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ABSTRACT

Previous research supports a model for Drosophila melanogaster in which the C-terminal
segment of βHeavy-spectrin (βH33) and the Rac1 GTPase have an antagonistic relationship, which appears
to be important for apical domain maintenance and formation of the zonula adherens. It is well known
that the Rac1 effector Pak down-regulates βH at the apical domain. However, the mechanism and potential
negative regulator of Rac1 signaling associated with βH33 is unknown. βH33 contains multiple
interaction domains, which could facilitate the recruitment of a negative regulator of Rac1. Elucidation of
the region of βH33 responsible for the observed genetic interaction, through further genetic interaction
studies, provides insight into which interaction partners of βH33 play a role in the negative regulation of
Rac1 activity. The residues to the C-terminal side of βH33 pleckstrin homology (PH) domain appear to be
important for the observed genetic interaction. This region of βH33 includes the binding sites for the
direct interaction partners of βH, PP2A regulatory subunit PR72 and AnxB9.
Additionally, the apparent association of the Rac1 GEF Trio with an endosomal compartment
positive for Hrs, a marker for the multivesicular body, along with the involvement of βH in endosomal
trafficking, suggests that βH33-mediated Rac1 downregulation could be occurring at the endosomal level.
Immunofluorescence characterization of Trio localization in eye and wing imaginal discs under wild-type
conditions, suggests that Trio may be present on some subset of endosomal compartments and somewhat
enriched on the early multivesicular body. Similar characterization under various knockdown and
overexpression conditions, indicates that βH33-mediated modulation of Rac1 activity may not be
occurring through direct regulation of Trio protein levels or distribution in the cell, though further studies
are needed.
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Chapter 1
Introduction

Epithelial polarity
Polarization of epithelial membranes is important for proper form and function in numerous cell
types. Both the cytoplasm and plasma membrane of polarized epithelial cells are characterized by variable
distributions of proteins and lipids and intracellular compartments which define unique apical and
basolateral domains. The apical domain defines the side of the cell facing the external environment,
whereas the basolateral domain defines the area of the cell contacting neighboring cells and the basal
lamina. Epithelia are found in most metazoans (Bennett and Healy 2007) and many of the mechanisms
used to establish and maintain epithelial polarity are conserved between vertebrates and invertebrates.
The adherens junction (AJ) is the junctional complex common to polarized epithelia in both
vertebrates and invertebrates. Through homophilic E-cadherin interactions between neighboring cells, the
AJ mediates adhesion between neighboring cells. Within the cell, adaptor proteins including α-catenin
and β-catenin mediate contact between the AJ and the actin cytoskeleton. The resulting cytoskeletal
network linked to the AJ stretches across neighboring cells in a given epithelial layer to form an actin belt
(Thomas 2001).
In vertebrates, another junction, the tight junction, is found apical to the AJ. Invertebrates lack a
tight junction but have the functionally homologous septate junction, basal to the AJ. Both the tight
junction and the septate junction form tight contacts between neighboring cells to prevent diffusion of
molecules between cells in the epithelial layer. These junctions also prevent the diffusion of proteins and
lipids between the apical and basolateral domains of the plasma membrane. The restriction of proteins and
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lipids to specific membrane domains is critical to establishment and maintenance of the polarized
epithelium.

Establishment and maintenance of epithelial polarity
Current models suggest that the establishment and maintenance of epithelial polarity depends
largely on complex interactions among a set of proteins and protein complexes localized to specific
domains of the cell where they act to maintain the unique character of those domains. Three conserved
protein complexes important in epithelial polarity have been well-characterized: the basolaterally
localized Scribble (Scrib)-Discs large (Dlg)- Lethal giant larvae (Lgl) complex, as well as the two
subapically localized complexes, Cdc42-Bazooka/Par3-Par6-aPKC and Crumbs-Stardust (Sdt)-Discs lost
(Dlt)/Patj. Interactions among these proteins are complex and overlapping, and mutual negative regulation
of apically localized complexes by basolaterally localized complexes and vice versa is critical for
apicobasal polarity. The initial recruitment of these proteins to their proper domains is not yet fully
understood, though apical enrichment of phospholipids like phosphatidylinositol 4,5-biphosphate
(PI(4,5)P2), apical enrichment of mRNAs, directed endosomal trafficking, and protein phosphorylation
are all thought to play a role (Knust and Bossinger 2002; Assemat 2008; Tepass 2012).
aPKC, a serine/threonine kinase, in particular, has several important phosphorylation targets.
Initially recruited to the apical domain along with its negative regulator Par6 by Bazooka, aPKC
phosphorylation of Par1 and Lgl excludes these basolaterally-associated proteins from the apical domain.
The Bazooka complex itself is excluded from the basolateral domain by phosphorylation by Par1. Proper
localization of the Bazooka complex to the subapical region of the cell membrane is important for proper
formation of AJs, as Bazooka serves as a scaffold for the cadherin and catenin proteins which form the
junction. Additionally, Bazooka is a scaffold for PTEN, a lipid phosphatase responsible for maintaining
the apical membrane accumulation of PI(4,5)P2. Rac GTPases, Rac1 and Rac2, as well as their
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downstream effector phosphoinositide 3-kinase (PI3K), show a basolateral localization which leads to
enrichment of phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)P3) at the basolateral membrane (Knust
and Bossinger 2002; Assemat 2008; Tepass 2012).
Like the Bazooka complex, the Crumbs complex is another subapically localized complex
(Tepass 2012). This complex is thought to be recruited to the apical domain by Bazooka and is excluded
from the basolateral domain by the Scrib complex, as well as the Yurt-Coracle complex, and likely by
other currently unidentified complexes which function at different stages of development (Knust and
Bossinger 2002; Assemat 2008; Mack and Georgiou 2014; Tepass 2012). Crumbs mediates important
contacts with the cytoskeleton through binding to moesin and BH-spectrin. The cytoplasmic domain of
Crumbs, necessary for its function as a polarity determinant, mediates contact with cytoskeletal
components, including the F-actin-crosslinking protein spectrin, as well as other polarity proteins
including Dlt and Stardust (Medina et al., 2002). Additionally, Crumbs has been shown to negatively
regulate Rac activity at the apical domain (Chartier et al. 2011).

