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Identification of Components Involved in Epsin Ubiquitination
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Notch signaling is a major signaling pathway that occurs in many tissues at in
nearly all stages of development. In Drosophila, Notch and its ligands, Delta and Serrate,
physically interact as a part of activation of the signal. Notch activation requires the
endocytic adaptor protein Epsin to facilitate the endocytosis of the ligand Delta. Our
laboratory has discovered that Epsin activity is regulated by ubiquitination. Liquid facets,
the gene coding for the Drosophila protein related to Epsin, was discovered to be an
enhancer of the fat facets (faf) mutant eye phenotype. faf codes for a deubiquitinating
enzyme. Epsin has been determined to be a key substrate of the activity of Faf in the eye.
An F1 screen for dominant suppressors of the faf phenotype was performed to identify
the E3 ubiquitin ligase whose substrate is Epsin. The E2 ubiquitin-conjugating enzyme
UbcD1 was isolated as a strong suppressor of the faf mutant eye defect. UbcD1 has
previously been identified as a strong suppressor of faf. An RNAi approach was used to
study UbcD1’s role in Epsin ubiquitination further. The data that I obtained do not
elucidate the UbcD1’s role in Epsin ubiquitination, but instead suggest an alternative role
that should be considered.
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Chapter 1: Introduction
1.1. NOTCH SIGNALING
Fate determinant signals to undifferentiated cells provide them information that
leads to their growth, proliferation, migration, and death. The orchestration of these
events leads to a complete multicellular organism. The Notch signaling pathway is a
major contributor to this orchestration (Artavanis-Tsakonas, 1999). The Notch signaling
network is a highly conserved cell-cell communication pathway in all eukaryotes. Its role
is understood to be a determinant of cell fate and patterning in nearly all tissues.
Due to the ubiquitous nature of Notch signaling, it has been heavily studied,
especially in Drosophila melanogaster. Notch signaling failure was first observed in
Drosophila female flies, where the observed partial loss-of-function phenotype was
notches on the margins of their wings (Dexter, 1914). Since then, Notch signaling has
also been found to be essential the process of neurogenesis, where undifferentiated cells
are committed to become neurons (Poulson, 1937). In Drosophila, Notch signaling also
occurs at multiple steps during eye, bristle, oocyte and other tissue development.
The Notch pathway differs from other signaling pathways in a number of ways.
Activation of the signal results in cleavage of the Notch protein, resulting in a freed
fragment called the Notch Intra Cellular Domain (NICD). Subsequently, the NICD
translocates to the nucleus and serves as a transcription factor for downstream targets.
Additionally, endocytosis of both the receptor and ligand is necessary to activate the
signaling (Bray, 2006).
1.2. THE NOTCH RECEPTOR AND DSL LIGANDS
Notch is a single-pass transmembrane protein that was first believed to function as
a receptor that receives a message from the ligands (Kidd et al., 1986). Now it is known
1

that Notch also functions in the nucleus as a signal transducer (Weinmaster 2000). The
Notch protein contains three domains: the aforementioned NICD, the Notch Extra
Cellular Domain (NECD) and a transmembrane domain. Upon its interaction with the
ligand, Notch undergoes a series of cleavages that result in a freed NICD. The NICD
translocates to the nucleus and acts as a transcriptional regulator of downstream Notch
targets.
Notch ligands are also single-pass transmembrane proteins that are characterized
by the presence of an N-terminal conserved DSL (Delta/Serrate/Lag2) domain that
facilitates binding and signaling (Artavanis-Tsakonas et al., 1999). Delta and Serrate are
the Notch ligands in Drosophila, but are utilized differentially depending on the
developmental context (LeBorgne 2005). DSL ligands function by activating Notch that
is expressed in adjacent cells and inhibiting Notch expressed in the same cell (Ladi et al.,
2005). Delta and Serrate have intracellular domains that contain lysine residues that are
potential sites for ubiquitination. Ubiquitination of the ligand is necessary to activate
Notch signaling (Itoh 2003; Lai et al., 2001). The next section will discuss ubiquitination
and its functional roles.
1.3 UBIQUITINATION
Ubiquitination is a reversible post-translational modification where a 76-amino
acid ubiquitin (Ub) is added to a target protein. Ub acts as a signal for localization,
structure, lifespan, or activity of the protein it is linked to. Ub is attached to the target
protein in a series of ATP-dependent catalytic steps that involve the enzymes E1, E2, and
E3 (Hershko and Ciechanover, 1998). The first enzyme, E1, is the ubiquitin-activating
enzyme. The E1 creates a thioester bond between a cysteine residue on itself and the Cterminal carboxyl group of the Ub molecule. Ub, now activated, is passed to the E2
2

ubiquitin-conjugating enzyme. The E2 will either conjugate the activated Ub to the target
protein (with the assistance of an E3 Ub ligase) or will transfer the Ub to the E3. If the
later occurs, the E3 will conjugate the Ub to the target substrate as the final step in the
reaction. The type of E3 involved in the reaction determines the role of the E2. There are
two major E3 families. HECT (Homologous to the E6-AP Carboxyl Terminus)-type E3
ligases receive the Ub from the E2 on its cysteine residue and ubiquitinate the substrate
directly. RING (Really Interesting New Gene) E3s act as scaffolds to bring the Ubcarrying E2 to closer to its target substrate, but do not directly ubiquitinate the substrate
(Hicke and Dunn, 2003; Weissman, 2001).
1.3.1. Signals for ubiquitination.
How are ubiquitination enzymes directed to their target proteins? There are a
variety of signals that direct the enzymes to their substrates. One is that the target protein
contains a short sequence of amino acids that display high hydrophobicity (Gilon et al.,
1998). This signal is not well understood, as there is no known consensus sequence. This
may be due to the large number of E3s that exist.
Another signal is phosphorylation of the target protein. Phosphorylation another
post-translational modification. Phosphorylated proteins are recognized by F-box
proteins, which specifically bind to phosphoproteins. F-box proteins can recruit these
phosphorylated substrates to the E3 and form ubiquitin ligase complexes (Skowyra et al.,
1997).
Ubiquitination was first discovered to be a mechanism to target abnormal proteins
for degradation. Proteins damaged by oxidation or mutation or that are misfolded or
mislocalized are ubiquitinated to target them for degradation. Again, the mechanism for
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recognition abnormal proteins is not well understood, but the involvement of chaperone
proteins is speculated (Johnston et al., 1998).
1.3.2. Functions of protein ubiquitination.
Ubiquitination is complex because numerous signals can be generated from the
presence of one or more Ubs. Additionally, the E3 determines the specificity of the target
and, as such, the numbers of E3 enzymes far outnumber the E1 and E2 enzymes
combined. In Drosophila, there is a single E1, more E2s, and over 100 known E3s. The
numbers of enzymes result in combinatorial control and high specificity of substrate
ubiquitination. The fate of the substrate depends on the type of ubiquitin linkage that is
present on the protein. Each type of Ub linkage serves a different purpose for substrate
regulation. Monoubiquitination results in the addition of a single Ub monomer to a lysine
residue on the substrate. The single Ub serves as a signal for endocytosis, endosomal
sorting, DNA repair, histone regulation, virus budding and nuclear export. Multiple
lysine resides on a substrate can be targets for Ub monomer addition, resulting in multimonoubiquitination.

This

type

of

modification

typically

results

in

receptor

internalization, and endocytosis (Haglund et al., 2003; Mosesson et al., 2003).
Ubiquitin itself contains seven lysine residues that have the potential to be used as
sites for the attachment of other Ub molecules, resulting in formation of different Ub
chains. Polyubiquitination is the addition of a chain of Ub monomers to the target
substrate. The most well studied form of polyubiquitination, K48 polyubiquitination, is
the attachment of a chain of four or more Ubs linked through their lys48 residues to the
target protein. This linkage targets the substrate for degradation by the 26S proteasome
(Pickart, 2000; Pickart and Fushman, 2004). Another form of polyubiquitination, the
lys63 linkage, is a non-proteolytic signal that typically results in DNA repair,
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transcriptional regulation, endocytosis, and activation of protein kinases. (Galan et al.,
1997; Bach et al., 2003; Huang et al., 2006). The linkages mentioned above are
considered the canonical polyubiquitination linkages, however recent evidence suggests
that non-canonical linkages exist, such as lys6, lys11, lys27, lys29 and lys33 (Pickart et
al., 2004; Haglund et al., 2005; Huang et al., 2006). The function of these linkages is not
well understood.
1.3.3. Ubiquitination in Notch signaling
The Notch signaling pathway has at least five components that are regulated by
ubiquitination and acts either positively or negatively to regulate signaling. The
intracellular domains of Delta and Serrate contain lysine residues that may be targets for
ubiquitination. Delta proteins containing mutated lysines in their intracellular domains
showed trafficking defects (Parks et al., 2006) and Serrate proteins containing mutated
lysines in their intracellular domains failed to activate Notch signaling (Glittenberg et al.,
2006). These results suggest that at least one lysine is ubiquitinated to signal ligand
endocytosis. The E3 ligases, Neuralized and Mindbomb, directly ubiquitinate Delta and
Serrate to promote ligand endocytosis (Le Borgne et al., 2005; Lai et al., 2005).
Mutations in either E3 result in Notch signaling defects, however each E3 is functional in
a context-specific manner.
A component that is critical for endocytosis to promote Notch signaling, Epsin, is
also ubiquitinated. Epsin ubiquitination will be presented later in this thesis.
1.4. ENDOCYTOSIS IN THE CELL
Endocytosis is the process of internalization of cell surface and extracellular
proteins by invagination of the plasma membrane. In signaling pathways, endocytosis
acts to potentiate or inhibit the signal. Receptors may undergo endocytosis to reduce their
5

