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ABSTRACT

Epithelial cells line the surface of the skin, lungs, and the digestive tract. While normally
stationary, epithelial cells can become migratory in instances of wound healing, cancer
metastasis, and early development. This migration is regulated by small GTPases, including
Arf6 and Rac1. GTPases act as molecular switches that are active when bound to GTP, and
inactive when bound to GDP. GTPases are activated by guanine nucleotide exchange factors,
including cytohesin-2/ARNO for Arf6 and Dock180 for Rac1. Epithelial cell migration is
stimulated by hepatocyte growth factor, which causes the formation of a multi-protein complex
involving cytohesin-2/ARNO, Dock180, and the scaffold proteins GRASP and IPCEF. The
coiled-coil domain of cytohesin-2/ARNO binds to both GRASP and IPCEF. Previous research
has shown that deletion of the cytohesin-2/ARNO coiled-coil domain prevents the formation of
the multi-protein complex and thus prevents epithelial cell migration. This work investigates the
role of four different mutations in the coiled-coil domain of cytohesin-2/ARNO and its effects on
GRASP binding, IPCEF binding, and hepatocyte growth factor-stimulated cell migration. It was
hypothesized that expression of the cytohesin-2/ARNO mutants would inhibit its binding with
GRASP and IPCEF. The results suggest that mutations of cytohesin-2/ARNO from residues 28
through 32 and residues 54 through 58 might significantly decrease its binding with GRASP.
The results also suggest that mutations of cytohesin-2/ARNO from residues 14 through 18, 28
through 32, and 54 through 58 significantly decrease its binding with IPCEF.
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Chapter 1
Introduction

Epithelial Cell Function
Epithelial cells are found on the surface of skin, lungs, and the lining of the digestive
tract. They form a single layer of cells that are firmly sealed to each other, via attachments that
include tight junctions and adherens junctions. Tight junctions contain lipoprotein structures,
whose fibrils pass through the plasma membrane to bind with proteins such as claudins and
occludins in a neighboring cell (Ewaschuk et al. 2008). Thus, epithelial cells serve as a
protective barrier between an outside environment and underlying cells, preventing unwanted
toxins or pathogens from entering tissues. As an additional function, epithelial cells regulate the
transport of nutrients into different compartments of the body. For example, human intestinal
epithelial cells contain a large amount of sugar transporters and amino acid transporters that
allow nutrients from a meal to enter into tissues (Maresca et al. 2002).

Epithelial Migration
In normal circumstances, epithelial cells remain stationary. However, they can become
migratory during both pathological and non-pathological situations that include cancer
metastasis, wound healing, and early development (Schmitz et al. 2000). While epithelial cell
migration is tightly regulated, certain mutations in key proteins involved in the signaling
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pathway can result in harmful diseases and cancers, including breast, prostate, lung, and colon
cancer. The American Cancer Society predicts that there will be 268,670 new cases of breast
cancer, 164,690 new cases of prostate cancer, 234,030 new cases of lung cancer, and 140,250
new cases of colon cancer in 2018 (American Cancer Society, 2018). Therefore, it is necessary
to study the mechanisms that epithelial cells use to migrate.
Epithelial cells can differentiate into mesenchymal cells through a process known as
epithelial-mesenchymal transition (EMT), which allows those cells to become motile. This
process is important for stem cell activity and wound healing, but also contributes to cancer
metastasis and fibrosis. During EMT, epithelial cells detach from the extracellular matrix by
losing their cell junctions, and become motile by changing polarity and reorganizing the actin
cytoskeleton to become more elongated (Lamouille et al. 2014). The cells enter the bloodstream
by breaking down the extracellular matrix by secreting proteases (Guarino 2007). Once in the
bloodstream, the cells can travel to other sites in the body.
Typically, an epithelial cell’s basal surface is oriented toward and attached to the
extracellular matrix via integrins, and its apical surface contains microvilli and cilia that protrude
into the luminal space (Martin-Belmonte and Perez-Moreno 2012). The epithelial cell remains
polarized because the tight junctions prevent membrane proteins from diffusing to the opposite
side. When epithelial cells become migratory, actin polymers reorganize to form lamellipodia
and filopodia that create protrusions at the leading edge of the cell. As these protrusions
continue to stretch, integrins are recycled from the lagging end to the leading edge, forming a
new adhesion (Salem et al. 2015). Next, the stress fibers at the lagging end of the cell contract,
shifting cell distribution toward the leading edge. Finally, the lagging edge of the cell continues
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to remove adhesions and retract in the direction of cell movement (Reffay et al. 2014). (Figure
1.1).

Figure 1.1 | Epithelial cell migration. Lamellipodia formation makes the cell protrude at the
leading edge, allowing a new adhesion to form. Actinomyosin contraction pushes the cell
forward, allowing it to retract. (Adapted from Millar et al. 2017, Figure 2).

Hepatocyte Growth Factor
Hepatocyte growth factor (HGF), also known as scatter factor, is a cytokine that
stimulates cell proliferation, cell migration, changes in cell morphology, and angiogenesis
(Michalopoulos et al. 1992). The presence of HGF leads to invasive growth, which has both
positive and negative effects. HGF is essential for embryonic development for growth and cell
survival, organ regeneration and protection especially in the liver and kidney, and wound healing
after injury. However, malignant cancer cells can also use HGF’s growth effects to promote
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cancer metastasis, which can be affected by several of the pathways controlled by the
mesenchymal epithelial transition proto-oncogene (Met). Met recruits certain signal transducers,
which exacerbate the effect of cancer metastasis. (Trusolino et al. 2010).
HGF binds to a c-Met receptor, which is a receptor tyrosine kinase (RTK) (Huh et al.
2004). The phosphorylation of the kinase activates a signaling cascade to achieve its
downstream effects. These effects include activation of the mitogen-activated protein kinase
(MAPK) cascades, phosphoinositide 3-kinase (PI3K)-Akt axis, signal transducer and activator of
transcription proteins (STATs), and the nuclear factor-κB inhibitor-α (IκBα)-nuclear factor-κB
(NF-κB) complex. The Met receptor also receives protein-tyrosine phosphatases (PTPs), which
are involved in dephosphorylation and inactivation of the Met receptor. CD44 serves as a linker
between c-MET and the cytoskeleton by activating Ras. (Trusolino et al. 2010).
HGF is produced mostly by mesenchymal cells with a majority of it found in an inactive
form in the extracellular matrix (Trusolino et al. 2010). However, it plays an important role in
repairing epithelial tissue in the liver, kidney, stomach, lung, heart, and retinal tissue (Conway et
al. 2006). HGF is made by converting a single-chain, inactive form, pro-HGF, to the
biologically active heterodimeric form by the serine protease HGF activator (HGFA). HGFA is
activated by other proteases such as thrombin that respond to tissue damage, which allows HGF
to play an active role in wound healing (Conway et al. 2006).
While HGF stimulation is normally heavily regulated, lapses in control often lead to
cancer. Overexpression of HGF induced tumor cell migration in gastric cancer cells, while the
presence of an inhibitor decreased migration (Hao et al. 2015). Several gastric cancer patients
also overexpress c-Met and vascular endothelial growth factor (VEGF), an angiogenesis factor
(Cota et al. 2017). Because of these trends, HGF, c-Met, and VEGF are seen as targets to treat
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certain cancers. For example, anti-c-Met therapy is being developed for invasive breast cancer.
These strategies include targeting HGF with antibodies and preventing the catalytic activity of cMet with RTK inhibitors (Ho-Yen et al. 2015).