Spectrin and polarity
Spectrin proteins are well known for their role as F-actin crosslinking proteins. This crosslinking
functioning was first observed in the red blood cell, and mutations in spectrin which disrupt its ability to
crosslink F-actin at the membrane are responsible for human hereditary anemias. Spectrin contains
several domains that allow it to interact with proteins in the cytoskeletal network, including F-actin and
integral membrane proteins like ankyrin, as well as proteins like protein 4.1 and Adducin which stabilize
the spectrin-actin interaction. Outside of the red blood cell, the spectrin network still appears to be
important to proper cell function, with mutations in human spectrin genes leading to hereditary
neurodegenerative disease like spinocerebellar ataxia, as well as being associated with types of cancer
(Bennett and Healy 2007; Bennett and Baines 2001). Additionally, the apparent association of spectrin
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with polarity determinants like Crumbs, as well as the localization of different spectrin isoforms to
different domains of polarized epithelia suggests that spectrin proteins may play important roles beyond
actin-crosslinking in other tissues.
The invertebrate model organisms Drosophila melanogaster and Caenorhabditis elegans provide
a unique and convenient opportunity to study the role of spectrin proteins in polarity. Spectrin proteins
associate to form heterotetramers consisting of two molecules of α-spectrin and two molecules of βspectrin as shown in Figure 1. In the fly, two β-spectrin isoforms of different size, βHeavy(βH)-spectrin (430
kDa) and β-spectrin (230 kDa), associate with a common α-spectrin isoform. β-spectrin exhibits distinct
basolateral distribution in primary epithelia, whereas βH exhibits apical distribution (Dubreuil 1990). In
humans the study of spectrin and polarity is complicated by the existence of two α-spectrin isoforms and
five β-spectrin isoforms which vary in expression across different tissues and overlap in distribution
(Bennett and Healy 2007; Bennett and Baines 2001).

Figure 1. Spectrin proteins in Drosophila melanogaster.
Courtesy of Dr. Graham Thomas.
In addition to the obvious differences in size and apicobasal distribution between β-spectrin and
βH-spectrin, the two isoforms show differences in functional domains that affect recruitment and
stabilization at their respective membrane domains and interaction with other proteins. β-spectrin is
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recruited to the membrane via an ankyrin binding site near its C-terminus (Williams et al 2004; Dubreuil
et al 1997; Bennett and Chen 2001). Interactions mediated by ankyrin stabilize the association of βspectrin with the basolateral domain in polarized epithelial cells. Unlike β-spectrin, βH- lacks an ankyrin
binding domain. Instead membrane interaction is thought to be mediated by the C-terminal repeat
segment βH33 which is necessary, along with tetramerization, for membrane association. βH is recruited
to the apical membrane through an indirect interaction with the cytoplasmic FERM binding domain of the
apical determinant Crumbs (Medina et al. 2002). Though βH localizes to the apical membrane and is
associated with the apical determinant Crumbs, βH does not appear to be necessary for establishment of a
polarized epithelium. βH-spectrin is, however, important for maintaining the integrity of the ZA (Zarnescu
and Thomas 1999). It follows that a potential role for βH in maintaining epithelial polarity may be
downstream of the Crumbs complex where it acts to stabilize the ZA.

Trafficking
Cells rely on vesicular trafficking for the intake and secretion of biomolecules to and from the
environment, as well as for the movement of proteins and lipids to different compartments within the cell.
Through budding of vesicles from the plasma membrane the cell can take up materials from the
extracellular environment, a process called endocytosis. Waste products are released and proteins secreted
through the fusion of vesicles with the membrane in a process called exocytosis. The movement of
proteins, lipids, and other biomolecules within the cell, as well as into and out of the cell, requires the
coordinated action of many proteins. The directionality and specificity of vesicular trafficking is critical
and must be regulated both temporally and spatially. This regulation is mediated by a variety of proteins
which associate with the vesicle membrane. The SNARE proteins were some of the first proteins
identified as playing an important role in the vesicle fusion events associated with trafficking, but a host
of other proteins, including but not limited to the diverse Rab protein family, have since been identified as
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critical regulators of the directionality and specificity of vesicular trafficking (Gonzalez and Scheller
1999).
The Rab family of GTPases is a large and continually expanding family of small monomeric
GTPases with a variety of roles in the cell. The activity of these proteins is modulated through GTP
binding and hydrolysis and through the action and availability of GAPs (GTPase activating proteins),
GEFs (Guanine nucleotide exchange factors), and GDIs (GDP dissociation inhibitors) as shown in Figure
2. Active GTP-bound Rab proteins are associated with vesicle membranes and are free to interact with a
variety of effectors until the bound GTP is hydrolyzed to GDP by the native GTPase activity of the
protein, stimulated by GAPs. In addition to GEFs and GAPs to regulate their activity, GDP-bound Rabs
are held in the cytosol by GDP-dissociation inhibitors (GDIs) (Gonzalez and Scheller 1999).

Figure 2. GTPases cycle through active GTP-bound state
and inactive GDP-bound state, regulated by the action of GEFs,
GAPs, and GDIs.
Different membrane compartments within the cell are characterized by unique sets of Rab
proteins. Different Rab proteins are able to interact with different Rab effectors, which may lend
specificity to trafficking events and help with docking and fusion events (Gonzalez and Scheller 1999;
Zerial and McBride 2001). As a result of their role in lending specificity to cellular trafficking events,
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different Rab proteins have become associated with different compartments within the cell. Rab5 is well
known to be associated with the early endosome, whereas Rab7 is associated with the late
endosome/lysosome. Rab 11 and Rab4 are both associated with recycling endosomes (Zerial and McBride
2001; Shivas et al 2010).

