.ucsc.edu/goldenPath/dm6/database/refGene.txt.gz) (Kent et al.,

2002). Three biologic replicates were done for each sample. Reads lower than RPKM of 1 were
removed, which reduced the number of genes to 12,060. Only genes bound by either Rbf1 or Rbf2
based on ChlP-seq dataset (Wei el al., 2015) were further analyzed, for a total of 3937 genes.
Unsupervised clustering was performed using Cluster3.0 software, and the heatmap was visualized
using JAVA TreeView v1.1.6r4. The counts were log transformed and mean centered, and filtered
at 0.3 SD to remove genes with little variation across samples. The heatmap that includes 2795
genes and we decided to analyze the data at the level of five major clusters. Gene ontology analysis
was performed for each cluster using DAVID v6.8. Motif analysis was performed on Rbf2 or Rbfl
peak regions of genes in each cluster using MEME-ChIP v4.12.0. Rbfl and Rbf2 ChIP peak
regions are described previously; Rbfl peak region is 98 bp long, and Rbf2 is 160 bp (Wei et al.,
2015). Matched motifs were obtained using Tomtom (MEME Suite). Core promoter elements
described in Ohler et al. (2002) were identified in PCNA and CycB core promoters using MAST
(MEME Suite). The list of Drosophila ribosomal genes was obtained as previously described (Wei
el al., 2015), and the list of mitochondrial genes was obtained from MitoDrome database (Sardiello

etal., 2003).

Lifespan and fertility assays

Measurement of the Rbf2 mutant flies’ lifespans was done as previously described (Linford et al.,

2013). 100 females and 100 males from each genotype were separated, and 10 flies were placed
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in separate vials and maintained at 25°C. After transferring flies into new vials, dead flies were
counted and recorded. Log-rank test was used to assess significance of differences in lifespans
(Yang et al., 2011). Assays for fertility were adapted from Stevaux et al. 2005. For
transheterozygous Rbf2 mutants, eggs were counted after crossing about 15 staged virgin females
with 15 males in laying bottles. After two 30-minute preclearing steps, 3-hour collections were
made to determine the egg-laying rate. For the infertile homozygous Rbf2*1C lines, individual
virgin females and virgin males were crossed with yw flies to assess female or male sterility. For
the introgressed Rbf2! allele, fertility was measured using single female rbf2* flies crossed to yw
males, and single male Rbf2! flies crossed to single yw females. Eggs were counted after 24 hours
of laying. For all the crosses, the egg count was conducted 6 to 9 days after eclosion, and egg
laying rates averaged for four measurements. Egg laying experiments were done in parallel with

control flies under same conditions.

Analysis of mutant ovaries

Ovaries were dissected from staged females on ice-cold PBS with 0.1% Triton X-100. Whole
ovaries were directly mounted in 75% glycerol and imaged on a Leica compound microscope
under 10X magnification. Ovarioles were split apart and isolated with microsurgical forceps and

a fine needle and their number was recorded.

Western blot analysis

Ovaries were dissected from staged females and homogenized with a polypropylene pestle in lysis
buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100). The concentration of the extracts
was determined via Bradford protein assay, and 50 pg of protein was run per lane in 10% SDS-
PAGE gels. Gels were analyzed by Western blot on PVDF membrane using anti-Rbf2 rabbit
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antibodies (Keller et al., 2005) that bind to the C-terminal end of the protein. Primary antibodies
were diluted 1:5000 in TBST (20 mM Tris-Cl, pH 7.5, 120 mM NacCl, 0.1% Tween-20) with 5%
nonfat dry milk, and incubation was done overnight at 4°C. Blots were developed using HRP-
conjugated goat anti-rabbit secondary antibodies (1:10,000) (30-minute incubation at room

temperature) and SuperSignal West Pico chemiluminescent substrate (Pierce).

Reporter constructs

The CycB promoter region (-464 to +100) was cloned into Ascl and Sall sites in the pAC2T-
luciferase vector (Acharya et al., 2010). The PCNA-luciferase reporter (a gift from the Nick Dyson
laboratory) was previously described (Yamaguchi et al., 1995; Acharya et al., 2010). The plE-
E2F1 and plE-E2F2 vectors were a gift of the Maxim Frolov laboratory (Frolov et al., 2001).
PCNA-CycB and CycB-PCNA hybrid constructs were synthesized as Gblock gene fragments by
IDT (IDTDNA.com) and cloned into the pAC2T-luciferase vector (Wei et al., 2015) using Ascl

and Sall sites.

Luciferase reporter assays

Drosophila SL2 cells were cultured in Schneider’s medium (Gibco) supplied with 10% HI-FBS
and penicillin-streptomycin (100 units/mL penicillin and 100 pg/mL streptomycin, Gibco). 1.5
million cells were transfected using Effectene transfection reagent (Qiagen) with 250 ng each of
reporter vector, pAX-Rbfl or pAX-Rbf2, pAX vector as control, and pRL-CMV Renilla luciferase
reporter. Co-transfection with 250ng of pIE-E2F1 or plE-E2F2 along with pAX-Rbf1 or pAX-Rbf2
was also performed, compared to equal amount (500ng) of pAX vector as control. Cells were
harvested 72 hours post-transfection, and luciferase assays were conducted as described previously
(Acharyaet al., 2010; Wei et al., 2015).
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Figure 3-21: Kinetics of gene expression after induction of Rbfl protein in 12-18hr embryos.
Rp49 is used as control. Data represents average of three biologic replicates. Error bars indicate

standard deviation. (*) indicates p-value <0.05.
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CHAPTER 4

Selective repression of the Drosophila Cyclin B promoter by retinoblastoma and E2f proteins

Abstract

The Cyclin B1 gene encodes a G2/M cyclin that is deregulated in various human cancers, however,
the transcriptional regulation of this gene is incompletely understood. The E2F and retinoblastoma
family of proteins are clearly involved in this gene’s regulation, but there is disagreement on which
of the different E2F and retinoblastoma proteins interact with the promoter to regulate this gene.
Here, we dissect the promoter region of the Drosophila CycB gene, and study the role of Rbf and
E2F factors in its regulation. This gene exhibits several remarkable features that distinguish it from
G1/S regulated promoters, such as PCNA. The promoter is comprised of modular elements with
dedicated repressor and activator functions, including a segment spanning the first intron that
interferes with a 5” activator element. A highly active minimal promoter (-464, +100) is repressed
by the Rbf1 retinoblastoma protein, but much more potently repressed by the Rbf2 retinoblastoma
protein, which has been linked in other studies to control of cell growth genes. Unlike many other
cell-cycle related genes, which are activated by E2F1 and repressed by E2F2, CycB is potently
activated by E2F2, and repressed by E2F1. Although the bulk of Rbf binding is associated with a
region 5° of the core promoter, E2F and retinoblastoma proteins functionally interact with the basal
promoter region, in part through a conserved E2F site at -80 bp. The specific regulatory
requirements of this late cell cycle promoter appear to be linked to the unique activities of E2F and

retinoblastoma family members acting on a complex cis-regulatory circuit.
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Introduction

Cyclin-CDK complexes are core regulators of cell cycle progression from the quiescent (Go) phase
to the mitosis (M) phase. At least five major types of cyclins are present in mammals based on
structural similarities and expression during cell cycle, and each cyclin is further subdivided into
multiple subtypes (Ito, 2000; Satyanarayana and Kaldis, 2009). Cyclins are differentially
expressed during each phase of the cell cycle, in a manner that is conserved from lower eukaryotes
to humans (Ito, 2000). Cyclins are in some cases apparently functionally redundant, but deletions
in cyclin A2 and cyclin B1 are embryonic lethal in the mouse, indicating unique roles in cell cycle
control and development (Satyanarayana and Kaldis, 2009). In addition to transcriptional
regulation, cyclins are regulated by degradation through the ubiquitin-proteosome pathway

(Bloom and Cross, 2007).

The first human cyclin to be identified was cyclin B1 (Pines and Hunter, 1989), a G2/M cyclin; its
MRNA level peaks at the G2/M phase of the cell cycle and is necessary for entry into mitosis (Ito
2000). In association with Cdk1, cyclin B1 promotes nuclear envelope breakdown, chromosome
condensation, and mitotic spindle assembly (Satyanarayana and Kaldis, 2009). Several studies
have provided insights into the transcriptional regulation of the human cyclin B1 gene CCNB1
through the use of reporter genes (Hwang et al., 1995; Cogswell et al., 1995; Piaggio et al., 1995).
However, despite the identification of multiple cis elements in the CCNB1 promoter, none of these
were necessary for the G2/M-specific activation (Ito, 2000). Therefore, many questions remain
regarding the core promoter cis elements involved in regulating this gene, a topic of considerable
interest in light of the elevated expression observed in human tumors. For instance, upregulation

of CCNBL is associated with poor prognosis in breast cancer (Casimiro et al., 2012).
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Regarding the trans-acting factors linked to CCNBL, various studies have indicated that p53,
FOXML1 and others control transcription of this gene, and that the mRNA is posttranscriptionally
regulated by miRNAs (Innocente et al., 1999; Laoukili et al., 2005; Huang et al., 2012; Khan et
al., 2013; Shi et al., 2016). At a posttranslational level, the Rb/E2F pathway has been shown to
regulate the levels of cyclin B protein indirectly by transcriptional inhibition of the gene for the
cyclin A protein which, when complexed with cdk2, phosphorylates and inactivates the anaphase
promoting complex (APC), the ubiquitin ligase that triggers degradation of cyclin B (Lukas et al.,

1999).

The Rb/E2F pathway has been shown to be directly involved in regulating cyclin B1 expression,
but a clear molecular mechanism is still lacking (Markey et al., 2002; Jackson et al., 2005; Jackson
and Pereira-Smith 2006; Li et al., 2012). Three retinoblastoma family proteins are found in
mammalian genomes, Rb, p107 and p130, which possess overlapping yet distinct roles in gene
regulation (Dyson, 1998; Henley and Dick, 2012; Wirt and Sage, 2010). Rb proteins interact with
five E2F transcription factors that are canonically divided into two groups: E2F1-3, mainly
involved in transcriptional activation, and E2F4-5, mainly involved in repression (Du and
Pogoriler, 2006). In doxorubicin treated MCF-7 cells, p130 binds to the Cyclin B gene but is not
required for repression; only when all three Rb proteins are absent is Cyclin B deregulated (Jackson
and Pereira-Smith, 2006). Consistent with this result, overexpression of Rb in A2-4 and A5-1 rat
fibroblasts leads to downregulation of the Cyclin B1 gene (Markey et al., 2002). However, another
study showed that the Cyclin B gene in mouse embryonic fibroblasts is upregulated in p107 and
p130 double knockout cells after DNA damage, despite the presence of Rb (Jackson et al., 2005).
In addition to the different role of pocket proteins, the impact of different E2F transcription factors

on the regulation of the mammalian cyclin B1 promoter is controversial. In one study mammalian
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E2F2 was shown to be a repressor of the Cyclin B1 gene in quiescent mouse T cells (Infante et al.,
2008), while another study showed that overexpression of E2F2 (by intrathoracic injection of
E2F2-adenovirus) induces the expression of Cyclin Bl gene in differentiated mouse
cardiomyocytes (Ebelt et al., 2008). Analysis of a region of human CCNB1 promoter revealed that
E2F sites within the promoter can have a positive or negative effect on expression (Zhu et al.,
2004). Therefore, more studies are called for to address the molecular mechanisms and the
promoter elements by which E2F factors regulate cyclin B1 expression, especially considering that
the Rb/E2F pathway is deregulated in many cancers, which may impact cyclin B1 expression and

tumor progression.

Drosophila provides a powerful system for Rb/E2F studies. Drosophila contains two pocket
proteins, Rbfl and Rbf2, and two E2F proteins, E2f1, which plays an activator role and E2f2,
which is associated with repressor functions. Our Chip-seq from Drosophila embryos showed that
the cyclin B (CycB) gene is bound by both Rbfl and Rbf2, implicating these proteins in a direct
regulation of the promoter (Wei et al., 2015). Recently, we showed that the Drosophila CycB
promoter is potently and preferentially repressed by the Rbf2 protein, in contrast to the lack of
effect on the cell-cycle controlled PCNA promoter (Mouawad et al., in press). Therefore, to
understand the impact of CycB promoter elements on regulation by the Rbf/E2f pathway, we
characterized the regulatory elements of a minimal CycB promoter and tested the impact of Rbf

and E2f proteins in Drosophila S2 cells.
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Results

Interacting functional modules of the CycB promoter

Based on published ChIP-seq data (Wei et al., 2015), we found that Rbfl and Rbf2 are bound to
the promoter proximal region of the CycB gene (Figure 4-1A). To identify cis regulatory regions
important for expression of this gene, we created six luciferase reporter constructs extending ~1kbp
5’ and 3’ of the transcriptional start site (TSS). We included a portion of the gene containing the
first large intron, because transcription factor binding sites are often located 3’ of the TSS (Figure
4-1A, B). Using a motif identification algorithm, we identified putative E2F sites within this
region; sites of higher and lower affinity are present in 5’ and 3’ regions of the TSS (Figure 4-1B).
All constructs were assayed in transfected Drosophila S2 cells, and luciferase activity was assessed

in parallel with a control PCNA reporter gene.

Successive deletions from the 5’ end of these promoter constructs uncovered repressor activity in
the most distal portion of the promoter, with expression increasing approximately five-fold as
regions from -794 to -118 were removed (Figure 4-1C). Removal of the promoter sequences from
-118 to -53 led to a significant loss of activity, indicating that activators interact with this portion
of the gene. To determine the impact of 3’ sequences, we modified the gene containing the
activation region between -118 and -53, and removed all of the 3’ sequences outside of the core
promoter region, that is +100 to +965. This reporter, -118 to +100, exhibited activity very similar
to -118 to +965 (Figure 4-1C). To assess the entire region that includes binding by Rbf1 and Rbf2,
we also tested -464 to +100. Strikingly, this construct exhibited activity more than twenty-fold
higher than the other constructs. The activity of this reporter construct was very similar to that of

the previously studied PCNA promoter (Mouawad et al., in press). This result indicates that there
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are additional activators present in the region -118 to -464 that are functional in a context-
dependent manner, when +100 to +965 is absent. Significantly, the similar activities of -118 to
+965 and -118 to +100 indicate that the negative effects of the 3’ region is not a simple post-
transcriptional one, such as translational inhibition of the luciferase gene. These results show that
the CycB promoter region contains both activation and repression functions 5* and 3’ of the TSS,
and that these elements do not function in a strictly additive manner but may interact in a manner

similar to regulatory modules found on developmental genes (Yuh et al., 2001; Wei et al., 2016).
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Figure 4-1: Functional modules of the CycB promoter. (A) Rbfl and Rbf2 binding regions on

CycB promoter based on published ChlP-seq data. The peaks are right upstream of the transcription
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Figure 4-1 (cont’d)

start site. The blue line represents the largest piece of the CycB promoter cloned and tested. (B) A
schematic representation of the six CycB luciferase promoter constructs. Black squares represent
high affinity E2F sites (P<0.001), and grey squares represent low affinity E2F sites (P<0.005). (C)
Normalized luciferase activity of the six CycB promoter constructs in S2 cells. Luciferase readings
are normalized to PCNA reporter done in parallel on the same day. Values represent averages of
at least three biologic replicates done on different days, and error bars represent standard
deviations. The expression levels of the CycB reporters were significantly different from each other
(P<0.05) except for -794, + 965 in comparison to -53, +965, and -118, +965 in comparison to -

118, +100.