GTPases: An Overview

Figure 1.2 | Small GTPase mechanism. A GTPase is inactive when bound to GDP, and active
when bound to GTP. Small GTPases are activated by GEFs through nucleotide exchange, and
are inactivated by GAPs through GTP hydrolysis. (Adapted from Bento et al. 2013, Figure 2).

Migration of epithelial cells is regulated by small GTPases, which act as molecular
switches (Ridley et al. 2003). The GTPase is active when bound to guanosine triphosphate
(GTP), and inactive when bound to guanosine diphosphate (GDP). When in the active state, the
GTPase acts as a messenger that activates downstream targets. The GTPase is activated by a
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guanine nucleotide exchange factor (GEF), and inactivated by a GTPase activating protein
(GAP) (Figure 1.2). The Ras superfamily of small GTPases includes greater than 150 human
monomeric G proteins which each contain a conserved 20 kDa G domain (Wennerberg et al.
2005). This superfamily is further divided by function into five subfamilies, which are Ras
sarcoma (Ras), Ras homologous (Rho), Ras-like proteins in brain (Rab), Ras-like nuclear (Ran),
and ADP-ribosylation factor (Arf) (Wennerberg et al. 2005).

The Rho Family of Small GTPases
The Rho family contains key proteins that reorganize actin filaments during migration.
Cdc42 contributes to filopodia formation via mDia formins, while Rac1 contributes to
lamellipodia formation via the WAVE complex at the leading edge of the cell (Ridley 2015).
Alternatively, RhoA contributes to actin contraction, which pushes the cell forward (Reffay et al.
2014). Dock180 is a c-Crk binding protein that acts as a GEF for Rac1 (Côté and Vuori 2007).
The DHR-1 domain of Dock180 binds directly to Rac1 to activate it, and is necessary for cell
elongation and migration (Côté and Vuori 2007, Katoh and Negishi 2003). Dock180 must form
a complex with scaffold protein Elmo and GTPase RhoG to activate Rac1 (Katoh and Negishi
2003).

The Arf Family of Small GTPases
The Arf family of small GTPases is involved in regulating membrane traffic and
reorganizing the actin cytoskeleton. They do this by recruiting molecules such as coat proteins,
lipid-modifying enzymes, and other effectors (Gillingham and Munro 2007). This family
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contains six members divided into three classes, with Class I including Arf1 through Arf3, Class
II including Arf4 and Arf5, and Class III containing Arf6. Humans also express over 15
different Arf-GEFs for these six Arf GTPases (Casanova 2007). All Arfs contain an N-terminal
myristoylated amphipathic helix that is important for membrane binding, therefore Arfs localize
to various membranes in the cell. Unlike other members of the Ras superfamily, Arfs do not
contain a C-terminal linker that attaches their lipid membrane anchor (Donaldson and Jackson
2011). Therefore, the Arf effectors must remain near the membrane surface. Arf1 and Arf3 are
very similar, and recruit coat proteins such as coat protomer complex 1 (COP1) and clathrin
adaptor proteins. Arf2 is not significantly expressed in humans. Both Class I and II Arfs
localize to the Golgi (Gillingham and Munro 2007).
Arf6, however, localizes near the plasma membrane, and is involved in lipid
modification, establishing cell polarity, and endosomal recycling. Arf6 can act upstream of both
RhoA and Rac1 (Santy et al. 2005). Arf6 has a significant role in cell adhesion and cell
migration because it coordinates closely with the Rho family of GTPases. Arf6-GDP and Arf6GTP interact with different regulators in different pathways, which is important in regulating
alternative processes in the cell. For example, expression of constitutively active Arf6 leads to
the accumulation of cell surface protein on internal structures (Naslavsky 2004). Arf6 also helps
disassemble adherens junctions (Donaldson and Jackson 2011).

Cytohesins: An Overview
The four members of the cytohesin family of ARF-GEFs include cytohesin-1, cytohesin2/ARNO (ADP ribosylation factor nucleotide-binding site opener), cytohesin-3/Grp-1, and
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cytohesin-4. Cytohesin-1 is a regulator of β2 integrin inside-out regulation in immune cells,
cytohesin-2 is involved in cell migration, and cytohesin-3 is involved in insulin signal
transduction (Jackson et al. 2000). Each member of the cytohesin family has a similar structure,
comprising of an N-terminal coiled-coil domain, a central Sec7 domain, a pleckstrin homology
(PH) domain, and a C-terminal polybasic domain (Figure 1.3). The coiled-coil domain is used to
facilitate binding with other proteins, the Sec7 domain contains the GEF activity, and the PH
domain regulates the membrane association by binding to inositol phospholipids. Further, the
PH domain can participate in alternative splicing to produce two separate diglycine and
triglycine isoforms, resulting in high-affinity and low-affinity phospholipid-binding variants.
Because of the shared structural features, each cytohesin is approximately 47 kDa in size.
Cytohesins function at the cell membrane or in endosomes so that they can interact with
transmembrane proteins and participate in various signal transduction pathways including the
ERK1/2 and the PI3K cascades. ARFs can help recruit cytohesins, and thus can act both
upstream and downstream of cytohesins. (Kolanus 2007).

Figure 1.3 | Domain organization of ARNO. ARNO contains an N-terminal coiled-coil
domain, a catalytic Sec7 domain, a PH domain, and a C-terminal pb domain. (Adapted from
Santy and Heister 2013, Figure 1A).

Cytohesin-2/ARNO
ARNO, in particular, is involved in cell migration through its activation of Arf6, although
it can also activate Arf1 (Santy et al. 2001). It is essential for integrin β1 recycling, which helps
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cells detach from the extracellular matrix at the lagging end and reattach at the leading edge (Oh
and Santy 2010). ARNO acts via mitogen-activated protein kinase signaling (Theis et al. 2004).
Overexpression of ARNO leads to scattering of cells in culture (Santy and Casanova 2001).
ARNO also interacts with the focal adhesion adaptor protein paxillin, which activates Arf6 and
regulates preadipocyte migration (Torii et al. 2010).
The ARNO coiled-coil domain is essential for several interactions. The ARNO coiledcoil domain localizes to the apical plasma membrane in polarized epithelial cells, which
regulates endocytosis (Shmuel et al. 2006). This domain also binds to the CRAC domain of
IPCEF and the leucine-rich region of GRASP, which helps facilitate GTPase crosstalk during
epithelial cell migration (Attar and Santy 2013). In addition, the ARNO coiled-coil domain has
been shown bind to the PH domain, displaying an autoinhibitory effect (Hiester and Santy 2013).

GRASP
General receptor for phosphoinositides 1 associated scaffolding protein
(GRASP)/Tamalin is a scaffold protein that coordinates protein trafficking through its many
protein-interacting domains. These include a PDZ domain, a leucine-zipper region, a prolinerich region, and a C-termial PDZ binding motif, which have been evolutionarily conserved
(Kitano et al. 2003). The leucine-zipper region binds to the ARNO coiled-coil domain, whereas
the proline-rich region binds to the SH3 domain of Dock180 (Attar and Santy 2013). GRASP
also plays an important role in regulating the intracellular transport of metabotropic glutamate
receptors (Kitano et al. 2002).
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IPCEF
Interaction protein for cytohesin exchange factors 1 (IPCEF1, also referred as
CNK3/Pip3-E) is another scaffold protein that binds at its CRAC domain to the coiled-coil
domain of ARNO. IPCEF is the C-terminal half of CNK (Attar et al. 2012). CNKs contain
several protein-interacting domains that are involved in the signaling downstream of Ras
(Therrien et al. 1998). IPCEF co-localizes with ARNO in the cytosol, and then both proteins
translocate together to the plasma membrane when the cells are stimulated with epidermal
growth factor. However, an IPCEF mutant with the CRAC domain deleted failed to translocate
to the plasma membrane (Venkateswarlu 2005). This interaction between IPCEF and other
cytohesins is also conserved (Venkateswarlu 2003).