Recycling and polarity
Many of the membrane proteins associated with polarity in epithelial cells rely on trafficking
mechanisms for both initial delivery and subsequent recycling to the apical membrane after
internalization during endocytosis. Recent evidence suggests that the ZA is a dynamic structure, and Ecadherin must constantly be recycled back to the membrane after clathrin-mediated endocytosis. The
coordinated recycling of E-cadherin is particularly important in many of the structural changes that occur
during morphogenesis. Appropriate levels of E-cadherin are maintained through both recycling back to
the AJ by the Rab11 pathway or degradation in the lysosome through the Rab7 pathway (Baum and
Georgiou 2011; Eaton and Martin-Belmonte 2014). In addition to the Rab proteins, various
phosphoinositides, which vary in distribution along the apicobasal axis as well as the internalized
endosome, also appear to play a role in recycling E-cadherin to the proper membrane (Eaton and MartinBelmonte 2014).
The regulated endocytosis and recycling of Crumbs to the apical membrane also appears to be
important in maintaining a polarized epithelium. It appears that the removal of Crumbs from the apical
membrane through endocytosis may actually be required to maintain proper levels of Crumbs at the
membrane. Mutations in Avalanche and Rab5, two proteins required for the internalization of Crumbs in
the early endosome, lead to an apical expansion phenotype, as well as defects in the AJ and
mislocalization of apical polarity proteins, possibly resulting from the accumulation of too much Crumbs
at the membrane when the early stages of endocytosis are disrupted (Eaton and Martin-Belmonte 2014;
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Shivas et al 2010). Conversely, keeping enough Crumbs at the apical membrane through recycling is
equally important. In Drosophila embryos, wing discs, and follicle cells, Rab11, the Rab protein common
to recycling endosomes, and the retromer complex, composed of Vps35, Vps26, Vps29 proteins, have
been implicated in the recycling of Crumbs (Eaton and Martin-Belmonte 2014; Pocha et al 2011; Zhou et
al 2011). Disruption of the retromer complex leads to an increase in degradation of Crumbs in the
lysosome, suggesting that it plays an important role in sorting Crumbs away from this pathway (Pocha et
al 2011; Zhou et al 2011). The recycling of apical polarity determinants appears to also require the
ESCRT complex which regulates sorting of cargo destined for the lysosome, with disruptions in this
complex affecting the AJ and apical membrane in a manner similar to Rab5 and Avl mutations (Shivas et
al 2010).
Increasing evidence is accumulating for the role of polarity proteins and complexes in regulating
endocytosis. In Drosophila and C. elegans it appears that proteins like the small GTPase Cdc42 and
apically localized Bazooka-Par6-aPKC complex may act to regulate endocytosis. The effect of these
proteins on endocytosis appears to vary in different tissues and the mechanism by which they regulate
endocytosis is not immediately clear (Shivas et al 2010; Mack and Georgiou 2014).

Spectrin and trafficking
Recent research has implicated βH in vesicular trafficking. In Drosophila, it has been observed
that absence of Annexin B9 (AnxB9) results in an accumulation of βH at the multivesicular body (MVB),
and it is hypothesized that Anxb9 may be required to release βH from the membrane at this stage in the
endocytic pathway. Cells lacking functional βH show an accumulation of E-cadherin in intracellular
vesicles as well as disruption on Rab5 positive early endosomes and increased number of late
endosomes/lysosomes. Together these results suggest that βH is involved in a recycling pathway (Phillips
and Thomas 2006; Tjota et al 2011).
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Other studies in Drosophila suggest that βH, specifically the C-terminal region βH33, may
negatively regulate endocytosis. Overexpression of βH33 inhibits endocytosis in the larval salivary gland
and results in an expansion of the apical membrane surface area (Williams et al. 2004).

Rho family GTPases
The Rho family of small monomeric GTPases includes three subfamilies: Rho, Rac, and Cdc42.
As described above for the Rab GTPase family, the Rho GTPases cycle through an active GTP-bound
state whereby they are capable of interacting with various effectors and an inactive GDP-bound state. The
binding and hydrolysis of GTP is regulated by the action and availability of GEFs, GAPs, and GDIs
(Mack and Georgiou 2014).
The Rho family of GTPases controls many activities in the cell but is most commonly associated
with promoting reorganization of the actin cytoskeleton. Reorganization of the actin cytoskeleton can
produce varying effects depending on the cell type. In cells of the immune system and cancer cells,
cytoskeletal reorganization can be used to effect movement. In neurons cytoskeletal reorganization
induced by the Rho family is associated with axon growth. In polarized epithelial cells, cytoskeletal
reorganization is critical for morphogenetic movements, and the Rac and Cdc42 subfamilies in appear to
be required for the formation of AJs in mammalian cells. Rho family members have also been shown to
control gene transcription through interaction with the MAP kinase pathway, as well as vesicular
trafficking and cytokinesis (Hall 1998; Kaibuchi et al 1999). In Drosophila embryonic epidermis, a role
for RhoA in the morphogenetic movements associated with the cytoskeleton in dorsal closure has been
described. RhoA seems to be required for the contractile events associated with dorsal closure as well as
the maintenance of AJs and correct localization of βH to the apical domain (Bloor and Kiehart 2002).
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Rac1
Rac1 is a member of the Rho family, Rac subfamily of GTPases. This subfamily is well known
for promoting the formation of lamellipodia at the apical domain, as well as promoting membrane ruffling
(Hall 1998). The ability of Rac to promote the formation of lamellipodia appears to be important in the
early stages of junction formation and the assembly of AJs. Lamellipodia tend localize apically, and
proper formation of the AJ requires the temporal and spatial regulation of specific proteins, including
Rac. In mammalian tissue culture, the establishment of a Rac gradient along the apicobasal axis after an
initial burst of Rac activity is required for proper junction formation and maintenance (Mack and
Georgiou 2014). An apicobasal gradient of Rac and the RacGEF Tiam1 activity in mammalian tissue
culture is maintained through the action of apically localized Par3/Bazooka and basolateral β2-syntrophin
and is required for proper tight junction formation (Mack et al. 2012). A similar study in Drosophila
showed that an apicobasal gradient of Sif, the Drosophila homolog of Tiam1, and Rac1 activity
dependent on Bazooka/Par3 is necessary to limit filipodia to the basal domain (Georgiou and Baum
2010).
Additional studies have shown that apically localized Crumbs may act like Bazooka/Par3 to
downregulate Rac1 and its downstream effectors at the apical domain. Rac1 mediates its effects through
the activation of downstream effectors, including PI3K, NADPH oxidase, and p21 activated kinase (Pak).
In Drosophila it was shown that Crumbs and the Rac1-PI3K pathway act antagonistically. The balance
resulting from this mutually antagonistic interaction maintains the proper ratio of PI(4,5)P2 to PI(3,4,5)P3
that defines the apical domain, which tends to be enriched in PI(4,5)P2 (Chartier et al 2011). In a similar
manner, Crumbs was also shown to downregulate the Rac1-NADPH oxidase pathway and thereby
prevent damage to retinal tissue and maintain the apical membrane (Chartier et al 2012).
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Rac1, βH33 interaction
Previous research from our lab supports a model in which the C-terminal segment of βH (βH33)
and the Rac1 GTPase have an antagonistic relationship, which appears to be important for apical domain
maintenance and formation of the ZA. It is well known that the Rac1 effector Pak down-regulates βH at
the apical domain. However, the mechanism and potential negative regulator of Rac1 signaling associated
with βH33 is unknown. βH33 contains multiple interaction domains, including a PH domain and OPA
domain, which could facilitate the recruitment of a negative regulator of Rac1. Additionally, the apparent
association of the Rac1 GEF Trio with an endosomal compartment positive for Hrs, a marker for the
multivesicular body (MVB), along with the involvement of βH in endosomal trafficking, suggests that
βH33-mediated Rac1 down-regulation could be acting at the endosomal level (Lee and Thomas 2011).
The region of βH33 responsible for the observed genetic interaction with Rac GEF Trio is not yet
known. The elucidation of the region responsible for the observed interaction could provide key insights
into which interaction partners of βH33 play a role in the negative regulation of Rac1 activity. Here I
attempted to determine the region of βH33 responsible for the interaction through a series of genetic
interaction studies observing the effect of overexpression of Trio and βH33 truncation constructs in the
Drosophila eye.
Additionally, determining the compartmental localization of Trio is another of the investigative
goals pursued here. Immunofluorescence studies in eye and wing imaginal discs looking for
colocalization of Trio and various endosomal compartment markers were performed. A series of
knockdown and overexpression studies in the wing disc were also performed to determine the effect of
these conditions on Trio protein levels and distribution.
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Chapter 2
Identification of the region of βH33 required for modulation of Rac1 signaling

