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ABSTRACT

Retinoblastoma tumour suppressor Rb is a cell cycle regulator that is
active during early G1 preventing the transition from G1 to S-phase. This is
achieved by Rb inhibiting E2F transcription factors from activating expression of
genes required for G1 to S-phase progression and DNA synthesis. In our initial
genetic test searching for genes that interact with mutations of rbf1, the
homologue of rb in Drosophila melanogaster, one of the genes identified was tsc/,
which is also a tumour suppressor gene that regulates translation and cell growth.
We found that in Drosophila eye imaginal disc cells, #sc/ and rbf] mutations have
a synergistic effect on increasing the level of cell death and promoting ectopic S-
phase entry. In addition, I found that dE2F1 protein level increased in tsc/ mutant
eye disc cells, which implies that Tscl is a negative regulator of dE2F1
expression. The goal of my thesis study was to characterize the synergistic
relation between Rbf1 and Tscl as well as the regulation of dE2F1 expression by
Tscl.

In cells triple-mutant for rbfl, tscl, and de2f1, 1 found that the observed
elevation in cell death in rbf1 and tscIdouble-mutant cells was suppressed, which
suggests that the cooperation between Rbf1 and Tscl is dE2F1-dependent.
Moreover, by using a reporter construct for dE2F1 activity, PCNA-GFP, and
performing in situ hybridization with anti-sense RNA probes of dE2F1 target
genes, rnrS, Cyclin E, and PCNA, I showed that activities of de2f] downstream
target genes were activated by tsc/ mutations, suggesting that Tsc1 also regulates

dE2F]1 target gene expression. Through clonal analysis of loss-of-function mutant



alleles of the canonical Tsc pathway genes, I found that Tscl regulates dE2F1 via
the Tsc pathway, specifically tsc/rheb/Tor/s6k.

Finally, my RTq-PCR result showed that the regulation of dE2F1 protein
expression by Tscl is at post-transcriptional level. To address whether the
regulation is at the level of translation, I cloned the 5’ untranslated regions (UTRs)
of de2f] mRNA variants, de2fl-RA-a and de2fI-RA-f3, and incorporated them
upstream of GFP proteins to generate translational reporters that monitor the
effect of the 5° UTR. The results from these translational reporters in transgenic
flies suggest that Tsc1 regulates dE2F1 expression at both the level of translation,

through the 5’UTR of de2f1-RA- mRNA, and protein stability.



ABSTRAIT FRANCAIS

Le suppresseur de tumeur du Rétinoblastome, Rb, est un régulateur du
cycle cellulaire qui est actif dans la phase précoce G1, prévenant le passage en
phase S. Pour ce faire Rb inhibe le facteur de transcription E2F, I’empéchant
d’activer I’expression de génes requis pour le passage de la phase G1 a la phase S
et pour la synthése d’ADN. Dans nos tests génétiques initiaux, cherchant des
genes interagissant avec la mutation rbf1, ’homologue de rb chez Drosophila
Melanogaster, un des genes identifié fut zsc/, qui est également un gene
suppresseur de tumeur qui régule la traduction et la croissance cellulaire. Nous
avons découvert que dans les cellules des disques imaginaux des yeux, les
mutations tsc/ et rbf] ont un effet synergique sur I’augmentation du taux de mort
cellulaire et promeuvent I’entrée en phase ectopique S. Il fut également découvert
que le taux de la protéine dE2f1 augmente dans les cellules mutantes du disque
des yeux, ce qui implique que Tscl est un régulateur négatif de 1’expression de
dE2F1. Le but de ma these était de caractériser la régulation de I’expression de
dE2F1 par Tscl et la relation de synergie entre Rbf1 et Tscl.

Dans les cellules triples mutantes pour rbf1, tscl, et de2f1, j’ai trouvé que
I’augmentation du taux de mort cellulaire observé disparaissait dans les cellules
doubles mutantes rbf! et tscl, ce qui suggere que la coopération entre Rbf1 et
Tscl est dE2F1-dependante. Egalement, en utilisant un géne rapporteur de
Iactivité de de2fl, PCNA-GFP, et en réalisant des hybridations in situ avec des
sondes ARN anti sens, rnrS, Cyclin E, and PCNA, j’ai montré que 1’activité de la

région en aval des genes cibles de de2f] était activé par la mutation tscl,



suggérant que Tscl régule également 1’expression des genes cible de dE2F1. Par
I’analyse de clones possédant des alleles mutants perte de fonction pour les génes
de la cascade canonique Tsc, j’ai trouvé que Tscl régule dE2F1 par le biais de la
cascade Tsc, spécifiquement tscl/rheb/Tor/s6k.

Finalement, le résultat de ma RTq-PCR a montré que la régulation de
I’expression de la protéine dE2F1 par Tscl se fait au niveau post
transcriptionnelle. Pour déterminer si la régulation se fait au niveau de la
traduction, j'ai cloné les régions 5’ non traduites (5’UTR) de variants de I’ARNm
de de2fl, de2f1-RA-a et de2f1-RA-f et les ai incorporés en amont de la protéine
GFP pour générer des genes rapporteurs traductionnels nous permettant de
visualiser I’effet du S’UTR. Les résultats obtenus avec ces genes rapporteurs
traductionnels transgéniques suggerent que Tscl régule I’expression de dE2F1 a
la fois au niveau de la traduction, a travers le 5’UTR de la forme 3 de de2fI-RA,

et au niveau de la stabilité de la protéine.
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INTRODUCTION

Thesis Overview
This thesis is reproduced and modified from:
Hsieh T-C, Nicolay BN, Frolov MV, Moon N-S (2010) Tuberous Sclerosis
Complex 1 regulates dE2F1 expression during development and cooperates with
RBF]1 to control proliferation and survival. PLoS Genet 6: 1001071

Rb is an important regulator of the cell cycle whose best characterized
function is to bind and inhibit E2F transcription factors [1, 2]. E2Fs activate the
expression of genes that are necessary for cell cycle progression from G1 to S-
phase and DNA replication [3]. Inactivation of Rb is crucial in development of
cancers, which is believed to be caused by deregulated E2F activity (reviewed in
[4]). Using the developing eyes of Drosophila melanogaster, the aim of our lab
has been to find novel genetic interactions that associate with 7bf7. We have
found that many known inhibitors of major growth pathways showed genetic
interactions with rbf1 mutations. One of the genes identified was tuberous
sclerosis complex 1 (tscl), an upstream inhibitor of Target of Rapamycin (Tor) [5],
which is a central regulator of translation that inactivates 4E-BP but activates SOK
[6,7]. Like Rb, Tscl is also a tumour suppressor, and mutations of Tscl in
humans cause the growth of benign tumours called hamartomas, which can be
attributable to the function of Tscl in cell growth regulation. It should be noted
that cell growth is a distinct process from cell proliferation as growth entails
accumulation in cellular mass. However, the mechanisms connecting the two
processes remain largely unclear (reviewed in [8]). In eye imaginal disc cells, we

found that rbf] and tscl double mutations lead to apoptosis at the morphogenetic



furrow (MF) and the anterior part of the eye disc. Moreover, we found that rbf1
and tscl double mutant cells undergo ectopic S-phase entry in the MF. The
finding of the synergistic effects between rbf] and tscl on cell survival and
proliferation not only provides a novel link between two pathways that associate
with tumorigenesis but also cell proliferation regulation and cell growth control.

During our investigation on the cooperative relation between Tscl and
Rbf1, we found that Tsc1 negatively regulates the protein expression of dE2F1,
the Drosophila homologue of activator E2Fs. This discovery, along with the
discovered cooperative effects between rbfl and tscl, provide evidence on dE2F1
being an important regulator of the cell cycle that translates growth-promoting
signal downstream of the Tsc pathway.

In this thesis, I used a genetic approach to demonstrate that the cooperative
interactions between Rbf1 and Tsc1 is dE2F1 activity-dependent. I showed that
the loss of dE2F1 suppresses the increased apoptosis in rbf] and tscl double
mutant cells. By comparing the expression of dE2F1 target genes, I showed that in
rbf1 and tscl double mutant cells, dE2F1 activity is further increased than rbf1
single mutant cells. I also addressed some outstanding questions on the regulation
of dE2F1 by Tscl, such as what are the mediators downstream of Tsc1 and its
mechanism of regulation on dE2F1. The work shown in this thesis would
contribute to understand better the regulations on cell proliferation and growth
involved during Drosophila eye development as well as expanding the genetic
pathways that impinge on Rbf1 and dE2F1.

Background



The Drosophila eye morphology

An adult fly compound eye appears as a large aggregate of much smaller
eyes called ommatidia [9]. The interior of a single ommatidium is precisely
patterned, which can be described as a lattice, and are consisted of four cone cells,
two primary, six secondary, three tertiary pigment cells, and three bristle cells [10,
11]. Further inside an ommatidium are eight photoreceptors, R1 to R8 [12], each
of which possesses a light-gathering structure called rhabdomere [13]. The
photoreceptors transmit signals to the central nervous system via their axons, with
the axons of R1-R6 terminating at the outer layer of the optic lobe while the axons
of R7 and RS penetrate into the medulla [14, 15]. All these specialized neural
cells that make up the ommatidia are differentiated from the epithelial cells of the
larval eye primordia called the eye imaginal discs [9].
The eye imaginal disc is composed of proliferating epithelial cells

The eye imaginal disc is a monolayer of epithelial cells that is formed
from an infolding of the ectoderm [16]. The eye imaginal disc is also called eye-
antennal imaginal disc because it is attached to the antenna disc at the anterior end.
At the posterior end, the eye disc is connected to the CNS by a nerve stalk.