The HGF-Stimulated Pathway for Epithelial Cell Migration
In order for the HGF-stimulated pathway for epithelial cells to activate Arf6 and Rac1 to
migrate, a multi-protein complex involving IPCEF, ARNO, GRASP, and Dock180 must form
(Figure 1.4). Treatment of HGF to MDCK cells in culture cause those cells to scatter (Koubek
and Santy 2016). The coordinated activation of Arf6 and Rac1 is required for migration, which
happens because their GEFs ARNO and Dock180 both bind to GRASP (Attar and Santy 2013).
Failure of any component of this multi-protein complex results in a failure to activate Rac1, thus
preventing epithelial cell migration. ARNO lacking its coiled-coil domain, knockdown of
GRASP, and knockdown of IPCEF each separately prevent Rac1 activation (White et al. 2009).
When epithelial cells are stimulated with HGF, both GRASP and Dock180 travel from the
recycling endosomes to the cell membrane (Koubek and Santy 2016). The coordinated
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activation of Arf6 and Rac1 activates a Rho effector that is involved in the formation
lamellipodia (Singh et al. 2017).

Figure 1.4 | A model of the protein-protein interactions required for HGF-stimulated
pathway of epithelial cell migration. Once HGF binds to its c-Met receptor, IPCEF and
GRASP bind to the coiled-coil domain of ARNO, and Dock180 binds to GRASP. This multiprotein complex activates Arf6 and Rac1, stimulating migration. (Adapted from Attar and Santy
2013, Figure 6).

Hypothesis and Experimental Overview
The goal of this project is to identify mutations in the coiled-coil domain of ARNO that
inhibit its binding with the scaffold proteins GRASP and IPCEF, and then observe how these
mutations affect epithelial cell migration via the HGF-stimulated pathway. It is therefore
hypothesized that ARNO coiled-coil domain site-mutants disrupt its binding to GRASP and
IPCEF.
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For this project, a series of ARNO mutants were generated using site-directed
mutagenesis and molecular cloning techniques. The specific site mutants were chosen because
those regions are also conserved in cytohesin-3. The binding affinity between the ARNO
mutants and GRASP and between the ARNO mutants and IPCEF was tested using Bimolecular
Fluoresence Complementation (BiFC) assays and GST pull down assays.
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Chapter 2
Materials and Methods

Plasmid and Viral Constructs
WT VN-ARNO, WT VC-GRASP, and WT VC-IPCEF plasmid constructs were obtained
from previous members of the Santy Lab. The other plasmid constructs generated for use in
experiments include Set 1 VN-ARNO, Set 2 VN-ARNO, Set 3 VN-ARNO, and Set 4 VNARNO, GST, WT GST-cc, Set 1 GST-cc, Set 2 GST-cc, Set 3 GST-cc, and Set 4 GST-cc. The
ARNO constructs were equipped with a myc tag, and the VC-GRASP and VC-IPCEF constructs
both contained an HA tag. The viral GRASP construct contained a GFP tag, and the viral tetIPCEF construct contained an HA tag.

ARNO Coiled-Coil Domain Mutants
Wild-type

MEDGVYEPPDLTPEERMELENIRRRKQELLVEIQRLREELSEAMSEVEGLEA
NEGSKTLQRNRKMAMGRKK

Set 1

MEDGVYEPPDLTPAAAAALENIRRRKQELLVEIQRLREELSEAMSEVEGLE
ANEGSKTLQRNRKMAMGRKK

Set 2

MEDGVYEPPDLTPEERMELENIRRRKQAAAAAIQRLREELSEAMSEVEGLE
ANEGSKTLQRNRKMAMGRKK

Set 3

MEDGVYEPPDLTPEERMELENIRRRKQELLVEIQRLREELSEAMSEVEGLEA
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NAAAAALQRNRKMAMGRKK
Set 4

MEDGVYEPPDLTPEERMELENAAAAAQELLVEIQRLREELSEAMSEVEGLE
ANEGSKTLQRNRKMAMGRKK

Table 2.1 | ARNO coiled-coil domain mutants.

The VN-ARNO constructs were amplified through polymerase chain reaction (PCR)
using the wild-type VN-ARNO construct as the template, the VN Fusion primers, and the ARNO
mutant primers (Figure 2.1). The amplified pieces were digested with EcoRI and NotI and
ligated into the pCXN2 vector. The GST-ARNO constructs were amplified with the VN-ARNO
mutants as a template and the GST Fusion primers. The amplified pieces were digested with
BamHI and EcoRI and ligated into the pGEX2T vector. Some mutants were generated using the
NEBuilder® HiFi DNA Assembly Master Mix kit (New England Biolabs).

Figure 2.1 | Site mutations were generated using overlap PCR.
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The ligations were transformed into DH10B competent E. coli cells by heat shock, and
plated on Luria Broth (LB) + ampicillin agar plates. The plates were incubated overnight at
37°C. Several colonies from each sample were picked and cultured overnight in 4 mL LB +
ampicillin (1 mM). The plasmids were purified from the bacteria using the GeneJET Plasmid
Mini-Prep Kit (Thermo Scientific). After the samples were re-digested, a portion of each sample
was mixed with 6X DNA sample buffer (New England BioLabs) and run on a 0.8% agarose gel
with ethidium bromide in TAE buffer (40 mM Tris, 20 mM glacial acetic acid, 1.3 mM EDTA)
at 110 V for 35 minutes. The sizes of the bands were compared to a one kilobase DNA ladder
(New England Biolabs). Samples that contained the correct fragment sizes were sequenced to
identify the samples that contained the wanted mutations.