Impact of Rbf and E2f proteins on CycB promoter activity

Previous studies indicated that Rbf2 is a weak repressor on the PCNA promoter, in contrast to Rbfl
(Stevaux et al., 2002). However, we recently showed that Rbf2 is more potent repressor than Rbfl
on a CycB (-464, +100) reporter (Mouawad et al., in press). In order to understand the impact of
the promoter regions defined in Figure 4-1 on this differential response to Rbfl and Rbf2 proteins,
we tested the impact of these corepressors on the variant Cycb promoters (Figure 4-2A). Rbf2
mediates a robust ten-fold reduction in expression of the most active promoter (-464, +100), while
Rbfl is able to mediate a weaker but still substantial three-fold effect, as previously noted
(Mouawad et al., in press). Constructs lacking the activation region between -464 to -118, or
constructs in which this activation region is neutralized by the presence of downstream interfering
segments (+100 to +965) exhibited a weaker response to Rbf2 expression (Figure 4-2A). In these

cases, the effects of Rbf1 or Rbf2 expression were similar; approximately 2-3 fold, with marginally
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greater effects of Rbf2 on several constructs. Significantly, the only reporter that had no response
to Rbf2 expression was -53, +965, a gene that had less than 1% of the activity of the -464, +100

reporter.

The selective action of retinoblastoma proteins on the CycB promoter is likely associated with the
interactions with E2f proteins, therefore we assessed the effect of E2f1 and E2f2 expression. We
tested two promoters that include the peak of Rbfl and Rbf2 binding (-464 to -118), as well as two
counterparts in which this segment was removed. On all the constructs, E2f1 expression resulted
in decrease of activity by 50-70%, regardless of whether the activator-containing -464 to -118
region was present. The repression fold change was similar for highly active and less active
constructs. Thus, although E2f1 is traditionally thought of as an activating transcription factor, and
indeed stimulates the activity of PCNA (Mouawad et al., in press) the effect in this context is
uniformly repressive (Figure 4-2B). Interestingly, the activity of E2f2 on the reporter constructs is
more variable than E2f1 and is influenced by the 3’ region (+100 to +965). In the presence of this
element, E2f2 has no significant effect on CycB expression. In contrast, E2f2 activated expression
from constructs that lacked this 3’ inhibitory element. It appears that the +100 to +965 region is
occupied with repressors, and removing these repressors allows E2f2 to act as an activator on this

reporter, in contrast to its generally described role in repression.
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Figure 4-2: Impact of Rbf and E2F proteins on CycB promoter activity. (A) Normalized
luciferase activity of six CycB constructs in response to expression of Rbfl or Rbf2 in S2 cells.
Rbf2 repression activity is most evident on the -464, +100 reporter. Rbf2 repression on the least

active reporter, -53, +100 is abolished unlike significant repression by Rbfl. (B) Normalized
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Figure 4-2 (cont’d)

luciferase activity of four CycB constructs in response to expression of E2F1 or E2F2 in S2 cells.
E2F1 results in repression, whereas E2F2 activates two of the CycB reporters. For A and B, values
represent average of at least three biologic replicates done on different days and normalized to
PCNA luciferase vector then re-normalized to pAX empty vector. Error bars represent standard

deviation. (*) represents a P<0.05.

Role of E2F and DREF sites

To test the importance of specific regulatory motifs within the promoter, we mutated the highest
predicted affinity E2F site 5° of the TSS, as well as an associated DREF site in the context of CycB
(-118, +965) (Figure 4-3A). We found that the activity of the reporter decreases significantly when
the E2F site is mutated and appears to decrease further when both E2F and DREF sites are mutated,
reaching levels similar to the -53, +965 construct (Figure 4-3B). These results indicate that the
activity of this reporter is dependent on the high affinity E2F site at -80 bp, and that DREF may

also contribute to its activity.

We tested the importance of the E2F and DREF sites on the response of this reporter to Rbf protein
expression. Both the wild type and the mutant reporters have similar levels of repression by Rbf1,
however, Rbf2 repression is reduced in the absence of the E2F and DREF sites (Figure 4-3C).
These results indicate that the E2F and DREF sites are required for full repression of CycB by

Rbf2 but are not necessary for repression by Rbf1.

The repression of these mutant forms of the -118, +965 promoter by expression of E2f1 was

somewhat attenuated, but not abolished, indicating that E2f1 can work through other elements of
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this promoter as well (Figure 4-3D). Interestingly, expression of E2f2 resulted in a higher level of
induction for the mutant promoters, which themselves have significantly weaker activity than the
wild-type promoter. This weak activation may involve interaction between E2f2 and the basal

promoter regions, as discussed below.
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Figure 4-3: Impact of E2F and DREF sites on CycB promoter activity and response to Rbf
and E2F proteins. (A) Schematic of CycB (-118, +965) and the DREF and E2F sites that are
mutated. (B) Normalized luciferase activity of the wild type construct, the E2F mutant construct
and the E2F and DREF mutant construct. Values are normalized to PCNA reporter vector which
was transfected in cells in parallel. (C) Normalized luciferase activity of the wild type and mutant

constructs in response to Rbfl and Rbf2. Mutation of E2F and DREF completely abolishes Rbf2
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Figure 4-3 (cont’d)

repression, with no or slight effect on Rbf1 repression. (D) Normalized luciferase activity of the
wild type and mutant constructs in response to E2F1 and E2F2. E2F1 still represses the mutated
reporters, and E2F2 activates them. For C and D values are normalized to PCNA reporter and re-
normalized to pAX vectors. For B, C and D, values represent average of at least three biologic
replicates done on different days, and error bars represent standard deviation. (*) represents a

P<0.05

Functional redundancy of E2F sites in the CycB promoter

The E2F and DREF sites located in the promoter proximal region clearly have roles in repression
and activation of the reporter, but it was not clear if these activities are relevant to the high level
of expression possible when more 5’ activation sequences are present, in the absence of the
inhibitory 3’ element. Earlier we showed that the core promoter of CycB (-53, +100) is essential
for Rbf2 to efficiently repress the CycB reporter (-464, +100) (Mouawad et al., in press).
Therefore, we tested the impact of mutating E2F sites present within this core promoter region on

this highly active form of the promoter.

We created two additional constructs: one having a mutation in the -80 bp 5’ E2F site (m1E2F),
and the other having in addition mutations in the 3” E2F sites (m2E2F and m3E2F) (Figure 4-4A).
The activity of the m1E2F construct was very similar to wild type, indicating that the E2F site at -
80 bp is not necessary for the activity of this CycB reporter. We noted a modest increase in
expression of the reporter in which all three E2Fs sites were mutated, which may indicate that

these E2F sites can contribute to repression (Figure 4-4B).
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We expressed both Rbf and E2f proteins to test the importance of these basal promoter proximal
E2F sites in regulation of the gene. We found that Rbfl and Rbf2 repress all three constructs in a
similar fashion, with Rbf2 demonstrating a greater effect, as observed before. These results
indicate that Rbf repression on these reporters may be largely mediated by more 5° E2F sites,
consistent with measured ChIP occupancy over this region, or that there is some level of
redundancy among the E2F sites for repression (Figure 4-4C). E2f1 represses all the constructs,
with an increased effect on the triple mutant. E2f2 induction is attenuated in the single E2F mutant,
and eliminated in the triple E2F knockout reporter, suggesting that this effect is directly mediated

through basal promoter E2F sites.
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Figure 4-4: Function of core promoter E2F sites on CycB promoter activity and response to

Rbf and E2F proteins. (A) Schematic of CycB (-464, +100) and the E2F sites that are mutated.
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Figure 4-4 (cont’d)

(B) Normalized luciferase activity of the wild type CycB construct, the one E2F mutant (m1E2F)
construct and three E2Fs mutant (m1E2F, m2E2F and m3E2F) construct. Values are normalized
to PCNA reporter vector done in parallel. (C) Normalized luciferase activity of the wild type and
mutant constructs in response to transfection with Rbfl, Rbf2, E2F1, E2F2, Rbfl + E2F1, Rbf2 +
E2F1, Rbfl + E2F2 and Rbf2 + E2F2. Values are normalized to PCNA reporter and re-normalized
to pAX vectors. For B and C, values represent average of at least three biologic replicates done on

different days, and error bars represent standard deviation. (*) represents a P<0.05.

Conservation of CycB promoter and first intronic region in Drosophila

The distinct functional properties of the promoter sequences suggest that these may be have been
selected to endow proper dynamic activity on CycB. To ascertain whether these sequences show
evidence of conservation, we aligned CycB promoter segments from Drosophila species of
different phylogenetic distances (Figure 4-5). We observe variable levels of conservation in the
promoter regions that we analyzed including blocks of sequences 5’ of the TSS as well as the
coding region, as expected. Significantly, the first intron shows blocks of highly conserved

sequences which include several of the predicted E2F sites.
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Figure 4-5: Conservation of CycB promoter regions and first intron within Drosophila
species. Multiple sequence alignment for CycB promoter and 3’ regions in Drosophila species (-
1000 to +1000 bp). Yellow highlighted bases represent conservation with respect to D.
melanogaster. Orange lines represent putative high affinity E2F motifs (P<0.001), and green lines
represent lower affinity E2F motifs (P<0.005). The TSS is denoted by +1. The regions of the
promoter segments that were analyzed are denoted as -794, -464, -118, -53, +100 and +965.

Uppercase letters indicate the open reading frame.
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Figure 4-5 (cont’d)
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aatgaaatgtgaaaatca------- cggaaaactc------- ----gagctcgegatce
aatgaaatgtgaaaatca------- cggaaaactc------- ----tagctcgegatc
aatgaaatgtgaaaatca------- cggaaaactc------- ----gagctcgggatc
aatgaaatgtgaaaatcaccaagcgcggaaaactt------- ----aaaaacacgatc
tatcgcacgaaaacatcg-ataagcttaaactctttat----------atcgatattcce
tatcgcacgaaaacatcg-ataagcttaaactctttat---------- atcgatattccc
aatgaaatg-aaaactca-tcattgeggaaaacttt------==u--- atgaacacgatc

aatg--acgaaaaactca-cgagtgcggaaaactttattcatgeccgecgaacgacacagaa
aatg--acgaaaaaatca-cgattgcggaaaactttatgecatgegacggageacacgatce
aatg--acgaaaaaatca-cgacaacggataactttattcaagccgecgaggeacacgatc

gtegpetgg------===-=ccceoun cgctccattctegttegge--------------
BECRRC-PR---~--=--========q cgetecattctegttegge--------------
gtcgge-gg-===========mm==ua cgctecattetegttegge----=======-=--
gteggetgg-------------couuua cgctccattctegttegge--------------
gteggetgg------------------ cgctecattetegttegge--------------
agtgcactg-------- ctgeecgecgetgectegttctegeteggetteggettgttttt

agacccaagtage----acttgcatagectttcaaattcaaa-----==-==cmcuuna-
agacccaagtagc----acttgcatagcctttcaaattcaaatgat--------------
BBCtCCAAG- === ===
atttatatgcac----- gctctctctetctetegeteteget------------------

gaccccaagegeegteggetctegeggetcgtgagagetgttgggt--------------
ggctctegg-------- gegetctetetetettectettgtg-age--------------

---------------------------- tttttggccggagttcgcaaaagtactittgg
---------------------------- ttttcggctggagttcgcaaaagtacatttgg
———————————————————————————— ttttcggetggagttcgecaaaagtacatttgg
---------------------------- atttcggctggagttcgeaaaagecacttttgg
---------------------------- tetteggetggagttcgecaaaaacaattttgg
ctttttctgatttttttttttttgtttttttttggetggagetcgeca------------
——————————————————————— ctgcaatcttcgettegeate----------------
----------------- gttaattttcaatgttatatagaaatc----------------
------------------------------------------ gcacgaagttggtt----
————————————————————————— ctccctectegetcgagegetetgaagt--------
--------------------- agacttcttctcggetgectggetetgagg---------

————————————————————— gecgtegtegtegtegttgaggetttagag---------
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agcgcaaacagactcataaa---------- tatatgctaatgagccaga-----------
agcgcaaacagactcataaa---------- tatatgctaatgagccaga-----------
agcgcaaacagactcataaa---------- tatatgctaatgagccaga-----------
agcgcaaacagactcataaa---------- tatatgctaatgagccaga-----------
agcgcaagcagactcataaa---------- tatatgctaatgagccaga-----------
---gegtacatactcataaa---------- tatatgctaatgagccaag-----------
------- gtgecggecatcga-----------atgggccaatcatgtatagaattgattca
-caataaatgcaagtatttc--------- gaataggccaatcatgtatagaattgattca
-gcatagatgggggcttegg------ ctttaatatgctaatgagatctaagtatgg----
tttgaagatgaage---------------- tatatgctaatgagtggag-----------
-tcgaagatttagctactag---===---- ctgtatgctaatgagecaga-========---
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Figure 4-5 (cont’d)
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-gcgecggaa-gaagagaagaagaa--------------- tgcgeccaaccgttaagacge
-gcgeeggaa-gaagagaagaagaa-=============-= tgcgccaaccgttaagac--
-gcgccggaa-gaagagaagaagaa--------------- tgcgacaaccgttaagacgc
-gCcgccggaa-gaagagaagaagaa--------------- tgcgecaaccgttaagacgg
-gcgecggaa-gaagagaagaggaa--------------- tgcgccaaccgttaagacgg
-gcgeecggaa-gageagaageagaag--=-======== aacgattcgcaccgttaagacgg
tcaatcgtac-aaaattgagtgggcatgget----- aaatgttctatatagctaataata

tcaatcgtac-aaaattaagtgggcatgget----- aaatgttctatatagatagtatta
-gegggcggaa-gaatctcaaaacaaaaaacttaccaaaacgaagaacaccgttaagaaga
-cgaacgaac-ggaaaggaacaatag----=-======-== agaatggcaccgttaa-----
---gtcggac-ggaaaggaacaata--------------- gaacggtgccgttaa-----
-gegteggacaggaaaggaacaatg--------------- gaatggcaccgttaac-c--

agcaaagggccacaaa----------=----- aaaaaaacaggagagtttggggtactaa
-gcaaagggccacaaaac------------- aaaaaaaacaggagagtttggggtactaa
agcaaagggecacaaaaC-----====-=-=--= aaaaaaacaggagagtttggggtactaa
agcaaagggccacaaaaaaa------ aaaataaaaaaaagaggagagtttggggtactta
agcaaagggctcaaaaaa-------- gaaaaaaaaaaacaagaagagtttggggtactaa
agcaaagggccaaaaacgaat----- ctaccaaccaaaaataaaaaa-------------
ttccacagaatatcaa--------------------------
ttcaacggaacaaaga--==-==========-mmmme e ——————
tatacactaaaaaaaaacaacataaattagcaaccaccaaa-------------------
-gcaaagcagccgaaaaa-------- ttagcagcaaaaaaagaatcgta-----------
-gtaaagcagccgaaaaa-------- ttagcagcaaaaaaagaaaaacataacacaaaaa
gttaaagtagccgaaaaa-===-=--=-= ttagcam=====--mmmemc e