Throughout embryonic development, until the second instar stage, the eye
discs enlarge by cell proliferation, called the first mitotic wave [17]. In the late
third instar stage, although proliferation continues, cells at the farthest posterior
region begin to differentiate and organize into ommatidial precursors. This onset
of neural differentiation is marked by a dorsal-ventral indentation at the apical

surface called the morphogenetic furrow (MF) [12]. Neural patterning proceeds



until the early pupal stage, during which the eye disc eventually unfolds to expose
the apical surface of the ommatidial cells and develops into the compound eye [9].
Neural patterning is initiated in the morphogenetic furrow

The MF is a physical indentation formed as a result of cellular apical
constriction [12] that starts at the very posterior end of the eye disc during late
third instar and travels toward the anterior until early pupal stage. As a
consequence, cells in different parts of the eye disc relative to the furrow are in
different phases of the cell cycle: cells anterior to the MF are undifferentiated and
asynchronously dividing; cells arrest in G1 phase in the MF as well as the
immediate region anterior to the furrow [18]; cells posterior to the furrow are
post-mitotic and differentiating ommatidial precursor cells. Differentiation begins
at the region immediately posterior to the furrow, where cells take on fate to
become photoreceptor R8 precursors [19]. In a sequential manner, R8 precursors
then recruit other photoreceptor precursors from the surrounding pool of
undetermined cells to form developing ommatidia. The sequence of photoreceptor
recruitment is as follow: R8, R2/5, R3/4,R1/6, and lastly R7. Developing
photoreceptors are further differentiated the farther they are from the MF and
undergo a series of conformational changes while recruitment takes place [20, 21].
Photoreceptors R1, R6, and R7 are recruited after the second mitotic wave, where
undetermined cells undergo one extra round of synchronized mitosis posterior to
the furrow.

Photoreceptor Differentiation Requires the Egfr pathway



Differentiation of the Drosophila eye photoreceptors is dictated by
epidermal growth factor receptor (Egfr) signalling through the Ras-MAPK
pathway [22, 23]. The sequential differentiation of the photoreceptors, which
begins with RS, is achieved by paracrine signalling through an Egfr ligand, Spitz
[24]. The transduction of Spitz is by the activation of the Ras-MAPK pathway
[25]. Initially expressed in R8 and the first two recruited photoreceptors, R2 and
RS, which are in the posterior region of the MF, Spitz in short ranges induces the
neighbouring cells to differentiate into the subsequent photoreceptors. The
induced differentiating photoreceptor precursors then start to express Spitz
themselves and, accordingly, signal the surrounding undetermined cells to
differentiate. Importantly, the state or time in which a cell receives the induction
signal determines its fate [26]. Therefore, to prevent untimely induction of cells
anterior to the MF, differentiating photoreceptors also express Argos [27], which
is an inhibitor of the Egfr pathway. Argos acts in longer range than Spitz to inhibit
activation of Efgr signalling in cells anterior to the furrow. However, in proximity
to differentiating cells where Spitz activity is high, Argos is unable to inhibit Egfr
signalling. Other conserved signalling pathways also play a role on photoreceptor
development. Developing photoreceptors posterior to the MF express Hedgehog,
which diffuses to the anterior to induce expression of Decapentaplegic (Dpp) and
Atonal (Ato). Dpp acts on undifferentiated cells just anterior to the furrow causing
them to enter a pre-proneural state [28], whereas Ato is required for the
differentiation of R8 [29].

The Drosophila eye imaginal discs as a tool for studying genetics



The well characterized developing Drosophila eyes have been used as a
tool to study numerous topics in biology [30]. Since pattern formation of the
ommatidial precursors proceeds as a furrow that moves from posterior to anterior,
all early patterning events are laid out in a single imaginal disc. Therefore, cells in
different regions of the eye disc relative to the MF are in different phases of the
cell cycle, which provides an advantage on examining genes that are implicated in
cell cycle regulation. Since the eye disc is a monolayer of epithelial cells,
immunostaining with antibodies is both facilitated and easy to analyze. For
example, it has been shown that S-phase cells can be visualized by injecting or
incubating imaginal discs with BrdU [19]. Furthermore, since cell fates in the eye
are determined by positional cues, mosaic analysis can be used in the eye to
determine a given cell’s requirement for a gene of interest. Lastly, the Drosophila
eyes are not essential organs for a fly’s viability, and flies with severely deformed
or missing eyes can still develop into adult stage. Therefore, genetic mutations
that are otherwise lethal can be better studied using the Drosophila eyes.
Retinoblastoma protein inhibits E2F transcription factors

Retinoblastoma (Rb) family proteins are important regulators of cell cycle
progression and survival (reviewed in [31, 32]). Orthologs of pRb exist in all
metazoans where their functions are evolutionarily conserved (reviewed in [33]).
Members of the retinoblastoma protein family in mammals, pRb, p107, and p130,
contain a pocket domain needed for binding to other polypeptides. Their best-
known molecular function is to physically interact with E2F family proteins and

transcriptionally repress E2F-regulated target genes. In mammals there are E2F-1



to 8, which are classified into activators and repressors: E2F-1 to 3a are activators
and E2F-3b to 8 are repressors. Rb family proteins form distinct complexes with
E2Fs in vivo: pRb binds to E2F-1 to 4, p107 binds to E2F-4, and p130 binds to
E2F-4 and 5 (reviewed in [34]). Genome-wide expression studies revealed that
genes involved in various biological processes, such as cell cycle progression,
survival, and development, are regulated by E2F family proteins [35-37]. E2F
proteins are best characterized as transcription factors that activate the expression
of S-phase genes, and intriguingly, pro-apoptotic genes. As a consequence, the
loss of Rb family genes in mice results in developmental defects that are often
associated with uncontrolled S-phase entry and ectopic cell death [38-40];
although the context or the presence of other growth factors determines which
outcome the cells undertake [41]. Importantly, reducing E2F activity largely
suppresses the Rb mutant phenotypes, indicating that deregulated E2F activity is
responsible for the defects [42, 43]. Overall, E2F family proteins are the key
molecular targets of Rb family proteins and responsible for the developmental
consequence of Rb inactivation.
Retinoblastoma inactivation in cancers

The long-term consequence of Rb inactivation in mammals is tumorigenesis.
In humans, the loss of Rb is believed to be a critical step for retinoblastoma
development. Moreover, Rb is believed to be functionally inactivated in most, if
not all, cancers (reviewed in [44]). In mice, Rb heterozygosity (Rb+/-) results in
the formation of pituitary and thyroid tumors [38, 45-48]. The wild type copy of

the Rb gene is lost in these tumors, illustrating the importance of Rb as a tumor



suppressor gene. Moreover, conditional knockout of Rb and an additional member
of the Rb family gene, p/07 or p130, in mouse retina is sufficient to promote
retinoblastoma development [49-52]. Similar to the developmental phenotype,
deregulated E2F plays a major role during tumorigenesis in Rb mutant mice. In a
pituitary tumor model, the loss of E2f-1 or E2f-3 reduces the frequency of tumor
development [53, 54]. More recently, the importance of E2F family proteins in
human cancer is further illustrated by the findings that E2F family proteins
themselves are often deregulated in many types of cancers (reviewed in [4]).
Clearly, E2F family proteins play a critical role during tumorigenesis and also
contribute to the developmental defects observed in Rb mutant animals.
Although it is clear that studying the function of E2F is crucial to
understand the biology of Rb mutant animals and cancers, it has been difficult to
dissect the in vivo roles of E2F family genes in mammals. One of the difficulties
is the fact that E2F family proteins can functionally compensate for each other,
which is particularly true for the “activator E2Fs” (reviewed in [55]). This is best
demonstrated by a recent study showing that a single “activator E2F”, E2F-3a, is
sufficient to support embryonic and post-natal development in mice, and the
expression of E2F-3b or E2F-1 under the control of E2F-3a promoter can perform
the role of E2F-3a [56]. This study suggests that the unique developmental
functions of “activator E2Fs” are largely determined by their expression patterns
and not by the differences of their protein sequences. Interestingly, Drosophila
melanogaster has only a single “activator E2F” and “repressor E2F”, dE2F1 and

dE2F?2 respectively. The function of dE2F1 is also evolutionarily conserved and



represents the three “activator E2Fs” in mammals. dE2F1 is required for cellular
proliferation and controls DNA damage-induced cell death, activities that are
shared by the three “activator E2Fs” in mammals (reviewed in [33]). Since dE2F1
is the sole member carrying out the function of three E2Fs in mammals, it is
possible that the regulation of dE2F1 expression is more complex and tightly
controlled in flies. However, the regulatory mechanism that controls dE2F1
expression in Drosophila is poorly understood.

Like Rb, Rbf1 is the major regulator of dE2F]1 in flies. Most of the rbf]
mutant phenotypes are believed to be due to deregulated dE2F1 and can be
rescued by a hypomorphic mutant allele of de2f1 [57]. Because of its simplicity
and conserved developmental function, the Drosophila Rb/E2F is considered as a
simplified version of mammalian Rb/E2F. Although rbf1 mutations are not
sufficient to promote tumor phenotype in Drosophila, recent genetic studies
revealed that Rbf1/dE2F1 plays a crucial role when proliferation and/or survival
are compromised by various tumor-promoting mutations. For example, dE2F]1 is
required by hippo mutant cells to overcome the developmentally regulated cell
cycle arrest in eye imaginal discs [58]. Moreover, dE2F1-dependent cell death
limits the growth promoting effect of the archipelago mutations in the eye, and
cooperates with low EGFR activity to promote cell death [41, 59]. Interestingly,
although the Drosophila p53 (dp53) does not genetically interact with rbf] during
development, dE2F1 and p53 cooperate to promote DNA damage-induced cell
death as they do in mammalian systems [60]. Overall, Rbf1/dE2F1 can either

promote and/or limit the proliferation of cells that carry tumor-promoting
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mutations in flies.
Tuberous sclerosis complex 1 (Tscl) tumour suppressor gene