Primers
Wild-Type ARNO Sequence
ATGGAGGACGGCGTCTATGAACCCCCAGACCTGACTCCGGAGGAGCGGATGGAGCT
GGAGAACATCCGGCGGCGGAAGCAGGAGCTGCTGGTGGAGATTCAGCGCCTGCGGG
AGGAGCTCAGTGAAGCCATGAGCGAGGTGGAGGGGCTGGAGGCCAATGAGGGCAG
TAAGACCTTGCAACGGAACCGGAAGATGGCAATGGGCAGGAAGAAGTTCAACATGG
ACCCCAAGAAGGGGATCCAGTTCTTGGTGGAGAATGAACTGCTGCAGAACACACCC
GAGGAGATCGCCCGCTTCCTGTACAAGGGCGAGGGGCTGAACAAGACAGCCATCGG
GGACTACCTGGGGGAGAGGGAAGAACTGAACCTGGCAGTGCTCCATGCTTTTGTGG
ATCTGCATGAGTTCACCGACCTCAATCTGGTGCAGGCCCTCAGGCAGTTTCTATGGA
GCTTTCGCCTACCCGGAGAGGCCCAGAAAATTGACCGGATGATGGAGGCCTTCGCC
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CAGCGATACTGCCTGTGCAACCCTGGGGTTTTCCAGTCCACAGACACGTGCTATGTG
CTGTCCTTCGCCGTCATCATGCTCAACACCAGTCTCCACAATCCCAATGTCCGGGAC
AAGCCGGGCCTGGAGCGCTTTGTGGCCATGAACCGGGGCATCAACGAGGGCGGGGA
CCTGCCTGAGGAGCTGCTCAGGAACCTGTACGACAGCATCCGAAATGAGCCCTTCA
AGATTCCTGAGGATGACGGGAATGACCTGACCCACACCTTCTTCAACCCGGACCGG
GAGGGCTGGCTCCTGAAGCTGGGAGGGGGCCGGGTGAAGACGTGGAAGCGGCGCT
GGTTTATCCTCACAGACAACTGCCTCTACTACTTTGAGTACACCACGGACAAGGAGC
CCCGAGGAATCATCCCCCTGGAGAATCTGAGCATCCGAGAGGTGGACGACCCCCGG
AAACCGAACTGCTTTGAACTTTACATCCCCAACAACAAGGGGCAGCTCATCAAAGC
CTGCAAAACTGAGGCGGACGGCCGAGTGGTGGAGGGAAACCACATGGTGTACCGGA
TCTCGGCCCCCACGCAGGAGGAGAAGGACGAGTGGATCAAGTCCATCCAGGCGGCT
GTGAGTGTGGACCCCTTCTATGAGATGCTGGCAGCGAGAAAGAAGCGGATTTCAGT
CAAGAAGAAGCAGGAGCAGCCCTGA
ARNO Coiled-Coil Mutant Primers
Set 1

GAACCCCCAGACCTGACTCCGGCGGCGGCAGCTGCGCTGGAGA
ACATCCGGCGG

Set 2

AACATCCGGCGGCGGAAGCAGGCGGCGGCTGCGGCGATTCAGC
GCCTGCGGGAGGAG

Set 3

GTGGAGGGGCTGGAGGCCAATGCGGCCGCTGCGGCCTTGCAAC
GGAACCGGAAGATG

Set 4

CGGATGGAGCTGGAGAACGCCGCTGCCGCAGCGCAGGAGCTGC
TGGTGGAG
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Primers to make the VN Fusions
VN155ntermEco

CGGAATTCACCATGGTGAGCAAGGGCGAGGAG

3NotARNO

GCTGCGGCCGCTCAGGGCTGCTCCTGCTTCTTC
Primers to make the GST Fusions

5BamARNOfwd

GTGCATACGGGATCCATGGAGGACGGCGTCTATG

(forward)
3EcoCCARNOrev

AGCCTGCATGAATTCTTATGCCATCTTCCGGTTCCGTTG

(reverse)

Table 2.2 | Primers for PCR reactions.

Purifying VN-ARNO Plasmids
DH10B competent E. coli cells were transformed with the various VN-ARNO plasmids
and plated on LB + ampicillin agar plates. The plates were incubated overnight at 37°C. One
colony from each sample was picked and grown in an overnight culture of 250 μL LB +
ampicillin at 37°C, shaking. The bacteria were pelleted and the supernatant was discarded. A
GeneJET Endo-Free Plasmid Maxi-Prep Kit (Thermo Scientific) was used to purify the
plasmids. Some plasmids were also purified using a Miraprep protocol (Pronobis et al. 2016).
The plasmids were stored at -20°C when not in use.
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Concentrating Plasmids
The concentration of all plasmid samples was checked using a NanoDropTM. The
concentration of the samples was increased using DNA precipitation. One-tenth volume of
sodium acetate (3M, pH 5.2) and seven-tenths volume of isopropanol was added to each sample
to precipitate the plasmids. The samples were pelleted at 4°C at 15,000xg for 20 minutes, after
which the supernatant was discarded. The pellets were suspended in 70% ethanol. The samples
were centrifuged like before, and the supernatant was removed. The pellet was air dried for 20
minutes at room temperature, after which it was resuspended in 50 μL of nuclease free water.
The samples were left at room temperature until the pellet fully dissolved, then stored at -20°C.

Making GST-ARNO Beads
BL21 competent E. coli cells were transformed with GST, GST-WT cc-ARNO, and Set
1-4 GST-cc-ARNO plasmids and plated on LB + ampicillin agar plates. The plates were
incubated overnight at 37°C. One colony from each sample was picked and grown in an
overnight culture of 50 mL LB + ampicillin at 37°C, shaking. The cultures were backdiluted
1:25 into 500 mL LB + ampicillin and grown until the OD600 = 0.4-0.6. The culture was
induced by adding 1 mM IPTG and grown for six more hours. The cultures were centrifuged at
6000xg 4°C for 20 minutes. The supernatant was discarded and the pellet was stored at -80°C
until purification.
All purification steps were completed at 4°C. The cell pellet was resuspended in 10
mL phosphate buffered saline (PBS) with protease inhibitors (pepstatin (1 μg/mL), leupeptin (1
μg/mL), antipain (1 μg/mL), phenylmethylsulfonyl fluoride (0.1 mM)). The bacteria were lysed
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by sonication 4 x 15 seconds. Triton-X-100 was added to 1%, after which the samples were
incubated for 10 minutes. The unsolubilized material was removed via centrifugation at
12,000xg for 20 minutes. Pierce® glutathione agarose beads (300 μL beads/sample) were
washed twice with PBS. The beads were pelleted between each change in solution. The
supernatant from the bacterial lysate was added to the beads, and the samples were incubated for
two hours rotating. The beads were washed 5 x 5 mL with PBS, then resuspended in 300 μL
PBS. The beads were stored at 4°C.
The beads were next checked for proper attachment of the GST-cc-ARNO protein to
the glutathione beads. 2X SDS-PAGE sample buffer (20% glycerol, 2% SDS, 125 mM Tris pH
6.8, 0.01% Bromo blue, 5% β-mercaptoethanol) was added to 10 μL of each bead sample, which
was heated at 65°C for five minutes. The entirety of each sample (20 μL) was run on a 10%
SDS-PAGE gel at 60mA for 25 minutes in running buffer (25 mM Tris, 192 mM glycine, 3.5
mM SDS). The gel was washed with dH2O for 3 x 10 minutes, stained with Gel-Code® Blue
Stain Reagent for 30 minutes, and destained in dH2O overnight. The gel was dried and saved in
cellophane.

Cell Cultures
T23 Madine Darby Canine Kidney (MDCK) cells were maintained in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine serum, 1% penicillinstreptomycin-fungizone, and 1% L-glutamine. All cells were cultured at 37°C and 5% CO2.
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Bimolecular Fluorescence Complementation Assay (BiFC)
MDCK cells (105 cells/coverslip) were seeded on flame-sterilized glass coverslips coated
with fibronectin (20 μg/ml) and cultured for 24 hours in a 6-well plate (one coverslip/plate). The
cells on each coverslip were transfected for 24 hours with one of the VN-ARNO DNA constructs
(1.25 μg) and either the VC-GRASP DNA construct or the VC-IPCEF DNA construct (1.25 μg)
using a LipofectamineTM 3000 transfection kit (Invitrogen). When preparing the transfection
solutions, one tube contained OptimemTM (125 μL), the desired DNA, and p3000 reagent (5 μL),
while a second tube contained OptimemTM (125 μL) and Lipo3000 reagent (7.5 μL). Both tubes
were combined and incubated for five minutes at room temperature before adding the solution to
the cells.
Next, the cells were fixed with 4% paraformaldehyde (PFA) and incubated with 0.1%
Triton-X-100, and blocked with 1% bovine serum albumin (BSA) each for 10 minutes at room
temperature. The cells were washed twice with 1X Dulbecco’s Phosphate-Buffered Saline
(DPBS) between each change in solution. The cells were stained with primary antibodies mouse
anti-myc 9e10 (1:50) and rabbit anti-HA (1:50) overnight at 4°C, after which they were washed
with 1X DPBS for 4 x 5 minutes. The cells were stained with secondary antibodies donkey antimouse 647 (1:400) and donkey anti-rabbit 594 (1:400) for 30 minutes, after which they were
washed 3 x 5 minutes with DPBS and rinsed with distilled water. The coverslips were mounted
with ProLong® Gold Antifade Reagent (Life Technologies) and dried overnight at room
temperature, after which the slides were stored at 4°C.
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Figure 2.2 | Summary of BiFC Method.