By~ < maa—aad aaaaacagaggcaaaattctga------ ggcgatggegattgt----
AC==mmmm————— aaaaacagaggcaaaattctga------ ggcgatggegattgt----
ac----------- aaaaacagaggcaaaattctaa------ ggcgatggegattgt----
ac----===---- aaaaaacagaggcaacattctgaggcpatggegatggegattgt----
Fre REEEEETEEE aaaaacagaggcaaaattctga------ ggcgatggegattgt----
------------- aaagacaaatacaagaagcaaa------aaattcagcaattgt----
----------------- aaacgagcaatatggt-------------ttccagtccttgat
----------------------------------------------- tttggtegt----
————————————————— aaatatgcaaaaaac-------------gcggcaattgt----
----------------- gcaagtgcagagaac---------------gccaattgc----
ttataataaagagaagcagaagtgcagagaaccgaacgg--tgcgatgecaattgttttc
————————————————— aaaagtgcaga------------------tgccaattge----

---------------------------------- tttgtggtcaag----tgcttgaaaa
—————————————————————————————————— tttgtggtcaag----tgcttgaaaa
---------------------------------- tttgtggtcaag----tgcttgaaaa
---------------------------------- tttgtggtcaag----tgcttgaaaa
---------------------------------- tttgtggtcaag----tgcttgaaaa
---------------------------------- tttgtggtcaag----tgcttgaaaa

B-----mmmmmmmmmme- gagaacgattaacctattataagccaagggggtatttaaatt
-------------------------------- tttttttgatcga------atttgagtt
—————————————————————————————————— tttatggtcaag----tgcctgaaaa
----tgtttttttcac---------- tettttttettpt------ oo
ttggtttttttttttt---------- tttttttttttgtggtcaag----tgectgaaaa

----tgttcttcttetttageagttattcttgtgettgtggtcaag----tgcctggaaa

tgatg-------------c-un-o gagcagac------ gaaaacttgacactgatcatca
tgatg----------=----u--- gagcagac------ gaaaacttgacactgatcatca
tgatg------------------- gagcagac------ gaaaacttgacactgatcatca
tgatg------------------- gagcagac------ gaaaacttgacactgatcatca
tgatg-------------onnao gagcagac------ gaaaacttgacactgatcatca
tgatg-====--memmmmmaaaa gagcagac====== gaaaacttgacactgatcatca
ttccaccgaaaat---------- aatgaaaat---ttaatcattttagcgcagttcaggt
CRCCG-==========mm e mmmemmm———ao cagttcgccgcagttcgecg
tgatg---------------un-- gggcagacagggctaaaaacttgacactgaccagea
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Figure 4-5 (cont’d)
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------------------------ ggccagac------gaaaacttgacactgatcatca
tgatggggtagtc-----=-===-= ggccagac------ gaaaacttgacactgatcatca
tgattgtgtgtttgtgtgtggggggagggaat------ gaaaacttgacactgatcatca
gCm======mememmemceeeeee-- aaaaaaggctgegga---gtggcaagaattatge
BC---—-—=mmm e aaaaaaggctgegga---gtggcaagaattatge
BC--mmmmmmmmmmmmmmememeeeo aaaaaaggctgcgga---gtggcaagaattatge
(e anaaaaggctgegga---gtggcaagaattatge
BCA====mmmemmmcmmmeee———— aaaaaaaggctgegga---gtggcaagaattatge
(o ggagagaaaaac--------- aaggcaagaattatgc
ggagttggtgg------ ggtttttgcaaggatagg-atggatctacaagaagaatt-tac
caaattcge----------- tttagcaacaatgagtctcgttccatacacaatgttgeac
gttgatcaacatcatctgatctctgecattcaaaag--------- aatgaaagaattatgc
cagtggagtag----------- agaaaaaaagaac--------- aaagtaagaattatgc
cagtcgagt-------------ccue-o aaaaaaC--------- aaactaagaattatgc
cagtcgagt----====eeuaaa tgaaaaaaaaac--------- gttgtaagaattatge
tR- - catttccgecgegg----agtttcgatgttctgegg
EPT ———— - —m —mmmm e catttccgecgegg----agtttcgatgttctgegg
tg-mmmmm e ———— catttccgecgegg----agtttcgatgttctgegg
tg------mmm oo catttccgeccgegg----agtttcgatgttetgegg
e L L L catttccgeegegg----agtttcgatgttctgegg
L e T catttccgetgatge--cagtttcgatgtttcgegg
aatcgttaatagttttcce----- catttacctcaagta-gctgaactatttaaataaag
attccatacacactgttgcagcaacatttacttgaaaaccgtattttagccaaaataaaa
tg---mmm e catatccgttcaaag---aacagaaacaaatacaaa
o e L cattteegtt--------cccccccmmccceaa
tg----=mmmmmmmmm—eeeaa catttcegtt-------- cggtttgaagttgcageca
tg-------mm oo catttecegtt------------- tgeccgtttaagaa
cctgtggcagC-=======mmmmmmmua- aggaaatcttaaatcagcgaatgcaaatcag
cctgtggecage---------=--------- aggaaatcttaaatcagcgaatgcaaatcag
cetgtggeage--------------=--- aggaaatcttaaatcagcgaatgcaaatcag
cctgtppcagc-------~==-=====-== aggaaatcttaaatcagcgaatgcaaatcag
cctgtggeage--=======mccmcana- aggaaatcttaaatcagcgaatgcaaatcag
catctggcage------------------ aggaaatcttaaatctgcgaatgcaaatcaa
ggecgetgaagt - - -gggataagttcgaaaaatataccttgaattcgtcagtatatttacg
tacattaaggt--------- aattaaaagaagcaatcttg---tagaaaatgcatttatc

aacacaaaaacaaaacagcaaaacttgaagggaaattgtaaatcaagaaatgctaattca
------------------ gtgcttgttgaaggaaatcttaaatcage-aatgcaaatgea

gcaacaaaaac----- aacagcattgtgaaggaaatcctaaatcagc-aatgcaaatgge
gaagaaaaact---ctaagtgcattgtgaaggaaatcttaaatcagc-aatgcaaatgtg
464
[-EEEEEEE L ggggcac--------=--=--- aaaaacaaaccgaac---------
Br---——mmmmeea ggggeac--------------- aaaaacaaaccgaac---------
[:GEEEE PP g8BECAC-=====mmmmmmua- aaaaacaaaccgaac--=-------
g----====-=-=-- ggggggca------------ caaaaaacaaaccaaac---------
g------—------ ggggeac---—-------—--- aaaaacaaaccgaac---------
o 23aaCEC---------=--==--= aaaaacaaccaaac---------
gtatttt------- ttggtat-----= - e e attt
L L L P L P L atgg
acaattgccaattgtcaatacaattgaattgaaatgaaatgtaaatgaagaaggcaattt
Q- caagtge------------- tgaattgtaagccgaaagaacctttg
EECEEEEELELEEE LR e e e e e e e PR L P L ctg
a--aatgcaaaa--cgagegttgt---------- taaaaactaaattttccatcaagetg
------- ACABCCA==== === mmmm- s s e e eesseeeesesssse—m——e—--
------- ACABCCA- === === === == meeme—e—ea-
------- ACARCCA- === === === == mm e m e
------- ACAECCA- === === === == oemeem———eo--
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Figure 4-5 (cont’d)

D.erecta @ = ------- T o e
D.ananassae @ ------- CCAQCAC=====mm=mmmmmeeeeeeeeceseeemmesses—sme———e———-
D.persimillis ctgagggtcagceg---------=—==-=---—mmmmmmm - gtata
D.pseudoobscura gataaagctaagtg------------------—=—-----mmmmom- ggcatctata
D.willistoni gccaacatcaatcacaattaagatatgtttcttatatcaattcaacaatatgtttgtata
D.mojavensis caaaatgccagteg-============m---mmmmme e e memm——e e e
D.virillis CABAACEGCARCCA-— =~ === === === == == m e
D.grimshawi €a3aatgCCaABECa- =~ == === - e
D.melanogaster ---------------mmmomoonoo attgaagt--gatcaacttttaattga--------
D.simulans = ------mmmmmmmmmmemeee oo attgaagt--gatcaacttttaattga--------
D.sechellia  -------------cmmmoooooooo attgaagt--gatcaacttttaattga--------
D.yakuba = =  smseemmeeeeeeemeeeceeeeee attgaagt--gatcaacttttaattga--------
D.erecta @ =  —----mmmmmmmmmmmmmeeee attgaagt--gatcaacttttaattga--------
D.ananassae = -------------eocmmooooooo attgaaac--gatcaacttttaattga--------
D.persimillis t-------------mmmmomoo tttaaaat------ aaattccgttcege--ttatc
D.pseudoobscura g-=-====s=cececmmmcmaaan= cttgaaatataggcaattcccgattcgecgeagtt
D.willistoni cattatattttttccaattagccatattaaatt--caacagttttgaattaggcaatgtt
D.mojavensis = ------mmmmmmmmmmemeeeooo attgaagt--gatcagcatttaattga--------
D.virillis =  ------mmmeemmemmeeeoeeeeo attgaagt--gatcaacttttaattga--------
D.grimshawi =  ==-===meememmmmmmeeeeneen attgatat--gatcaaattttaattga--------
Dimelanggaster: sE--meess-mmprs s R R R e R tgcaat
D.simulans =  ====-mmmmeemeeememee e e e e eeeeeme e e e e - tgcaat
D.sechellia = ------—--mmmm tgcaat
D.yakuba = = mmememmmmeeee e tgcaat
DoBRECER o e i i e e S S R S i tgcaat
D.ananassae = =-==-smssssccsccessssssssssssssssssessssssssssssssse——— ggcaat
D.persimillis gCaC----------emmmmm oo eeee gaaaacat
D.pseudoobscura tCgC----------———- - - - tcttgeaa
D.willistoni ttgccttttaagtagaagettattttattatttcacaaagagagaaaaaaaatccttaat
D.mojavensis  m=--mmmmmmmme e tgcaat
D.virillis = @ —-mmmmmmmmm e tgccat
D.grimshawi ~ --------mmmmm o tgcaat
D.melanogaster caatggat----------------—----mm -
D.simulans caatggat-------—- -
D.sechellia caatggat---------------mmem e eeees
D.yakuba caatggattg----==----mmemm e
D.erecta cattggattg------------- e
D.ananassae caatgget-------- - e
D.persimillis cgataagctta------------------- aactett---r-rrommcmcmmmmmne s
D.pseudoobscura caatgagtctc----=---mmmmemaana- attccata----=---mmmmmmme e
D.willistoni taatcattttacaaaatttatttgaattgaatctctttcggegecatttgecttcgaaat
D.mojavensis (- o R
D.virillis CAEtC@- = — o e
D.grimshawi (o [ e e e P PP PP
D.melanogaster -----------------mmommemmmomooeoee ggtgcaaccgagtgacgactggea
D.simulans =  m=--mmmmmmmmmmmmmmm e ggtgcaaccgagtgacgactggea
D.sechellia @ -----------mmmmmmmmmmem e ggtgcaaccgagtgacgactggea
D.yakuba = = m-mmmmmmmemmmmmm e catgaagtgcaaccaagtgacgactggca
D.erecta = memmemmmmmmmemmemmemm e catggagtgcaaccgaatgacgactggea
D.ananassa@ = =-=---essssceessmesseecssseessesse———— ggtgcaattccaaagtgacggac-
D.persimillis ------- tatatcgatat------- tcccagacccaagtage----------- acttgca
D.pseudoobscura -cacaaacatgttgctaa------- ttccatgcacacataccctggggaaatggatgtta
D.willistoni tcggacctctgtcaataacagectcttactctgttaagecaaaatgttaaaataggtegttt
D.mojavensis  =-----mmmeecccemmeeeeeceeeeeeaa cgaggaacagaaggaaaaaataaaaacaa
D.virillis = -----—mmmmmmm - ccgagacgacaatgatgaatcaacagectg
D.grimshawi = ------—-----mmmm - gagagacacaatgatatgccagctaata
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Figure 4-5 (cont’d)
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BlCa-==mm e ———

tagcctttcaaattcaaactgecaatcttcgettegecategtgeggecateg---------
tagaattgtgaat---------- acgtttgtcttccaaggctcaggtatcaggatcg--a
taaattctgggaaccaactt---aaactagacacctaaaactatgctaacaattttatta

-------- aagcgatggctttattaaaa-tggggaa--------------ccttaaccaa
-------- aagggatggctttattaaaagtggggaa--------------ccttaacaaa
-------- acgggatggctttattaaaaatggggaa--------------ccttaacaaa
-------- aactgaagacttcattaaaa-tgttgaa--------------tcttaacaaa
-------- aagcgaagagttcattaaaa-tggggaa--------------tcttaactaa
------------ gatgcgtcaattaaga-------------------------ggcaaaa
------------- aatgggccaatcatgtatagaattgattc------------atcaat

gataaatatacacaagatactaataatgtacttgaatatgtctaaaga-a---tatcaat
tttgacttaaagtatatttatattgataaattaaggaatttccatttatttttaaagaac