Tuberous Sclerosis Complex 1 (Tscl) is a tumor suppressor gene whose in
vivo function was first identified in Drosophila melanogaster as a regulator of cell
size and proliferation (reviewed in [61]). In humans, mutations of zsc/ cause
tuberous sclerosis syndrome, a disorder characterized by the growth of benign
tumors called hamartomas (reviewed in [62]). Hamartoma growth is found in
multiple organ sites in tuberous sclerosis syndrome, and, in some cases, lesions of
giant cells, such as giant cell astrocytomas, are found. zsc/ encodes a protein
product with two putative coiled-coil domains [63], which forms a heterodimer
complex in vivo with Tsc2, a GTPase activating protein [63, 64]. Since Tscl and
Tsc2 function as a complex [65], mutations of either tsc/ or tsc2 result in similar,
if not identical, phenotypes. Previous reports have shown that zsc/ mutant cells in
numerous Drosophila tissues are larger than wild type cells. In addition, flow
cytometry data showed that zsc/ mutant cells spend less time in G1 phase but
retain normal ploidy [66]. Although previous reports demonstrated that Tscl
inactivation perturbs the cell cycle profile, the mechanism by which Tscl controls
the cell cycle as well as cell size is not well understood. Other recently emerged
roles for Tscl and Tsc2 include cell adhesion, endocytosis, transcription, and
differentiation [67-70], highlighting the importance of the Tsc pathway.
The Tsc pathway regulates translation through Tor

The Tsc1/2 complex is a negative regulator of the Ras superfamily

GTPase, Ras Homolog Enriched in Brain (Rheb) [71]. Rheb is inactivated by the
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GTPase activity of Tsc2, which renders Rheb GDP-bound. In its active form,
GTP-bound Rheb activates the serine/threonine kinase, Target of Rapamycin
(Tor), by binding to its catalytic site and enabling Tor to stay in its active
configuration [72]. First identified in yeast as the targets of the drug rapamycin
[73], the Tor genes are evolutionarily conserved throughout the metazoans as a
central regulator of cell growth, mRNA translation, and ribosome biogenesis
(reviewed in [74]). Importantly, deregulated Tor activity is also found in many
cancers (reviewed in [75]).

The Tor kinase functions in multi-protein complexes called TORC1 and
TORC?2 [76]. TORCI1 regulates growth and overall translation by phosphorylating
two key downstream effectors, eIF-4E binding protein (4E-BP) and ribosomal
S6k. Under favourable conditions, such as nutrient abundance, TORC1 activates
S6k through phosphorylation promoting translation. Moreover, active TORC1
phosphorylates 4E-BP causing 4E-BP to dissociate from elF-4E to promote cap-
dependent translation [77]. The less understood TORC?2 is involved in actin
organization and acts as an activator of the Akt kinase, an important kinase of the
insulin receptor pathway that has an inhibitory role on Tsc2 [78]. Therefore, the
Tsc/Rheb/Tor pathway plays a central role in translation and cell growth
regulation by integrating signals from nutrients and growth factors.

Project Rationale

The primary goal of my thesis was to characterize the genetic interactions

between tscl and rbf] as well as the Tsc1 regulatory pathway on dE2F1

expression discovered by our lab. The important facets that I examined in regard
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to these observations were: determination of whether the genetic interactions
between tscl and rbf]1 are dE2F1-dependent; investigation of the effects by Tscl
on the expression of genes downstream of dE2F1; uncovering the downstream
mediators of Tscl on dE2F1 regulation; and the mechanism by which Tscl
regulates dE2F1. The rationale for studying each of these aspects is summarized
below.

Determining whether the interaction between rbfI and #scl is dE2F1-
dependent

Previously, our lab has found that a crosstalk exists between the Drosophila Egfr
pathway (DER) and Rbf1 on cell survival [41]. This evidence of a major growth
pathway interacting with Rbf1 has led us to search for other growth pathways that
genetically interact with rbf1. Cell death level and ectopic S-phase entry were
used as the markers of genetic interaction as they are the hallmark phenotypes of
deregulated E2F activities when Rb is inactivated, and were visualized by
immunostaining with anti-cleaved Caspase 3 and anti-BrdU, respectively.

Our clonal analysis showed that cells double mutant for rbf1 and tsc/ in
the eye imaginal disc are more susceptible to undergo cell death and unscheduled
S-phase entry. Since it has been well documented that rb inactivation-induced cell
death is E2F-dependent [79], I investigated whether the observed increase in cell
death level in rbf1 tscl double mutant cells was also dE2F1-dependent. I
addressed this question by observing the cell death level with cleaved Caspase 3

antibody staining in rbf1 tscl de2f1 triple mutant clones in the eye imaginal disc.
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Examining if Tscl has a regulatory effect on the expression of dE2F1
proteins and their transcriptional activities

Since Rb is best known for inhibiting E2F activities, and because we observed
that rbf1 genetically interacts with tsc/, I sought to determine if Tscl has an effect
on dE2F1 expression as dE2F1 is required for the elevated cell death level caused
by rbfI and tscl double mutations. This investigation would address, at least in
part, the underlying basis of the interaction between zsc/ and rbfI. Interestingly, I
found that dE2F1 protein level increased in the absence of Tscl. Since E2F
transcription factors activate the expression of genes required for S-phase entrys, it
was important to examine if Tsc1 regulation extends to dE2F1 transcriptional
activities. To address this question, I used a reporter construct of PCNA promoter
activity, PCNA-GFP [80], whose GFP protein expression is under the control of
the promoter of PCNA, a dE2F]1 target gene [81], in tsc/ mutant background. To
examine other dE2F1 target genes and whether rbfI tscl double mutations have a
cooperative effect on the transcription of these genes, I performed in situ
hybridization with anti-sense RNA probes of Cyclin E, rnrS, and PCNA [81, 82].
Determining the downstream mediators of Tscl regulation on dE2F1

Finding the downstream mediators of Tscl regulation on dE2F1 expression was
critical to better understand this regulatory pathway. To address this question, I
selected genes of the canonical Tsc pathway, rheb, Tor, 4ebp, and s6k, as the
candidate mediators downstream of Tscl. Since Tor promotes translation by
inactivating 4E-BP and activating S6k, the Tsc pathway genes seemed likely to be

involved in the regulation of dE2F1 protein expression by Tsc1. I used the loss-



14

of-function alleles of rheb, Tor, 4e-bp, and s6k to conduct clonal analysis in the
eye imaginal disc. The effects were determined by dE2F1 protein level as well as
rbf1 mutations-induced cell death.
Mechanism of Tscl regulation on dE2F1 expression
One of the most important aspects of characterizing the regulation of dE2F1
expression by Tscl was to address if it is at the level of transcription, translation,
or protein stability. Since the canonical Tscl pathway is involved in translation
regulation, I hypothesized that Tsc1 regulates dE2F1 at the translational level.
Reports on translational repression of E2Fs are scarce, with cMyc regulated
miRNA clusters translationally regulating E2F1 expression in human testis being
one of the few [83]. Therefore, in this regard, establishing another example of
dE2F1 regulation at the level of translation would be quite significant.
RESULTS
tscl and rbf1 mutations cooperate to promote S-phase entry and cell death
Ectopic S-phase entry and cell death are well-established Rb loss-of-
function phenotypes. To address the question whether growth-promoting
mutations could alter the Rb mutant phenotypes, we sought to determine the
effects of inactivating the Drosophila ortholog of Tuberous Sclerosis Complex 1
(Tscl) in an rbf1 mutant background. To test this, zsc/ mutant clones were
generated in wild type or rbf1 mutant eye discs (Figure 1). Since homozygous
rbf1 null flies die at the first instar larval stage, we used an rbf1 hypomorphic
allele, rbf1"*™. Mitotic tscI mutant clones were generated by expressing Flippase

(FLP) with an eye-specific driver and marked by the absence of GFP. Thus, GFP
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negative clones in wild type background have only #sc/ mutations while GFP
negative clones in the rbf1"** background have both rbfI and tscI mutations.
Third instar larval eye discs were dissected and immunostained with anti-BrdU
antibodies. During normal eye development in Drosophila, S- phase cells, which
can be labeled with BrdU, are found at the anterior portion of the eye imaginal
disc where cells are asynchronously dividing, and immediately posterior to the
MF where some cells undergo an extra S-phase called the Second Mitotic Wave
(Figure 1A). At the MF, asynchronously dividing precursor cells arrest in G1 and
begin differentiation process. Therefore, normally, there is no BrdU incorporating
cells at the MF. Surprisingly, in clones that are double mutant for rbf/ and tscl,
ectopic S-phase cells were readily observed at the MF (Figure 1C). Since we can
occasionally detect rbf/ mutant cells entering S-phase at the MF, we compared
the number of ectopic BrdU positive cells at the MF between rbf1 single and rbf1
tscl double mutant clones. We normalized the number of ectopic BrdU positive
cells by the clone size, which is measured by the number of the pixels in images
taken at the same magnification. Clones that do not contain ectopic BrdU positive
cells are excluded from the analysis. We determined that, on average, 3.7 £ 2.2
ectopic S-phase cells/1000 pixels are present in the rbfI clones while 12.4 = 5.6
ectopic S-phase cells/1000 pixels cells are present in the rbf1 tscl double mutant
clones, showing more than 3-fold increase. This result indicates that Rbf1l and
Tscl cooperatively regulate G1 to S- phase transition. Next, we stained for dying
cells with anti-cleaved Caspase 3 antibodies (C3). rbfI mutant cells undergo

apoptosis at the anterior region of the MF, and this is not observed in the wild
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type eye disc (Figure 1B). It had been previously reported that this
developmentally regulated cell death in rbf1 mutant eye discs is dE2F1-dependent
[41]. tsc] mutant cells also undergo apoptosis just anterior to the MF though the
level of cell death is much lower than what is observed in rbf1"** eye discs.
However, in clones that are double mutant for rbfI and tscl, we observed a great
increase in C3 staining at the MF and the anterior region of the eye disc (Figures
1B and 1C). Therefore, we concluded that Rbf1 and Tscl synergistically promote
survival as well as G1 arrest during Drosophila eye development.
Tscl regulates dE2F1 protein expression post-transcriptionally