availability on the cell surface and the ability to interact with their ligands, thereby
reducing signal intensity. Conversely, trafficking of activated receptors to cellular
locations to promote their interaction with downstream signaling molecules results in
potentiation of the signal (Ceresa and Schmid, 2000). There are multiple types of
endocytosis but clathrin-dependent endocytosis is perhaps the most well known. Clathrin
is a protein that forms trimers (triskelia) that assemble in lattice that coats the pits formed
by the invaginated plasma membrane. The GTPase dynamin pinches off the pit from the
rest of the membrane, resulting in a free clathrin-coated pit. The clathrin lattice rapidly
dissociates leaving a vesicle with the cargo inside. The vesicle shuttles the cargo to its
next destination.
The first evidence suggesting a role for endocytosis in both the signal-sending and
signal-receiving cells was when shibire, the Drosophila homolog of dynamin, was found
to be required in both cells (Seugnet et al., 1997). Since then, several regulators of
endocytic trafficking of Notch and its ligands have been identified as crucial for
activation of signaling. Upon its interaction with Notch, Delta undergoes endocytosis in a
clathrin-dependent manner, however it has been found that the protein Epsin is also
necessary for Notch signaling activation.
1.5. STRUCTURE AND FUNCTION OF EPSIN
Epsin is a multi-modular protein that serves as an adaptor during endocytosis.
Epsin, in Drosophila, is encoded by the gene liquid facets (lqf). There are two Epsin
isoforms (Lqf1 and Lqf2), produced by alternate splicing of the lqf gene pre-mRNA.
Epsin consists of two Ubiquitin Interaction Motifs (UIMs), two Clathrin-Binding Motifs
(CBMs), seven DPW motifs, two NPF motifs, and a highly conserved Epsin N-terminal
Homology (ENTH) domain.
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Presumably, the UIM is the region of Epsin that recognizes ubiquitinated cargos
(Polo et al., 2002). The ENTH domain facilitates Epsin’s plasma membrane localization
through interaction with PI(4,5)P2 (Aguilar et al., 2003; De Camilli et al., 2002). Epsin’s
ENTH domain is also thought to initiate the curvature during invagination of the plasma
membrane in the initial stages of endocytosis. (Ford et al., 2002). Epsin has the ability to
interact, through its CBMs, with clathrin however the CBMs have been shown to be not
required during Notch signaling (Xie et al., 2012).
Epsin’s role in Notch signaling is intriguing. Epsin mutant cells still display
endocytosis of Delta, but do not activate Notch signaling in the neighboring cells (Wang
and Struhl, 2004). These data suggest that while endocytosis of Delta can occur in the
absence of Epsin, Notch-activation requires Delta to enter an endocytic pathway that
involves Epsin (Overstreet et al., 2004; Wang and Struhl, 2004). It appears that Epsin
directs the ubiquitinated ligand, through its UIMs, to a specialized signaling endosomal
pathway. Given the importance of Epsin’s function in Notch signaling, it is likely that
Epsin’s activity is tightly regulated.
1.5.1. Epsin regulation in the cell
In Drosophila, Epsin was first identified in a genetic screen for enhancers of the
fat facets (faf) mutant eye. Faf is a member of the ubiquitin-specific processing protease
(UBP) family of dequbiquitinating enzymes and was first characterized as a regulator of a
critical protein that is necessary for eye development (Huang et al., 1995). Further
evidence confirmed that Epsin is the essential substrate of Faf in the eye, as seen in
Figure 1.1. Western blots reveal that wild type eye disc tissue has nearly 3-fold more
Epsin protein than do faf mutant eye discs. This difference disappears when a faf+
transgene is introduced in faf- homozygotes. Interestingly, a transgene expressing
7

catalytically inactive Faf fails to complement the faf- phenotype, highlighting the
necessity of Faf’s deubiquitinating activity (Chen et al., 2002). It is clear that Faf plays a
significant role in maintenance of proper Epsin activity.
The nature of Epsin ubiquitination is not known. Epsin could be ubiquitinated to
target it for degradation via the proteosome or for its sequestration, rendering it inactive.
The type of ubiquitination on Epsin can not be determined from the biochemical data,
however it can be interpreted to suggest that either Epsin is multiply monoubiquitinated
or has Ub chains of varying lengths attached to it. Learning how Epsin is ubiquitinated
can give us insight into the purpose of Epsin regulation and how Ubs affect Epsin
function.
A mutagenesis screen was performed previously to identify suppressors of the faf
mutant eye defect. Suppressors identified included UbcD1, an E2 conjugating enzyme,
however no E3 enzyme was identified (Chen et al., 2000). The results presented here
further indicate the possibility of the E2 ubiquitin-conjugating enzyme, UbcD1, as a
member of the ubiquitination pathway of Epsin.

8

Figure 1.1. Ubiquitinated forms of Epsin can be seen in the absence of faf.
This western blot shows Epsin forms from wild type (on the left) and faf mutant
(on the right) eye discs. The small arrows indicate higher molecular weight forms
of Lqf2. The size of the second rung of the ladder corresponds precisely to the
size of Lqf1, which is also the size predicted for Lqf2 with two Ubs added to it
(70 + 8 + 8 = 86). The ladder in the faf mutant lanes indicate that there may be
different species of ubiquitinated Lqf. The two lanes shown for each genotype are
different amounts of the same protein extract (Chen et al., 2002).
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Chapter 2: Identification of dominant suppressors of the faf mutant eye
phenotype

2.1. INTRODUCTION
Previous biochemical data suggest that Epsin is ubiquitinated, most likely to
regulate its activity in the cell. In Drosophila, Epsin was first identified as an enhancer of
the faf mutant phenotype. Further studies implicate Epsin as the key substrate of Faf
deubiquitinating activity in the developing eye. The enzymes that catalyze the
ubiqutitination of Epsin are not known. Identification of components of the ubiquitination
pathway of Epsin may provide more insight into the nature of Epsin ubiquitination. A
previous screen performed in our lab to identify components of the Epsin ubiqutitination
pathway isolated UbcD1, an E2 ubiquitin-conjugating enzyme. It may be possible to
identify more components using a similar forward genetic screen.
2.1.1. Screen rationale
Forward screens for dominant enhancers and suppressors are a way to identify
novel components in a developmental pathway. These screens rely on the premise that
loss-of-function mutations for most genes are recessive and that approximately 50% of
the wild-type gene product is needed for proper development. If an additional mutation
that disrupts the same developmental pathway is also present, this may cause the reduced
product from the first gene to not be sufficient for normal development. Thus, if using a
sensitized background, genes that are involved in the pathway will change the
background phenotype, by either enhancing or suppressing the phenotype. In this screen,
only suppressors were isolated because of the components that are being identified. In
Drosophila, loss-of-function mutations in lqf result in abnormal photoreceptor number
10

and pattern that is observed as a rough eye in adults (Cadavid et al., 2000). The
phenotype that is observed is attributed to a failure of Notch signaling (Overstreet et al.,
2003; Wang and Struhl, 2004). faf loss-of-function mutations lead to a phenotype similar
to the lqf loss-of-function mutations. This makes sense, since the loss of deubiquitinating
enzyme activity results in an increase of ubiquitinated Epsin (and thus a decrease in
unmodified Epsin). Since I want to identify the enzymes that ubiquitinate Epsin,
preforming a screen to isolate suppressors of faf might achieve that. Mutations in the E1,
E2, and E3 enzymes would reduce the amount of Epsin that is ubiquitinated,
counteracting the loss of Faf activity and presumably resulting in Epsin levels that are
similar to wild type. The second mutation would suppress the faf mutant eye phenotype,
making it look more like a wild type eye.
2.1.2. EMS mutagenesis
A mutagenesis screen of the Drosophila genome was performed to identify
suppressors of the faf mutant eye phenotype using the chemical mutagen ethyl methane
sulphonate (EMS). EMS is the most commonly used mutagen because it induces a high
frequency of mutations and is relatively low in toxicity. EMS causes point mutations via
alkylation by changing the DNA base guanine (G) to the abnormal base O-6ethylguanine. The repercussions of this change occur during DNA replication. The DNA
polymerases that catalyze the process of replication will pair O-6-ethylguanine with
thymine (T), instead of the correct cytosine (C). Because of this, the original G:C base
pair may become an A:T pair after subsequent rounds of replication. This modification,
considered a point mutation, results in a nonsense or missense mutation that disrupts gene
function. The Drosophila genome consists of approximately 15,000 genes spread across
three autosomes and one sex chromosome, but only approximately 25% of these genes
11

are essential. The typical EMS dosage used in most laboratories is 25mM, which results
in roughly three total mutations per chromosome arm, one of which is a lethal mutation.
(Lewis 1968 (Koundakjian et al., 2004). Mutations will be generated on all four
chromosomes, but I only isolated those generated on the 2nd and 3rd chromosomes,
which are the two largest chromosomes. The X chromosome can not be screened using
the faf- background because faf- mutant females are sterile. The 2nd and 3rd
chromosomes each have two arms and contain a total of approximately 10000 genes. If
three mutations are possible per chromosome arm and there are four arms, a total of 12
mutations are possible per fly isolated. Since I screened 12,000 flies, I probably covered
the genome approximately 14.5 times (12,000 flies * 12 mutations / 10,000 genes =
14.5). This indicates that I possibly mutated each gene at least, but maybe even more
than once.
2.1.3. F1 dominant suppressor screen
I was able to identify suppressed flies as early in the process as possible by
designing an F1 screen for dominant suppressors. With this scheme, the offspring of the
mutagenized flies were screened directly. The sensitized background had to be created
such that suppression could be easily identified, since suppression is more difficult to
detect than enhancement. Strong faf alleles are not lethal and faf null homozygotes have a
rough eye phenotype. The faf alleles selected for this screen were fafB3 and fafFO8, both of
which are strong alleles. It was also important that the background contain the w+ gene.
w+ results in flies having red eyes. The presence of w+ does not change the eye roughness
but makes different degrees of roughness easier to discern.
Before I began the screen, I isogenized the stocks that were being used by
outcrossing for many generations to ensure that there were no lethal mutations on the
12