Analysis of Microscope Images
Imaging was conducted with an Olympus IX83 inverted microscope. The images were
processed and analyzed using the software Slidebook 6.0. Images were analyzed for mean
intensities of the YFP, Texas Red (GRASP or IPCEF), and Cy5 (ARNO) signals in successfully
transfected cells.
Images were taken using the same exposures between the wild-type condition and the
mutant conditions tested on the same day. A mask selection that selected successfully
transfected cells containing YFP was made on each picture. The mean intensities of each signal
were calculated from the mask selection and exported into Microsoft Excel. Data analysis was
also performed using Microsoft Excel. Since the exposures varied slightly between trials, the
intensities were presented as a relationship to the wild-type sample tested on the same day. Twosample t-tests assuming unequal variances were calculated to determine significant differences in
YFP signal between samples. During this analysis, YFP signal per cell was normalized to the
GRASP or IPCEF signal to account for differences in expression.
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Verifying Expression Levels
The content of the VN-ARNO Sets 1-3, VC-GRASP, and VC-IPCEF constructs present
in the cells was also analyzed using Western blots. MDCK cells (105 cells/well) were plated in a
six-well plate and transfected as previously described. Cells were lysed with cell lysis buffer (50
mM Tris pH 7.5, 100 mM NaCl, 2 mM MgCl2, 1% NP-40, 10% glycerol) with protease
inhibitors on ice. The cells were scraped into a microfuge tube and centrifuged for 10 minutes at
4°C. The supernatant of each lysate (500 μL) was transferred to clean tubes and 100 μL 6X
SDS-PAGE buffer (60% glycerol, 6% SDS, 375 mM Tris pH 6.8m 0.3% Bromo blue, 15% βmercaptoethanol) was added to each sample and heated at 65°C for 5 minutes. The samples (35
μL), along with a PageRulerTM Prestained Protein Ladder (Thermo Scientific), were run twice,
on separate 10% SDS-PAGE gels at 60 mA for 40 minutes in SDS-PAGE running buffer. This
way, the amount of VN-ARNO and either VC-GRASP or VC-IPCEF could be visualized
separately for each sample. The gels, filter paper, fiber paper, and nitrocellulose were then
soaked in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 15 minutes. The
proteins from the gel were transferred to nitrocellulose in the blotting chamber at 100 V for 1
hour. The transfer buffer in the chamber was continuously stirred and cooled with an ice pack.
The SDS-PAGE gels were rinsed 3 x 10 minutes with dH2O, stained with Gel-Code®
Blue Stain Reagent for 30 minutes, and de-stained overnight in dH2O, and visualized to check
for variations in the amount of total protein. The nitrocellulose membranes were blocked with
PBS-T (PBS + 0.05% Tween-20) + 5% milk at room temperature for 1 hour. All blocking,
incubation, and washing steps were completed with the membrane shaking. The blots were
rinsed with PBS-T, and stained with primary antibody at 4°C overnight. The primary antibodies
(same as the BiFC assay, 1:1000) were separately diluted in PBS-T + 1% milk. The blots were
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rinsed several times and then washed 3 x 10 minutes with PBS-T. The secondary antibody (goat
anti-mouse HRP or goat anti-rabbit HRP, both 1:20,000), diluted in PBS-T + 1% milk, was
added to its respective blot and incubated at room temperature for 1 hour. The blots were rinsed
several times then washed 3 x 10 minutes with PBS-T. The blots were developed with
ImmobilonTM Western HRP Substrate Peroxide Solution and Luminol Reagent for 5 minutes and
viewed with a c-Digit scanner (LI-COR Biosciences). The blots were processed and analyzed
using Image Studio Digits software.

GST Pull Down Assay
MDCK cells were grown to ~70% confluency on 10 cm cell culture dishes. The cells
were transfected with GRASP adenovirus (4 μL/dish, 1 dish/bead sample) overnight, or tetIPCEF adenovirus (4 μL/dish, 1 dish/bead sample) for eight hours, both at 37°C and 5% CO2.
The following steps were completed at 4°C unless otherwise noted. Beads were pelleted
between each change in solution. CL-4B Sepharose beads (20 μL/sample) were washed twice
with PBS. The ARNO bead samples (50 mL/sample) were washed with cell lysis buffer with
protease inhibitors and DTT (1 mM). The transfected cells were washed twice with PBS. The
cells were lysed with cell lysis buffer (600 μL/dish) and scraped into microfuge tubes with the
washed CL-4B Sepharose beads. These tubes were centrifuged at 13,000xg for 10 minutes to
remove insoluble material. Some of the supernatant (50 μL) was saved and mixed with 2X SDSPAGE buffer, and the remaining supernatant was distributed evenly across the ARNO bead
samples. The ARNO bead samples were incubated with the lysate, rotating for four hours. The
beads were washed three times with cell lysis buffer and once with PBS. After the final wash, all
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liquid was removed from the beads with a syringe. The bound proteins were eluted with 2X
SDS-PAGE buffer (30 μL). All samples were stored at -20°C.
A Western blot was performed to check the amount of GRASP or IPCEF that attached to
the ARNO beads. The samples were heated at 65°C for five minutes, and 20 μL were loaded on
a 10% SDS-PAGE gel. The Western blot was completed as previously described with the
exception of the antibodies used. The primary antibody used was mouse anti-GFP for GRASP
and rabbit anti-HA or mouse anti-HA for IPCEF. The secondary antibodies used were either
goat anti-mouse HRP or goat anti-rabbit HRP based on the primary antibody used.

Figure 2.3 | Summary of GST Pull Down Assay.

25

Chapter 3
Results

Interactions Between the ARNO Mutants and GRASP
Previous studies have shown that the ARNO coiled-coil domain binding to GRASP is
required for epithelial cell migration. Failure of this interaction thus prevents cell migration. It
was therefore hypothesized that cells expressing ARNO mutants would decrease its binding
interaction with GRASP. The first step to testing the effect of the ARNO mutations on epithelial
cell migration was to observe how the mutations affected ARNO binding with GRASP. A BiFC
assay and a GST pull down assay were used to observe this effect.