Rbf1 is best characterized as a regulator of dE2F1 transcription factors
whose activity promotes both S-phase entry and apoptosis. Since we observed that
tscl mutations are able to enhance both ectopic S-phase entry and cell death
phenotypes in rbf1 mutant cells, we sought to determine if dE2F1 itself is
deregulated by zsc/ mutations. Eye discs containing zsc/ mutant clones were
generated as described previously and immunostained with an anti-dE2F1
antibody. We observed that the intensity of dE2F1 staining is clearly stronger in
tscl homozygous mutant clones throughout the eye disc, both in dividing and
differentiating cells (Figure 2A and Figure 3A). Moreover I detected similar
increase in antenna and wing discs, indicating that the effect on dE2F1 protein
expression is not tissue-specific (Figures 3B and 3C). Importantly, the intensity of
dE2F?2 staining, the only other member of the E2F family in Drosophila, is
unchanged in tsc/ mutant cells (Figure 2A), indicating that the effect of tsc/

mutations on dE2F1 expression is specific. To confirm the immunostaining result,
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I performed immunoblot assays using protein extracts from eye imaginal discs
comprised mostly of tsc/ mutant cells (for full genotype see Materials and
Methods). Consistent with the immunostaining experiments, dE2F1 protein level
is higher in zsc/ mutant eye discs than in control discs while no difference is
detected in dE2F2 protein level (Figure 2B). To determine whether Tscl regulates
the level of de2f] RNA, I performed real-time quantitative PCR (RTq-PCR).
RNA was isolated from eye discs of the same genotypes used for immunoblot. I
designed de2f1 specific primers that span an intron and amplified portions of two
exons (second and third exons or fifth and sixth exons) to distinguish the PCR
products from cDNA and genomic DNA. charybdis (chrb), a previously reported
Tscl regulated gene is used as a positive control [84]. Similar to the published
result, I observed that the level of chrb RNA is increased by 11-fold in tsc/
mutant eye discs (Figure 2C). However, I could not detect any significant changes
in de2f1 RNA level in tsc/ mutant eye discs (Figure 2C). Therefore, I concluded
that Tsc1 regulates dE2F1 expression at post-transcriptional level.
Transcription of dE2F1 target genes is activated in #sc/ mutant cells

Next, I examined whether the transcription of a dE2F1 target gene is
activated in tsc/ mutant cells. To address this question, I used a reporter construct,
PCNA-GFP, whose GFP expression is under the control of the PCNA promoter, a
well-established dE2F1 target gene. As shown in Figure 4, GFP expression is
increased in tsc/ mutant cells in the posterior portion of the eye disc, suggesting
that, at least in this region, the increase of dE2F1 protein is sufficient to activate

the transcription of a target gene. Importantly, the abnormal BrdU positive cells
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observed in the same region of zsc/ mutant clones are scarcely present (Figure
1A), indicating that the increase in dE2F1-reporter activity is not an indirect
consequence of ectopic S-phase cells. I also sought to determine if £sc/ mutations
could further activate dE2F]1 target gene expression in rbf] mutant cells. My
attempt to compare dE2F1 target gene expression between rbf] single and rbf1
tscl double mutant eye discs by RTq-PCR did not yield any conclusive results
(data not shown). This was somewhat expected since a substantial number of rbf1
tscl double mutant cells, presumably cells with hyperactive dE2F1, undergo cell
death (Figure 1B and Figure 5A). Therefore, I decided to perform an in situ
hybridization experiment, hoping to detect specific changes in a subset of
surviving rbf] tscl double mutant cells. Expression patterns of dE2F1 target
genes (rnrS, Cyclin E, and PCNA) were determined using antisense RNA probes.
In wild type eye discs, the expression pattern of these target genes resembles that
of BrdU staining since their transcription is activated during the G1/S phase
transition (Figure 4B left panel). In rbf1 mutant eye discs, dE2F1 target genes are
strongly expressed at the MF where dE2F1 protein expression is normally high
(Figure 4B middle panel). It is probable that, in rbf/ mutant eye discs, dE2F1
target gene expression is mainly controlled by dE2F1 protein level since cell
cycle-dependent regulation by Rbf1 is absent. Interestingly, in rbfI tscl double
mutant eye discs, dE2F1 target genes are strongly expressed both at the MF and in
the anterior region of the eye disc (Figure 4B right panel). It can be reasoned that,
since rbf] mutant cells at the MF already express a high level of dE2F1 protein

(previously shown in [41]), there is only a small margin for dE2F1 target gene
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expression to be further activated by zsc/ mutations. However, in the anterior
region of the eye disc where the dE2F1 protein expression is normally kept low
[41], tscI mutations can have a greater effect on dE2F1 activity and target gene
expression. As a consequence, dE2F1 target genes are strongly expressed both at
the MF and in the anterior region of rbf1 tscl double mutant eye discs, reaching
the threshold of expression before undergoing cell death. Supporting this idea,
ectopic cell death in rbf1 tscl double mutant eye discs is mainly observed at the
MF and in the anterior region of the eye disc (Figure 5A). Interestingly, I could
not detect much increase in dE2F1 target gene expression in the posterior region
of rbfl tscl double mutant eye discs, somewhat contradicting the result obtained
by the PCNA-GFP reporter construct (Figure 4A). One explanation is that the in
situ hybridization experiment is not as sensitive and quantitative as the PCNA-
GFP reporter construct. I also found that the residual Rbf1 proteins in the
hypomorpic rbf1"** allele are mostly expressed in the posterior region of the MF,
explaining why cells in this region do not show as much of an increase in dE2F1
target gene expression (Figure 5B). Nevertheless, these results indicate that tsc/
mutations can activate dE2F1 target gene expression in the wild type and rbf1
mutant backgrounds.
dE2F1 is required for the ectopic cell death induced by rbfI and #scl
mutations

To determine if the cooperative effect on cell death by rbf] and tscl
mutations is dE2F1-dependent, I used an allele with an FRT chromosome

carrying both tscl and de2f1 mutations. For this allele, the tsc””"*"* allele that
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contains a piggyBac transposable element inserted in the intron 6 of zsc/ locus
was employed. Generating tsc 1’7" clones in rbf1"** eye discs produces a similar
increase in the level of ectopic cell death observed in Figure 1 (Figure 6A). When
tsc1””"° and de2f1””° double mutant clones are generated in rbf1"** eye discs, I
noticed that the sizes of tscl de2f1 double mutant clones are much smaller than
that of zsc/ single mutant clones (compare Figure 6A and 6B). The sizes of tsc/
de2fl double mutant clones in the wild type background are also small (data not
shown), indicating that the loss of de2f] severely compromises proliferation of
tscI mutant cells. Occasionally, I was able to obtain rbf1"** mutant eye discs with
substantial sizes of the tsc/ de2f] double mutant clones. I performed C3 staining
to measure the level of cell death in rbf1, tscl, and de2f] triple mutant cells in
these eye discs. Interestingly, the prevailing cell death phenotype observed in rbf]
tscl double mutant cells at the MF is no longer present in rbf1 de2f tscl triple
mutant cells (Figure 6B). This result demonstrates that the increased level of
ectopic cell death observed in rbfI tscl double mutant cells is dE2F1-dependent.
Rheb regulates dE2F1 expression and dE2F1-dependent cell death

Next, I asked if the known downstream regulators of TSC1 could regulate
dE2F1 expression. I first determined the effect of rheb loss-of-function mutations
on dE2F1 expression by generating mitotic mutant clones of rheb in the eye disc.
Rheb is a Ras superfamily GTPase whose activity is negatively regulated by Tscl.
As shown in Figure 7A, dE2F1 protein level is reduced, though not absent, in
rheb mutant cells. This is best observed at the MF where dE2F1 expression is

normally high [85]. I then asked if Rheb is required for the increased dE2F1
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expression in zsc/ mutant cells. dE2F1 protein level is also reduced in tscl rheb
double mutant cells (Figure 7A), indicating that Rheb is an important downstream
regulator of TSC1 controlling dE2F1 expression. I concluded that, although not
essential, Rheb regulates dE2F1 expression during eye development, and is
clearly required for dE2F1 upregulation in zsc/ mutant cells. Since Rheb controls
dE2F1 expression, I next tested if Rheb is also required for dE2F1-dependent cell
death. To test this, I generated rheb mutant clones in the rbf1"*** mutant eye disc
where deregulated dE2F1 produces a stripe of apoptotic cells at the anterior
region of the MF (Figure 1A and [41, 86]). As shown in Figure 7B, this stripe of
cell death is interrupted by rheb mutant clones. Moreover, the ectopic cell death
observed in rbf] tscl double mutant cells is completely suppressed by rheb
mutations. These results indicate that Rheb is an important regulator of dE2F1-
dependent cell death as well as dE2F1 expression.
Tor, but neither S6k nor 4E-BP, is required for dE2F1 expression during
Drosophila eye development

Rheb activates the Tor serine/threonine kinase, which through
phosphorylation, can either inhibit 4EBP or activate S6k. I examined whether
these proteins downstream of Rheb also participate in dE2F1 regulation. To
address this question, Tor, s6k, and 4ebp mutant clones were generated in the eye
disc. Similar to what is observed in rheb mutant clones, dE2F1 expression is
reduced, but not absent, in 7or mutant clones, indicating that Tor participates in
regulating dE2F1 expression during eye development (Figure 8 A). Importantly,

dE2F2 expression is unchanged in 7or mutant clones (data not shown). Based on
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this observation, I had hypothesized that dE2F1 expression levels would decrease
in s6k mutant clones and/or increase in 4ebp mutant clones. Surprisingly, dE2F1
expression is unchanged in either 4ebp or s6k mutant clones (Figure 8B). These
results suggest that Tor is required for proper dE2F1 expression during eye
development while 4EBP and S6k are dispensable.
S6k is required for the effect of Tsc inactivation on dE2F1 expression and
dE2F1- dependent cell death