background chromosomes. This is important because it eliminates any pre-existing
mutations, therefore the only lethal mutations that exist post-screening are due to EMS
administration.
EMS (25 mM) was fed to males and were mated to females. Males in the F1
generation were screened for a suppressed eye (eyes that look more like wild type than
like the screen background). These flies are mosaic (some of the cells carry the mutation,
whereas others do not) because the EMS-induced base modification occurs in one strand
of the spermatid. The only way the mutation can be transmitted to the next generation is
if the germ cells are mutant. In order to determine that the mutation is present in the
germline cells, the suppressed F1 males were crossed to females of the exact genotype as
the parental females. The F2 males were screened for suppression. The suppressed males
were crossed to females that are doubly balanced on both the 2nd and 3rd chromosomes in
order to establish stable stocks.
2.2. RESULTS
An F1 EMS mutagenesis screen was performed to identify suppressors (Figure
2.1). Males with suppressed eyes in the F2 generation were used to generate stable stocks
of each mutation.
2.2.1. Number of mutants isolated
12,122 F1 males were screened for the suppressed eye phenotype. Suppressed F1
males were crossed to females and 577 F2 males were still suppressed. These F2 males
were crossed to females doubly balanced on the 2nd and 3rd chromosomes to generate
mutagenized chromosomes that were balanced. This resulted in 82 stable lines that
contained the 2nd chromosome balancer CyO and the 3rd chromosome balancer TM6B.
The numbers obtained appear reasonable due to factors involved with this type of screen.
13

Screen for suppressors of the faf mutant phenotype

★ = mutagenized

Figure 2.1. Cross scheme for an F1 EMS mutagenesis screen for suppressors of the
faf mutant eye.
EMS mutagenized adult males with a 3rd chromosome balanced fafB3 allele were
crossed to females that had a 3rd chromosome balanced fafFO8allele. The balancer
TM6B and the fafFO8 chromosome both contain the recessive marker, ebony, so
that the mutagenized fafB3 chromosome can be distinguished from the fafFO8
chromosome. Males were screened in the F1 and single, suppressed males were
crossed to females of the same genotype as the females used in the parental cross.
Males still suppressed in the F2 indicate that the mutation is heritable and stable
stocks were generated.
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First, EMS can make males sterile, which could explain the small number of
suppressed F2 males that I obtained. Another explanation is that many mutations occur in
the somatic cells, so they do not breed through to the F2 generation. The jump from the
F2 males isolated to the smaller number of stable stocks can be attributed to the factors
above and also to the isolation of false positives. The generally bad health of flies in the
sensitized background also plays a role in the final number of stocks that were obtained.
When screening the F1 flies for suppression, a large degree of variability of the
suppression was observed. The degree of suppression was characterized as strong,
moderate, and weak, however only strong suppressors were kept as stocks (Figure 2.2).
This is because the suppression can be subtle and even the presence of balancer
chromosomes can make a phenotype originally scored as moderate appear to be no longer
suppressed. After I selected the strong suppressors I performed segregation testing to
determine if the suppressor mutation was located on the 2nd or 3rd chromosome.
2.2.2. Segregation testing of isolated mutants
It was not known which of the two chromosomes each mutation was located on,
so segregation testing was necessary to determine the location of the isolated mutation.
Also, because the 2nd chromosome is not homogenous, segregation was necessary to
generate balanced stocks of the 2nd chromosome mutation. Individual males with CyO on
the 2nd chromosome from each stock were crossed to a fly line that had red eyes and was
doubly balanced on the 2nd chromosome and st e fafFO8 balanced with TM6B on the 3rd
chromosome. If all of the non-TM6B progeny of this cross have suppressed eyes, then the
mutation is likely on the 3rd chromosome. If only some of the non-TM6B progeny have a
suppressed eyes, then the mutation is likely on the 2nd chromosome. This is because of the
heterogeneity in the stocks of the 2nd chromosome. If the mutation was determined to
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Example of a strong suppressor isolated in this screen

Figure 2.2. Example of a strong suppressor isolated in this screen.
Flies containing one mutant copy of faf have wild type eyes. The screen
background, in which both copies of faf are mutant, display a strong rough eye.
Strong suppressors display a completely restored eye size in the posterior ventral
region, and has largely, though not completely, ordered facets.
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likely be on the 2nd chromosome, then the males with suppressed eyes were used to
generate stocks with the mutation balanced on the 2nd chromosome and the nonmutagenized st e fafFO8 chromosome balanced on the 3rd chromosome. If the mutation was
found to likely be on the 3rd chromosome, the males were crossed to females to generate
stocks that were doubly balanced on the 2nd chromosome and the mutagenized fafB3
balanced with TM6B on the 3rd chromosome. Segregation testing determined that 35
stocks have the suppressor mutation on the 2nd chromosome and 47 stocks have the
suppressor mutation on the 3rd chromosome. The next step was to determine if multiple
alleles of a single gene were obtained through complementation testing.
2.2.3. Complementation testing of mutants
Given the nature of random mutagenesis studies, it is very possible that some of
the mutants isolated are alleles of the same gene. A simple test to determine if multiple
alleles have been isolated is through complementation. Complementation testing requires
crossing each mutation to other mutations that have been identified to be located on the
same chromosome. If the progeny containing both mutations are viable, they are said to
complement and it suggests they are mutations in different genes.