Introduction
The established genetic interaction between βH33 and Rac1 signaling via Rac1 GEF Trio
suggests that βH33 recruits or acts as a scaffold for a negative regulator of Rac1 activity at the apical
domain. Identification of the region of βH33 required for the observed interaction with Trio will provide
insight into the domains and interaction partners of βH33, which modulate Rac1 signaling.

Materials and methods

Fly stocks and husbandry
GMR-Gal4 (BL9146) was obtained from the Bloomington Stock Center (Indiana University,
Bloomington, IN). Lines expressing the C-terminal derivatives of βH (UAS- βH33 PUN-12-1; UASBspPH 8-1-6; UAS- βH33ΔPH(-10) and (-20); UAS- βHPH+3(02) and (05); UAS- βHPH+5-3 (8-2-4))
are described in Williams et al. (2004) and Figure 4. Lines expressing Trio and α-catenin GFP
(GMR/CyO; Trio and GMR-UAS α-catenin GFP/Sm6) are described in Lee and Thomas (2011). Crosses
were performed at 18°C and 25°C.
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Image acquisition and processing
After freezing at -20°C for at least 1 hour, adult fly eyes were photographed against a black
cardstock background using an Olympus Evolt 420 camera mounted on an Olympus SZH10 dissection
scope. Images were processed in Adobe Photoshop (San Jose, CA).

Results
To determine which region of βH33 is required for the observed genetic interaction, a series of
transgenic constructs including βH33 and truncated versions of βH33 (Figure 3), were expressed in the
eye along with Trio using the UAS-Gal4 system (Figure 4).

Figure 3. Schematic diagram of the overexpressed C-terminal domains of βH and their
localization.
A: Upper panel- βH33 is the complete C-terminus. βH33ΔPH contains a deletion of the PH
domain. βHPH+3 contains only the PH domain and a short stretch of amino acids to the C-terminal
side that are required for its stability. βHPH+5-3 has the sequences from the N-terminal side of the
OPA sequence through the C-terminus deleted. Lower panel- All constructs have an N-terminal Myctag and are expressed at their full length in vivo under Gal-4/UAS control (western blot). B:
Localization of the constructs in embryonic salivary gland cells. Figure is adapted from Williams et
al. (2004) with permission. Scale bar in B represents 10 μm.
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Figure 4. βH33 interacts genetically with Trio overexpression.
βH C-terminal domain constructs expressed in the eye with and without Trio. Individual Trio
and βH33 truncation constructs were expressed with α-catenin-GFP (α-ct) to control for Gal4 dilution
when comparing to βH33 + trio coexpression flies. A. The GMR-Gal4 driver produces no phenotype
on its own. B. GMR-Gal4 driven expression of Trio produces a mild rough eye. C. Expression of
βH33 produces roughness and areas of necrosis in the dorsal-posterior eye. C’. Expression of βH33
and Trio produces a moderate rough eye. D. Expression of BspPH produces no phenotype. D’.
Expression of BspPH and Trio produces a mild rough eye. E. Expression of ΔPH (-10) produces no
phenotype. E’. Expression of ΔPH (-10) and Trio produces a mild rough eye. F. Expression of ΔPH (20) produces no phenotype. F’. Expression of ΔPH(-20) and Trio produces a mild rough eye. G.
Expression of PH+3 (02) produces a severe glossy eye with areas of necrosis in the dorsal-posterior
eye. G’. Expression of PH+3 (02) and Trio produces a necrotic eye with loss of pigment. H.
Expression of PH+3 (05) produces a mild rough eye. H’. Expression of PH+3 (05) and Trio produces
a moderate to severe rough eye. All flies photographed were females raised at 25°C.
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βH33 expression in the eye using the GMR-Gal4 driver results in severe roughness and areas of
necrosis in the posterior adult eye (Figure 4C). Trio expression alone produces a mild rough eye (Figure
4B). Simultaneous expression of Trio along with βH33 rescues the necrosis associated with βH33
expression and produces a mild to moderate roughness in the posterior eye (Figure 4C’). This observed
phenotype forms the basis of the hypothesized antagonistic relationship between βH33 and Rac1
signaling. Phenotypes of the other βH33 truncation constructs with simultaneous expression of Trio were
observed for similar modulation or other patterns of interaction.
Expression of BspPH, produces no visible phenotype in the eye on its own and when expressed
alongside Trio, the resulting mild rough eye is attributable to the effect of Trio expression alone (Figure
4D-D’). The BspPH construct, which contains regions of the C-terminal segment of β-spectrin that flank
the PH domain, serves as an important control to verify that the observed effects of βH33 construct
expression are a result of sequences unique to βH. Additionally, expression of two ΔPH constructs, which
vary in their genomic location, produce no visible phenotype in the eye, and again only mild roughness
attributable to Trio expression alone when expressed with Trio (Figure 4E-F’). Previous work has shown
that the PH domain is required for localization to the membrane and to observe the effects associated with
βH33 overexpression, which is consistent with the findings here (Williams et al. 2004). However, it
should be noted that the lack of phenotype observed for ΔPH constructs may be a result of its inability to
localize to the membrane and may not accurately reflect the role of the PH domain in modulation of Rac1
signaling.
Expression of two PH+3 constructs, which also vary in the genomic insertion site for the
transgene sequence, result in a glossy eye with posterior necrosis and a less severe mild to moderate
rough eye (Figure 4G and 4H, respectively). When Trio is expressed along with each of these constructs,
a synergistic effect resulting in a more severe phenotype is observed. A fully necrotic eye and a severe
rough eye are observed (Figure 4G’ and 4H’, respectively). These results suggest that the PH+3
constructs lack a key region of βH33 that acts to modulate Trio activity and Rac1 signaling.
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Expression of PH+5-3 constructs alone and with Trio appeared to be lethal at 25°C. The flies
depicted in Figure 5 were raised at 18°C in the hopes that decreased Gal4 driver activity at the lower
temperature would allow flies to survive to adulthood so eye phenotypes could be documented.
Expression of a PH+5-3 construct, which differs from PH+3 constructs in its inclusion of amino acid
sequences to the N-terminal side of the PH domain, results in a severely rough eye (Figure 5A). When
expressed along with Trio, a synergistic effect resulting in a severe rough and necrotic eye is observed
(Figure 5B).