The fact that the loss of neither 4ebp nor s6k has an effect on dE2F1
expression might indicate a functional redundancy between the two genes.
Alternatively, an unknown factor downstream of Tor might regulate dE2F1
expression during development. Nevertheless, I assessed whether S6k is required
for the increase of dE2F1 expression observed when Tscl is inactivated. I aimed
to generate mitotic clones that are double mutants for zsc/ and s6k. However,
because tscl and s6k are on the opposite arms of the third chromosome, I used a
mutant allele of #sc2 (or gig in Drosophila), which is on the same chromosomal
arm as s6k. Tscl and Tsc2 function together as a heterodimer, and mutations of
tscl or tsc2 yield very similar phenotypes [64-66]. As expected, dE2F1 expression
is elevated in gig mutant clones (Figure 9A). Furthermore, similar to what was
observed in tscl mutant clones in the 7bf1'** mutant background, the level of
ectopic cell death was increased in gig mutant clones generated in rbf1"** mutant
eye discs (Figure 9B). Surprisingly, the effects of gig mutations on dE2F1
expression and ectopic cell death are completely suppressed by s6k loss-of-

function mutations. I observed that the level of dE2F1 expression in s6k gig
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double mutant clones is unchanged compared to the control (Figure 9A), and the
ectopic cell death observed in rbf1 gig double mutant cells is completely absent in
rbfl gig s6k triple mutant cells (Figure 9B). Moreover, I observed that the basal
level of dE2F1-dependent cell death normally present in the rbf1'*** mutant eye
disc (the stripe of cell death, Figure 1B) is also suppressed (Figure 9B). These
results indicate that s6k is required for both the elevation of dE2F1 expression
upon Tsc inactivation and the increased level of cell death in rbf1 gig double
mutant cells. In summary, my genetic studies led us to conclude that Tsc1 and
Tsc2 regulate dE2F1 expression and dE2F1-dependent cell death via the
canonical Rheb/Tor/S6k pathway during Drosophila eye development.
Tscl regulates dE2F1 expression at the translational level via the 5’UTR of
de2f1-RA-f and likely also on protein stability

Through immunostaining and immunoblot, I showed that dE2F1 protein
expression increases in tsc/ mutant cells (Figure 2A, Figure 2B, and Figure 3A).
My RTq-PCR result suggests that Tscl post-transcriptionally regulates dE2F1
expression (Figure 3C). I then asked if Tscl regulation for dE2F1 expression is at
the level of translation. I designed reporter constructs of de2f1 5’ UTR to address
this question —more specifically whether this regulation is through the 5° UTR of
de2fl. However, there are three variants of de2f] mRNA: de2f1-RA, de2fI-RB,
and de2f1-RC, each differs in the 5° UTR but all encode the same protein product.
In both wild type and zsc/ mutant eye imaginal discs, de2f1-RA transcript is the
most abundant form based on my RTq-PCR result (data not shown). Therefore, 1

first tested if de2f1-RA is the determining transcript for the expression outcome
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assuming that translational regulation is the mechanism. Furthermore, an original
research paper by Sawado T. et al reported that there are two alternative
transcription start sites in de2f1-RA [87], thus further yielding two variants of
de2fl-RA that differ in the 5° UTR. This is different from the Flybase annotated
sequence which denotes only one transcription start site. Indeed, my PCR results
on cDNA extracted from the eye discs are in accordance with the work by
Sawado T. et al (data not shown). For this thesis, I called the two de2fI-RA
variants, de2f1-RA-a and de2fI1-RA-f3. Not only the 5’ UTRs of de2fI-RA-a and
de2f1-RA-{ differ in length, with the 5° UTR of de2f1-RA-{3 being 400 nucleotides
longer than that of de2fI-RA-a, but de2fI-RA- 5° UTR also contains more ATG
and Stop codons (see Appendix for the nucleotide sequences of de2f1-RA-o and
de2fl-RA-f 5’ UTRs).

I generated de2f1-RA 5’UTR reporter constructs, UAS-dE2F1-RA-o-GFP
and UAS-dE2F1-RA-B-GFP, whose GFPs contain the 5> UTR of de2f1-RA-a or
de2f1-RA-f respectively (refer to Materials and Methods for further details). The
5" UTR constructs were injected into y w embryos to generate transgenic flies.
The 5° UTR reporters were expressed by Gal4 driver, and I compared the GFP
expression levels between wild type and #sc/ mutant clones in the eye imaginal
discs (for full genotypes see Materials and Methods). UAS-GFP-de2f1 [88] was
used as control, whose GFP proteins are fused with the full-length coding
sequence of wild type de2fI. Interestingly, the GFP expression level of UAS-
dE2F1-RA-0-GFP, which is the reporter for de2f1-RA-a 5’ UTR, does not change

in tscl mutant cells (Figure 10A). Note that larger cell size should be
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distinguished from higher GFP intensity as zsc/ homozygous mutant cells are
bigger. In contrast, UAS-dE2F1-RA-[B-GFP expression, in which the GFPs were
under the control of de2fI-RA-f 5’ UTR, increases in tsc/ mutant cells (Figure
10B). Moreover, the GFP expression of the control, UAS-GFP-dE2F1, also
increases in zsc/ mutant cells (Figure 10C). These surprising results imply that
Tscl regulates dE2F1 expression, at least in part, through the 5° UTR of de2f1-
RA-f and likely also on protein stability. More experiments with an appropriate
control are needed to validate whether Tscl regulates dE2F1 protein stability (see
Future Experiments).

As an alternative approach to test whether Tscl regulation on dE2f1
expression is at the level of translation, we turned to Drosophila S2 cells for
potential biochemical assays, such as the polysome assay. S2 cells were treated
with zsc/ RNAIi or rapamycin for #sc/ knock-down and Tor inactivation,
respectively, and extracted for proteins to perform immunoblotting. Interestingly,
there was no increase in dE2F1 expression level in zsc/ RNAI treated S2 cells
(Figure 10D). The observed increase in phosphorylated S6k level implies that zsc/
knock-down was successful. In addition, dE2F1 expression did not decrease in
rapamycin treated S2 cells (Figure 10E, compare to Figure 8A). Therefore, S2
tissue culture cells could not be used for biochemical assays to test whether
dE2F]1 regulation by Tscl is at the level of translation (see Summary and

Discussions).
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Figure 1. tsc1 and rbfI mutations cooperate to promote S-phase entry and
cell death during eye development. tsc /" mutant clones are generated in wild
type and rbf1"** mutant eye discs by FLP-induced mitotic recombination. Wild
type clones are marked with GFP (green) and the absence of GFP indicates
tscI®* mutant clones. Control (w''’®) and rbf1"** eye discs without tsc 1%
mutant clones are also presented. The position of the Morphogenetic Furrow (MF)
is indicated by a yellow arrow. (A) Third instar eye discs of indicated genotypes
are treated with BrdU, and S-phase cells are visualized by anti-BrdU antibody
(red). (B) To visualize apoptotic cells in the eye discs of the same genotypes,
antibodies that recognize the cleaved form of Caspase 3 (C3) are used (white). (C)
Images of higher magnification of the eye discs containing zsc/ mutant clones in
rbf1 mutant background are shown. Note that the cells with both zsc/ and rbf1
mutations ectopically enter S-phase at the MF, and the C3 staining is stronger in
the double mutant clones. (D) Numbers of ectopic BrdU positive cells within the
MF are counted and normalized by the sizes of clones. The clone sizes are
determined by counting the numbers of pixels that encompass the region between
the first and second mitotic waves. Total of 12 rbf1 single and 20 rbfI tscl double
mutant clones are analyzed. The error bars indicate standard deviation.
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Figure 2. Tscl regulates dE2F1 protein expression post-transcriptionally. (A)
tsc1™* mutant clones are generated in the eye disc as described previously and
immunostained with anti-dE2F1 or anti-dE2F2 antibodies. Images of higher
magnification for the indicated areas (dotted line) are presented in the rightmost
panel. The orange line indicates the clonal boundary. Position of the MF is
indicated by a yellow arrow. Note that the intensity of dE2F1 staining is stronger
in tsc/ mutant clones, whereas dE2F2 staining is unaltered. (B) The protein level
of dE2F1 and dE2F2 in #sc/ mutant eye discs is determined by immunoblot. Eye-
antenna imaginal discs that are mostly comprised of zsc/ mutant cells are used. f-
tubulin is used as a loading control. (C) Quantitative real-time PCR is used to
compare the level of de2f1 RNA in the control (yw) and zsc/ mutant eye discs.
The average fold difference of three independent triplicated experiments is
presented. Primers for de2f1 were designed to span an intron, covering either the
second and third exons, E1 (2- 3) or the fifth and the sixth exons E1 (5-6).
charybdis (chrb), whose expression is known to be upregulated by zsc/ mutations,
is used as a positive control. The error bars indicate standard deviation of the three
independent experiments, + 1.40 for Chrb, + 0.23 for E1 (2- 3), and + 0.10 for E1

(5-6).
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Figure 3 Tscl regulates dE2F1 protein level both in proliferating and
differentiating cells in imaginal discs (A) tsc1®** mutant clones are generated
in the eye disc as described previously and immunostained with anti-dE2F1
antibodies. Images of higher magnification are presented in the rightmost panel
for the dotted areas. The orange line indicates the clonal boundary. Yellow arrow
indicates where the MF is located. Images of a single eye disc were taken at
different focal planes to contrast cells at the anterior or the posterior part. Note
that dE2F1 staining is higher in zsc/mutant cells that are asynchronously dividing
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(region anterior to the MF, upper panel) and post-mitotic (region posterior to the
MEF, bottom panel). (B) Mutant clones of tsc/**** are generated in the antenna
disc in the same manner as previously described. Note that dE2F1 staining is
higher in the mutant clones. (C) zscI*** mutant clones are generated in the wing
disc by heat shock driven FLP. Wing-notum region is shown. GFP marks wild
type cells. Magnified view of the area enclosed in dotted line is shown in the
rightmost panel. The orange line indicates the clonal boundary. Note that dE2F1
staining is stronger in fsc/ mutant clones. Cells with highest GFP expression are
the twin spots.
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Figure 4. Transcription of dE2F1 target genes is activated in #sc/ mutant cells.
(A) Mitotic clones of tsc1**** are generated in the eye disc of PCNA-GFP
transgenic flies. PCNA- GFP is a reporter construct where GFP (green) is
expressed under the control of the PCNA promoter, a known dE2F1 target. Wild
type clones are marked by the presence of - galactosidase for this experiment
(blue). Note that GFP expression is increased in tsc/ homozygous mutant clones