If the progeny

containing both mutations are lethal or have a morphological defect, they are said to fail
to complement and it suggests they are mutations in the same genes. To set up these
complementation matrices of crosses, only homozygous lethal lines were used. Including
only homozygous lethal lines is intended to ease interpretation of the results. If a line is
not homozygous lethal, it is most likely not going to be lethal in combination with
another allele.
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2.2.3.1. 2nd chromosome complementation test
13 of the 37 suppressors segregated to the 2nd chromosome were homozygous
lethal. These mutations were crossed to one another to determine the ability to
complement. None of the crosses failed to complement, thus no complementation groups
were generated. This suggests that all of the mutations are on different genes.
2.2.3.2. 3rd chromosome complementation test
19 of the 52 enhancers on the 3rd chromosome were on homozygous lethal
chromosomes and these suppressor stocks were used for complementation testing. None
of the crosses failed to complement, thus no complementation groups were generated.
This suggests that all of the mutations are on different genes.
2.2.3.3. Single alleles selected to be further identified
Because no complementation groups were generated from the homozygous lethal
suppressor mutants, I determined which of the single mutations to study further. Out of
the 19 3rd chromosome homozygous lethal suppressors, three (G4S1, O8S1, and P2S3)
were very strong suppressors, while the remaining 14 were strong. Out of the 13 2nd
chromosome suppressors, 2 (G2S4 and S9S1) were very strong suppressors and the
remaining 11 were strong suppressors.
2.2.4. A known dominant suppressor of faf was identified
There are known suppressors of the faf mutant eye phenotype but their role in
Notch signaling is not clear or there is no link between the gene and Notch signaling. In a
previous screen for suppressors of faf performed in our lab, two strong, dominant
suppressors were identified. One was UbcD1, an E2 ubiquitin-conjugating enzyme. There
is no direct evidence that UbcD1 is the E2 that ubiquitinates Epsin, but UbcD1 mutants
strongly suppress faf (Wu et al., 1999; Chen et al., 2000). Another known strong
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suppressor of faf is the 60-kD DNA Primase subunit of DNA polymerase coded by the
DNAprim gene. The exact function of the primase subunit is not well understood, but
reducing its levels in the developing Drosophila eye cause S phase of the cell cycle to be
relatively slower to wild type. It may act as a suppressor of faf because when there is one
mutant copy of DNAPrim some cells that are undergoing mitosis in the eye remain in S
phase longer, which may change the output of the Notch signaling pathway in such a way
that Faf is no longer needed (Chen et al., 2000). All of the homozygous lethal suppressors
on the 3rd Chromosome were tested for complementation with UbcD1 and DNAPrim
mutations. One mutant, G4S1, failed to complement the UbcD1 allele and no mutants
failed to complement the DNAPrim allele. G4S1 is one of the five strong dominant
suppressors that was selected to be identified further. To confirm the identity of this
mutation, G4S1 was tested for complementation with deficiencies that uncover the
UbcD1 gene region on the 3rd chromosome. G4S1 failed to complement Df(3R)Exel6275
and Df(3R)BSC635. A second mutant allele of UbcD1 was obtained from Bloomington
Stock Center and tested for complementation with G4S1. G4S1 also failed to complement
this new UbcD1 allele. These observations strongly suggest that G4S1 is an allele of
UbcD1.
2.2.4. Mapping mutations using deficiency mapping
The individual mutants that were not identified as known suppressors of faf were
mapped using deficiencies as the first step to determine their identity. A deficiency is a
Drosophila line that has a known chromosomal deletion but is otherwise wild type. These
lines can be used to map lethal mutations by complementation testing. Deficiency
mapping can help narrow down the location of the lethal from knowing that it is on a
specific chromosome to a small region containing a small number of genes. Deficiencies
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range from deleting very large sections of the chromosome to only eliminating a few
genes. The deficiencies that are currently available nearly cover the entire Drosophila
genome. The approach used here was to begin with using deficiencies containing large
deletions and then narrowing the regions down with smaller deficiencies once the
lethality was found. As with complementation testing, only deficiency lines that were
homozygous lethal should be used. This is also why it is critical that the stocks used in
the screen crosses are isogenic.
Ideally, a mutagenesis screen will result in the formation of complementation
groups whose members are potentially alleles of the same gene. If the modifier phenotype
is seen in all members of the complementation group, there is a very good chance that the
mutation that results in the phenotype is also the lethal mutation. In this screen, only
single alleles of the lethal mutants were obtained. Because there are no complementation
groups, each mutant’s lethality can be mapped, but there is a higher possibility that the
lethal mutation is not also the suppressor mutation. Since EMS produces multiple
mutations, it is possible that the suppressor mutation is not a lethal mutation. Further
experiments would need to be done to determine if the lethal mutation is also the
suppressor mutation.
The 3rd chromosome mutants were mapped first. Through deficiency mapping, I
found that O8S1 failed to complement the deficiency Df(3R)Exel6172. To narrow the
region further, I crossed O8S1 mutants to Df(3R)BSC842. O8S1 mutants also failed to
complement this deficiency, suggesting that the lethal mutation is in 3R:88D5-88D6. The
largest gene in this region is bitesize (btsz) and because mutant alleles were available, I
tested known lethal loss-of-function alleles of btsz with O8S1 mutants. The btsz mutants
complemented O8S1. I also obtained a btsz rescue construct to test if it rescued O8S1
lethality. The rescue construct failed to rescue lethality. These tests strongly suggest that
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the mutation is not in the btsz gene. The other genes in the region are CG3610, CG17304,
CG3631, Rrp6. The only deficiency P2S3 failed to complement was Df(3R)Exel9036.
Df(3R)Exel9036 deletes 3R:85D11. There are five genes in this region, four of which are
predicted to code for protein: CG12951, CG16749, CG8121, and CG8866. CR43301 is a
gene that is predicted to not code for a protein. The Df(3R)Exel9036 deficiency may also
delete a small portion of the 5’UTR of CG8861. A homozygous lethal mutant allele of
CG8861 was available, so I tested P2S3 for complementation of the CG8861 allele.
These mutants complemented, suggesting that P2S3 is not CG8861.
Through deficiency mapping, I found that G2S4 failed to complement
Df(2L)Exel6048 and Df(2R)BSC401. The region that Df(2L)Exel6048 spans is 2L:39B4 39C2 and contains seven genes and the region that Df(2R)BSC401 spans 2R:50E1-50E4
and contains eight genes. This mutant line contains two lethal mutations on the 2nd
chromosome. None of the genes in these regions encode for factors involved in the
ubiquitin pathway, thus the regions were not narrowed further. S9S1 was found to be
lethal over Df(2R)BSC484, a deficiency that spans 2R:57C3-57C7 and contains eleven
genes. None of the genes in this deficiency are ubiquitination components so the region
was not narrowed further.
2.3. DISCUSSION
The goal of this screen was to isolate suppressors of the faf mutant eye defect with
the hope that some of the mutants recovered are components of the Epsin ubiquitination
pathway. ~12,000 F1 males were screened and ultimately 82 individual mutant stocks
were established. No complementation groups were generated but an allele of UbcD1
was isolated. Only the strongest suppressors were studied further given that the mutants
were all single alleles of different genes.
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2.3.1. Results
Only single alleles of genes were isolated, so in the interest of time, only the
strongest suppressors were mapped. Out of the five strongest suppressors, only one is a
mutant of ubiquitination pathway gene.
2.3.1.1. P2S3 is CG8121
P2S3 was found to be lethal over Df(3R)Exel9036, which deletes 3R:85D11. The
genes located in this region are CG12951, CG16749, CG8121, and CG8866. None of
these genes are characterized but there are predictions for their function. CG12951 and
CG16749 are predicted to have serine-type endopeptidase activity. CG8866 is predicted
to have protein serine/threonine kinase activity. CG8121 has no known predicted
function. Because there were only four genes in this region, I sequenced all four genes to
find the lethal mutation. To do this, I had to use heterozygous larvae, because P2S3 is
homozygous lethal. I used samples with the genotypes P2S3, st fafB3/TM6B, pr; st
fafB3/TM6B (screen background), and pr; st fafB3. I did this so that I could identify any
polymorphisms between the balancer TM6B and the st fafB3 chromosome used in the
screen. st fafB3 homozygotes were used so that I could tell the difference between the
balancer chromosome and the fafB3 chromosome, based on the polymorphisms. Any
sequence differences I see between P2S3 and the controls can be attributed to EMS
induced mutations. I did not find any EMS-induced changes in the sequencing results for
CG12951, CG16749, and CG8866 when compared to the screen background. CG8121
sequencing revealed a base change from a G to a T. The original codon is GGA which
codes for Glycine but the first codon has been changed to a T, making the new codon
UGA, which induces an early stop codon. This most likely results in a truncated protein.
Even though the lethal mutation has been identified, it was not confirmed that the
mutation in CG8121 is the suppressor mutation. It is possible that the suppression is not
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due to the mutation in CG8121, but a mutation in a second gene. The dosage of EMS
administered yields up to 12 mutations in the fly, most of which are not lethal. The
suppression could be due to one of these EMS-generated, non-lethal mutations. This
would have to be separately tested. One way is by outcrossing the P2S3 line so that the
only mutation remaining is the one in CG8121. If the suppression of faf is still present,
then that may indicate that the lethal mutation in CG8121 is causing suppression. There
are no other mutant alleles of CG8121 available to test. There is no information about the
function of CG8121 but it could be a potentially interesting gene to study further. A
genome-wide RNAi screen for Notch regulators revealed that knockdown of CG8121
results in Notch upregulation in cell culture (Saj et al., 2009). This suggests that CG8121
may be involved in Notch signaling. Because it is an uncharacterized gene, there are not
reagents available to perform experiments to further characterize CG8121.
2.3.1.2. G4S1 is UbcD1
G4S1 was identified to be an allele of the E2 ubiquitin-conjugating enzyme,
UbcD1. There is previous genetic evidence that shows that UbcD1 mutants are strong
suppressors of faf and the allele that was isolated from this screen is also a strong
suppressor. UbcD1, also known as Effete, is a 147-amino-acid class I ubiquitinconjugating enzyme that is similar to the mammalian ubcH5 class (Treier et al., 1992;
Neufeld, et al., 1998). In Drosophila, It was first shown to be required for proper
chromosomal orientation during interphase (Cenci, 1997). In Drosophila ovary, it was
also shown to be required for proper cyst (interconnected germ cells) formation (Lilly et
al., 2000) and in regulation of the anaphase-promoting complex-mediated proteolysis
pathway in germline stem cells (Chen et al., 2009). In this process, the substrate for
UbcD1 activity is one of the mitotic cyclins, Cyclin A.
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In addition to UbcD1’s role in germline stem cell maintenance, it has also been
shown to play a role in apoptosis, specifically in dendritic pruning during Drosophila
larval development (Kuo et al., 2006). Inhibitor of apoptosis proteins (IAPs) are negative
regulators of apoptosis. Drosophila IAP1 (DIAP1), has a RING finger domain that acts
as a ubiquitin ligase (Joazeiro et al., 2000). UbcD1 has been shown to promote autoubiquitination of DIAP1, thus regulating its levels (Ryoo., et al 2002).
One possible explanation for isolating a mutant allele of UbcD1 in my screen is
that it is the E2 enzyme in ubiquitination of Epsin. This seems to be the most obvious
explanation, as UbcD1 strongly suppresses the faf mutant phenotype and has been shown
to do so in previous genetic screens. Additionally, in an RNAi screen for regulators of
Notch activity, knockdown of UbcD1 in the eye leads to an increase in Notch signaling
activation (Saj et al., 2009). This suggests that UbcD1 is involved, albeit indirectly, in
Notch signaling. The current data suggests that this involvement is through regulation of
Epsin activity.
Due to the indirect nature of the interaction between Epsin and UbcD1, the
relationship remains unclear. Another possible explanation is that UbcD1 is the E2
enzyme in ubiquitination of Faf. While there is no evidence that Faf activity is regulated
by ubiquitination, it is certainly a possibility. If this relationship were to be true,
mutations in UbcD1 may result in more active Faf being present. If more Faf is present,
this may lead to Epsin levels being increased due to less ubiquitinated Epsin. UbcD1
mutants may still suppress the faf phenotype, presumably by the reduction of
ubiquitinated Faf, thus more active Faf to restore Epsin levels to be more like wild type.
Reagents are not currently available to biochemically determine if Faf is ubiquitinated, so
this hypothesis can not be tested.
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2.4. MATERIALS AND METHODS
2.4.1. Materials
2.4.1.1. Drosophila stocks
All Drosophila stocks were maintained on standard media. Crosses were
performed in the standard manner at 25°C.
Screen stocks:
w+; pr; st fafB3/TM6B
w+; bw; st e fafFO8/TM6B
Bloomington Stock Center deficiency kits
Exelixis deficiency lines
BSC deficiency lines
DrosDel deficiency lines
2.4.2. Methods
2.4.2.1. EMS mutagenesis
25 1-2 day old males flies were collected and dehydrated in empty plastic vials for
30 minutes. Kimwipes were stuffed in the bottom of plastic vials without food. A solution
of 0.025M EMS in 1% sucrose was prepared and pipetted onto the Kimwipe so that it
was saturated with solution. The males were knocked into the EMS containing vial and
left at room temperature for 24 hours. The next day they were knocked into a vial
containing food so they could clean excess EMS off themselves. 30 minutes later, 25
virgin females were combined with the mutagenized males in a bottle containing food.
The flies were knocked into a new bottle of food every 24 hours for four days. After four
days, the parents were discarded. The progeny were screened for suppressed eyes.
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2.4.2.2. Total RNA isolation
Five 3rd instar wandering larvae were placed in an Eppendorf tube containing 500
uL RLT buffer and 12 uL 1M DTT. The larvae were homogenized with a plastic pestle.
The sample was then centrifuged for 3 minutes and 250μl of sample was combined with
ethanol and applied to a Qiagen RNeasy column. The Qiagen RNeasy kit protocol was
followed. The resulting RNA sample was resuspended in 30μl RNAse free water and
quantified using the NanoDrop spectrophotometer.
2.4.2.3. Reverse-transcriptase (RT)-PCR
500ng total RNA, oligo d(T) primers and enzymes from the Invitrogen
Superscript II RT-PCR kit were used to generate cDNA. The reaction steps were
performed according to the Invitrogen protocol.
2.4.2.4. DNA sequencing
Gene specific primers were obtained from IDT. PCR was performed and products
were run on a 1% agarose gel. PCR products of the expected size were excised from the
gel and purified using the Qiagen Gel Extraction kit protocol. DNA sequencing was
performed using the purified PCR products by the DNA Core facility at UT Austin.
Sequences were analyzed using MacVector.
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Chapter 3: A targeted in vivo RNAi-based approach to understanding
Epsin ubiquitination