------------ catcactaaatcaacaactgacga-----------------agaaaaa
------------ aacatttctattttcatatatcaa-----------------taatact
———————— aatccacatttgcattgctgtacgctaa-----------------gaaaaat

ctatcaaat----ttaatccatgaagtttt-catttttaaaatatgtataaaatggatt-
ctattaaat----tcaatccatga---ttt-catttttaaaatatgtataaaatagattg
ctattaaat----ttaatccaagaagtttt-catttttaaaatatgtataaaatggattg
ctgtgaaat----gtaatccatgaagttgc-aatttattaaataggtatgaagaaagtt-
ctata--=====--= aatctataaaacC---======mocmmaaaa tataaaatgagtt-
gtacaatgt----ttttgctagaaatcttg-cagttgctgggcggataggttttctaccg
cgtacaaaa----ttgagtgggcatggctaaatgttctatatagctaataatatteg---
ttgagaaaaggtctttataaatcacgtttcatattcatataatattaacgatatagggt-
atattaagt----gaaaacagaacaaatgaatacgttttaagtatcaatacatttggatg
ctctaaatg----a------------------- gcctattaaaattaacaatge------
cacttag------------cc-cemmcccaconaa ctttgacaatttacaatgcc-----
ctataaata----ataataaaaaaaact---ttagcttgaatcatttgecaaage------

———————— gagcttgaat-------atctaacagaaatttcaaactgtaacgttttcttt
ggatcaaagagcttgaat------- atctctcagtaatttcaagctgtaacgttttcttt
gegctcaaagagecttgaat------- atctatcagaaatttcaaactgtaacgttticttt
tcctcaaagaactgaatt------- atccaacagaaaattcaaa-tttaacgatttcttt
tccccaaagecactgaaat------- atccaacacaaaattcaaattttaacgatttcttt

ttacgcagatttgaattta----- aacttgatggcagcactagtgtttgattatcgataa
--acggaagatcaaaattgagcaatatggtttccagtccttgatggagaacgattaacct
gcacaaaggcctatacac--gecatcatgtcttcaaatactagcaacattgegactgattt

gtatataaatacagggta------- ttctaaccagatttccactggatcagcaatggeat
-------- attBaaattC- ~~———Jf ~ === ~m === = == —mmm i
aggctaaagttcagaatt------- atttacagaaagttttgc-----------------
gagttaatattaaaattt------- aagcgcttaacgtttt--—-----oooooooo

----ttcggctaattttaaatttaaatttg------------=--ccmmcccmceeae
---tttgggctaattttaaatttaaatttg-------------------ooe
---tttggtctaattttaaatttaaatttg---------------------cccooo-
---tttcaatgaactttaaatttaaatttg------------------cccco
g--cttgggecgaattttaaatttaaatttg----------mc-mmcccccccccceaa
tcgattaaattaatactagataaaaatact------------------cmmmmmooo oo
at-tataagccaagggtgtatttaaattttccaccgaa----------------------
tt-gttgaacta---ttttgttcaaacctttttttacaa---------------------
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Figure 4-5 (cont’d)

D.willistoni ttcgttataaggaaggaaatttaaaaatttcagaagagaaataaactgactgatttgtecc

D.mojavensis  ----------- acggttatattaaatagta---------------ccmmmme -
D.virillis ---gatgtaacgtatctaatttaaatcatt------------------e -
D.grimshawi = --------------- tcaaattccaattta-----------------ommo -
D.melanogaster -------------- aaatttatgggtagcactgtttcageccctgte--------------
D.simulans = -------------- aaaattatgggcagcactgtttcagecctgte--------------
D.sechellia = -------------- taaattatgggcagcactgtttcagecctgte--------------
D.yakuba = =  =;eeemeeeeea-- aaattgttgggcagcactgttttageccggte----===mamanun
D.erecta @ = ------m--e-o-- aaattgatgggcagcactgttttageccggte--------------
D.ananassae @ -------------- aatactaaaaaccccactagtttggaaatgtt--------------
D.persimillis  -------------- aataatgaaaatttaatcattttagcgcagttcaggtggagttggt
D.pseudoobscura ==-=-=====--= taaatacaataaaagcaaggactaaaaactaacc----=======---
D.willistoni aaataattaagtttgaaatattgggcaacatattgcggcacttgtctgecatgagttttcc
D.mojavensis = --------------o- gctgetaggecageact-------------mmmmmmcmmeeeae
D.virillis =  ------------oooo tgctatgggecageact-----------—----- oo
D.grimshawi =  ====--=-cecanaaa ttttatgggcaacactc-===-=-=mmmmmmmmmimmeeeeea
D.melanogaster ---------------mmemooocoooo- atcgataagctgtgcaccagtactggtcacac
D.simulans =  ==--mmmmmmmmmmmmmmmemmeees atcgataagagacgcacatgcactggtcacac
D.sechellia  -------------mmmmmmmmemeee - tcgataagagacgtacatgcactggtcacac
D.yakuba = = —---mmmmmmmemeemeeeee atcgttaagcaattcgtcagetgtggtcacac
D.erecta @ =  ------memmeecmccmeccccceeeeea apgcgptea------------- tttggtcacac
D.ananassae =  ====s-mssesceceeeeeeecsee—aa- ttttecteg----==-- ttttttttttttgtat
D.persimillis gg-------------==------u-- getttttgcaaggataggatggatctacaagaa
D.pseudoobscura -------=-------mmmmmme e aatcttgtagaaaattgattccttaatcggat
D.willistoni aggttacagttgcataatcttggtcccaatttattcatttcatgtattattttactgeac
D.mojavensis  ==-mmmmmmm e ttctgtegget
D.virillis = -----mmmmm - ttttggtagca
D.grimshawi = ----------mmm ttttgettgta
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D.melanogaster taaaactatcgaaaattatcgcacgtatcgcatc---tctattttgecatgectctgetcta

D.simulans taaaactattgaaaattatcgcacgtctcgeatc---tctattttgectgetetgeteta
D.sechellia taaaactattgaaaattatcgeacgtctcgeatc---tctattttgeatgetectgeteta
D.yakuba tgaa--catctgaaactatcgeccaagcacgeatc---actaattttcacgetcageacta
D.erecta ttta--cattggaaactatcgccaatatcgecatc---tctaatttccgtgectcagecacta
D.ananassae aaaaatattcatttattattgcttattttaaatc-------- ctagtaaacggaacgata
D.persimillis gaattta--caatcgttaatagttt------------- tccccatttacctcaagtaget
D.pseudoobscura aaaattatgtgggcagtgccaaatg-------=-==---- ttetttttt----- agatagta

D.willistoni tccgatagtcagetgtttgaagttgagegegatcgaattctctttttaacttategatta
D.mojavensis gacaaaagcttaatgctacage------------------mmmmmmm -

D.virillis agcacaagctggetgetacaget-——------—-- - - m e
D.grimshawi tacagaagctcattgetatage-----=======mmmmmm o
D.melanogaster ataaat------- cgattattctcgagegeoag-—------———-mmmmmmmmeoo
D.simulans ataaat------- cgattattctcgagegecac----=======ccmmmomaaaaaaaan
D.sechellia ataaat------- cgattattctcgagegecac--------=-mmmmmmmmmmeee oo
D.yakuba agaaat------- caattgttatcgagegecac-—-----———--mmmm oo
D.erecta agaaat------- cgatt-ttctegagegeeac--------———---=-oommmmoon
D.ananassae ataatgacctggaaaatagtacatcagtgttge-------===-----cmcmmmmcm-
D.persimillis gaactatttaaataaagggcgctgaagtgggataagttcgaaaaatataccttgaattcg
D.pseudoobscura atattcgtcggaata------- tgaaaaacgaagaatatgtaaaatattccttgaattcg
D.willistoni atatttacttatccatttgecgetttgatgatatgtcgatacacaaaact----- atatcg
D.mojavensis  =m---m----o---o gttgettttca--mmmmmmmmmm e
D.virillis = -------- gtatacaactgegetgeagtg-----------==——- oo
D.grimshawi = --------- actgctacggegatacagggttgc-—---------------cooooo--

53

¥
D.melanogaster ---------- tgecggettaaaagggaactaagt-ccagaaatcg-atategtca------
D.simulans = ---------- tgecggettaaaagggaactaagt-ccagaaatcg-atatcgtca------
D.sechellia  ---------- tgcggettaaaagggaactaagt-ccagaaatcg-atatcgtca------
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Figure 4-5 (cont’d)
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---------- agcggcaaaaageggaactaaagggtageaatcg-atatgaaca------
---------- agcggcecaacccgggaactaaatggtcggaatceg-atatcccca------
--aaaactcaaaaggcatgtaaagccaatgtgaccaaacaaatg-ttatcgaaa------
tcagtatatttacggtatttt----------- ttggtatatttc----- tgagggtcagc
tcagtatatttacggtatattttgaaaatgagttggtatgtttcggtattgagggtcaga
acggtacgccatggetgagegaaatattcaggetgggegaattg-geecctgtggtigttg
————————————————— tgtacggcccacagetggtcacactta-g--------------
---------------- ttgcactgttcatatctgtgecccatttg-gtcacact-------
-tggtaaaccaatcgcttgtatggecttacagttgggeatttgtg-gtetcac--------

------------------------------- aactcatcggecattt--------------
------------------------------- aactcatcggeactt-------mmeann-
——————————————————————————————— aactcatcggcaaacatcgec--------
------------------------------- aactcatcggcgcacategec--------
——————————————————————————————— aataattcgataacttttttctta--age
cggtata---==--=cean-- ttttaaaataaattccgttccgettatcgecacgaaaaca
ctg--—----- - ataaatccgeggtcac--actgtgtgaaaaag
tttggcagaagcgaattcaactatcgatagtaatcacccaacatcgatgttttttccate
------------------------------------- gtggegeacgttttgegectaat
------------------------------------ attaacctctattttcggagttac
------------------------------------- tttgtgggetttttctacgttgt

----- atcatcgagtttacttccatceccattec----m-mmmmmcccncanaaa-catt
————— atcatcgagtttacttccatccccattec----------------------catt
----- atcatcgagtttacttccatccccattee------------oouooo--catt
---ggatcatcgagtttacttccatccccattte----------------oo- gatt
---gaatcatcgagtttacttccatcecccattec---==-mmmmmccmcccaana. gatt
tgaataccctggecatcctecaccacgacttaate-------------cocooenn- aaat
tcgataagcttaaactctttatatcgatattcccagacccaagtagecacttgecatagect
tctacgagggaggagttggtgeag------------------—----c-ccuu-- gaat
gacgatacgccatctctagttcactctecatttt-------=mmmcmmcmcannas aatt
accagctggtcacattattttcattacctggegt------------------oo- geat
ttcatttgggcacattattttcattatettgegt-----------------oo-- gett
tcaatttggeccacattattttaagecagtaggegt---------------------- gett

ttcaaattca----- aacggca---gettggectcgettegtgtgecaaaaactegatcag
ttcaaattca----- aacggca---gettgggetcegettegtgegeaaaaactcgatcag
ttcaaattca----- aacggca---gecttgggetegettegtgecgecaaaaactcgatcag
tttaaattca----- aacggca---gecttgggetegettegtgegeaataacttgatcag
ttcaaattca----- aacggca---gettggectegettegtgtgecaaaaact-gatcag
ttcaaattcc----- aaccgtc---gecatcagcacctggctetggetttagetcgatcag
ttcaaattca----- aactgca--atcttcgettcgeategtgeggeagagectgactet
tttttaattatttgetgeggea--------------------—--ommme gtatat
tcaaacttaa----cggecggcageagettggettegea----------- gaagaaaaaaa
ttcaaatcca----- aacggcageggettgegttcgeatcttgegeag-agetcggaaga
ttcaaatcta----- aacggcageggettgegttcgeategtgegetg-agetcgaaaga
ttcaaatcta----- aacggcagcggettgegatcgeatcgtgegtag-agttegecaga
+100
— 4
gttttcggagaattga-----=====c-ccuuux caatcccgcactcgacttgtaaatta
gttttcggagaattga------------------ caatcccgcactcgacttgtaaatta
gttttcggagaattga------------------ caatcccgecactcgacttgtaaatta
gttttcggagaattga------------------ caatcccgcactcgacttgaaaattg
gttttcggagaattga---=---====-ccccuax caatcccgcactcgacttgtaaattg
----tgagaagatcaggagcagaaaatt--cgatcgaagccgctttcgaattttaaatta
tgacaaaaaaaaatca-------------- gaaacttagtcactttcgacttaacaattg
tgacaaaaaaaaatca-------------- gaaacttagtcactttcgacttaacaattg
ttattaataaatttttaaatt--------- tgtataactttacattcga-ctaaataata
ctccaaaaaagttaaagaatttatattttcgaattaaagtagcaatcg--ttgaaatata
ctcgaaacaaattcga-------------- aaaaaaaactagtaatcg--ttgaaaaata
ctcacaaaaattctga----------------- ctaaagcagcattcg--ttgagaaaaa
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Figure 4-5 (cont’d)
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ta---------mmmmee aactattagtaatcatatattcggacaa--------------
ta------mmmmm - aactattagtaatcatacattcggacaa--------------
R aactattagtaatcatacattcggacaa--------------
L-EEEEE PP e aactattagtaatcaaatattcggacaa----=-====uc=u--
ta------------ - aaccattagtaatcaaatattcggacaa--------------
aaat------------- agtgtcaactcgattgtttgctcgaacga--------------
BEl- — — ~— == i = g aattatattatcaaataattta-aaatcgetc
i EE e e P PP LT aattatattatcaaataattta-aaatcgctc
tattttcgtatattatcacatacgctgtgecaattaaattcaagcaa----- atgccgtta
ta-------mm oo catacatgttagattaaaa-ttgtgcaatcga-aaacaggct
B - - oo n s e ————— aattttaaacaaaaatctgtgcaatcta-aaacaagat
L e e ttttaaaactatattcgtgcaatttgtaaactaget
—————————————————— caaattcaa-----cagctaaacaagegtteg---------g
------------------ caaattcaa-----cagctaaacaagegttcg---=------g
------------------ caaattcaa-----cagctaaacaagegttcg---------g
—————————————————— caagttaca-----cagctaaacaaacgtgeg---------8
------------------ caaattgca-----cagctaaacaagegttcg---------g
---------------- aacaatttctattttttagaaacgecccgegtgea---=-==---
aca----=-------- tataagtcggtgactgaaaaacaatttgegtttc------ gaat
aca----=-=-==-=-== tataagtcggtgactgaaaaacaatttgegttte------ gaat
AR~ mm gctaaattttcgatt-aaatagegecegetttta------- gat
acaaaacaaataatatcaaaaatttc-aac--aatatatttttgcgttcaataaaagaaa
accaaac----------- aaaatttca----- acaatatatttgcgttaa------ aaaa
acaacaagtaaattatcaaaaatctc------ aatttatatttgegttca----------