Figure 5. βH33 PH+5-3 interacts genetically with Trio overexpression.
A. GMR-Gal4 driven expression of PH+5-3(8-2-4) and α-catenin GFP (α-ct) results in a
severe rough eye. B. GMR-Gal4 driven expression of PH+5-3(8-2-4) and Trio produces a rough
necrotic eye. C. Expression of Trio produces a very mild rough eye. All flies photographed were
females raised at 18°C.
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Discussion
The PH+3 and PH+5-3 regions of βH33 show synergistic genetic interactions with Rac1 GEF
Trio. These synergistic interaction suggest that the two constructs lack a domain critical to the modulation
of Rac1 signaling by βH.
Unlike the observed interaction between βH33and Trio, the interactions between PH+3 and
PH+5-3 constructs and Trio appear to be synergistic, with the expression of Trio making the phenotype
associated with the expression of the PH+3 and PH+5-3 regions of βH33 worse. These synergistic effects
suggest that these constructs both lack the region of βH33 required to suppress Rac1 signaling. PH+3
constructs lack both the N-terminal residues of βH33, and both PH+3 and PH+5-3 constructs lack the Cterminal residues which include an OPA domain and the sites mediating direct binding of βH33 to AnxB9
and the PP2A regulatory subunit B’’, PR72 (Tjota et al. 2011; Thomas lab unpublished data). The
apparent inability of the residues to the N-terminal side of the PH domain to suppress the βH33
phenotype suggests that these residues are not required for the modulation of Rac1 signaling and are not
responsible for the synergistic effects observed upon expression of PH+3 constructs. The inclusion of the
C-terminal region of βH33 in the regions necessary for the observed genetic interaction suggests that
PP2A PR72 and/or AnxB9 could be the direct or indirect negative regulators of Rac1 signaling at the
apical domain.
AnxB9 interacts directly with two spliceoforms of βH downstream of the PH domain and is
hypothesized to bind additionally to βH upstream of this region weakly or indirectly (Seung Kyu Lee
thesis research, 2012). The PH+3 and PH+5-3 constructs lack the direct binding sites for AnxB9, and are
both potentially lacking the upstream sequences mediating indirect or weak AnxB9 interaction. AnxB9 is
required for proper MVB maturation and promotes release of βH from endosomal compartments after

internalization during endocytosis (Tjota et al. 2011). This regulated release of βH from the membrane
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appears to be required for the proper recycling of DE-cadherin back to the membrane to maintain the
integrity of AJs (Lee, 2012). Both constructs lack the ability to bind AnxB9. Disruption of this interaction
may disrupt the coordinated internalization and recycling of proteins to and from the apical domain. As
discussed in the following chapter, the Rac1 GEF Trio shows endosomal localization upon
immunostaining. βH33-mediated control of Trio levels and/or localization at the endosomal level
requiring AnxB9 would be disrupted in flies expressing PH+3 and PH+5-3 constructs. Simultaneous
overexpression of Trio under these conditions may further disturb this system, leading to the observed
synergistic effect. Further genetic interaction studies examining the effect of AnxB9 RNAi and
overexpression along with Trio would directly test this hypothesis.
In addition to binding sites for AnxB9, both the PH+3 and PH+5-3 constructs lack the OPA
domain and neighboring amino acids known to be the direct interaction for PP2A B’’ subunit PR72.
PP2A plays a role in internalization of βH and DE-cadherin on endosomes. Genetic interaction studies
indicate that PP2A activity may be responsible in part for the βH33 phenotype in the eye (Lee thesis
research 2012): a synergistic phenotype is also observed when PR72 and βH33 are co-expressed in the
eye (GMR-Gal4>βH33 + PR72). These results are consistent with the results observed here and a
possible model in which PP2A is a negative regulator of Rac1 signaling. In this scenario, the synergistic
effect observed when PR72 and βH33 are coexpressed in the eye may result from a decrease in Rac1
signaling, whereas the synergistic effect observed when PH+3/PH+5-3 and Trio are coexpressed in the
eye may result from an increase in Rac1 signaling. An important follow-up experiment should examine
the genetic interaction between PP2A PR72 and Trio.
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Chapter 3
Trio localizes to endosomal compartments in eye and wing imaginal discs

Introduction
The apparent association of the Rac1 GEF Trio with an endosomal compartment positive for Hrs,
a marker for the MVB, along with the involvement of βH in endosomal trafficking, suggests that βH33mediated Rac1 downregulation could be occurring at the endosomal level. Determining the endosomal
compartments to which Trio localizes will provide insight into how Trio levels or activity may be
regulated in this manner.