3.1. INTRODUCTION
Unlike forward genetics, reverse genetics study the phenotypic effects of a known
mutation. Direct reverse genetic screens involve systematic inactivation of genes of
interest using techniques such as RNA interference (RNAi) and targeted gene disruption.
RNAi screens can be designed to target a specific set of proteins. Recently, an RNAi
screen targeting ubiquitin-proteasome system (UPS) components in Drosophila identified
enzymes that ubiquitinate Cubitus interruptus, the transcription factor involved in
Hedgehog signaling (Du et al., 2011). Through this screen, a comprehensive list of
putative E1, E2, and E3 genes in the Drosophila genome and the availability of their
corresponding RNAi lines was been generated. Additionally, a genome-wide RNAi
screen was performed to identify novel components of the Notch signaling pathway upregulators of Notch signaling included Uba1, UbcD1 and a small number of other E2s
and E3 enzymes (Saj et al., 2009). These ubiquitination enzymes may be candidates for
the enzymes that ubiquitinate Epsin.
3.1.1. Rationale
RNAi has become a valuable in vivo tool in Drosophila due to the relatively
recent generation of genome-spanning RNAi libraries. Each RNAi line contain a
randomly inserted construct that contains a fragment of the target gene positioned as an
inverted repeat that, when expressed, results in long double-stranded RNA (dsRNA). The
dsRNA is cleaved by the endogenous enzyme Dicer, resulting in short, interfering RNAs
that cause gene silencing by irreversibly binding to the target gene’s endogenous mRNA.
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RNAi-based reverse genetic screens have advantages over traditional forward
mutagenesis screens. One advantage is the ability to knock down genes in a tissuespecific manner using the GAL4/UAS expression system (Figure 3.1). The GAL4 system
allows for tissue-specific ectopic expression of any sequence. It is bipartite, in that one
parental line expresses GAL4 based on its upstream tissue-specific promoter and the
other parental line contains a UAS-dependent transgene that is silent in the absence of
GAL4. When the lines are crossed, the progeny will have tissue-specific GAL4-driven
expression of the UAS-transgene. With RNAi, this enables gene inactivation at any time
and any tissue during the animal’s lifespan.
Another advantage of RNAi screens is the ability to generate different alleles by
manipulating the mechanisms by which the process functions. GAL4 activity is sensitive
to temperature shifts. At 16°C, GAL4 activity is minimal and the temperature can be
increased as high as 29°C to maximize GAL4 activity without compromising the
animal’s health (Duffy, 2002). RNAi potency can also be enhanced by the introduction of
UAS-Dicer2, which increases the amount of Dicer available to process dsRNAs (Dietzl et
al., 2007).
The Vienna Drosophila RNAi Center (VDRC) has established a collection of
transgenic RNAi lines, targeting nearly 88% of Drosophila’s protein-coding genes.
Additional lines not available at the VDRC can be obtained from other RNAi
repositories. This makes it possible to screen nearly every UPS gene in the Drosophila
genome. The goal of the screen presented here is to prioritize UPS genes by likelihood
due to evidence. The first two genes that were screened were CHIP and UbcD1.
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Figure 3.1. RNAi expression in Drosophila utilizes the GAL4/UAS expression
system.
The bipartite GAL4/UAS system allows for transgene expression in a tissuespecific manner. One parental line contains GAL4 expressed in a tissue specificmanner. The other parental line contains a UAS-dependent transgene that is
inactive in the absence of GAL4. Progeny from the cross of the two lines have
RNAi expression only in the tissue that GAL4 is expressed (modified from
Hughes et al., 2012).
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3.1.2. Selection of RNAi lines and drivers
There are some caveats associated with the use of in vivo RNAi. One is that the
target gene RNAi construct may have off-target effects. While the inverted repeats are
designed to be specific for the target gene, some genes are very similar in their
sequences. After Dicer processing, the resulting short RNAs are only about 19
nucleotides in length. It is possible that the short RNAs could bind to non-target mRNAs
that have high sequence similarity to the target mRNAs. Known off-target genes are
typically published, but unpredicted off-target gene inactivation is still possible. Because
of this, RNAi lines containing different constructs exist for the same gene.
An eye-specific GAL4 driver had to be selected for experiments. The phenotypic
result of failures in early Notch signaling can be observed in the adult eye, but 3rd instar
larval eye imaginal discs can be used to study these signaling events on a molecular level
(Fehon et al., 1991). The two eye-specific drivers that were considered were GMR-GAL4
and ey-GAL4, GMR-GAL4, both of which express GAL4 in the 3rd instar larval eye disc.
GMR-GAL4 is known to express GAL4 only in the eye disc, specifically in cells
posterior to the morphogenetic furrow. The addition of ey-GAL4 to GMR-GAL4 results
in GAL4 expression in the eye and antenna anlagen in the embryo and later in regions
ahead of the furrow in only the eye disc. GAL4 drivers were tested with RNAi lines to
determine which combination resulted in the greatest level of knockdown without
lethality at the 3rd instar larval stage.
3.1.3. Relative quantification of RNAi-mediated gene knockdown
Relative quantification of the expression levels of a target gene can be done using
RT-PCR. While it is in no way an exact measurement, this method can be used to simply
determine if the target gene is knocked down by looking for a difference in target gene
expression levels between knockdown and wild type samples. This is especially helpful if
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there is no observable phenotype in the knockdown animals. The comparison between
samples can only be made if an endogenous control is used. The endogenous control is
typically a “housekeeping” gene that should have constant expression levels across all
samples. In addition, the PCR reactions must be stopped when the products from both the
endogenous control and the gene of interest are detectable and are being amplified within
linear range of both genes.