BiFC Assay Results – ARNO and GRASP
The first method used to determine changes in affinity between the ARNO mutants and
GRASP were BiFC assays. BiFC is a technique used to visualize protein-protein interactions in
cells. A split yellow fluorescent protein (YFP) was used for this technique. The ARNO
constructs were labeled with the N-terminal half of venus (VN), and the GRASP and IPCEF
constructs were labeled with the C-terminal half of venus (VC). Neither VN nor VC is
fluorescent on its own. However, if their fusion partners interact, VN and VC will also interact
and form a functional YFP. The signal from the YFP can be visualized using a fluorescent
microscope, so detection of YFP in this assay indicates binding between its fusion partners.
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MDCK cells on fibronectin-coated coverslips were transfected with VN-ARNO and VCGRASP. After fixing, the cells were additionally stained for VN-ARNO and VC-GRASP to
monitor expression of the two proteins of interest inside the cells. Images were taken of
transfected cells using the same exposure settings for each sample collected on that day (Figure
3.1). A cell was deemed transfected if the ARNO and GRASP signals in the cell appeared
distinctly brighter than signals seen in the background. Five images from each condition were
taken and analyzed for mean intensities of YFP, GRASP, and ARNO in transfected cells.
Measuring mean intensities accounts for changes in the size and shape between cells.

Figure 3.1 | Interaction of ARNO mutants with GRASP in live cells. The interaction between
the ARNO mutants and GRASP were observed using a split-YFP system. VN-ARNO and VC-
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GRASP were transfected using LipofectamineTM 3000 into MDCK cells previously plated on
fibronectin-coated coverslips. After 24 hours, the cells were fixed and stained with mouse antimyc 9e10 and rabbit anti-HA overnight, followed by donkey anti-mouse 647 and donkey antirabbit 594 secondary antibodies. YFP fluorescence survives fixation. In the merge column, YFP
is pseudocolored yellow, GRASP is pseudocolored red, and ARNO is pseudocolored purple.
Scale bar is 10 μm.

The summary of means and standard deviations are summarized in Table 3.1 (see raw
data in Appendix A, Table A.1). Even among each wild-type condition tested, the YFP signal
remains mostly consistent. However, some of the standard deviations remain relatively large,
suggesting a large variation between cells in some samples. This could be corrected with a
larger sample size. For the Set 2 condition and its wild-type partner, one cell from each of those
conditions that expressed relatively high YFP signal yet a relatively low GRASP signal, which is
contrary to the expected trend. Ideally, a YFP signal should only be visible if VC-GRASP and
VN-ARNO were successfully transfected into cells. This type of result, however, could also be
due to poor antibody staining. In general, the GRASP signal was much stronger than the ARNO
signal. Less exposure time was needed to capture the GRASP signal than the ARNO and YFP
signals, and the averaged mean intensities of the GRASP signal was consistently larger than the
ARNO signal. The YFP signals were the weakest among the three measured signals, including
in the wild-type condition.

Type of ARNO

YFP

GRASP

ARNO

1294.5

718.5

transfected
Wild-type (used

Mean

319.76

with Sets 1, 3)

Standard Deviation

100.6786 294.2057 223.3885
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Wild-type (used

Mean

266.2

with Set 2)

Standard Deviation

64.80374 395.0645 363.9311

Wild-type (used

Mean

354.3

with Set 4)

Standard Deviation

102.8511 391.8663 426.607

Set 1

Mean

141.2

Standard Deviation

75.34357 364.2016 258.0173

Mean

188.8

Standard Deviation

169.2794 554.7915 379.1549

Mean

143.9

Standard Deviation

53.99198 342.8574 243.2855

Mean

231.1

Standard Deviation

237.4994 751.1936 452.7054

Set 2

Set 3

Set 4

759.4

1914.9

795.3

1101.8

1038.1

1552.5

597.2

1611.1

467.1

787.1

655.3

950.7

Table 3.1 | Average mean intensity with standard deviation for VN-ARNO and VC-GRASP
transfected cells.

To compare if the amount of YFP signals changed among each condition, the relative
intensities of each signal type was normalized to the wild-type ARNO condition (Figure 3.2). In
ideal conditions, each cell would provide similar values for the mean intensities of GRASP and
ARNO signals. However, cells in the Set 2 condition appear to express more transfected
GRASP and ARNO, while the other experimental conditions appear to express less GRASP and
ARNO. Upon initial analysis, this makes it appear that Set 2 ARNO look like it has decreased
binding to GRASP since it expresses greater than 40% more GRASP signal and about 30% more
ARNO signal yet still displays about a 30% decrease in YFP signal.
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Figure 3.2 | Set 3 ARNO and possibly Set 2 ARNO mutants have significantly decreased
binding with GRASP. Mean intensities of YFP, GRASP, and ARNO signal were measured in
transfected cells. The average of these mean intensities for each experimental condition was
compared to the wild-type conditions. The difference in YFP signal to the wild-type conditions
were measured using two-sample t-tests assuming unequal variances, where the YPF signal per
cell was normalized to the GRASP signal per cell. (*) indicates statistical significance, and (a)
indicates statistical significance only when outliers are removed.

To quantitatively analyze the changes in YFP signal, a one-tailed, two sample t-test
assuming unequal variances was performed. A result was deemed significant if the p-value was
less than 0.05. To account for the expression differences of the transfected proteins between
conditions, the YFP averaged mean intensity signal was normalized to the GRASP averaged
mean intensity signal. This analysis displayed that the YFP signal was significantly decreased
when cells were expressing Set 3 ARNO (p = 0.030), suggesting that this mutation negatively
affects ARNO binding to GRASP. Set 1 ARNO (p = 0.088) and Set 4 ARNO (p = 0.211) did not
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have significant changes in YFP signal, suggesting that those mutations do not affect ARNO
binding with GRASP. Set 2 ARNO had a p-value of 0.360, suggesting no significant decrease in
YFP signal. However, when removing outlier cells that expressed relatively more YFP signal
with very low GRASP signal, the p-value became 0.003, suggesting that this Set 2 mutation may
negatively affect ARNO binding to GRASP (see Appendix A, Table A.1 for raw data).
Since GRASP and ARNO intensities varied between conditions, another method was
used to check expression levels of these two proteins in cells (Figure 3.3). MDCK cells were
transfected with VC-GRASP and VN-ARNO like previously mentioned, but next the cells were
lysed. The lysate was Western blotted for GRASP and ARNO and measured for total protein
content. Data for this analysis is only available for WT ARNO and Sets 1, 2, and 3 due to a
delay in isolating the Set 4 VN-ARNO constructs.
By qualitative analysis, slightly less GRASP is present in the Set 3 condition and less
GRASP is present in the Set 2 condition (Figure 3.3A). This trend remains similar when staining
for ARNO (Figure 3.3B). The ARNO signal was much weaker than the GRASP signal in this
experiment, which is consistent with what was seen in the BiFC assay. While both antibodies
each appear to bind slightly to one other protein, they are still mostly specific to GRASP and
ARNO. These trends in GRASP and ARNO expression levels contradict what the BiFC analysis
displays, especially for the Set 1 and Set 2 conditions. These results suggest that Set 2 ARNO
could be toxic to the cell.
It might be possible that most cells transfected with Set 2 ARNO may not survive, and
those that do survive still bind effectively to GRASP. To ensure that the number of cells in each
condition was consistent, a total protein stain was performed (Figure 3.3C). Each lane in the
total protein stain looked similar, suggesting that the cell count remained similar between
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experiments and most of them survived. These opposing results make it difficult to reach
conclusions based on the BiFC assay alone.

Figure 3.3 | Monitoring protein expression levels in transfected cells. VN-ARNO and VCGRASP were transfected using LipofectamineTM 3000 into MDCK cells. After 24 hours, cells
were lysed and Western blotted for VC-GRASP (Panel A) and VN-ARNO (Panel B). An SDSPAGE gel was also stained for total protein content to ensure consistency between the number of
live cells per sample (Panel C).