Materials and methods

Fly stocks and husbandry
Oregon-R (OR-R) obtained from Bloomington Stock Center (Indiana University, Bloomington,
IN) was the wild-type line used for all eye and wing disc dissections. Flies were raised at room
temperature.

Fixation and immunostaining
All wing and eye imaginal discs were dissected in ice-cold phosphate-buffered saline (PBS;
130mM NaCl; 7mM NaH2PO4; 3mM NaH2PO4) and after dissection kept on ice no longer than 35
minutes before fixing. Discs were fixed in 4% Paraformaldehyde for 20 minutes at room temperature with

20
agitation. Following fixation, discs were washed with PBS four times before blocking (10% NGS, 0.45%
Triton-X-100) at least 1 hour at room temperature or overnight at 4°C. All antibody incubations and
washes were performed using incubation solution (5% NGS, 0.1% Triton-X-100). Primary antibody
incubations were carried out for a minimum of 2.5 hours at room temperature or overnight at 4°C
followed by four 10 minute washes with incubation solution. Secondary antibody incubations were
carried out for a minimum of 2 hours at room temperature or overnight at 4°C followed by four 10 minute
washes in incubation solution. Discs were equilibrated in mounting medium (80% glycerol, pH 8.0)
overnight at 4°C before being mounted on slides. Slides were stored at 4°C until imaging. Imaging was
carried out using a CARV II spinning disc confocal (BD Biosystems).

Antibodies
Mouse anti-Trio #9.4A, 1:100, was developed by Dr. C. Hama and obtained from the
Developmental Studies Hybridoma Bank. Guinea pig (GP) anti-Hrs, 1:800, and GP anti-Eps15, 1:300,
were obtained from Hugo Bellen, Baylor College of Medicine, Houston, Texas. Rabbit (Rb) anti-Vps16
and Rb anti-Carnation, 1:1000, were obtained from Helmut Kramer, UT Southwestern Medical Center at
Dallas, Texas. Rb anti-SARA, 1:500, Rb anti-Rab5, 1:500, and Rb anti-Rab4, 1:200, were obtained from
M. Gonzalez-Gaitan, University of Geneva, Geneva, Switzerland. Rb anti-Lava lamp, 1:5000, was
obtained from J. Sisson, University of Texas, Austin, Texas. Rb anti-Car was used at a dilution of 1:1000.
Incubation solution was used to rinse the tube of Rb anti-Rab7 which was originally obtained from
Patrick Dolph, Dartmouth College, Dartmouth, NH. GP anti-PP2A PR72 was produced by the lab and
used at 1:500. Secondary Alexafluor-labelled antibodies, preabsorbed against wild type embryos were
used at a standard dilution of 1:250.
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Image processing
Images shown in this chapter were processed using ImageJ64 software with a rolling ball
background subtraction method, with the rolling ball radius set at 16.0 pixels.

Colocalization quantification
Colocalization was analyzed quantitatively using the JACoP program available through
ImageJ64. A local background subtraction, median background subtraction, using a radius of 24.0 pixels,
was used to reduce noise in single frame images in each channel selected randomly from an image stack.
JACoP was then used to analyze colocalization in these frames.

Results
Eye and wing imaginal discs were dissected from larvae and stained for Trio and various
endosomal compartment markers. Colocalization of Trio with these markers was then assessed
qualitatively and quantitatively. Qualitative analysis was based on merged false color images of Trio and
other various endosomal compartment markers in eye and wing imaginal discs (Figures 6 -9). Staining
and colocalization in wing and eye discs was similar. Trio shows a distinct punctate pattern, localized to
the cell membrane and within the cytoplasm. Trio colocalizes with several endosomal markers
characteristic of various points in the endocytic pathway. These markers include Hrs, a marker of the
MVB (Figure 6A-C and 8A-C), Eps15 and SARA, markers of early endosomes and the early MVB
(Figure 6G-L and 8G-L), and Car, a marker of late endosomes and lysosomes (Figure 7J-L and 9J-L).
More limited colocalization is observed with Vps16, a marker of late endosomes and the late MVB
(Figure 6M-O and 8M-O), Rab5, a marker for early endosomes (Figure 7A-C and 9A-C), Rab4, a marker
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for recycling endosomes (Figure 7D-F and 9D-F), and Rab7, a marker for the lysosome (Figure 7G-I and
9G-I).

Figure 6. Trio colocalizes with endosomal markers in the wing disc.
A-C. Trio and Hrs show endosomal staining patterns and areas of colocalization in a false
color merge image, B. D-F. Trio and Lava lamp (Lva) show little to no colocalization. G-I. Trio and
Eps15 colocalize. J-L. Trio and SARA colocalize. M-O. Trio and Vps16 show limited colocalization.
Scale bar represents 10 μm.
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Figure 7. Trio colocalizes with endosomal markers in the wing disc.
A-C. Trio and Rab5 show limited colocalization. D-F. Trio and Rab4 show limited
colocalization. G-I. Trio and Rab7 show limited colocalization. J-L. Trio and Carnation (Car)
colocalize in the wing disc. Scale bar represents 10 μm.
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Figure 8. Trio colocalizes with endosomal markers in the eye disc.
A-C. Trio and Hrs show endosomal staining patterns and areas of colocalization in a false
color merge image, B. D-F. Trio and Lava lamp (Lva) show little to no colocalization. G-I. Trio and
Eps15 colocalize. J-L. Trio and SARA colocalize. M-O. Trio and Vps16 show limited colocalization.
Scale bar represents 10 μm.