The linear range of amplification is when reaction

components are still in excess and the PCR products accumulate at an exponential rate. If
the reaction goes beyond the exponential phase, the PCR product no longer accumulates
and quantification at this point is unreliable. To determine the linear range for a gene,
PCR reactions are performed with increasing cycle numbers (2-3 cycle intervals) and the
products are resolved by agarose gel electrophoresis. The bands are quantified using
relative pixel intensity. Once the linear range is determined, a single PCR reaction is
performed and the product is compared to the controls.
Eye discs were collected from wild type and RNAi knockdown 3rd instar larvae.
RNA was prepared from the tissue and cDNA was generated using RT-PCR. The gene
rp49, which codes for a ribosomal protein in Drosophila, was used as the endogenous
control for all samples. PCR was performed using wild type samples and primers for
CHIP and UbcD1 to determine linear range of amplification. PCR was performed again
using both experimental and wild type samples.
3.1.4. Western blot analysis
Typically, in order to observe ubiquitinated forms of a protein, it is necessary to
eliminate the function of deubiquitinating enzymes. By removing DUB function, a small
amount of ubiquitinated proteins will be stabilized. We have the advantage of being able
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to eliminate Faf activity because of the availability of strong faf mutant alleles that are
not lethal.
An anti-Lqf antibody makes it is possible to visualize ubiquitinated forms of
Epsin in eye discs of faf mutant 3rd instar larvae on western blots. It is expected that
knockdown of the ubiquitination enzymes in the faf mutant background would make the
ubiquitinated Epsin forms no longer present. This is because ubiquitination is not
occurring in the first place, due to elimination of one of the enzymes required for the
reaction.
3.2. RESULTS
Two candidate genes, CHIP and UbcD1, were selected as the first targets based
on evidence that they may be involved in Epsin ubiquitination.
3.2.1. CHIP
CHIP (Carboxy terminus of Hsc70-interacting Protein) is a RING E3 ubiquitin
ligase that that binds through an amino-terminal tetratricopeptide repeat (TPR) domain to
both Hsc70 and Hsp90 (Ballinger et al., 1999; Connell et al., 2001). Hsc70 is an ATPase
that acts as a chaperone and one of its roles is to facilitate uncoating of clathrin-coated
vesicles (Chappell et al., 1986; Ungewickell, 1985). CHIP was selected as a candidate E3
because there is some biochemical evidence that CHIP ubiquitinates Epsin in HEK293
cells (Timset et al., 2005). There is no other evidence that CHIP has any role in
endocytosis or Notch signaling. The RNAi lines obtained from the VDRC were UASCHIPRNAi, lines 34124, 34125, and 107447. Lines 34124 and 34125 contain the same
inverted repeat sequence inserted in different locations on the 2nd chromosome. Line
107447 has a different inverted repeat, also inserted somewhere on the 2nd chromosome.
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3.2.1.1. CHIP knockdown phenotypes
First, I wanted to determine if CHIP mutants have an eye phenotype. There are no
CHIP mutant alleles available so it was not possible to test this in the past. I crossed the
three RNAi lines to the GMR-GAL4 driver and screened the F1 flies for an eye
phenotype. The progeny showed no observable eye phenotype. I also crossed the RNAi
lines to the driver ey-GAL4, GMR-GAL4. I screened the F1 progeny for an eye
phenotype and again there was no observable eye phenotype (Figure 3.2). To determine if
CHIP knockdown resulted in any observable phenotype in other tissue, I crossed the
RNAi lines to Act5C-GAL4. The Act5C promoter results in GAL4 expression
ubiquitously in all cells. I screened the F1 flies for any observable phenotype in all body
structures. UAS-CHIPRNAi, lines 34124 and 34125 expression resulted in no observable
phenotype. Line 107447 expression resulted in a loss of the arista and a pair of head
bristles. In Drosophila, the arista is the structure located at the terminal end of the
antenna. Evidence suggests that the arista function to aid in the detection of sound (He
and Adler, 2001). This phenotype may be the result of off-target gene inactivation,
however Line 107447 has no predicted off-target genes. It appears that CHIP may not
play a significant role in the eye, but may have a role in arista development.
Next, I wanted to determine if CHIP knockdown suppresses the faf mutant eye.
Virgin females that were ey-GAL4, GMR-GAL4/CyO; st fafB3/TM6B were crossed to
males of the genotype UAS-CHIPRNAi/CyO; st e fafFO8 and non-CyO, non-TM6B offspring
were screened. They were compared to +; st e fafFO8 / st fafB3 mutant flies. Both faf alleles
in all of the flies came from the same original stock. The faf chromosomes are the same
in all the flies, but the other chromosomes are not. Any differences in phenotype should
be due to those chromosomes. It appears that CHIP knockdown does not modify the faf
mutant eye defect (Figure 3.4).
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Figure 3.2. CHIP knockdown eye phenotype.
CHIP was knocked down using ey-GAL4, GMR-GAL4 in all three available
CHIP RNAi lines. Lines 34124 and 34125 have the same inverted repeat
construct, but randomly inserted in different locations on the 2nd chromosome.
Line 107447 has a construct of a different sequence, but is also located
somewhere on the 2nd chromosome. GAL4 driven expression of both CHIP
constructs do not result in any observable eye phenotype.
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Figure 3.3. CHIP knockdown results in a mutant arista phenotype.
UAS-CHIPRNAi, line 107447 knockdown driven by Act5C-GAL4 results in a
mutant arista phenotype. In these flies, the feathery arista structures are missing.
A pair of head bristles are truncated as well. This phenotype was not observed in
UAS-CHIPRNAi, lines 34124 and 34125.
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Figure 3.4. CHIP knockdown does not suppress the faf mutant eye.
Each figure is labeled with their genotype on the 2nd chromosome. All flies are
fafFO8/fafB3 on the 3rd chromosome. The eye phenotypes of faf mutant flies with
ey-GAL4, GMR-GAL4 driving expression of UAS-CHIP RNAi suggest that faf is
not suppressed by CHIP knock down.
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3.2.1.2. Relative quantification of CHIP knockdown
The phenotypic data indicate that CHIP may have a role in arista development,
but not eye development. It was also possible that the arista phenotype that was observed
was due to off-target gene inactivation only. It was important to determine if GAL4induced knock down occurred in the eye disc. In order to determine if CHIP was knocked
down in the eye disc, I performed PCR to check expression levels. Eye discs from wild
type 3rd instar larvae were dissected and RNA was extracted from the tissue. cDNA was
prepared from the RNA and PCR was performed to determine the CHIP linear range of
amplification. From this data, I determined that 30 cycles would be sufficient for
subsequent PCR (Figure 3.5).
Eye discs were dissected from w1118 (wild type) and UAS-CHIPRNAi(, Line
107447/ey-GAL4, GMR-GAL4 (experimental) and RNA was prepared from the tissue.
RT-PCR was performed for each genotype using the 1 ug RNA. cDNA was obtained and
exactly 3 ul was used for each PCR reaction. Both genotypes were probed with primers
specific for rp49 and CHIP, resulting in a total of four PCR reactions. PCR products were
run on a gel and compared for differences in expression levels (Figure 3.6).
The PCR results indicate that CHIP was knocked down in experimental eye discs.
The relative band intensities, when compared, show a negligible difference between both
samples when amplified by rp49 primers. The band intensities for w1118 and CHIP
knockdown samples amplified by CHIP primers indicate that the CHIP knockdown band
is approximately 50% less intense than the w1118. Because this assay is based on relative
measurements, it can not be concluded that CHIP is knocked down by exactly 50%, but it
may be close to that amount.