tcacagaaacgcgatcaaaagtcaaccaaaccaagtgatagccaagegtctgectatett
tcacagaaacgcgatcaaaagtcaaccaaa-caagtgatagccaagegtctgeegttctt
tcacagaaacgcgatcaaaagtcaaccaaa-caagtgatagccaagegtcetgecgttett
tcacagaaacgcgatctaaacttaagaaaaataagcgaaagccaagegtetgecgatett
tcacagaaacacgatctgaagtcaactaaactaagctaaagccaagegtctgecgatett
------------ tataaaaaaataaaaaacgcgatcgectagccaagegtcca---tectt
tcaaatcgacgecgctaacaagaccaagga---aaagataactaaagegtcge--ttegtg
tcaaatcgacgecgectaacaagaccaagga---aaagataactaaagegtcge--ttegtyg
caaaaacgacgcttcgaaaaaaaaagtgaaaaaaactaaattcatatattttaaattgtt
cgaaatcaacgcgctcaagtacaaaagaacc---cctaaattaaagcatttt----cgtc
ctaaagcgacgegetcaagtgecaaaaaca-------- aaatcgaagcgttct----tgtt
----agcgacgcgetcaagaaaaaaaatcacattccaaaacgaacttgtata--------

cgtgttaatt--gtgtttgtacagatag---aaaagaag--caatcaaaATGGTGGGCAC
cgtgttaatt--gtgtttgtacagatag---aaaagaag--caatcaaaATGGTGGGCAC
cgtgttaatt--gtgtttgtacagatag---aaaagaag--caatcaaaATGGTGGGCAC
cgtgttaatt--gtgtttgtataaatagcagaaaagaag--caatcaaaATGGTGGGCAC
cgtgttaatt--gtgtttgtaaaaatagtatcaaggaag--caatcaaaATGGTGGGCAC
tgtgtttaaaaagtgtttgttttagaacgaaaaaaga----cagtcaagATGGTGGGCAC

tgtgttaattgtatatttgtttaaaaac------------ ccagtcaaaATGGTCGGCAC
tgtgttaattgtatatttgtttaaaaac------------ ccagtcaaaATGGTCGGCAC
caattaaagtttttaaatttttcaaa--------------- €aaggaaaATGGTGGGCAC
aataaata------===--- agtaaaaggaaaaaaaca---gcaacaaaATGATGAGCAC

aattataatt--atatttgtgttaaaagaaaataaataaatatacaaacATGGTGAGCAC
------------ ttatttgtgttaaaaataaagcaaaa---ctatcaaaATGGCGGCAAC

AACACTGAAAATGCGTGGCGATGAGgtgagttgat----ccctagaacatt------ aag
AACACTGAAAATGCGTAGCGATGAGgtgagttgat----ccctaaaatatt------ aag
AACACTGAAAATGCGTAGCGATGAGgtgagttgat----ccctagaacatt------ aag
AACACTGAAAATGCGTGGCGATGAGgtgagttgat----ccctagagtatt------ aag
AACACTGAAAATGCGTAGCGATGAGgtgagttgat----ccctagaacatt------ aag
CACACTGAAAATGCGCGGCGATGAGgtgagtacttcccgtgatagtataattaaccaaaa
A---TTGAAAATGCGCGGGGATGAGgtaag--------- ttttctaatgttta----ata
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Figure 4-5 (cont’d)
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A- - -TTGAAAATGCGCGGGGATGAGgtaag--------- ttttctaatgttta----ata
GACGATGAAAATGCTTATGGATGAGgtaag---~----~-~ tattaaagtgttca-------
AGCGCCTAAAATGATCATGGACGAGgtaagcaatagt--tattagcatttttaatctgga

AGCGCTTAAAATGATCATGGACGAGgtaagaatacac-ataaatgcacatttttatttaa
AAACATTAAAGTGATTATGGACGAGgtaagaattacc-gcaagagcacattaaa---ata

attaccgtggcatcc----- gcgaaaaggtcatggtaaagtcacaaactagtgggetegt
attaccgtggecatcc----- gcgaaaaggtcatggtaaagtcacaaactagegggetegt
attaccgtggecatcc----- gcgaaaaggtcatggtaaagtcacaaactagegggetegt
attaccgcggecatcc----- gcgaaaaggtcatggtaaagtcacaaaccatcegtgetett
atacccgtggecatcc----- gcgaaaaggtcatggtaaagtcacaaaccageggectect
atggccttaaaaccc-ctaaaagaagaggtcatag------------------ aggttgc
attttcatagcgacatgatagaaaagggecgatag---=======cccccmccccanna-
attttcatagcgacatgatagaaaagggeccgateg---------------—=-=------

-------------------- aaaaaagggtcaaag-----------------—-------
attttagcaggctgegttaageagegtcgeagteget-----—-------—-—-------
gttttaataggcgge--------- agcagcagcaget------- aacgcattgegttgge
gtttttatcacactc--------- agcagcagcaaat-----------------------

catcagcgagacgccattgecagegtggtcatgtagagaggggcaaagaggacgetgegat
catcagcgagacgccattgcagegtgggcaagtacagaggggcaaagaggacgetgegat
catcagcgagacgccattgecagegtgggcaagtacagaggggcaaagaggacgetgegat
tatcatagagacgccattgcagegtgggeaagtacagtggggcaaagaggaageggegat
catcatcgagacgccattgeagegtgggeaagtacagtggggcaaagaggaageggegat
geggatcggcgacgecattgeggegttagecagaggecatcgtgeccataggagaggg----
cgacgcagggacgccattgetgeatcggcagaagggaatgagggaatagagtgegt-gag
cgacgcagggacgeccattgetgecatcggecagaagggaatgagggaatagagtgegt-gag

geecgecaccgecgecattgcagcgtegge---——-------===-===-—mmmmoooo o

agecgacgccgeegecattgegpegtetgegtegge---------------mmmmme oo
------- taaatgegttag-------------------c--mmmmm e

agtgcgatgagtgtgtgaagggagggggaa----aagaaagagtgccg-tttgtcccgég

agatagaagagagggggaaggeagees-------- tgaaagagtgecg-ttigtectggg
agtatgaagagagggggaagggagggg-------- tgaaagagtgccg-tttgtcatggg
agtgcgaagagagtgtgaagggaggggg------- tgaaagagtgeccg-tttgtect---
agagcgaagagtgtataaaggpaggggg------- tgagagagtgecg-tttgtect---
-geggaggatggeatgtgaaggaagaggg------- tgaaaaagtgccg-tacgtccg---

agagtgtgaagagtggaagagagagagagagagggtgagaatgttccg-tttgtcaatct
agag-gggaagagtggaagagagagagagagagggtgagaatgttecg-tttgteaatcet

———————————— gtgcaaaagpgaggg--------tgaaaaagtgecpg-tttgttat---
------- gcttagegcataagagagggg-------t--aaaaatgecg-tttggetagea
-gcagcagetgagcacaaaagagaaggg------- taaaaaaatgccgttttgtctageg

D.melanogaster
D.simulans
D.sechellia
D.yakuba
D.erecta
D.ananassae
D.persimillis
D.pseudoobscura
D.willistoni
D.mojavensis
D.virillis
D.grimshawi

D.melanogaster
D.simulans

cgctcattgttgtegttgttgeagttgecttgetcacattttggegeaattttet-----
cgctcattgttgttgttgttgecagttgecttgetcacatettggegeaattttet-----
cactca----tgtcgttgttgecagttgacttgctcacattttggegecaattttet-----
---------- tgttgttgeccgttgttgecttactcacattttggegeaattttet-----
------------- tgttgttgecagttgecttgttcacattttggegegatttte------
--------------------- ttgcctctaggaatagattttggegecaattttet-----
ct----ttgttgttttttccatgccagecgegggtgeattttggegeacttttac-----
ct----ttgttgttttttccatgccagecgegggtgeattttggegeacttttac-----
---------------------------------- tgtg-ttgagaatttttttctiggeg
ttgegtttgttgttgttgetggtgeageggtatttgeg-tttggegetttttteggtact
ct------ gttgttgctgetgetgeagepggtaaatgtg-cttggegecctttttggtget
——————————————————————— gcagcggtaaatgeg-cttagegectttttctacttt

—————————————————————————— accggeggtgettgecaccgttaatt---------
-------------------------- geeggeggtgettgeaccgttaatt---------
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Figure 4-5 (cont’d)
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-------------------------- accggeggtacttgegeegttaatt---------
-------------------------- agctgecagtacttgtaccgttaatt---------
---------------------------------- tacttgtaccgctaatt---------
-------------------------- ggttacggtacttgecaccgetaate---------
—————————————————————————— aattgcggtacttttaccgettate---------
-------------------------- aattgecggtacttttaccgettatc---------

ctcaattgtcat-------------- agctgtaaatcaagtaccgecttatcatgtettte
tgctgtcagtaatgttgeggtaccctagtaccgetacttttaccttcaact------- ct
ttctggecag----------------- agtagcggtacttgtaccgetaatt---------

tcccectttttg----gagata----tcttgeggtgeatttaccgetaatt---------

---agtactctccacacctatttttcgcaccaaatcacagaggagataaa----tcgagg
---agtactctccacaccttt-tttcgcaccaaatcacagaggagataaa----tcgagg
---agtactctccacacctttctttcgcaccaaatcacagtggagataaa----tcgagg
---agcactcttcactccctttettegecaccaaatcacageggagataaa----gegagg
---agtactcttcactccctttcttcgcacaaaatcacagaggagataaa----tcgagg

---gctaatcgtctac-==-===-=-- ctcggtagatagtaggagaggtagagatctgtgag
------ actctctagt------ttacccactaaatctcggaaca----------------
—————— actctctact-----attacccactaaatctcggageca----------------
tattccactttcttectetetctetetgtctccaccatagaga----------- tttgag
ctgagecatctcgecCt-mmmmmmmmmm e e
----gcatctectetget------mmmm e e
----gcactecctettt---------mmmmm e

atcagtcttgeggtgettttcccaaaatggecgeccttgaaaaggtgecatttcatgatca
atcagtcttgeggtgettttcccaaaatggecgeccttgaaaaggtgeatttcatgatca
atcagtcttgeggtgtttttcccaaaatggecgeccttgaaaaggtgeatttcatgatea
atcagtcttgeggttcttttcctaaaatggecgeccttgaaaaagtgeatttcatgatta
ataagtcttgeggttcttttcctaaaatggecgecttc--aaaggegeatttcattatta
gtaatccttgeggttcttttctaaaaatggecgacatgggatagg---------------
------- ttacggttc-tttgcaaaaatggeegec------------------c-c----
------- ttacggttc-tttgcaaaaatggeegec------=====-mmcmmmmcccnaa-
atga---ttgcggt---aaatgtaagatggctgcaatggaat------------------

----------------- tttgacaaaatggeegeec-------------ommmmmomo
——————— atgcacc---gcatacaaaatggecgee--------—-------—-—------
----------------- gcattcaaaatggeegtetgt---------mmmmmmmccoaae
a--gtcattattatgcaacaaactgatcttgettta------------- acaa-------
t--gtCm=mmmmmmmma aaactgatcttggttta-------=------ acaa-------
t--gte-------oeeo aaactgatcttggttta------------- acaa-------
taagtcattgttacaaaagaaactgatcttgegttgtacatacatacatacaatgetggg
taagtcattattatacaagaaac-------------- gcatatacatgcacaac------

--------------------------------------------- gtatacaa----gta

tttaaaataagtaaaatcagtgctcaataattaaatatgttaaagaatagggtgcaaag-
cattaaacaatttaaatcagtgctcaataattaaatatgttcaagaaaggagtacaaagt
tattaaacaattgaaatcagtgctcaataattaaatatgttaagaaaag-----------
ctatgcgtacatgggattatgcactcatagectaagectett-----------oooonno
-------------- ggccattgecatttaatgtattttagtaaatgga------------
-------------- ggccattgecatttaatgtattttagtaaatgga-------=-----
---------- ctagatttttttttcttcattttgegatatt-------------oouu--
—————————————— aagcattgacctc--ttgcaaatga---------------------
-------------- atgcattgacccccattgecaat------------------------
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Figure 4-5 (cont’d)
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--tgcagatatgcagtcaactatatttgttgecattttt----------- ccattttttat
--tggagatatgctttcaactatatttgttgecactttt----===n=-- ccattttttat
gctgcatatatgcaatcagetgtaggtagtgaagtggttgecactatgttttattetttat
-------------------- tgcacatattgtggtggt--------------------at
------------------- cggetettcttagaattct-----------taaatgttaat
---------------------------- tataaattgt---====-c-cccmcmancnan
---------------------------- tataaattgt----------------ou--
—————————————————————— ctttttttttttettt---------- - -
---------------------------- sk e R R
---------------------------- tgtgaatact----===---cmmmmmeeeeaa
———————————————————— ttttttttttttatcatt-------------- - -
ctaaaactaattaaacaata--------- ttcgatagAACGCTTCGGAGAACTTCAAGCA
ctacaactaattaaacaata--------- ttcgatagAACGCTTCGGAGAACTTCAAGCA
ctacaactaattaaaccata--------- ttctatagAACGCTTCGGAGAACTTCAAGCA
atacatacattcaacttataaaacaacatttggatagAACGCTTCGGAGAACTTCAAGCA
ctaaatctgatcgtatttt---------= ttctttagAACGCCTCGGAGAACTTCAAGCA
ttaacaagaatttaattaaa------------ tctagAACGCCTCGGAGAACTTCAACCA

----------------------------- ttttgtagAATGCCTCGGAGAATATAAACCA
----------------------------- ttttgtagAATGCCTCGGAAAATATAAACCA
-------------------------------- tttagAATGCAACGGAGAATATTCGTCC
-------------------------------- tgcagAATGCAACGGAGAAATACAATCA
-------------------------------- +gCcagAATGCCACGGAGAAGTACAATAA
-------------------------------- CtcagAATGCACAGGAGAAATTCAATCA