at the posterior of the MF. Images of higher magnification of the mitotic clones

are also shown (lower panel). (B) In situ hybridization assay is used to compare
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expression patterns of three dE2F1 target genes, rnrS, CycE, and PCNA. rbf1 tscl
double mutant eye discs are generated as described previously. Since rbf7 tscl
double mutant eye discs are generated by mitotic recombination using a recessive
cell lethal mutation, the control and rbf7 eye discs are generated by inducing
mitotic recombination between the wild type FRT chromosome against the same
recessive cell lethal mutation (see Materials and Methods for the full genotypes).
Note the expression of rnrS, CycE, and PCNA in rbf1"** eye discs is highest at
the MF. In contrast, strong expression of 7nrS, CycE, and PCNA is observed both
at the MF and in the anterior region of the rbf1 tscl double mutant eye disc.
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Figure 5. The pattern of ectopic cell death in eye imaginal discs that are
composed mostly of rbf1'** tsc1 double mutant cells. (A) rbf! single or rbfl
tscl double mutant eye discs are generated by mitotic recombination using a
recessive cell lethal mutation as described in in sifu experiment. Apoptotic cells
are visualized by anti-Caspase 3 (white). 7bf1 mutant cells undergo apoptosis at
the anterior part of the MF (left panel) whereas rbf1 tsc1 double mutant cells
undergo apoptosis at the MF and the anterior region of the eye disc (two different
eye discs of the same genotype are shown in the middle and the right panels). (B)
rbf1 mutant clones are generated as described previously using FLP recombinase.
GFP marks wild type cells. The eye disc was immunostained with anti-Rbf1 (red).
Note the weak but visible Rbfl staining in 7bf1'*** mutant clones in the region
posterior to the MF (yellow asterisk).



rbf112% 2 rhf1120a

Figure 6. dE2F1 is required for the ectopic cell death induced by #scl
mutations in the rbf1"" eye discs. Mitotic clones of tsc1””’*'’ single (A) or

tsc I’ and de2f1’* double mutants (B) were generated in the rbf1’*** mutant
background. Wild type cells were marked with GFP (green). Apoptotic cells are
visualized by immunostaining with C3. Note that the ectopic cell death induced
by tscl mutations in rbf1 mutant eye discs is completely suppressed by de2f1
mutations.
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Figure 7. Rheb promotes dE2F1 expression during eye development and
dE2F1- dependent cell death in rbf1 mutant eye discs. (A) Mitotic clones of
rheb®™' or double- mutant clones of rheb’™ and tsc1*”’* are generated in the eye
discs and immunostained with an anti-dE2F1 antibody (white). Images of higher
magnification with outlined clonal boundaries (orange) is also shown. Note the
reduced dE2F1 staining in rheb mutant clones. (B) rheb®”’ or double-mutant
clones of rheb®™ and tsc1**’* are generated in rbf1"*** mutant eye discs and
immunostained with C3 to visualize apoptotic cells (white). Note the discontinued
stripe of cell death in rheb mutant clones.
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Figure 8. Tor is required for dE2F1 expression during eye development but
neither s6k or 4ebp mutations affect dE2F1 expression. (A) Mitotic clones of
Tor’™" are generated in the eye discs and immunostained with an anti-dE2F1
antibody (white). Images of higher magnification with outlined clonal boundaries
(orange) are also shown. dE2F1 staining is clearly reduced in the for mutant
clones. (B) s6k"’ or 4ebp™" mutant clones are generated as described previously.
In contrast to Tor mutant clones, dE2F1 expression is unchanged in the mutant
clones of either genotype.
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Figure 9. S6K is required for the effect of TSC inactivation on dE2F1
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expression and dE2F1-dependent cell death in rbf1"** eye discs. (A) Mitotic
clones of gig’* single or s6k"" and gig'”” double mutant clones are generated in the
eye discs. The intensity of the GFP indicates that GFP expressing clones are
composed of two genotypes, wild type and heterozygous mutations (eg. gig+/+ or
gig+/-). An anti-dE2F1 antibody (white) is used to determine the expression
pattern of dE2F1. Images of higher magnification with outlined clonal boundaries
(orange) are also presented. Note that dE2F1 expression is unchanged in s6k gig
double mutant clones contrary to gig single mutant clones where dE2F1 level is
clearly elevated. (B) gig’* single or s6k"' and gig’** double mutant clones are
generated in rbf1"** mutant eye discs and stained with C3 to visualize apoptotic
cells. The increased level of apoptosis by gig mutations is suppressed by s6k
mutations.
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Figure 10. Tsc1 regulates dE2F1 expression through the 5’ UTR of beta-form
de2fI1-RA and neither knock-down of #scl nor for affects dE2F1 protein level
in S2 Drosophila tissue culture cells. (A) Mitotic clones of tsc1®** are
generated with the same approach in the eye disc of GMR-Gal4,UAS-de2f1-RA-a-
GFP transgenic fly. UAS-dE2F1-RA-a-GFP is a reporter construct whose GFPs
(green) contain the de2f1-RA-a. 5° UTR. Note that GMR expression domain is
posterior to the MF in the eye disc. Wild type clones are marked by the presence
of B- galactosidase (red). Note that there is no difference in GFP expression
between wild type and tsc/ homozygous mutant cells. Images with higher
magnification of the mitotic clones are also shown (lower panel). (B) UAS-de2f1-
RA-f3-GFP is expressed in the eye disc as described above. Note the higher GFP
intensity in zsc/ mutant cells compared to wild type cells. Higher magnification
images are shown in bottom panels (C) The transgenic construct UAS-GFP-de2f1,
whose GFPs are fused with the full length de2f1 coding sequence, is also
expressed with GMR-Gal4 as described above. A different 5° UTR from de2f1-RA
is embedded in the UAS-GFP-de2f1 control construct. Note that GFP expression
level is higher in zsc/ mutant cells than wild type cells. (D) Immunoblot analysis
of S2 cells treated with either white or tscl dsRNA. Anti-phosphorylated S6k
serves as the positive control and anti-B-tubulin as the loading control. Note that,
in contrast to imaginal discs, dE2F1 protein expression is not increased in tsc/
dsRNA treated cells when compared to white dsRNA treated cells. (E)
Immunoblot analysis of S2 cells treated with DMSO or DMSO containing
rapamycin. Note that dE2F1 expression is unchanged in rapamycin treated cells.
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DISCUSSION
Summary and Discussions

The loss of Rb leads to hyperactivation of E2F family proteins, which is a
crucial event during tumorigenesis. Here, I demonstrate that the Drosophila
ortholog of Tscl tumor suppressor cooperates with Rbf1 to regulate dE2F1
activity during development. Tscl regulates dE2F1 expression at the level of
translation and likely also on protein stability. The loss of zsc/ cooperates with
rbf1 mutations to promote unscheduled S-phase entry and cell death. This effect
of tscI mutations on dE2F1 expression requires the components of canonical
Tsc/Rheb/Tor pathway which are major regulators of cellular growth. My study
provides evidence to suggest that dE2F1 is an important protein that couples
growth signals to cell cycle progression.

Recent studies have identified that pro-proliferative and pro-apoptotic
activities of dE2F1 are engaged by various Drosophila tamor suppressor genes,
such as hippo and archipelago [58, 59]. The findings of my thesis work add tsc1/2
tumor suppressor genes to this list. Previously, dE2F1 or Cyclin E overexpression
is shown to bypass starvation induced G1 arrest at least in endoreduplicating
tissues [89]. Moreover, similar to dE2F1, expression of Cyclin E is elevated in
tscl mutant cells in eye imaginal discs [64-66]. Perhaps, restricting the expression
of cell cycle regulators, such as dE2F1 and Cyclin E, is a part of the molecular
mechanisms by which nutrient deprivation induces G1 arrest. Interestingly,
overexpression of dE2F1 or Cyclin E does not overcome starvation-induced G1

arrest in larval neuroblasts, indicating that, in mitotic cells, neither dE2F1 nor
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Cyclin E is the limiting factor [89]. Consistent with this observation, we could not
observe any appreciable increase in the size of rheb or Tor mutant clones in rbfl
mutant background, suggesting that multiple factors contribute to the proliferative
defect observed in rheb or Tor mutant cells in imaginal discs.

Interestingly, despite the elevated level of dE2F1 and Cyclin E, #sc/ mutant
clones have relatively normal patterns of BrdU staining at the MF and a limited
amount of ectopic cell death. It is likely that the activity of dE2F1 in zsc/ mutant
cells is normally restricted by the presence of Rbf1. The fact that the increase in
ectopic S-phase entry and apoptosis by tsc/ mutations can be only observed in the
rbf1 mutant background supports this idea. Moreover, the Tsc/Rheb/Tor pathway
may be modulating the amount of dE2F1 needed for cellular division in
proportion to the cell size during development. Supporting this idea, previous
studies have demonstrated that zsc/ or tsc2 mutant cells spend less time in G1, a
phenotype commonly observed in cells with elevated dE2F1 activity [64-66, 90].
It is conceivable that the elevated level of dE2F1 proteins in #sc/ or tsc2 mutant
cells allows them to go through G1 to S-phase transition faster where Rbf1 is
normally inactivated by Cyclin Dependent Kinases (CDKs).