37

Figure 3.5. The linear range of CHIP amplification.
PCR was performed to determine the linear range of CHIP amplification. The xaxis of the graph indicates the number of PCR cycles that had elapsed when the
reaction tube was taken from the thermocycler. The y-axis shows the pixel gray
levels of the gel bands (shown below the graph) that were measured by the DNAJ
gel imaging program. Cycles 18-36 appear to be within the linear range of CHIP
amplification.
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Figure 3.6. Relative CHIP knockdown in 3rd instar larval eye discs.
Relative CHIP knockdown was determined using RT- PCR. Both w1118 and eyGAL4, GMR-GAL4/CHIPRNAi PCR products for rp49 amplification appear very
similar in their levels. The level of CHIP product in the ey-GAL4, GMRGAL4/CHIPRNAi eye discs is lower than in w1118, indicating that knock down of
CHIP has occurred.
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3.2.1.3. State of Epsin ubiquitination when CHIP is knocked down
PCR confirmed that CHIP was knocked down in the experimental eye disc,
despite the absence of an observable eye phenotype. This does not necessarily rule out
CHIP as the E3 that ubiquitinates Epsin. To determine if CHIP knockdown has an effect
on Epsin ubiquitination, western blots were performed using an α-Lqf antibody. Eye
discs were dissected from larvae of different genotypes, homogenized, denatured, and
directly run on an SDS-PAGE gel. Western blotting was performed using the α-Lqf
primary antibody and a corresponding HRP secondary. The blot was exposed to film to
visualize the protein bands (Figure 3.7).
The western blot results suggest that Epsin ubiquitination is not modified by
CHIP knockdown. The last three lanes are GAL4-driven CHIP knockdown in the faf
mutant background. These three lanes look virtually the same as the faf mutant (lane 5).
These data suggest that CHIP is not the E3 that ubiquitinates Epsin.
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Figure 3.7. CHIP knockdown does not alter Epsin ubiquitination.
Western blot results show all Epsin forms. The first lane is the protein marker.
The other seven lanes are protein preparations from 3rd instar larval eye discs.
Lanes two thru five are control samples. The second lane is wild type. The third
lane is driver alone (to make sure the driver itself does not result in Epsin
ubiquitination). The fourth lane is driver and CHIP RNAi (knockdown of the E3
should not result in Epsin ubiquitination). The fifth lane is faf mutant. The sixth,
seventh, and eighth lanes are the three GAL4 driven CHIP RNAi lines in the faf
mutant background. The last four lanes look virtually the same, suggesting that
CHIP knockdown does not alter Epsin ubiquitination.
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3.2.2. UbcD1
UbcD1 was a candidate gene because it has been isolated a number of times as a
strong suppressor of faf mutant phenotype. Other than the genetic data presented in this
thesis and from other screens, there is no other evidence that UbcD1 is the E2 that
ubiquitinates Epsin. There is other in vivo evidence that UbcD1 has a role in Notch
signaling. UbcD1 knockdown resulted in increased Notch activation in the eye (Saj et al.,
2009). If the role of UbcD1 in Notch signaling is to ubiquitinate Epsin as a means of its
activity regulation, then this result is feasible. This is because knockdown of UbcD1
would result in less UbcD1 enzyme available, thus less Epsin is ubiquitinated, and more
Epsin is available for Delta endocytosis.
The lines obtained from the VDRC were UAS-UbcD1RNAi, line 26011 and UASUbcD1RNAi, line 105731. Line 26011 has the construct located somewhere on the 2nd
chromosome. Line 105731 has a different inverted repeat construct on the 3rd
chromosome. Line 105731 had to be recombined onto the fafFO8 chromosome in order to
further study its effects in the faf mutant background.
3.2.2.1. UbcD1 knockdown phenotypes
UAS-UbcD1RNAi lines were crossed to both ey-GAL4, GMR-GAL4 and GMRGAL4 to observe the eye phenotype of the progeny. Surprisingly, the ey-GAL4, GMRGAL4 driver resulted in both UAS-UbcD1RNAi lines to be pupal lethal. There was an
absence of normal head structures when the pupal case was opened (Figure 3.8). Larvae
were viable at the 3rd instar stage, but when I attempted to dissect their eye discs, I found
that they did not have any. I could not use this driver for the subsequent experiments
because of the lack of eye disc tissue.
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Figure 3.8. UAS-UbcD1RNAi knockdown results in loss of head structures.
ey-GAL4, GMR-GAL4 driven expression of UbcD1 RNAi resulted in progeny
carrying both chromosomes to die at the pupal stage. When the pupal case was
opened, it was revealed that the fly had developed with no head. The lack of brain
structures was most likely the reason for the lethality.
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When I crossed UAS-UbcD1RNAi lines to the GMR-GAL4 driver line, the progeny
were viable into adulthood and had a strong rough eye phenotype (Figure 3.9). The eye
discs of 3rd instar larvae of this genotype were a bit smaller than those of wild type larvae.
Next, I wanted to see if UbcD1 knockdown suppressed the faf mutant eye
phenotype. Virgin females that were GMR-GAL4/CyO, GFP; st fafB3/TM6B were crossed
to males of the genotype UAS-UbcD1RNAi, line 26011/CyO, GFP; st e fafFO8/TM6B and
non-CyO, non-TM6B offspring were observed for their phenotype. Line 26011 was
chosen for this experiment because I was still in the process of recombining UASUbcD1RNAi, line 105731 onto the fafFO8 chromosome. The knockdown flies were
compared to +; st e fafFO8 / st fafB3 mutant flies. Both faf alleles in all of the flies came
from the same original stock. The faf chromosomes are the same in all the flies, but the
other chromosomes are not. Any differences in phenotype should be due to those
chromosomes. It appears that knockdown of UbcD1 did not suppress the faf mutant eye
defect. In fact, there may be a weak enhancement of the faf mutant eye (Figure 3.10).
3.2.2.2. Relative quantification of UbcD1 knockdown
The rough eye phenotype that resulted from GMR-GAL4-induced UbcD1 knock
down may suggest that either more than 50% of UbcD1 transcript is gone in the eye disc
or that there is off-target gene inactivation that is causing a rough eye. In order to
determine the degree of UbcD1 knock down in the eye disc, I performed PCR. Eye discs
from wild type 3rd instar larvae were used to extract RNA. cDNA was prepared from the
RNA and subsequently used for PCR to determine the linear range of UbcD1
amplification. From this data, I determined that 30 cycles would be sufficient for
subsequent PCR reactions (Figure 3.11).
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Figure 3.9. UbcD1 knockdown results in a strong rough eye.
UbcD1 knockdown driven by GMR-GAL4 results in a strong rough eye
phenotype. UbcD1 loss-of-function mutants are homozygous lethal but appear
wild type as heterozygotes. This phenotype may indicate that greater than 50% of
UbcD1 knockdown is occurring.
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Figure 3.10. UbcD1 knockdown does not suppress the faf mutant eye.
The left panel shows GMR-GAL4 induced UbcD1 knockdown in the eye in a
fafFO8/fafB3 background (3rd chromosome). The right panel shows the fafFO8/fafB3
mutant eye when the 2nd chromosomes are wild type. UbcD1 knockdown does not
appear to suppress the faf mutant eye. It may even weakly enhance the faf mutant
phenotype.
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Figure 3.11. The linear range of UbcD1 amplification.
PCR was performed to determine the linear range of UbcD1 amplification. The xaxis of the graph indicates the number of PCR cycles that had elapsed when the
reaction was taken from the thermocycler. The y-axis shows the pixel gray levels
of the gel bands (shown below the graph) that were measured by the DNAJ gel
imaging program. Cycles 18-36 appear to be within the linear range of
amplification of UbcD1.
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Eye discs were dissected from w1118 (wild type) and UAS-UbcD1RNAi(, Line
26011/GMR-GAL4 (experimental) and RNA was prepared from the tissue. RT-PCR was
performed for each genotype using the 1 ug RNA. cDNA was obtained and exactly 3 ul
was used for each PCR reaction. Both genotypes were probed with primers specific for
rp49 and UbcD1, resulting in a total of four PCR reactions. PCR products were run on a
gel and compared for differences in expression levels (Figure 3.12).
The PCR results indicate that UbcD1 was knocked down in the experimental eye
discs. The measured relative band intensities between both samples when amplified by
rp49 primers, when compared, show nearly a 20% difference. This will need to be
accounted for when comparing the samples from UbcD1 primer amplification. The band
intensities for w1118 and UbcD1 knockdown samples amplified by UbcD1 primers indicate
that the UbcD1 knockdown band is approximately 65% less intense than the w1118.
Because this assay is based on relative measurements, it can not be concluded that
UbcD1 is knocked down by exactly 65%, but it may be close to that amount. This makes
sense because while knockdown of UbcD1 by GMR-GAL4 results in a rough eye
phenotype. This phenotype is not seen in UbcD1 loss-of-function heterozygotes, where it
is presumed that 50% of UbcD1 activity is required for normal function.
3.2.2.3. State of Epsin ubiquitination when UbcD1 is knocked down
PCR confirmed that UbcD1 was knocked down in the eye disc and phenotypic
data suggest that UbcD1 has some function in the eye, due to the rough eye phenotype
due to UbcD1 knockdown. The key question is: does UbcD1 knockdown have an effect
on Epsin ubiquitination? Unpublished data from our lab indicate that loss of one copy of
UbcD1 in the faf mutant background does not modify Epsin ubiquitination, despite
UbcD1’s strong suppression of faf mutants.
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Figure 3.12. Relative UbcD1 knockdown in 3rd instar larval eye discs.
Relative UbcD1 knockdown was determined using RT-PCR. Both w1118 and
GMR-GAL4/UbcD1RNAi PCR products for rp49 amplification appear similar in
their levels. The level of UbcD1 product in the GMR-GAL4/UbcD1RNAi eye discs
is lower than in w1118, indicating that knock down of UbcD1 has occurred.
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Western blots were performed using an α-Lqf antibody. Eye discs were dissected
from larvae of different genotypes, homogenized, denatured, and directly run on an SDSPAGE gel. Western blotting was performed using the α-Lqf primary antibody and a
corresponding HRP secondary. The blot was exposed to film to visualize the protein
bands (Figure 3.13).
The western blot results suggest that Epsin ubiquitination is not modified by
knockdown of UbcD1. The last two lanes are GAL4-driven UbcD1 knockdown in the faf
mutant background. The last two lanes look virtually the same as the second lane, which
is essentially a faf mutant control. A modification to Epsin ubiquitination is expected
when the E2 is reduced in the faf mutant background. These data suggest that UbcD1 is
not the E2 that ubiquitinates Epsin.
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Figure 3.13. UbcD1 knockdown does not alter Epsin ubiquitination.
Western blot results show all Epsin forms. All four lanes are protein preparations
from 3rd instar eye discs. The first lane is wild type. The second lane is driver
alone in the faf mutant background (this should not modify Epsin ubiquitination).
The third and fourth lanes are driver and UbcD1 RNAi in the faf mutant
background. The last three lanes look virtually the same, suggesting that UbcD1
knockdown does not alter Epsin ubiquitination.
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3.3. DISCUSSION
The availability of genome-covering RNAi lines has made it possible to perform
targeted forward screens. The goal of these experiments was to test if the enzymes, CHIP
and UbcD1, are the enzymes that ubiquitinate Epsin. These targets were chosen based on
previous evidence that they may be involved in Epsin ubiquitination. RNAi lines
targeting CHIP and UbcD1 were used with the GAL4 drivers, GMR-GAL4 or ey-GAL4,
GMR-GAL4 in a faf mutant background. Both lines were assayed for eye phenotype, level
of RNAi knockdown, and Epsin ubiquitination.
The data from these experiments suggest that neither UbcD1 nor CHIP are
involved in ubiquitination of Epsin, however, these data may not be interpretable because