GST Pull Down Assay Results – ARNO and GRASP
A more direct way to observe binding interactions between GRASP and ARNO was
sought due to the conflicting results obtained from parts of the BiFC assay, and poor intensity of
VN-ARNO in MDCK cells. The BiFC assay was briefly repeated in HeLa cells, but provided
similar results and additional problems with cell survivability after transfection. Therefore, a
GST pull down assay was chosen to be completed next.
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Constructs were designed to include GST fused to just the coiled-coil domain of ARNO
(GST-cc). This partial protein was grown in BL21 E. coli and then purified through attachment
to glutathione beads (Figure 3.4). While there are some contaminants present due to the nature
of the beads, a high standard of purity is still achieved. There was initial difficulty in generating
significant amounts of Set 2 GST-cc, which may provide further evidence for its possible
toxicity to cells.

Figure 3.4 | GST-fused ARNO coiled-coil domain mutants are purified after attachment to
glutathione beads. The GST-ARNO plasmids were transformed into BL21 competent E. coli
cells. The bacteria were grown in LB broth and protein production was induced with IPTG for
six hours. The cells were lysed and the fusion protein was purified through attachment to
glutathione beads. Each bead sample was run on an SDS-PAGE gel and stained with GelCode® Blue Stain Reagent to check for relative concentration and purity.

MDCK cells were transfected with GRASP adenovirus overnight then lysed. The lysate
was incubated with the ARNO beads, and any proteins interacting with the ARNO coiled-coil
domain remain bound after washes. The bound proteins were eluted and Western blotted for
GFP-GRASP. GST alone served as a negative control, and WT GST-cc served as a positive
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control. This assay shows that all ARNO mutants still cause ARNO binding with GRASP
(Figure 3.5). Sets 2, 3, and 4 appear to bind slightly less to GRASP than the wild-type ARNO,
which is consistent with the results from the BiFC assay.

Figure 3.5 | ARNO coiled-coil domain mutants bind with GFP-GRASP. MDCK cells were
transfected with GFP-GRASP adenovirus overnight, then lysed. The lysate was incubated with
the ARNO bead samples overnight and washed to remove non-binding proteins. The proteins
were eluted from the beads and Western blotted for GFP-GRASP using mouse anti-GFP primary
antibody and goat anti-mouse HRP secondary antibody.
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Interactions Between the ARNO Mutants and IPCEF
Similarly, previous studies have shown that the ARNO coiled-coil domain binding to
IPCEF is required for epithelial cell migration. Failure of this additional interaction also
prevents cell migration. It was therefore hypothesized that cells expressing ARNO mutants
would decrease its binding interaction with IPCEF. The next step to testing the effect of the
ARNO mutations on epithelial cell migration was to observe how the mutations affected ARNO
binding with IPCEF. Again, a BiFC assay and a GST pull down assay were used to observe this
effect.

BiFC Assay Results – ARNO and IPCEF
Similar to the assay with GRASP, MDCK cells on fibronectin-coated coverslips were
transfected with VN-ARNO and VC-IPCEF. After fixing, the cells were additionally stained for
ARNO and IPCEF to monitor expression of the two proteins of interest inside the cells. Images
were taken of transfected cells using the same exposure settings for each sample collected on that
day. A cell was deemed transfected if the ARNO and IPCEF signals in the cell appeared
distinctly brighter than signals seen in the background. Five images from each condition were
taken and analyzed for mean intensities of YFP, IPCEF, and ARNO in transfected cells (Figure
3.6).
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Figure 3.6 | Interaction of ARNO mutants with IPCEF in live cells. The interaction between
the ARNO mutants and IPCEF were observed using a split-YFP system. VN-ARNO and VCIPCEF were transfected using LipofectamineTM 3000 into MDCK cells previously plated on
fibronectin-coated coverslips. After 24 hours, the cells were fixed and stained with mouse antimyc 9e10 and rabbit anti-HA overnight, followed by donkey anti-mouse 647 and donkey antirabbit 594 secondary antibodies. In the merge column, YFP is pseudocolored yellow, VCIPCEF is pseudocolored red, and VN-ARNO is pseudocolored purple. Scale bar is 10 μm.

The averaged mean intensities with standard deviations are summarized in Table 3.2 (see
raw data in Appendix A, Table A.2). Some problems that appeared in the BiFC assay with
GRASP also occurred in this assay. Standard deviations remain large and would benefit from a
larger sample size. While the IPCEF signal was strong, the ARNO and YFP signals required
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significantly longer exposure times. The YFP signal was relatively weak, even in wild-type
conditions.

Type of ARNO

YFP

IPCEF

ARNO

transfected
Wild-type (used

Mean

1119.268 1046.236 1228.376

with Sets 1, 3)

Standard Deviation

982.6801 495.0118 252.6207

Wild-type (used

Mean

912.5

with Set 2, 4)

Standard Deviation

522.6104 521.3082 561.4478

Set 1

Mean

440.6

Standard Deviation

69.87196 408.4112 243.0576

Mean

52.2

Standard Deviation

67.31074 403.1068 913.4564

Mean

234.1

937.5

Standard Deviation

111.055

181.5385 120.3458

Mean

856.9

651.1

Standard Deviation

509.4945 182.5862 546.8336

Set 2

Set 3

Set 4

1078.1

1201.4

2363.6

1817.6

1693.6

1499.1

1095.1

1398.8

Table 3.2 | Average mean intensity with standard deviation for VN-ARNO and VC-IPCEF
transfected cells.

To compare if the amount of YFP signals changed among each condition, the relative
intensities of each signal type was normalized to the wild-type ARNO condition (Figure 3.7). In
ideal conditions, each cell would provide similar values for the mean intensities of IPCEF and
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ARNO signals. However, cells in the Set 1 condition appear to express almost 40% more
ARNO, cells in the Set 2 condition appear to express twice as more transfected IPCEF, and cells
in the Set 4 condition appear to express 40% less IPCEF. Other values for IPCEF and ARNO
mean intensities fall within ~20% of the wild-type values, displaying similarity. Upon initial
inspection, this suggests that Set 1, 2, and 3 mutations negatively affect ARNO binding with
IPCEF, since these conditions produce more or relatively equal levels of IPCEF and ARNO
signal, yet each experience at least a 60% decrease in YFP signal. The Set 2 mutation affects
this interaction the most, with greater than a 90% decrease in YFP signal compared to the wildtype. The amount of signal present is so low that it could be attributed to background signal.

Figure 3.7 | Sets 1, 2, and 3 ARNO have significantly decreased binding with IPCEF. Mean
intensities of YFP, IPCEF, and ARNO signal were measured in transfected cells. The average of
these mean intensities for each experimental condition was compared to the wild-type

38

conditions. The difference in YFP signal to the wild-type conditions were measured using twosample t-tests assuming unequal variances, where the YPF signal per cell was normalized to the
IPCEF signal per cell. (*) indicates statistical significance.