25

Figure 9. Trio colocalizes with endosomal markers in the eye disc.
A-C. Trio and Hrs show endosomal staining patterns and areas of colocalization in a false
color merge image, B. D-F. Trio and Lava lamp (Lva) show little to no colocalization. G-I. Trio and
Eps15 colocalize. J-L. Trio and SARA colocalize. M-O. Trio and Vps16 show limited colocalization.
Scale bar represents 10 μm.
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JACoP colocalization analysis software available through ImageJ64 was used to assess
colocalization quantitatively. Table 1 presents Manders coefficients for Trio colocalization with
endosomal markers. Manders coefficients, termed Manders coefficient 1 (M1) and Manders coefficient 2
(M2), are a measure of colocalization. M1 is an expression of the fraction of Channel 1, here the various
endosomal markers, overlapping with Channel 2, Trio, and M2 the fraction of signal in Channel 2
overlapping with Channel 1. Manders coefficients reflect the limited

Table 1. Quantitative analysis of Trio colocalization with endosomal markers in Drosophila
wing disc.
Endosomal marker

n

M1

M2

Hrs

13

0.157

0.143

Lva

6

0.028

0.084

Eps15

14

0.182

0.237

SARA

7

0.122

0.166

Vps16

9

0.047

0.101

Rab5

12

0.061

0.130

Rab4

9

0.072

0.115

Rab7

10

0.095

0.103

Car

7

0.103

0.109

colocalization observed in qualitative analysis. In both qualitative and quantitative analysis, Trio
and Lava lamp (Lva) colocalization serves as a negative control because Trio is not expected to localize
to the Golgi. M2 coefficients which express the fraction of Trio signal overlapping with endosomal
marker signal, indicate that Trio signal overlaps most with signal from Hrs, Eps15, and SARA.
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Discussion
Rac1 GEF Trio shows an endosomal distribution upon immunostaining of eye and wing imaginal
discs. Several recent studies have established a role for endosomal association of Rac GTPases, as well as
Rac GEFs and GAPs, in the localized availability and activity of these GTPases. In these studies, Rac
GTPases and their GEFs and GAPs localize to early endosomes positive for markers like Rab5 and
EEA1, as well as recycling endosomes (Palamidessi et al. 2008; Mori et al. 2014; Schreij et al. 2014). In
contrast to the aforementioned studies, qualitative and quantitative analysis of Trio colocalization with
various endosomal markers indicates that Trio shows moderate colocalization with several markers for
the MVB, including Hrs, Eps15, and SARA. Trio does not show a large amount of colocalization with
markers for early endosomes and recycling endosomes or Lva, Vps16, and Rab7.
The overall low colocalization of Trio with any of the endosomal markers tested suggests
that Trio may be associated with only a small subset of endosomes, perhaps a subset transporting
specific cargo or particularly enriched or void of certain apical polarity markers like Crumbs or
certain phospholipids. The slightly increased colocalization of Trio with MVB markers could
indicate that Trio levels/activity may be maintained through a delicate balance between
degradation and recycling. The established role for βH at the MVB, a major site of endosomal sorting
to the recycling and degradative pathways suggests that βH or its partner AnxB9 and PR72 could be acting
to control the recycling/degradation of Trio. The highest colocalization was observed between Trio and
several markers characteristic of the early MVB (Eps15, SARA, and Hrs). Trio may in fact be trafficked
to this sorting hub in the endocytic pathway before recycling back to the apical membrane or degradation
in lysosomes. The absence of Trio colocalization with Rab4, a marker for recycling endosomes, does not
rule out this hypothesis, as Palamidessi et al. (2008), shows that recycling of activated Rac1 on
endosomes does not appear to require Rab4 or Rab11.

28
It is important to note that the Trio staining here is not representative of the entire population of
Trio protein in the cell. Six splice variants of Trio have been identified in the fly (FlyBase). The
monoclonal antibody used here was generated against an amino acid sequence common to only the two
larger known spliceoforms of Trio. A polyclonal antibody not currently available was also generated
against a peptide sequence common to the two larger Trio spliceoforms (Awasaki et al. 2000; Newsome
et al. 2000). The staining represented here, therefore, is not be representative of the entire population of
Trio present in the cell including the portion or splice variants which may be interacting with βH33.
Remaking a polyclonal antibody with this same antigen may prove useful in verifying the results obtained
here, and efforts to characterize the localization of other Trio spliceoforms may be necessary in the future
to fully characterize Trio localization and endosomal distribution.
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Chapter 4
Effect of knockdown and overexpression conditions on Trio staining in wing discs

Introduction
The apparent association of Trio with various endosomal markers, as shown in Chapter 3, and the
established role for βH in endosomal trafficking suggest that modulation of Rac1 signaling could be
occurring at the endosomal level. If βH is modulating Rac1 signaling through its effects on Trio,
disruption of βH33 and its interaction partners through knockdown or overexpression could be expected
to alter Trio protein levels or localization.

Materials and methods

Fly stocks and husbandry
En-Gal4 driver line (#30564) and UAS-AnxB9 (#38523) were obtained from Bloomington Stock
Center (Indiana University, Bloomington, IN). Trio (#40138), βH (#37075) and PP2A PR72 (#107621)
knockdown lines were obtained from the Vienna Drosophila RNAi Center (Vienna, Austria). UAS- βH33
PUN-12-1 is described in Williams et al. (2004). All flies were raised at 25°C.
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Fixation and immunostaining
Wing discs were dissected from 3rd-instar larvae raised at 25°C. Fixation and immunostaining
were carried out as previously described in Chapter 3.

Antibodies
Mouse anti-Trio #9.4A, 1:100, was developed by Dr. C. Hama and obtained from the
Developmental Studies Hybridoma Bank. Secondary Alexafluor-labelled antibodies, preabsorbed against
wild-type embryos were used at a standard dilution of 1:250.

Image acquisition and processing
Images were captured using a CARV II spinning disc confocal (BD Biosystems). Image
processing was carried out using ImageJ64 software. Lower magnification images of the whole wing disc
are Z projections of a confocal stack, whereas high magnification images are single frame images.