an important control was not done. Uba1 is known to be the only known E1 in
Drosophila and is most likely involved in every ubiquitination reaction. It is necessary to
perform western blots on eye discs that have Uba1 RNAi driven by GMR-GAL4 in the
faf mutant background. UAS-Uba1RNAi driven by ey-GAL4, GMR-GAL4 results in
lethality, most likely at the embryonic stage as no larvae of the genotype ey-GAL4, GMRGAL4/UAS-Uba1RNAiwere observed. If the western blot shows no change in Epsin
ubiquitination when compared to the faf mutants, then it is possible that the western blot
can not be used as an accurate assay.
The faf mutant phenotype is sensitive to the background. This can cause
variability in the phenotype, even though the faf alleles used are all the same. The
phenotypic data presented here is interpretable but it is important to note that the
chromosomes other than the faf chromosome may not be isogenic, therefore there may be
variability in the background. This could cause variability in the phenotype due to factors
other than RNAi-mediated knockdown. It would be best to ensure that all of
chromosomes are as similar as possible by recombining the UAS-RNAi construct and
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GAL4 driver onto the 2nd chromosomes of the two faf isogenic stocks that were used for
control purposes.
It is also possible that the data that I obtained is indicative of the role of these
enzymes in Epsin ubiquitination. CHIP RNAi did not activate Notch signaling in vitro
and in vivo (Saj et al., 2009). Components such as Epsin and UbcD1 did alter Notch
signaling in this assay so it is expected that the E3 would also change (probably
upregulate) Notch signaling. The data presented here suggest that CHIP has no
observable role in Epsin ubiquitination.
While it seems unlikely that CHIP has a role in Notch signaling, UbcD1 does
seem to have a role, based on data obtained in faf suppressor screens and its upregulation
of Notch signaling activity when it is knocked down (Saj et al., 2009). The experiments
presented here do not provide a clearer role for UbcD1 in Notch signaling, specifically in
Epsin ubiquitination.
3.4. MATERIALS AND METHODS
3.4.1. Materials
3.4.1.1. Drosophila stocks
All Drosophila stocks were maintained on standard media. Crosses were
performed in the standard manner at 25°C unless otherwise noted.
faf mutant alleles (maintained in the Fischer Lab)
w; Sco/CyO; Pr e fafFO8/TM6B
w; Sco/CyO; st fafB3/TM6B
Driver lines (maintained in the Fischer Lab)
w; GMR-GAL4 (Pw+)
w; ey-GAL4, GMR-GAL4/CyO, GFP
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w; Act5c-GAL4/CyO
w; GMR-GAL4/CyO, GFP; st fafB3/TM6B
w; ey-GAL4, GMR-GAL4/CyO, GFP; st fafB3/TM6B
UAS-RNAi lines (obtained from Vienna Drosophila RNAi Center
UAS-UbcD1RNAi, Line 26011
UAS-UbcD1RNAi, Line 105731
UAS-CHIPRNAi, Line 34124
UAS-CHIPRNAi, Line 34125
UAS-CHIPRNAi, Line 107447
3.4.1.2. PCR primers
All PCR primers were designed in MacVector
CHIP
Forward 5’ TGAGCAAGAATGCGATGACC 3’
Reverse 5’ CGGCAATAAAAGAGTCAACCAC 3’
UbcD1
Forward 5’ GCTCCTCCTCTTCTGAATCTGAC 3’
Reverse 5’ GTATGCTATGTGATGCGTTCCAG 3’
rp49
Forward 5’CAGTCGGATCGATATGCTAAGCTG 3’
Reverse 5’TAACCGATGTTGGGCATCAGATAC 3’
3.4.1.3. Antibodies
The primary antibodies used were guinea pig anti-Lqf (Cocalico Biologicals) at
1:10000 dilution and mouse anti-β-tubulin (mAbE7; DSHB) at 1:100 dilution. The
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secondary antibodies used were HRP-rabbit anti-guinea pig (Jackson) at 1:20,000
dilution and HRP-goat anti-mouse (Sigma) at 1:2000 dilution.
3.4.2. Methods
3.4.2.1. Total RNA isolation and RT-PCR
Forty pairs of eye discs from 3rd instar wandering larvae were dissected and
placed in an Eppendorf tube containing RNALater (Sigma). Eye discs were transferred to
Eppendorf tubes containing 500uL RLT buffer and 12uL 1M DTT and homogenized with
a plastic pestle. The sample was then centrifuged for 3 minutes and 250μl of sample was
combined with ethanol and applied to a Qiagen RNeasy column. The Qiagen RNeasy kit
protocol was followed. The resulting RNA sample was resuspended in 30μl RNase free
water and quantified using the NanoDrop spectrophotometer. 1ug total RNA, oligo d(T)
primers, and enzymes from the Invitrogen Superscript II RT-PCR kit were used to
generate cDNA. The reaction steps were performed according to the Invitrogen protocol.
3.4.2.2. Determination of linear range of amplification
Gene-specific primers, cDNA, and PCR SuperMix (Invitrogen) were used to set
up ten identical PCR reactions. One tube was removed every three cycles during the PCR
program, which was run for a total of 36 cycles. PCR products were run on a 1% agarose
gel and bands were quantified using the ImageJ program.
3.4.2.3. Semi-quantitative PCR
Gene-specific primers, cDNA, and PCR SuperMix (Invitrogen) were combined
and the PCR program cycles were ran based on linear range data. PCR products were run
on a 1% agarose gel and bands were quantified using the ImageJ program or Photoshop.
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3.4.2.2. Western blot analysis
Eye disc protein extracts were generated and analyzed on Western blots as
previously described (Chen et al., 2002), probed with guinea pig-anti-Lqf (1:10000),
mouse mAbE7 (anti-β-tubulin) at 1:100. Secondary antibodies were HRP-anti-guinea pig
at 1:20,000 and HRP-goat-anti-mouse at 1:2000.
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Chapter 4: Discussion and future experiments
4.1. DISCUSSION
Notch signaling is a highly conserved signaling pathway that is involved in nearly
every developmental process in eukaryotes. One of the most intriguing aspects of Notch
signaling is that the ligand (Delta and Serrate in Drosophila) must undergo clathrinmediated endocytosis to activate signaling. The endocytic protein Epsin is also required
for activation of signaling. Epsin’s role in ligand endocytosis is not well understood, but
its importance in the process is clear. Delta endocytosis can occur in Epsin mutant cells,
but does not activate Notch signaling (Wang and Struhl, 2004). Due to its critical role in
Notch signaling, it is not surprising that Epsin activity seems to be tightly regulated.
Previous experiments in the Drosophila larval eye discs provide evidence that Epsin is
ubiquitinated and it is a key substrate of the deubiquitinating enzyme, Faf. This
ubiquitination is most likely how Epsin activity is regulated in the cell. With the
exception of Faf, no other information is known about how or why Epsin is ubiquitinated.
The goal of the experiments presented in this thesis was to better understand Epsin
ubiquitination.
4.1.1. Summary of experiments
An F1 mutagenesis screen was performed to identify suppressors of the fafmutant eye defect. It is expected that mutations in the E1, E2, and E3 enzymes that
ubiquitinate Epsin would suppress the faf mutant eye defect, because they work in
antagonistically to Faf. In this screen, an allele of the E2 ubiquitin-conjugating enzyme,
UbcD1, was isolated as a strong suppressor. UbcD1 has been previously isolated as a
suppressor of the faf mutant eye defect (Wu et al., 1999; Chen et al., 2000).
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An alternative approach to traditional mutagenesis screens was also introduced.
The recent availability of in vivo RNAi libraries has made it possible to perform targeted
RNAi screens. Drosophila RNAi employs the GAL4/UAS system, which enables target
gene knockdown to be controlled spatially and temporally. The enzymes, CHIP and
UbcD1, were selected to test first using this screening method because of the evidence
that both may be involved in Epsin ubiquitination. The eye-specific GAL4 drivers, GMRGAL4 and/or ey-GAL4, GMR-GAL4 were used to drive CHIP and UbcD1 knockdown in
a wild type or faf mutant background. Both lines were assayed for eye phenotype, level of
RNAi knockdown, and Epsin ubiquitination. Neither CHIP nor UbcD1 knockdown
resulted in modification of Epsin ubiquitination, suggesting that neither is involved in
Epsin ubiquitination.
4.3.2. Interpretation of results
UbcD1’s role in Notch signaling is not entirely clear. Knockdown of UbcD1 has
been shown to upregulate Notch signaling in the eye (Saj et al, 2009). The same
experiments using CHIP RNAi resulted in no effect on Notch signaling. This suggests
that UbcD1 probably has a role in Notch signaling, but does not indicate at what step.
If UbcD1 is not the E2 that ubiquitinates Epsin, then what could its substrate be?
One explanation could be that UbcD1 ubiquitinates Faf. It is very possible that Faf is also
ubiquitinated to regulate its activity or levels. The activity of DUBs, like other proteases,
must be regulated to prevent non-specific activity (Liz and Sousa, 2005). In fact, there is
evidence that some DUBs are ubiquitinated as a means to their regulation (Baek et al.,
2004; Kim et al., 2005; Lee et al., 2005; Lee et al., 2008). If Faf is a substrate of UbcD1
activity, then it could also be isolated in a faf suppressor screen. UbcD1 knockdown may,
however, change Epsin ubiquitination if UbcD1’s substrate is Faf and not Epsin because
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a reduction of E2 would prevent some ubiquitination of Faf, resulting in more active Faf.
More Faf would result in less ubiquitinated Epsin. It is not known how this would reflect
on a western blot because RNAi typically results in some protein activity. This idea
should be tested further, but reagents are currently not available to determine if Faf is
ubiquitinated. Until the reagents are available, this will remain an unanswered question.
4.2. FUTURE DIRECTIONS
Genetic data from this mutagenesis screen suggest that UbcD1 is the E2 ubiquitinconjugating enzyme that ubiquitinates Epsin. However, data from the RNAi screen may
suggest otherwise. More experiments must be done to elucidate the role of UbcD1 in
Notch signaling. Furthermore, the questions of how and why Epsin is ubiquitinated still
remain. It is possible that expanding the experiments presented in this thesis could
provide more information to answer those questions.
4.2.1. Identification of other suppressors from the mutagenesis screen
There are 27 lethal suppressors that were not investigated further due to lack of
time. The variability of the suppression makes it difficult to perform phenotypic studies.
These mutants could be tested for complementation with alleles of Uba1 or proteasome
components.
4.2.2. Optimizing a targeted RNAi screen
In order to properly interpret the data obtained in the RNAi experiments, a critical
control experiment needs to be done is to determine if Epsin’s ubiquitinated bands
disappear when Uba1 is knocked down in the faf mutant background on the western blot.
Uba1 is the only known E1 enzyme in Drosophila, thus it will be required for
ubiquitination of Epsin. If ubiquitinated Epsin bands are not observed when Uba1 is
knocked down in the faf mutant background, then the western blot assay is a valid assay
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to use for screening. If Epsin ubiquitination remains unchanged, then different assay
would need to be designed.
Improvements could be made to maximize target knockdown. One way is to
introduce UAS-Dicer2 with the UAS-RNAi construct. Dicer-2 is the component of the
endogenous RNAi machinery that cleaves the long double stranded RNAs into the short,
interfering RNAs. When overexpressed under GAL4 control, it has the ability increase
the amount of interfering RNAs in the cell, thus increasing the amount of target gene
knockdown. This has the benefit of increasing the amount of transgenic interfering
RNAs, but also disrupts the endogenous RNAi system. This must be taken into
consideration when introducing the Dicer-2 transgene. Another is to increase the
temperature at which the GAL4/UAS crosses are performed. The crosses in the RNAi
experiments were performed at 25°C, but the temperature could potentially be increased
to as high as 29°C. The shift to a higher temperature increases GAL4 efficiency. This
modification would also increase the amount of transgenic interfering RNAs.
The next sets of genes that should be screened are the E2 and E3 enzymes that,
when knocked down, were found to upregulate Notch signaling (Saj et al., 2009). The E2
enzymes are: UbcD6, UbcD1, Ubc12, TSG101. The E3 enzymes are: HERC2, CG11892,
CG15439, CG17329. Additionally, F-box proteins were also identified: Slmb, CG5003,
CG12402. This would be a good way to begin high throughput screening of the UPS
enzymes.
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