AGTGCAATTGAAGAAATTGACGGTTCCTTC- - -CATGGAGGCAA- - - CAACAAAACGCGC
AGTGCAATTGAAGAAATTGACGGTTCCTTC- - -CATGGAGGCAA- - - CAACAAAACGCGC
AGTGCAATTGAAGAAATTGACGGTTCCTTC - - -CATGGAGGCAA- - - CAACAAAACGCGC
AGTGCAATTGAAGAAATTGACGGTACCCTC- - -CATGGAGGCAA- - - CAACAAAACGCGC
AGTGCAATTGAAGAAATTGACGGTTCCTTC- - -CATGGAGGCAA- - -CAACAAAACGTGC
AGTCCAAATGAAGAAATTGACAGTGCCTTC- --ACAGGAGGTCA- - -CCACAAAACGCGC
GGTCCAACTTAAGAAATTGACAGTGCCTTC - - -AAATGAGGCAA- - -CCACAAAACGTGC
GGTCCAACTTAAGAAATTGACAGTGCCTTC- - -AAATGAGGCAA- - -CCACAAAACGTGC
CGTTCAGGTGAAAACTATGACAGTGCCTTCACAAAATGAGGCAA- - -CCACAAAACGTGC
AGTCCAAGTGAAGAAATTGACAGTGCCTTC- --AAACGAGGCAA- - - ACACAAAGCGCGC
TGTCCAAGTGAAGAAATTGACGGTGCCTAC - --AAACGAGGCAAACCACACAAAACGCGC
TGTCCACGTGAAAAAGCTGACAGTGCCTTC - - -AAACGAGGGAG- - - CCACAAAACGCGC

+965
—— Y
GGCCTTGGGCGATTTGCAGAATCGCGGCATAAGTCGTC- == === === == === === CCAT
GGCCTTGGGCGATTTGCAGAATCGCGGCATAAGTCGTC-----~------==-—-~ CCAT
GGCCTTGGGCGATTTGCAGAATCGCGGCATAAGTCGTC-----=---==-====-= CCAT
GGCCCTGGGCGATTTGCAGAATCGCGGCATAAGTCGTC------------—----~ CCAT
GGCCCTGGGCGATTTGCAGAATCGCGGCATAAGTCGTC- - === === =====mmmmn CCAT
CGCTTTGGGCGACTTGCAGAATCGCGGCCTGAACCGLG- -~~~ ==~ == === === CCAT
TGCTTTGGGCGATCTGCAGAACCGCGGGTTGAACCGCG-----=-~-==-====-= CCAT
TGCTTTGGGCGATCTGCAGAACCGCGGGTTGAACCGCG-----~~--~-~~-------~ CCAT
AGCTTTAGGCGATCTACAGAATCGTGGACTTAATCGTGGCTTGACATCAAAGACCACCAC
CGCATTCGGCGATCTGCAAAATCGTGGACTAAATCGTG---~--=----=-====-- GACT
CGCACTCGGCGATCTGCAGAATCGAGGACTGAACCGTG- -~ ==~~~ ======-- GCGT
CGCACTCGGCGACTTGCAGAATCGGGGATTAGCTCGTG-----~-~----------~ AAAT
CGCAGCGAAGGATGCGGC
CGCAGCGAAGGATGCGGC
CGCAGCGAAGGATGCGGC
CGCCGCTAAGGATGCGGC
CGCCGCGAAGGATGCTGC
TGCTGCCAAAGATGCAGC
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Figure 4-5 (cont’d)

D.persimillis TGCCGCCAAAGATGTGGC
D.pseudoobscura TGCCGCCAAAGATGTGGC
D.willistoni CAACACGAAGGATGCGGC
D.mojavensis CATATCCAAGGAAGCGGC
D.virillis GATCTCCAAAGATGCGGC
D.grimshawi AACCACCAAAGATGTGGC
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Discussion

Our analysis of the CycB promoter reveals several unexpected properties of this cis regulatory
region. Unlike the more compact design of the G1/S specific PCNA gene, which appears to be
largely dependent on two E2f sites found 5 of the TSS (Thacker et al., 2003), sequences found
both 5” and 3’ of the promoter appear to interact to influence CycB activity (Figure 4-6A). The
dependence on 5’ activating sequences for 3’ repression to be manifested is reminiscent of other
well-studied developmental promoters such as the endo16 promoter from S. pupuratus, in which
specific modules combine their outputs to generate non-linear responses in developmental time
(Yuh et al., 2001). CycB is likely not the only cell cycle gene that uses larger promoter regions to
generate proper regulatory patterns; genes such as cyclin E were found to be associated with distal
open chromatin regions that are closed as cells of the wing disc enter terminal differentiation. This
promoter can be stimulated to enter one or two ectopic cell cycles by misexpression of E2F1, but
then are no more responsive, presumably due to loss of input from these distal regions (Ma et al.,

in press).

The consistent repressive effect of E2f1 expression on different versions of this promoter, and
activation by E2f2, is especially intriguing. A previous survey of endogenous genes responsive to
depletion of E2f1 or E2f2 showed that a number of genes silent in cycling S2 cells are upregulated
upon loss of E2f2, consistent with its previously assigned role in repression (Dimova et al., 2003).
However, E2f2 proteins contain a domain that is similar to the previously characterized
transcriptional activation domain of E2f1 proteins (Sawado et al., 1998), thus if there are specific
genes on which E2f2 can bind in the absence of associated retinoblastoma proteins, this latent
activity may be revealed. Similarly, depletion of E2f1 protein from S2 cells generally is associated

with the reduction of activity of cell-cycle active genes, indicating a role for activation (Dimova
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et al., 2003). However, binding of retinoblastoma proteins to E2f1 inhibits their function, thus if
CycB presents a specific cis-regulatory context in which E2f proteins preferentially associate
without (E2f2) or with (E2f1) complexed Rbf corepressor proteins, novel regulatory outputs may
be the result (Figure 4-6B). The specific nature of the cis regulatory context that would specify
such “role reversals” for E2f1 and E2f2 remains to be identified. The lack of E2f2 activation for
constructs in which the 3’ repressive region is present suggests that in the context of the
endogenous gene, where these sequences are naturally present, E2f2 may not exhibit this activity,

although it is not known if regulation would be different in quiescent cells.

The effects of Rbfl and Rbf2 overexpression are also revealing. By assessing different forms of
this promoter, containing different regulatory regions, we were able to identify contexts in which
the effect of Rbf2 are significant, and sometimes greater than that of Rbfl. Notably, the region
important for high level activity of this gene (-464 to -118) was not essential for Rbf2 regulation,
although this portion coincides with the center of the ChlIP peak. We found that the Rbf2 is able to
mediate effective repression of constructs containing the promoter-proximal area, which is
consistent with our previous finding that the core promoter region of CycB appears to be important
for mediating robust repression by Rbf2. Distinct basal promoter architecture has been shown to
affect responsiveness to enhancer activation, possibly because the core transcriptional machinery
experiences different rate-limiting allosteric changes in formation and release of the pre-initiation
complex (Arnold et al., 2017). We have previously suggested that Rbf2 may have evolved to
generate a different biochemical response compared to that of Rbfl on genes that are common
targets (Mouawad et al., in press). This Rbf1/2 distinction may include relative stability of complex
formation or actual transcriptional regulatory effect. These results indicate that properties of the

basal promoter may play a key role in enabling this differential function (Figure 4-6C). We did not
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comprehensively explore the roles of all E2f-like sequences in promoter proximal and distal areas,
thus it is unclear whether Rbf2 functions are entirely mediated through E2f2 binding. It is notable
that human Rb protein has been described to directly target basal machinery of RNA polymerase

I11 genes (Gjidoda and Henry, 2013).

An additional aspect of Rbf2 regulation is the observation that when this corepressor is
overexpressed in 12-18 hour embryos, a point in development where many cell types have entered
into terminal differentiation, a number of lowly expressed genes, including CycB, are actually
activated (Mouawad et al., in press). We propose that stable long-term repression may involve
formation of Rbfl complexes on these promoters, where transient replacement with Rbf2 would
disrupt existing complexes and allow a burst of expression. The differences in protein complex
stability and actual Rbf corepressor repression mechanisms in continuously cycling cells vs.

differentiated cells remains to be fully explored.

Our study of CycB regulation includes 3’ intronic sequences. Considering the phylogenetic
conservation of the gene, it is apparent that certain promoter-proximal as well as intronic elements
are highly conserved, suggesting that these regions may be important for proper expression of the
gene. It is significant that the study of Rb family proteins on the human CCNB1 promoter has been
focused exclusively on basal promoter and 5° regions (Zhu et al., 2004), although there is a high
level of sequence conservation within the first intron in mammalian CCNB1 genes (Figure 4-7).
As foreshadowed by the presence of developmentally active distal enhancer-like sequences for
certain Drosophila cell cycle genes (Ma et al., in press), the complete understanding of these genes
will require a more comprehensive consideration of relevant cis elements, which may reveal novel

properties for regulation by E2f and Rb family members.
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The complex and specific interactions between elements of the CycB promoter and Drosophila
retinoblastoma proteins doubtlessly reflect a strong selection to yield proper cell cycle regulation.
It is interesting that the Rbf2 gene has evolved significantly from the ancestral retinoblastoma gene,
with loss of several conserved features, including the instability element in the C-terminal region
of the protein (Mouawad et al., in press). The unique functional responses of CycB take advantage
of the distinct regulatory potentials of the Drosophila retinoblastoma proteins; similar functional
differentiation is likely the case in vertebrates, where a parallel evolutionary divergence of

retinoblastoma proteins has occurred.
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Figure 4-6: Specific CycB promoter elements impact gene activity and transcriptional

response to Rbf and E2f factors. (A) Potential repressors in the 3’ region of the promoter interfere

with activators on the 5’ -118 t0-464 region. Additional repressors present in the 5° end region also
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Figure 4-6 (cont’d)

inhibit the activation of the gene in a different mechanism. (B) E2f2 is an activator of CycB, and
overexpression of E2fl antagonizes E2f2 and binds to the promoter as a complex with Rbfl
leading to repression. (C) Rbf2 potently represses CycB through interacting with E2f2 at the -53
to -118, and -118 to -464 regions, and independently inhibiting factors at the basal promoter. Rbfl

primarily inhibits the gene through interacting with the -118 to -464 region only.
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Figure 4-7: Conservation of promoter region and first intron of Cyclin B1 gene among
mammals. Schematic representation of the CCNB1 gene taken from the UCSC genome browser.
Blue peaks indicate the H3K27Ac chromatin mark. Cyclin B1 genes from the following organisms
are shown: Rhesus, mouse, dog, elephant, chicken, frog, zebrafish and lamprey. The conservation
is indicated by black bars. Notably, the first intron is highly conserved in mammals including

rhesus, mouse, dog and elephant.
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Materials and methods

Reporter constructs

The CycB promoter regions were cloned into Ascl and Sall sites in the pAC2T-luciferase
vector (Acharya et al., 2010). The The CycB (-464, +100) m1E2F mutant construct, and the CycB
(-118, +965) E2F and DREF mutant constructs were created using site-directed mutagenesis. CycB
(-464, +100) triple m1E2F, m2E2F and m3E2F mutant construct was synthesized as Gblock gene
fragments by IDT (IDTDNA.com) and cloned into the pAC2T-luciferase vector using Ascl and
Sall sites. The PCNA-luciferase reporter (a gift from the Nick Dyson laboratory) was previously
described (Acharya et al., 2010; Yamaguchi et al., 1995). The plE-E2f1 and plE-E2f2 vectors were
a gift of the Maxim Frolov laboratory (Frolov et al., 2001). The pAX-Rbfl and pAX-Rbf2 were

previously described (Acharya et al., 2010).

Luciferase reporter assays

Drosophila SL2 cells were cultured in Schneider’s medium (Gibco) supplied with 10% HI-FBS
and penicillin-streptomycin (100 units/mL penicillin and 100 pg/mL streptomycin, Gibco). 1.5
million cells were transfected using Effectene transfection reagent (Qiagen) with 250 ng of each
CycB reporter vector. An equal amount of PCNA-luciferase reporter vector was transfected in
separate wells on the same day. Expression of CycB reporters were normalized to PCNA reporter.
Transfection of CycB reporters along with pAX-Rbfl, pAX-Rbf2, plE-E2f1, plE-E2f2 or pAX
control vector was done similarly. Co-transfection with 250ng of pIE-E2f1 or plIE-E2f2 along with
pAX-Rbfl or pAX-Rbf2 was also performed, compared to equal amount (500ng) of pAX vector as

control. Luciferase values were normalized to PCNA reporter and then re-normalized to pAX
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control vector. Cells were harvested 72 hours post-transfection, and luciferase assays were

conducted as described previously (Wei et al., 2015; Acharya et al., 2010).

Motif search

The E2F and DREF motifs, described previously (Acharya et al., 2012), were identified using

MAST (MEME-suite v.5.0.5) using P<0.001 and P<0.005 cutoffs.

Multiple sequence alignments

D. melanogaster CycB (-1000 to +1000) sequence was acquired from FlyBase. Sequences from
other 11 Drosophila species (D. simulans, D. sechellia, D. yakuba, D.erecta, D. anannassae, D.
persimillis, D. pseudoobscura, D. mojavensis, D. virillis, and D. grimshawi) were retrieved from
BLAST tool from NCBI. Multiple sequence alignment was performed using Multiple Alignment
using Fast Fourier Transform (MAFFT v.7.397) software by European Bioinformatics Institute

(EBI). Conserved residues with respect to D. melanogaster were highlighted in yellow shade.
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CHAPTER 5

The function of the Rbf1 instability element in gene regulation

Abstract

Turnover and activity of retinoblastoma proteins are impacted by a conserved C-terminal region
termed the instability element (IE). The IE is conserved in Rbfl, p107 and p130, and conserved
residues of this region are changed or absent from the more derived retinoblastoma proteins: Rb
in humans and Rbf2 in Drosophila. Therefore, understanding the function of the IE may provide
insights on the functional diversification of the retinoblastoma proteins. Here, we studied the
impact of Rbf1 and IE-mutant Rbf1 isoforms on gene regulation using RNA-seq analysis in wing
imaginal discs and embryos. We showed that in both systems, IE mutations affect the function of
Rbf1 in a different manner. Removing the IE region (Rbf1-AIE) is usually associated with weaker
activity of the protein, indicating that this region is either crucial for gene targeting or associating
with cofactors for a potent repression activity. Interestingly, point mutations of specific residues

within the IE impact gene regulation in different manners, indicating gene specific functions.
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Introduction

In addition to regulation by phosphorylation, retinoblastoma protein levels are regulated by the
turnover through the ubiquitin proteasome pathway. A conserved C-terminal region (58 residues),
termed the instability element (IE) was identified as a degron responsible for degradation of the
ancestral retinoblastoma proteins: Rbfl, p107 and p130 (Acharya et al., 2010; Sengupta et al.,
2015). Interestingly, the IE also affects repression function as shown in reporter assays for E2F
target genes (Acharya et al., 2010; Sengupta et al., 2015). Rbf1-AlIE (deletion of the IE) mutant is
more stable than full length WT-Rbf1 protein but a weaker repressor on canonical E2F target genes

such as PCNA (Acharya et al., 2010; Raj et al., 2012).