Despite being the only “activator E2F” in Drosophila, it is still unclear how
dE2F1 expression is regulated during development. A recent study reported that
Cul4(Cdt2) E3 ubiquitin ligase mediates destruction of dE2F1 in S-phase, a
mechanism that regulates dE2F1 expression in a cell cycle dependent manner [91].
My findings here suggest that the expression of dE2F1 is also regulated by a

growth-controlling network. Furthermore, my preliminary data suggest that the
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Tsc/Rheb/Tor pathway regulates dE2F1 at the level of translation, specifically
through the 5° UTR of de2fI1-RA B-variant, and protein stability, which, however,
requires a control to validate (see Future Experiments). The finding that S6k is
involved in this process supports the idea of translational control since S6k
directly phosphorylates and regulates proteins involved in translation, such as
RpS6, elF4B, and eEF2K to list a few (reviewed in [92]). Further, my evidence
showed that the loss of Tsc causes dE2F1 protein to become more stable, which
would suggest that the Tsc pathway promotes dE2F1 protein turnover.
Interestingly, Rb also influences the stability of E2F-1 by binding to the motif of
E2F-1that mediates ubiquitin-mediated proteasome degradation, hence inhibiting
E2F-1 degradation [93]. In S2 cells, neither zsc/ RNAi nor Rapamycin (Tor
inhibitor) treatment had the same effect on dE2F1 expression observed in
imaginal discs (Figure 10D and 10E). It is probable that S2 cells lack factors
necessary for dE2F1 regulation that are present in vivo. Nevertheless, it is
important to note that this effect on dE2F1 expression is specific since dE2F2
expression is unchanged in tscl, rheb or Tor mutant cells (Figure 2A and data not
shown). Curiously, the requirement of S6k to regulate dE2F1 is limited to the
context in which Tsc is inactivated. The loss of s6k in the wild type background
has no effect on dE2F1 expression while rheb or Tor mutations reduce the level of
dE2F]1 proteins in the eye disc (Figures 7A and 8A). In mammals, it has been
demonstrated that the translation of specific mRNAs can be mTor-dependent but
not S6k- dependent [94]. The molecular mechanism in which S6k promotes

dE2F1 expression only when Tsc is inactivated is presently unclear and warrants
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further investigation.

Another interesting finding in my study is that s6k mutations suppress the
dE2F1-dependent cell death normally present in rbf/ mutant eye discs (Figure 9B).
s6k mutations alone did not alter the dE2F1 expression level at least in the wild
type background. Although it is not formally tested, this raises a possibility that
the Tsc/Tor/S6k pathway controls dE2F1-dependent cell death without altering
dE2F1 expression. Interestingly, the crosstalk between the InR/Tor and the EGFR
signaling pathways during Drosophila eye development has been recently
established [95]. InR/Tor signalling regulates the timing of neuronal
differentiation in the eye disc by modulating EGFR activity. Since the EGFR
pathway is an important determinant of dE2F1-dependent cell death [41], S6k
might promote dE2F1-dependent cell death by modulating the EGFR pathway.
Thus, it is conceivable that the cooperative effect between #sc/ and rbf] mutations
may be the consequence of multiple changes that include the increase in dE2F1
expression.

In cancer cells, it is generally thought that the loss of Rb function is the
most common mechanism of deregulating E2F activity. However, in some types
of cancers, amplification of E2F genes or overexpression of E2F family proteins
have been observed (reviewed in [4]). Moreover, in a subtype of human
retinoblastoma where Rb is already deficient, E2f-3 proteins are also
overexpressed [96]. These observations suggest that E2F family genes themselves

can be directly targeted and deregulated during tumorigenesis. It will be
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interesting to investigate if Tsc1/2 or other tumor suppressors and oncogenes
regulate the expression of E2F family proteins to promote tumorigenesis.
Future Experiments

The mechanism of Tsc regulation on dE2F1 requires further investigation
as the GFP expression of UAS-GFP-dE2F1 transgenic construct, which was
originally tested as the control for the 5’UTR reporters of de2fI-R-o and -f3,
surprisingly had increased in tsc/ mutant cells. Moreover, a control for the UAS-
GFP-dE2F]1 construct was not taken into consideration. Since Tscl regulation on
endogenous protein has shown to be specific to dE2F1, a transgenic construct
employing dE2F2 can be used as the appropriate control for UAS-GFP-dE2F1 to
validate Tsc regulation on dE2F1 protein stability. I have generated a construct
expressing GFP-dE2F2, whose de2f2 full-length coding sequence is fused to GFP
and under the control of UAS sequence. UAS-GFP-dE2F2 will be expressed with
GMR-Gal4, the same driver used to express UAS-GFP-dE2F1, and GFP

intensities will be compared between tscl ****

and wild type cells in the eye
imaginal discs. If GFP expression does not change in zsc/ mutant cells of UAS-
GFP-de2f2 transgenic flies, it would support the idea that Tsc1 regulates dE2F1
protein stability. In addition, a report by Shibutani ST. et al showed that during S-
phase, the PCNA-interacting-protein (PIP) motif in dE2F1 mediates dE2F1
protein degradation by the ubiquitin-proteasome system [88]. The reported
transgenic flies expressing PIP motif mutant dE2F1, either with conserved amino

residues change or deletion of the entire motif, UAS-GFP-dE2F17""** or UAS-

GFP-dE2F17"7* respectively, can be employed to test whether the PIP motif is
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responsible for Tsc regulated dE2F1 turnover. If the increase of GFP expression
in tscl mutant cells, as seen in UAS-GFP-de2fI transgenic flies, is suppressed in
either UAS-GFP-de2f1""* or UAS-GFP-de2f1"”* transgenic flies, it would
suggest that the dE2F1 PIP motif is required for Tsc-mediated degradation of
dE2F]1 protein.

A biochemical approach to investigate Tsc translational regulation on
dE2F1 is to perform polysome assay on lysates from Drosophila Kc cells
transfected with de2fI-RA-a or -3 5° UTR construct. Since tscl or for knock-
down in S2 cells showed no effect on dE2F1 expression, Kc cells from
Drosophila embryos will be used instead. However, prior to performing polysome
assay, whether #sc/ RNAI or rapamycin has an effect on endogenous dE2F1
expression in Kc cells will be tested. Kc cells would be suitable for this
experiment because it has been shown that de2f1-RA is expressed in Kc cells [87,
97]. Furthermore, in a reported DNA microarray experiment, de2f] is identified as
one of the most differentially expressed genes between S2 and Kc cells [98],
raising a possibility that the expression of dE2F1 is differentially regulated
between the two cell types. de2f1-RA is the most abundant form of de2f1
transcript in the eye discs and, through the 5° UTR of its $-form, I showed that
Tsc regulates dE2F1 protein expression; therefore, it is likely that zsc/ or tor
knock-down would cause endogenous dE2F1 protein level to increase or decrease,
respectively, in Kc cells.

Since we saw an increase in GFP expression in zsc/ mutant cells of UAS-de2f1-

RA-f-GFP transgenic fly eye imaginal discs, a polysome assay on the lysates of
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tscl knock-down Kc cells is expected to show de2fI1-RA-# 5’ UTR shifting
towards heavier fractions, which is the result of increasing number of
ribonucleoproteins binding to the mRNA molecules. The polysome assay is an
even more convincing technique to demonstrate that Tsc repression on dE2F1 is
at the level of translation.

The 5° UTR of de2f1-RA-f can be further examined to identify the
sequences within the 5 UTR required for Tsc regulation, such as by deletion
series analysis of the de2fI1-RA-f# 5° UTR. Truncated 5° UTR sequences can be
made into reporter constructs, such as by fusing with GFPs or luciferases; the
reporter activities can eventually be measured and compared between tsc mutant
and wild type backgrounds. This experiment would uncover the elements in the
de2fl-RA-f 5’ UTR that are required for regulation by Tsc, and potentially, the
effector downstream of S6k that directly interacts with the 5’ UTR. Lastly, a
de2fl 3’ UTR reporter construct can be generated to examine whether Tsc also
acts through the 3’ UTR to regulate translation of de2f/ mRNA. All three de2f]
mRNA variants share the same 3° UTR, which is 1265 nucleotide in length.
Similar to the 5° UTR reporter constructs, the 3> UTR of de2f] can be cloned, set
under the control of UAS-Gal4, and its activity can be visualized with a GFP
reporter.

MATERIALS AND METHODS
Fly Stocks
All crosses have been performed at 25°C. The rbfI mutant allele, rbf1"**, and

de2f1 allele, de2f1 729 are described previously [47,48]. The tscl alleles used in
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this study are tsc1****, a gift from Dr. Hariharan [84], and tsc """’ (Exelixis
collection, Harvard Medical School). The mutant alleles of the TSC/Rheb/Tor
pathway used in this study are as follows: Tor’*”’ FRT40A and 4ebp™" are gifts
from P. Lasko [85, 86]. s6k"' FRTSO0B is a gift from D.J. Pan [64]. The gig*
FRTS80B, FRT82B rheb®”’, and s6k"’ gig"”’ FRTS80B alleles were kindly provided
by .M. Bateman [65]. The 4ebp™" FRT40A, FRT82B de2f1’*’ tsc """, and
FRTS82B rheb®™’ tsc1**’* alleles were generated by meiotic recombination. For the
double mutant alleles, presence of both mutations is verified by genetic
complementation tests using multiple mutant alleles. For example, presence of
both s6k and gig mutations in s6k "’ gig’”* FRTS0B alleles were verified by
crossing the alleles to gig”, gig'”, s6k"" and s6k”"#”7*** alleles individually.
Translational reporters of de2fl 5 UTR, UAS-de2f1-RAa-GFP and UAS-de2f1-
RAB-GFP, were generated using TOPO® Cloning approach described below.
UAS-GFP-de2f1"", the control for the translational reporter experiment, was a gift
from R.J. Duronio [91].