Results
Various knockdown and overexpression conditions were carried out in the wing disc using the
engrailed (en)-Gal4 driver. Engrailed is expressed in the posterior of the wing disc and allows for direct
comparison between the knockdown/overexpression condition and the wild-type condition in the
posterior and anterior of the wing disc, respectively. Discs were stained for Trio to examine how Trio
signal intensity and/or endosomal localization may change upon knockdown or overexpression of βH33
and its interaction partners (Figure 10).
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Figure 10. Trio staining under knockdown and overexpression conditions in the wing
disc.
“A” and “P” indicate the anterior and posterior of the wing disc, respectively. A, A’. Trio knockdown
(kd) greatly reduces Trio signal in the posterior of the wing disc as shown in the image and in the
intensity profile. B, B’. βH knockdown does not result in any obvious changes in Trio signal intensity
or distribution in the posterior of the wing disc that were consistent across the discs imaged, n=7. C,
C’. PR72 knockdown does not result in any obvious changes in Trio signal intensity or distribution.
D, D’. AnxB9 overexpression (OE) does not result in any obvious changes in Trio signal intensity or
distribution. E, E’. Crumbs overexpression does not result in any obvious changes in Trio signal
intensity or distribution. Scale bars in A-E represent 50 μm. Scale bars in A’-E’ represent 20 μm.
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Knockdown of Trio in the posterior of the wing disc, Fig. 10A and A’, verifies that the driver line
is working and that the Trio antibody is, in fact, specific for Trio, as staining intensity decreases in the
posterior of the disc upon expression of Trio hairpin RNA. However, knockdown is incomplete and this
may affect the strength of any phenotypes found. Knockdown of βH, Fig. 10B and B’, as well as PR72,
Fig. 10C and C’, through expression of UAS RNAi lines using the En-Gal4 driver, does not result in
obvious changes in Trio staining intensity or endosomal localization or cellular distribution in the
posterior of the disc. Overexpression of AnxB9 and Crumbs, the polarity determinant responsible for
recruiting βH to the apical domain, also do not result in any obvious changes in Trio staining intensity or
localization in the posterior of the disc, Fig. 10D-E’.

Discussion
No obvious changes appear in Trio staining intensity and/or endosomal localization under the
knockdown and overexpression conditions tested here, with the exception of Trio knockdown. βH33mediated modulation of Rac1 signaling does not appear to result from a regulation of Trio protein levels
in the cell by βH, as trio signal intensity does not change in wing discs across the various knockdown and
overexpression conditions tested. However, a more direct measure of Trio protein levels in cells, such as
by western blotting, under the knockdown and overexpression conditions tested here may be a more
appropriate analysis of this hypothesis. Also, because knockdown of Trio appeared to be incomplete,
future knockdown experiments may require coxepression of Dicer or increased copies of UAS-Trio RNAi
to effect a more efficient knockdown.
Additionally, the knockdown and overexpression conditions tested do not appear to affect the
localization of Trio protein in the cell, suggesting that modulation of Rac1 signaling likely is not a result
of proper localization of Trio protein in the cell by βH. The stainings performed here, however, were
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limited to staining for Trio protein only, and costainings with various endosomal markers under the
conditions tested may reveal a change in Trio protein distribution to different endosomal compartments.
Alternatively, similar to the role described for early-endosome-associated LRRK2 in limiting
Rac1 activation on endosomes, (Schreij et al. 2014), βH33 or one of its interaction partners associated
with endosomes may limit activation of Rac1 by Trio on endosomes. The results described here are not
inconsistent with this hypothesis and experiments in the future should be aimed at testing this hypothesis
directly. We focused on Trio because of its strong genetic interaction with βH33, (Lee and Thomas 2011),
but it should also be considered that βH33-mediated Rac1 regulation might not occur through effects on
Trio protein, but rather another Rac1 GEF or GAP. Future genetic interaction studies should focus on the
ability of overexpression of other Rac1 GEFs to modulate the βH33 eye phenotype to clarify whether a
βH33-Trio functional interaction is likely or whether it is a result of the functional redundancy among
Rac1 GEFs.
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Chapter 5
Conclusions and future directions
The mechanism of βH33-mediated downregulation of Rac1 signaling at the apical domain is not
yet fully understood. However, series of genetic interaction studies indicate that the C-terminal segment
of βH33, which includes an OPA domain and binding sites of direct interaction partners of βH, PP2A
regulatory subunit PR72 and AnxB9, is required for the negative regulation of Rac1 signaling. Further
studies to examine how these effectors may modulate Rac1 signaling at the apical domain may clarify the
mechanism by which βH33 acts antagonistically to Rac1 signaling. Both PR72 and AnxB9 have been
implicated in the role of βH33 on endosomes at the MVB and in the trafficking of DE-cadherin. The role
for βH33 and its interaction partners on endosomes is intriguing considering the observed endosomal
localization of Rac1 GEF Trio.
Trio appears to be present on only a small subset of endosomal compartments and only slightly
enriched on the MVB compared to other endosomal compartments. Continued efforts to characterize the
trafficking proteins and cargo of the endosomal compartments to which Trio localizes will clarify how
endosomal association of Trio relates to βH33-mediated Rac1 regulation. Additionally, development of
antibodies to visualize alternative splice variants of Trio may resolve how these different spliceoforms are
distributed among endosomal compartments.
A series of knockdown and overexpression experiments indicate that βH33-mediated Rac1
signaling modulation is not a result of direct effects on Trio protein levels or endosomal distribution.
Future experiments may focus on the role of βH33 or its interaction partners in preventing Rac1
activation by endosome-associated Trio or the potential for regulation of other Rac1 GEFs and GAPs.
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Laboratory skills










Confocal microscopy
PCR and gel electrophoresis
DNA isolation
Pure culture transfer and pure culture isolation techniques
Western blotting
In situ hybridization
Dissection techniques
Immunostaining
Basic Drosophila maintenance, familiarity with balancer phenotypes and Gal4-UAS
system

Publications and presentations



Khanna, M.R., Mattie, F.J., Browder, K.C., Radyk M.D., Crilly S.E., Bakerink, K.J.,
Harper S.L., Speicher D.W., and Thomas, G.H. (2014) Spectrin tetramer formation is not
required for viable development in Drosophila. J. Biol. Chem.
McCurdy, N.S. and Crilly, S.E. (2012) “Sedentary behavior predicts satisfaction with life,
in emerging adults, above and beyond physical activity”. Poster presentation
Pennsylvania State University Undergraduate Research Exhibition, University Park, PA.

Awards









Schreyer Honors College Academic Excellence Scholarship (2011-present)
National Merit Scholarship (2011-present)
Phi Beta Kappa Society Membership (2014)
Evan Pugh Scholar Award (2014)
Mary A. Stiles Scholarship in the Biological Sciences (2013-2014)
President Sparks Award (2013)
MURE research grant recipient (2012, 2013)
President’s Freshman Award (2012)