Conserved lysine and phosphorylation serine residues within the IE affect Rbfl stability and
activity in distinct manners (Acharya et al., 2010; Zhang et al., 2014). A mutant form of Rbf1 with
a mutation in a conserved lysine residue (K774) was a stronger repressor of PCNA reporter and
induced severe phenotypes when expressed in fly eyes and wings (Acharya et al., 2010; Zhang et
al., 2014; Elenbaas et al., 2015). Within the IE, there are three conserved serine phosphorylation
residues (S728, S760 and S771) that represent canonical serine-proline phosphorylation motifs.
Overexpression of a mutant form of Rbfl in which these serines are mutated to alanines (3SA),
results in phenotypes as severe as those produced by the K774A mutant (Zhang et al., 2014).
Interestingly, both Rbf1-3SA and Rbf1-K774A mutant isoforms were not inactivated by Cyclin-

Cdk overexpression, as shown by their ability to repress PCNA reporter (Zhang et al., 2014).

In vitro studies showed that acetylation of the homologous lysine to K774 residue is important for
in vitro Cdk4-mediated phosphorylation of the human Rb protein (Saeed et al., 2012), pointing to

important roles in regulation of retinoblastoma proteins by phosphorylation. It is not fully
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understood whether mutation of this residue has the same consequences for Rbfl function as the
conversion of three serines to alanine in the IE, which are phosphorylation target sites.
Interestingly, conserved residues of the IE are modified or lost in the more derived retinoblastoma
proteins, Rb in mammals and Rbf2 in Drosophila, pointing to important functions that are
associated with functional diversification of retinoblastoma proteins. Considering the functional
role of the IE, and the evident evolutionary changes that impact its structure, more studies have to
address the role of conserved functional residues within the IE in a physiological context. In
addition to evolutionary perspectives, it is interesting that specific point mutations and deletions
within p107 and p130 IE region have been reported in cancer patients, suggesting that altered
function of this segment of Rb family proteins may be relevant to understanding disease (Forbes

etal., 2011; Gao et al., 2013).
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Results and Discussion

Regulation of gene expression by Rbfl and Rbfl mutant proteins in wing imaginal discs.

We showed in earlier studies that mutations in the Rbfl IE region resulted in distinct wing
phenotypes when these mutants were expressed in fly wing imaginal discs; wings with
overexpressed Rbf1-AIE were only subtly affected, while overexpression of the wild-type Rbfl
protein induced apoptosis and notching of the wing. Expression of the Rbfl1-K774A mutant
induced high levels of apoptosis and severe wing developmental defects (Elenbaas et al., 2015).
To understand the impact of mutations of the Rbf1 IE region on gene regulation in this system, we
performed an RNA-seq analysis of wing imaginal discs overexpressing either WT-Rbfl, Rbfl-
AIE or Rbfl1-K774A proteins. The relevant cDNAs were expressed by a GAL4 activator protein
expressed under control of the Pen promoter, which is active in the wing imaginal discs of the
third instar larvae, at a developmental stage when the wing is patterned from a sheet of epithelial
cells to become the differentiated structure. We focused on genes that are directly occupied by
Rbf1, based on previous ChlP-seq data for the endogenous protein in embryos (Wei et al., 2015).
Overall, expression of the Rbf1-AIE resulted in a minimal impact on gene expression, with only
162 genes’ expression changed more than 20% from the control levels. In contrast, overexpression
the Rbf1-K774A mutant resulted in a more pervasive effect on gene expression, with 621 genes
showing up or down regulation. The overexpression of the WT Rbf1 protein resulted in moderate
changes to gene expression, with 378 genes’ expression affected (Figure 5-1A, B, C). These results
are consistent with the different phenotypes that resulted from overexpression of these two

different mutants in wing imaginal discs (Elenbaas et al., 2015).

Although we focused on potential Rbfl direct targets, the significant number of genes induced

after the expression of the Rbf1 isoforms contrasts with the expected suppression of transcription
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by this corepressor. We hypothesize that these inductions may reflect indirect effects on gene
regulation, as in this experimental setup, the expression of these proteins continues for
approximately 72 hours, long enough for secondary and tertiary responses to occur. Gene ontology
analysis for genes induced by all the Rbfl isoforms did not reveal significant enrichment for any
biological process (data not shown). In contrast, gene ontology for genes repressed by the WT-
Rbfl and Rbf1-K774A overexpression showed enrichment for cell cycle related genes.
Interestingly, genes that are uniquely repressed by the Rbf1-K774A protein are enriched for neuron

development and nervous system processes (Figure 5-1D).

We focused on cell cycle genes that are known to be regulated by Rbf1 protein to determine how
they are affected by the IE mutations (Figure 5-1E). Expression of the Rbf1-AIE protein had little
effect on this group of genes, in contrast to the effects of expression of the WT protein.
Interestingly, unlike the overall pattern of stronger repression activity on many genes, for cell
cycle-related genes, the Rbf1-K774A mutant had a much weaker effect on cell cycle genes,
compared to that of the WT protein. Therefore, in this setting, the Rbf1-K774A mutant does not
seem to be a uniformly more potent repressor than the WT-Rbf1 protein, although the possibility
of secondary and tertiary effects makes a direct comparison difficult. In any event, it is clear that
mutations affecting this lysine residue have a gene specific function. Consistent with our previous
findings that this mutation induces apoptosis in wing imaginal discs, we find that p53 is induced

(Figure 5-1E).
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Figure 5-1: RNA-seq analysis from wing imaginal discs expressing WT and mutant Rbfl

proteins. (A) A heatmap generated by unsupervised clustering of RNA-seq data from wing

imaginal discs overexpressing WT-Rbf1, AIE-Rbfl and K774A-Rbf1. Control samples represent

wing imaginal discs overexpressing GFP. Values represent average of three biologic replicates,

and counts lower than 10 are filtered out, and only genes bound by Rbfl based on ChIP-seq data

are included. Values represent log transformed RNA-seq counts that are mean centered for each

166



Figure 5-1 (cont’d)

gene. Blue indicates reads below the mean, black equal to the mean, and yellow, above the mean.
(B) Venn diagram showing the overlap between genes repressed after overexpression of each Rbfl
isoform. Those genes were extracted from the heatmap, and repression indicates at least 20%
downregulation of the gene with respect to control. (C) Venn diagram showing the overlap
between genes induced after overexpression of each Rbfl isoform. Those genes were extracted
from the heatmap, and induction indicates at least 20% upregulation of the gene with respect to
control. (D) Gene ontology analysis on unique and overlapping repressed genes shown in the Venn
diagram in B. The top three categories based on FDR were selected and displayed in the table.
“None” indicated no enrichment of any biologic process. (E) Relative gene expression of cell cycle
genes that have counts > 10 and are bound by Rbfl in vivo. Values represent average of three

biologic replicates.

Regulation of gene expression by Rbfl and Rbfl mutant proteins in embryos.

As noted above, the long-term expression of Rbfl proteins in the wing disc allows for secondary
and tertiary effects to be manifested, which can complicate interpretation of possible direct
effects on promoter activity. To obtain a more direct insight into transcriptional regulation, as
well as assessing the activities of these proteins in an earlier developmental period when Rbfl is
also active, we expressed the WT-Rbf1 protein and different IE mutants in 12-18 hr. embryos
using a heat shock inducible system. After a brief 20-minute heat induction, embryos were aged
60 minutes before RNA collection and RNA-seq analysis. Here again, we focused on genes
directly bound by the endogenous Rbfl protein (Wei et al., 2015). In these experiments we

included an additional IE mutant, 3SA-Rbf1, in which three conserved serine residues in the IE
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were changed to alanine. Similar to Rbf1-K774A, this mutant protein was also shown to induce

severe phenotypes when expressed in Drosophila wings and eyes (Zhang et al., 2014).

In this system, the AIE-Rbf1 resulted in more changes to gene expression, affecting the expression
of 438 genes, which was similar to the level of perturbation resulting from the WT-Rbf1 protein
(Figure 5-2A, B, C). As expected, the Rbf1-K774A protein resulted in a greater impact on gene
expression. Overexpression of the Rbf1-3SA resulted in the most pervasive effect on gene
expression, and showed a pattern that was distinct from that of Rbf1-K774A. In our earlier studies,
we found that Rbf1-3SA and Rbfl-K774A mutant isoforms had similar properties; they were not
inactivated by Cyclin-Cdk overexpression for repression of a PCNA reporter, and overexpression
of these mutants resulted in similar developmental phenotypes (Zhang et al., 2014). One
hypothesis explaining these similarities is that modification of K774 regulates phosphorylation of
neighboring serine residues. Therefore, it was unexpected that overexpression of Rbf1-3SA and
Rbf1-K774A in embryos resulted in different effects on gene expression ((Figure 5-2A, B, C),
indicating that the function of the lysine K774 residue may not simply control modification of the
adjacent serine residues present in the IE. We hypothesize that the IE impacts Rbfl repression

potency and gene targeting in a context-specific manner.

As expected, gene ontology analysis showed enrichment for cell cycle related genes among genes
repressed after overexpression of the WT-Rbf1 protein (Figure 5-2D). There was no significant
enrichment for any biological process in the genes that were repressed by the other Rbf1 isoforms.
Surprisingly, for the induced genes, GO analysis on the commonly induced genes (n=125) showed
enrichment for cell cycle and mitosis genes (data not shown). Indeed, when we looked closely at

cell cycle genes, we found a number of them, including CycB, being induced by all the Rbfl
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isoforms (Figure 5-2E). Interestingly, PCNA is repressed by all the Rbf1 isoforms, indicating that

even if IE mutations are present, PCNA is still sensitive to Rbfl overexpression.
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Figure 5-2: RNA-seq analysis from embryos overexpressing WT and mutant Rbfl proteins.

(A) A heatmap generated by unsupervised clustering of RNA-seq data from embryos

overexpressing WT-Rbf1, AIE-Rbfl, K774A-Rbfl and 3SA-Rbf1 proteins, or control embryos.
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Figure 5-2 (cont’d)

Values represent average of three biologic replicates, and RPKMs <1 are filtered out, and only
genes bound by Rbfl based on ChlIP-seq data are included. Values represent log transformed
RNA-seq counts that are mean centered for each gene. Blue indicates reads below the mean, black
equal to the mean, and yellow, above the mean. (B) Venn diagram showing the overlap between
genes repressed after overexpression of each Rbfl isoform. Those genes were extracted from the
heatmap, and repression indicates at least 20% downregulation of the gene with respect to control.
(C) Venn diagram showing the overlap between genes induced after overexpression of each Rbfl
isoform. Those genes were extracted from the heatmap, and induction indicates at least 20%
upregulation of the gene with respect to control. (D) Gene ontology analysis on unique and
overlapping repressed genes shown in the Venn diagram in B. The top three categories based on
FDR were selected and displayed in the table. “None” indicated no enrichment of any biologic
process. (E) Relative gene expression of cell cycle genes that have RPKMs> 1 and are bound by

Rbfl in vivo. Values are log-transformed and represent average of three biologic replicates.

The impact on gene expression by Rbf1 is context-dependent.

To determine whether similar changes are observed in both wing imaginal discs and embryos,
we compared overlap of the two RNA-seq data sets. There was small overlap between genes
repressed and induced by the overexpression of the WT-Rbf1 protein (Figure 5-3A, B). Only 27
genes were similarly repressed in the two systems, and these genes were enriched for cell cycle
related genes (Figure 5-3C). Similarly for the induced genes, the overlap was only 21 genes and
no enrichment for any biological process (Figure 5-3D). Similarly, overexpression of AIE-Rbfl

and K774A-Rbf1 resulted in small overlap between wing and embryo datasets (Figure 5-4, 5-5).
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Interestingly, in both datasets, PCNA was repressed by overexpression of AIE-Rbf1 (Figure 5-
4A, B) indicating the IE is not necessary for repression of this gene. K774A-Rbfl overexpression
in the wing imaginal discs resulted in repression of genes involved in cell cycle and

neurogenesis. These biological processes were absent from the embryo data.

A B
Wing WT-Rbf1 Embryo WT-Rbf1 Wing WT-Rbf1 Embryo WT-Rbf1
193 27 102 137 21 274
Repressed genes Induced genes
o Repressed genes Number of genes GO Terms FDR
cell cycle 1.80E-07
WT-Rbf1 wing only 193 gamete generation 3.05E-06
regulation of chromatin organization  8.29E-05
WT-Rbf1 embryo only 102 None
DNA replication 6.58E-19
WT-Rbf1 wing and embryo 27 mitotic cell cycle 2.09E-08
DNA repair 1.08E-07
R Induced genes Number of gene GO Terms FDR
WT-Rbf1 wing only 137 neuron development  4.59E-02
mitotic cell cycle 6.32E-09
WT-Rbf1 embryo only 274 organelle fission 3.99E-07
gamete generation ~ 9.15E-05
WT-Rbf1 wing and embryo 21 None

Figure 5-3: Comparison of RNA-seq data from wing imaginal discs and embryos expressing
WT-Rbf1 protein. (A) Venn diagram showing intersection of repressed genes in wing discs and
embryo. Repression indicates at least 20% downregulation of the gene with respect to control in
each dataset. RPKM<1 and counts<10 are removed from the wing and embryo datasets
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Figure 5-3 (cont’d)

respectively. Only genes bound by Rbfl based on previous ChIP-seq data are included. (B) Venn
diagram showing intersection of induced genes in wing discs and embryo. Induction indicates at
least 20% upregulation of the gene with respect to control in each dataset. RPKM<1 and counts<10
are removed from the wing and embryo datasets respectively. Only genes bound by Rbf1 based on
previous ChlP-seq data are included. (C) Gene ontology analysis on unique and overlapping
repressed and (D) induced genes shown in the Venn diagram in B. The top three categories based

on FDR were selected and displayed in the table. “None” indicated no enrichment of any biologic

process.
A B
Wing AIE-Rbf1 Embryo AIE-Rbf1 Wing AIE-Rbf1 Embryo AIE-Rbf1
9 298
PCNA
Mis12
CG32196 GO terms | FDR
CG10345 mitotic cell cycle 1.69E-14
a0 CR43242 110 92 21 | organelle fission 3.19E-14
CG5577 gamete generation/ 5.37E-13
CGY9344
CG 14990
CG5399 /
Repressed genes Induced genes

Figure 5-4: Comparison of RNA-seq data from wing imaginal discs and embryos expressing
AIE-RDbf1 protein. (A) Venn diagram showing intersection of repressed genes in wing discs and
embryo. Repression indicates at least 20% downregulation of the gene with respect to control in
each dataset. RPKM<1 and counts<10 are removed from the wing and embryo datasets

respectively. Only genes bound by Rbf1 based on previous ChlP-seq data are included. The nine
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Figure 5-4 (cont’d)

commonly repressed genes are listed. (B) Venn diagram showing intersection of induced genes in
wing discs and embryo. Induction indicates at least 20% upregulation of the gene with respect to
control in each dataset. RPKM<1 and counts<10 are removed from the wing and embryo datasets
respectively. Only genes bound by Rbf1 based on previous ChlP-seq data are included. The GO

term for uniquely induced genes (298) in embryo are shown in the table.