Clonal Analysis

Flippase (FLP) was expressed from the eyeless promoter to generate mitotic
clones in the eye. To examine clones in rbf] mutant animals, the X chromosome
carrying rbf1"** and an ey-FLP transgene was used. Following are the full
genotypes of larvae analysed:

Mutant clones in the wild type background

yw eyFlIp/ + or Y; FRT82B GFP"/ FRT82B tsc1™*

yw eyFlIp/ + or Y; FRT82B GFP"/ FRT82B rheb*”’
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yw eyFlIp/ + or Y; FRT82B GFP"/ FRT82B rheb*®’ tsc1****
yw eyFlIp/ + or Y; GFP"" FRT40A/ Tor**"’ FRT40A

yw eyFlIp/ + or Y; GFP"" FRT80B/ s6k"' FRTSOB

yw eyFlIp/ + or Y; GFP"" FRT40A/ 4ebp™" FRT40A

yw eyFlIp/ + or Y; GFP"" FRTS0B/ gig’® FRT80B

yw eyFlp/ + or Y; GFP"" FRTS0B/ s6k'" gig'” FRT80B
rbf1'*" FRT19A/ GFP FRTI19A; eyFLP/+

Mutant clones in the rbf1"** background

w rbf1"”** eyFlp/ Y; FRT82B GFP"/ FRT82B tsc1®**

w rbf1"** eyFlp/ Y; FRT82B GFP"/ FRT82B tsc 1"

w rbf1"”** eyFlp/ Y; FRT82B GFP""/ FRTS82B de2f1” tsc I""*"
w rbf1"”** eyFlp/ Y; FRT82B GFP"/ FRTS82B rheb*”’

w rbf1"** eyFlp/ Y; FRT82B GFP"/ FRT82B rheb*”’ tsc1****
w rbf1"** eyFlp/ Y; GFP"" FRTS0B/ gig’® FRTSOB

w rbf1"™* eyFlp/ Y; GFP*" FRTSOB/ s6k"' gig"” FRTS8OB
Immunoblot, real-time quantitative PCR and in situ hybridization
yweyFlp/ Y; FRT82B [W+] I(3)cl-R3/ FRTS82B (controls)
yw eyFlIp/ Y; FRT82B [W+] I(3)cl-R3/ FRT82B tsc1™*

w rbf1"* eyFlp/ Y; [W+] [(3)cl-R3/ FRTS2B

w rbf1"* eyFlp/ Y; [W+] I(3)cl-R3/ FRT82B tsc1****
PCNA-GFP in tscI mutant clones

y w eyFIp/ PCNA-GFP; FRTS82B LacZ"™"/ FRT82B tsc1*"**

5’ UTR translational reporters in #scI mutant clones
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GMR-Gal4 UAS-de2f1-RA-a-GFP; FRTS2B LacZ""/ FRT82B tscl "
GMR-Gal4 UAS-de2f1-RA-B-GFP; FRT82B LacZ"""/ FRT82B tscl ****
GMR-Gal4 UAS-GFP-de2f1""; FRT82B LacZ"™"/ FRT82B tscl ****
Immunostaining and Microscopy

The antibodies used in this study are: anti-dE2F1 (1/1000) [41], anti-dE2F2
(1/1000) [66], anti-RBF1 (1/100) from Dyson Lab, anti-C3 (1/200, Cell
Signaling), anti-GFP-FITC (1/200, abcam), anti-f3-galactosidase (Developmental
Studies Hybridoma Banks [DSHB]), and anti- ELAV (DSHB). For
immunostaining, third-instar eye discs were fixed in 4% formaldehyde for 20
minutes at room temperature (eye discs immunostained for anti-dE2F1 were fixed
at 4°C for 30 minutes) and washed twice with 0.3% PBST (0.3% Triton X-100 in
PBS) and once with 0.1% PBST (0.1% Triton X-100 in PBS). Fixed eye discs
were incubated in primary antibody with 0.1% PBST and 5% normal goat serum
(NGS) at room temperature for 3 hours. After four washes with 0.1% PBST, eye
discs were incubated in secondary antibody with 0.3% PBST and 5% NGS at
room temperature for 2 hours. Immunostained eye discs were then washed five
times with 0.1% PBST at room temperature and mounted for confocal microscopy
imaging (Zeiss LSM).

BrdU Labelling

Third instar larval eye discs were dissected in room temperature Schneider’s
medium and subsequently incubated in 0.2 mg/ml BrdU (in Schneider’s medium)
for 1 hour at room temperature. Eye discs were washed once for 5 minutes in

Schneider’s and twice on ice in PBS. Eye discs were fixed in paraformaldehyde
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(4%) on ice for 30 minutes. After fixation, eye discs were washed twice in 0.3%
PBST (0.3% Triton X-100 in PBS) for 5 minutes each at room temperature then
proceeded to dehydration in 100% methanol for 20 minutes on ice. Eye discs were
rehydrated by sequential treatments with 7:3, 1:1, and 3:7 of methanol to 0.3%
PBST at room temperature for 5 minutes each. Rehydrated eye discs were washed
twice in 0.3% PBST for 5 minutes each then incubated in 2N HCI (diluted in
0.1% Triton X-100 in PBS) for 30 minutes at room temperature. After two 10-
minute washes in 0.1% PBST, eye discs were incubated in primary anti-BrdU
(1/50) for 3 hours at room temperature. Secondary immunostaining and
microscopy procedures were performed according to the steps described in
Immunostaining and Microscpy.

In situ hybridization

For in situ hybridization experiments, eye-antennal discs were prepared as
described previously [57]. Anti-sense RNA probes were generated using cDNA
clones LD41588, LD17578, and LD45889 for rnrS, CycE, and PCNA respectively.
After hybridization, Alkaline Phosphatase conjugated anti-DIG antibodies were
used to detect DIG labeled anti- sense RNA probes. For each target genes, more
than 20 eye antennal discs were analyzed and the representative images were
chosen to be presented.

Immunoblotting

40 eye discs of tsc/ mutant and control animals were dissected and used for
Western blot as previously described [41]. For proteins extracted from the S2

tissue culture cells, the antibody against the phospho-specific form of S6k (Cell
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Signaling, Cat#. 9206) was used to monitor the effect of zsc/ depletion and
Rapamycin treatment.

Real-Time Reverse Transcriptase PCR

The average of three independent experiments of triplicate-PCR reaction is
presented. Total RNA was isolated from 40 eye-antenna eye discs with RNeasy
Mini kit (QIAGEN) according to manufacturer’s protocol, and reverse transcribed
using DyNAmo cDNA Synthesis Kit (Finnzymes) according to manufacturer’s
instructions. Quantitative PCR reactions were performed with DyNAmo Flash
SYBR Green qPCR Kit (Finnzymes). Quantification was determined by
comparative threshold cycle method (CT) on Bio-Rad CFX Manager software.
Both rp49 and B-tubulin were used as normalization controls in a single
experiment. All primers were designed with Primer3 (Whitehead Institute for
Biomedical Research primer3 shareware [http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi]). Primer pairs used are:

chrblF (AACTGCAGGCTCAGCTACQG)

chrblR (CGCTCTCGAACTCAATGAAQG)

de2f12-3F (CAGCACCACCACCAAAATC)

de2f12-3R (ACTGCTAGCCGTATGCTTCTG)

de2f15-6F (TACAGCCATGACCGCAAC)

de2f15-6R (GTTCAGCGCATACGGATAGTC)

tubulin-F (ACATCCCGCCCCGTGGTC)

tubulin-R (AGAAAGCCTTGCGCCTGAACATAGQG)

Rp49-F (TACAGGCCCAAGATCGTGAAG)
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Rp49-R (GACGCACTCTGTTGTCGATACC)

Cloning 5°UTR and Making GFP Reporter Constructs

5’ UTRs of de2f1-RA-a and -8 were amplified from clone LD36172 and y w
cDNA that was prepared from third larval eye discs respectively using Phusion®
Hi-Fidelity PCR kit (Finnzymes). 6 u1 TOPO® Cloning reaction containing 5 ng
of PCR product was set up according manufacturer’s protocol. The reaction was
allowed to incubate at room temperature for 15 minutes and transferred onto ice. 2
1 of TOPO® Cloning reaction mix (Invitrogen) was transformed with One
Shot® TOP10 chemically competent E. coli (Invitrogen). After verification for
the presence of de2f1-RA-a or - 5’UTR insertion by sequencing and restriction
digestions, LR reaction was performed using LR Clonase™ II enzyme mix kit
(Invitrogen) per manufacturer’s instructions. The destination vector used was
pTWG (a Gateway vector by T. Murphy, The Carnegie Institution of Washington,
Baltimore, MD). 5-a Competent E. coli cells (NEB) were used for transformation.
DNAs were extracted with QIAGEN Plasmid Midi Kit (Qiagen) following
manufacturer’s protocol and used for injecting embryos.
UAS-dE2F1-RA-0-GFP and UAS-dE2F1-3-GFP 5’ UTR Reporter
Constructs

Cloned de2fl1-RA-a or de2fl1-RA-f5 5° UTR sequences were placed upstream of
GFP reporters, thus the GFP transcripts contained de2fI-RA-a or -3 5’ UTR.
Transcription of de2f1-RA-a-GFP and de2f1-RA-[3-GFP was controlled by the
UAS sequence. UAS-dE2F1-RA-0-GFP and UAS-dE2F1-RA-[3-GFP constructs

were expressed with GMR-driven Gal4.
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RNAIi and Rapamycin Treatment of S2 Cells
One set of S2 cells were treated with either white or tscl double strand RNA for 4
days. Another set of S2 cells were treated with DMSO or DMSO containing
rapamycin (20nM) for 16 hours. Proteins were extracted for immunoblot.
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de2fl-RA-o

de2fl-RA-3

APPENDIX

Sequence (5°-37)

CACACACATGTGCGAGCAGAAAACACGTTACGAG
GGGAAAATCGACGGAAAAATCCGAAAAAAAATAG
AAAAGCTAACTGAAAAGAGTACAAGACTGAG

Sequence (5°-37)

CAAAAAGCCGCAAAAGACTGCCTCTGCAAGTAAA
AGATTCAAGTCGCTGAGTAGCAATAGCAAATGCTC
TAAAAAATCAAGAATAAAATAAAATAAAAGTGCG
GGCGTGTAACAATTATGTGATATCTACAACAAATG
CTCGAACTGCTGACGTCACGCACAGAATCGTAGAA
TATATAGAGAATAAAGAAGAGAAACGAAAACGTC
GCGTAGTAAAGTTAAAAGTTCCCACACCACCGACG
TACTCACACTCGCACACACACAGACTGAGTCAAAC
GAGTAAGAAGCAGCAGCACATTATACGTGGAATA
CAAAAAGTAACCGACAGAAAAGGCAAAACGCCCG
CAAAAAAATGAAAAATTTGCAAATATGAAACGTGT
GTGATATTCAAAAAGAGCAAGAAGAAGCAGGCG
GCGGTGGAAAAAAAAGCAGAGCAATTTGTTGTGG
TTGCGTGTGATATATAGAAAGCAAGTAAAACCAAC
AAAAATTCCATTTTTAG