A B
Wing K774A-Rbf1 Embryo K774A-Rbf1 Wing K774A-Rbf1 Embryo K774A-Rbf1
344 21 102 223 33 3rs
Repressed genes Induced genes
C
Repressed genes Number of genes GO Terms FDR
chromosome organization 2.17E-15
K774A-Rbf1 wing only 344 cell cycle 1.45E-11
neurogenesis 7.64E-10
K774A-Rbf1 embryo only 192 None
K774A-Rbft wing and embryo 21 None
D
Induced genes Number of genes GO Terms FDR
K774A-Rbf1 wing only 223 imaginal disc development 3.65E-03
cell cycle 2.08E-26
K774A-Rbf1 embryo only 378 chromosome organization  3.18E-17
nuclear division 5.60E-16
female gamete generation  4.09E-02
K774A-Rbf1 wing and embryo 33 regulation of cell size 4.35E-02
oogenesis 5.41E-02

Figure 5-5: Comparison of RNA-seq data from wing imaginal discs and embryos expressing
K774A-Rbfl protein. (A) Venn diagram showing intersection of repressed genes in wing discs
and embryo. Repression indicates at least 20% downregulation of the gene with respect to control
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Figure 5-5 (cont’d)

in each dataset. RPKM<1 and counts<10 are removed from the wing and embryo datasets
respectively. Only genes bound by Rbfl based on previous ChIP-seq data are included. (B) Venn
diagram showing intersection of induced genes in wing discs and embryo. Induction indicates at
least 20% upregulation of the gene with respect to control in each dataset. RPKM<1 and counts<10
are removed from the wing and embryo datasets respectively. Only genes bound by Rbf1 based on
previous ChlP-seq data are included. (C) Gene ontology analysis on unique and overlapping
repressed and (D) induced genes shown in the Venn diagram in B. The top three categories based
on FDR were selected and displayed in the table. “None” indicated no enrichment of any biologic

process.

Collectively, these data indicate that in each tissue, Rbfl and IE isoforms have different impacts
on gene regulation. However, as noted, the differences in how these experiments are conducted is
likely to impact the outcome of RNA-seq analysis; transient embryo expression allows for better
assessment of direct transcriptional impacts, while the sustained expression in the wing disc can

reveal gene pathways that include direct and indirect impacts.

In conclusion, we were able to provide insights on the function of the IE in vivo in a whole animal
and in a specific tissue. We found that depending on the tissue or cell type, Rbfl may have a
different effect on gene regulation, and the IE affects this regulation. More studies are needed to
address the molecular mechanisms by which the IE region influence gene targeting and repression

activity of Rbfl.
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Material and methods

RNA-seq analysis in wing imaginal discs

The UAS-WT-RBfl, UAS-A/E-RBfl and UAS-K774A-RBfl fly lines were constructed as
previously described (Zhang et al. 2014, Elenbaas et al., 2015). Pendulin-Gal4 driver line (Stock
Number: 113920) and UAS-GFP line which is used as control (Stock Numbers: 35786) were
obtained from Bloomington Stock Center. Wing imaginal discs were dissected from third-instar
larvae generated from crossing PenGal4 flies to UAS-WT-RBf1, UAS-4/E-RBf1, UAS-K774A
RBfl or UAS-GFP flies. Total RNA was isolated using TRIzol (Invitrogen) and RNeasy Mini kit
(QIAGEN). Three biologic replicates from each cross were submitted for sequencing using
Illumina HiSeq2500 platform as previously described (Wei et al., 2015). RNA-seq reads were
mapped using TopHat v2.1.0 and counted using HTSeq v0.6.0. Only genes that have counts >10
and are occupied by Rbf1 based on previous ChlP-seq data (Wei et al., 2015) were included in the
following analysis. Unsupervised clustering was performed on 1615 genes using Cluster3.0
software based on Euclidean distance, and the heatmap was visualized using JAVA TreeView
v1.1.6r4. The average counts from three biologic replicates were log transformed, mean centered
and filtered at 0.2 SD to remove genes with little variation across samples (703 genes remained in
the heatmap). Genes repressed or induced (at least 20% change) by each Rbf isoform were picked

from the heatmap to generate Venn diagrams.

RNA-seq analysis in embryos

Embryos (12-18 hr age) carrying heat shock inducible WT-Rbfl, A/E-RBf1, K774A-Rbfl or 3SA-
Rbfl transgenes, as well as control flies that don’t carry any Rbf transgene, were briefly heat

shocked for 20-minutes. After 60 minute-recovery time, total RNA was extracted using Total RNA
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Kit (OMEGA). Poly-A+ RNAs were purified from the total RNA using Oligotex mRNA Mini kit
(Qiagen) and were prepared for the single molecule sequencing (SMS) as described previously
(Kapranov et al. 2010). Sequencing was performed at the SeqLL, LLC facility (Woburn, MA).
Reads were processed and aligned to the Dm6 version of the Drosophila melonagaster genome
using indexDP genomic aligner as described previously (Giladi et al., 2010; Kapranov et al., 2010).
RPKM values were generated from uniquely aligned reads for each transcript annotated in the
RefSeq Genes database of the UCSC Genome browser (Kent et al. 2002). Three biologic replicates
were done for each sample. Only genes with RPKM>1 and bound by either Rbf1 based on previous
ChlP-seq dataset (Wei el al., 2015) were further analyzed. Unsupervised clustering was performed
on 1756 genes using Cluster3.0 software, and the heatmap was visualized using JAVA TreeView
v1.1.6r4. The counts were log transformed, mean centered and filtered at 0.2 SD to generate a
heatmap that includes a total of 893 genes. Genes repressed or induced (at least 20% change) by

each Rbf isoform were picked from the heatmap to generate VVenn diagrams.

Gene ontology

Gene ontology analysis was performed for repressed and induced genes in both wing discs and
embyos using PANTHER14.1. Overrepresentation test based on GO biological process was

calculated using Fisher’s exact test with FDR correction.
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CHAPTER 6

Future Directions

Here, | discuss future projects designed to learn more about the function of the retinoblastoma
family of proteins. My research has transformed our understanding of the genomic-level role of
the Drosophila retinoblastoma protein Rbf2, and the insights from this work point to the utility of
using the fly Rbf1/Rbf2 system to help us understand the roles of the human retinoblastoma

proteins.

In Chapter 3, we show that Rbf2 plays a role in regulating female fertility (Mouawad et al., in
press). To understand the molecular mechanisms by which Rbf2 regulates ovary function, I
propose to perform an RNA-seq experiment on Rbf2 mutant ovaries. This assay will provide a
genome-wide perspective on the expression of genes impacted by the loss of Rbf2 in the ovaries,
and would potentially indicate a molecular mechanism for the egg laying phenotypes that we
observe. | expect to find genes related to the Pi3K pathway, since Pi3K92E was one of the genes
significantly induced in Rbf2 mutant ovaries. In addition, since Rbf2 mutant males and females
show a decrease in lifespan, functions that impact both sexes also remain to be elucidated.
Therefore, it will be interesting to analyze the transcriptome in embryos, where Rbf2 is expressed
in both sexes. | hypothesize that Rbf2 may be impacting processes in embryonic development that
are leading to a decrease in lifespan when Rbf2 is lost. The widespread expression of Rbf2 leaves
open the possibility that the observed lifespan phenotype may be related to function of this gene
product in one or more tissues, including the central nervous system. The critical genes that are

impacted may include those that we identified as “Rbf2-exclusive” targets, or they may include
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genes in which a proposed interplay between Rbf1 and Rbf2 is critical. The advantages of a general
picture from RNA-seq assays is that one can assess the impacts of Rbf2 across many genes and
systems. Of course, these experiments will not be able to directly differentiate direct from indirect
effects, although our knowledge about the physical targeting of genes in the embryo from ChlP-
seq experiments provides a first-level estimation of likely direct transcriptional effects. Another
experiment that would be revealing is studying the expression of Rbf2 within the ovary to
determine in which cells it is predominantly present, which will give us hints about its function.
In our first assessment of Rbf2 mRNA and protein expression in development, we did not examine
the expression in adult tissues in detail. A first-level assessment would involve carrying out
immunohistochemical studies of ovaries using antibodies to Rbf2. A more fine-grained analysis
would involve examining the impact of Rbf2 loss on individual cell types using single-cell RNA-
seq approaches. Recent studies from the Frolov laboratory have described how such sc-RNA-seq
analysis can provide a detailed picture of Rbf1 function in the eye imaginal disc (Ariss et al., 2018).
It is useful that the Rbf2 mutant phenotype is not lethal, allowing us to test the activity of the gene
in different developmental stages. For instance, we can study the impact of presumably complete
Rbf2 loss on ovary function; it would be interesting to study the impact of Rbf2 heterozygosity as
well. I expect that the phenotypes may not be the same as the Rbf2 null phenotype, as the gross

phenotypes of the heterozygotes are less severe as the homozygous mutant.

My studies describe a parallel evolution of Drosophila and human retinoblastoma proteins
emphasizing the divergence of the C-terminal domain in human Rb and Drosophila Rbf2.
Interestingly, we showed that the C-terminal instability element, which is lost in the derived Rb
proteins, has important impacts on cell growth and apoptosis (Elenbaas et al., 2015). Conserved

serine and lysine residues within the IE have significant impact on the normal function of the
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protein (Zhang et al., 2015). In order to study the function of the IE and how it contributed to the
functional diversification of the retinoblastoma proteins, it would be very interesting to understand
molecular mechanisms in which the IE impacts gene targeting and repression potency of Rbfl. As
shown in Chapter 5, when overexpressed in embryo and wing imaginal discs, Rbfl IE-mutants
impact gene regulation in distinct manners. Currently, it is not known whether the differential
effects of the different isoforms is due to changes in the binding of the Rbfl proteins to target
genes, or whether their repression activities are changed due to differential association with

chromatin modifying/remodeling complexes, for example.

Therefore, using these datasets, it will be interesting to pick groups of genes and study the impact
of IE mutations on binding to target genes and on changes to chromatin structure. We are currently
using a modified CRISPR/Cas-9 system to drive IE-mutant and WT Rbf1 proteins to specific genes
and study chromatin changes. This analysis will provide insights on the molecular mechanisms by
which the IE impacts Rbf1 function and will help us understand why the more derived Rb proteins
lack the IE element, and how this alters their function. | have also used my RNA-seq datasets to
select genes that were differentially regulated by the overexpression of different IE-mutant Rbfl
proteins, and we have created transgenic flies containing reporters generated from those genes. We
are currently using these transgenic flies and inducing the expression of the WT and the IE-mutant
Rbfl proteins to measure changes on the reporter gene in vivo. The goal of these experiments is
to test whether the defined promoter-proximal areas are sufficient to mediate the differential effects
of Rbfl isoforms (wild-type protein, and mutants with changes to the C-terminal domain). If
regulation of these transgenes is the same as for their endogenous counterparts, it will be interesting
to mutate cis elements on promoters of these reporter genes to understand the impact of promoter

structure on repression by Rbfl and the IE-mutant proteins. This analysis will provide insights on
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the role of the IE in gene specific repression and targeting and how promoter contexts influence

this process.

In Chapter 4, | change my focus from genome-wide perspectives to a detailed promoter-specific
analysis of Rbfl and Rbf2 function. This work has provided insights on the role of promoter
contexts on gene regulation by Rbfl and Rbf2. | show that Rbf2 is a potent repressor of CycB in
contrast to the weak activity on PCNA. | mutated putative E2F sites within the core promoter
region, and found that other E2F sites are playing redundant roles in regulating the CycB gene.
Therefore, it would be interesting to extend the analysis of cis regulatory sequences within this
promoter, including the mutation of additional E2F sites, including ones that lie in the conserved
3’ intronic region that | show to have a repressive role on the expression of the CycB reporter.
Some of these E2F sites are highly conserved in all Drosophila lineages and are therefore of special
interest for further exploration. An interesting point from these studies is that E2f1 and E2f2
functions on CycB reporter are opposite to the canonical picture which holds that E2f1 is an
activator and E2f2 is associated with repression function. Additional E2F mutations on the CycB
reporter will provide insights on mechanisms by which E2f factors change from activators to
repressors or vice versa on specific genes. An unsolved question from these studies of the CycB
promoter is that in contrast to the repression by Rbf2 seen in actively cycling cultured S2 cells, the
gene is activated by overexpression of Rbf2 in the context of 12-18 hour old embryos, possibly
because of differences between the cell cycle status and occupancy of Rbfl between these two

conditions.

In summary, my research has provided experimental evidence for a different type of function from
the simple model describing Rb proteins as a mechanism for on/off switching of cell cycle genes.

Previous work by Dyson and colleagues has hinted at the role for Rb proteins on developmentally

183



regulated genes, where cell-cycle phosphorylation and inactivation is not part of the regulation
(Dimova et al., 2003). With my studies, we now have a richer picture that indicates pocket proteins
can play more nuanced roles, modulating the expression of specific sets of cell growth control
genes, either counterbalancing Rbfl controls, or working independently. This differentiated
function appears to be a field of gene network regulation in which differential evolutionary
scenarios are explored, impacting the structure and function of retinoblastoma proteins. Future
molecular and evolutionary studies will provide us a richer understanding of the complexity of

retinoblastoma protein function in metazoa.
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