To quantitatively analyze the changes in YFP signal, a one-tailed, two sample t-test
assuming unequal variances was performed. A result was deemed significant if the p-value was
less than 0.05. To account for the expression differences of the transfected proteins between
conditions, the YFP averaged mean intensity signal was normalized to the IPCEF averaged mean
intensity signal. This analysis displayed that the YFP signal was significantly decreased when
cells were expressing Set 1 (p = 0.048), Set 2 (p = 0.037), and Set 3 (p = 0.023) ARNO. This
suggests that these mutations decrease binding of ARNO with IPCEF. Set 4 ARNO (p = 0.328)
did not have significant changes in YFP signal, suggesting that this mutation does not affect
ARNO binding with IPCEF.
While IPCEF and ARNO intensities did not vary much for certain conditions, an
alternative method to verify their expression level in cells was used (Figure 3.8). MDCK cells
were transfected with VC-IPCEF and VN-ARNO like previously mentioned, but next the cells
were lysed. The lysate was Western blotted for VC-IPCEF and VN-ARNO and measured for
total protein content. Data for this analysis is only available for WT ARNO and Sets 1, 2, and 3
due to a delay in isolating the Set 4 VN-ARNO constructs.
IPCEF appears to have a relatively even signal intensity between each condition tested,
which is ideal (Figure 3.8A). IPCEF stains as the darkest band in each lane; however the
antibody also binds non-specifically to several larger proteins. Therefore, some of the IPCEF
signal seen in the BiFC assay could be attributed to some other proteins. ARNO signal intensity
is much weaker, which is consistent to what was seen in the BiFC assay, but the antibody is
much more specific (Figure 3.8B). The Set 2 ARNO signal intensity is the weakest, which is
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consistent with the BiFC assay. This result is similar to its poor expression in the same assay
with GRASP, further supporting that the Set 2 mutation may be toxic to the cell.
To check for a consistent cell count and survivability of the cells in each condition, a total
protein stain was conducted in the same manner as previously mentioned (Figure 3.8C). Each
lane in the total protein stain looked similar, suggesting that the cell count remained similar
between experiments. This suggests that some unknown factor prevents Set 2 ARNO from
expressing well in cells.

Figure 3.8 | Monitoring protein expression levels in transfected cells. VN-ARNO and VCIPCEF were transfected using LipofectamineTM 3000 into MDCK cells. After 24 hours, cells
were lysed and Western blotted for VC-IPCEF (Panel A) and VN-ARNO (Panel B). An SDSPAGE gel was also stained for total protein content to ensure consistency between the number of
live cells per sample (Panel C).
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GST Pull Down Assay Results – ARNO and IPCEF
A GST pull down assay was performed to provide further evidence for the previous
results. The ARNO beads used in the previous GST pull down assay were also used in this assay
(Figure 3.4). MDCK cells were transfected with tet-IPCEF adenovirus for eight hours then
lysed. The lysate was incubated with the ARNO beads, and any proteins interacting with the
ARNO coiled-coil domain remain bound after washes. The bound proteins were eluted and
Western blotted for IPCEF. GST alone served as a negative control, and WT GST-cc served as a
positive control. Set 2 GST-cc is presented but innacurate, as it was found later that the Set 2
GST-cc sample used had difficulty attaching to the ARNO beads. Set 2 GST-cc and Set 4 GSTcc are not included in this assay due to delays in developing the bead sets for these samples.
Unfortunately, it was difficult to achieve a clean Western blot of this assay. The primary
antibody used is very non-specific and binds to several other proteins in addition to IPCEF.
While IPCEF appears as a dark band around 40 kDa in the lysate, it does not appear in the
positive control. In addition, IPCEF or the primary antibody is binding to the negative control,
which was expected to appear blank. Therefore, it is impossible to derive conclusions from the
experimental conditions since the control conditions did not appear as expected. Faint IPCEF
bands can also be seen in the Set 1 and Set 3 columns, although this could simply be random
binding to the GST portion of the fusion protein. Another major problem with this assay is
significant signal near the bottom of the blot in the WT and Set 3 columns. This is most likely
GST, which should not be binding to the primary antibody. This strong signal also makes it
difficult to see other lighter bands that may also be present. This assay was repeated with a
different antibodies that would detect IPCEF (mouse anti-HA primary followed by goat anti-
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mouse HRP secondary), but achieved no success because it was difficult to detect any bands on
the blot.

Figure 3.9 | Observing IPCEF attachment to ARNO mutants. MDCK cells were transfected
with IPCEF adenovirus for eight hours, then lysed. The lysate was incubated with the ARNO
bead samples overnight and washed to remove non-binding proteins. The proteins were eluted
from the beads and Western blotted for IPCEF using rabbit anti-HA primary antibody and goat
anti-rabbit HRP secondary antibody.
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Chapter 4
Discussion
Epithelial cell migration is required for cellular process such as wound healing and early
development. When uncontrolled, however, it can lead to pathogenic situations including cancer
metastasis. Understanding the mechanism of this process has the possibility to lead to new
cancer therapies for cancers of epithelial origin, which include breast, lung, prostate, and colon
cancer. This process is regulated by small GTPases, including Arf6 and Rac1. Epithelial cell
migration is stimulated by HGF, which drives the formation of a multi-protein complex
involving the Arf-GEF ARNO, and scaffold proteins GRASP and IPCEF. The coiled-coil
domain of ARNO interacts with GRASP and IPCEF, and these interactions are required for
migration to occur.
Previous research has shown that deletion of the ARNO coiled-coil domain prevents cell
migration (Shmuel et al. 2006). However, not much was known about which residues in the
coiled-coil domain are responsible for its interactions. This project aimed to identify specific
regions in the ARNO coiled-coil domain that are involved in its interactions with GRASP and
IPCEF, and observed how those mutations affected cell migration. The mutation sites were all
located in the N-terminal coiled-coil domain of ARNO, and were chosen because of their
conservation in cytohesin-3. The mutations generally substituted five charged amino acid
residues to alanine. The mutation sites spanned from residues 14 through 18 in Set 1, residues
28 through 32 in Set 2, residues 54 through 58 in Set 3, and residues 22 through 26 in Set 4.
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First, the interaction between the ARNO mutants and GRASP were observed and
analyzed. BiFC data suggested that while all of the ARNO mutants still bind to GRASP, Set 3
had a significantly decreased interaction with GRASP. When accounting for outliers, it also
appeared that Set 2 had a significantly decreased interaction with GRASP. The Set 2 data in
particular appeared to express more GRASP and ARNO than the wild-type control, yet the YFP
signal indicating interaction was still decreased. However, a Western blot of the lysate suggested
that there was less GRASP and ARNO expressed in the Set 2 data. This could suggest that Set 2
may be toxic to the cells. A total protein stain did not reveal major differences in the number of
cells present in each sample. A GST pull down assay confirmed that all of the ARNO mutants
still bind to GRASP, but suggested that Set 3, Set 2, and Set 4 may bind GRASP to a lesser
degree.
Next, the interaction between the ARNO mutants and IPCEF were observed and
analyzed. BiFC data suggested that Set 1, Set 2, and Set 3 have a significantly decreased
interaction with IPCEF. Set 2 especially appeared to not bind to IPCEF, because the YFP signal
was so low that it may just be background signal. Also the Set 2 transfected cells appeared to
express much more IPCEF than the wild-type control. When verifying expression levels via a
Western blot of the cell lysate, it appeared that the antibody used for staining was not very
specific, so the IPCEF signals in all samples may appear to be larger than the actual value.
Again, Set 2 appeared to not express well in the cells, which could suggest that this mutation
confers some toxicity to the cells. A total protein stain did not reveal major differences in the
number of cells present in each sample. A GST pull down assay was completed to try and verify
the results from the BiFC assay. However it was difficult to obtain a clear blot due to some
antibody non-specificity and stickiness of the GST tag.
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The BiFC analysis had several restrictions. The binding of VN and VC is irreversible,
which poses a limitation for BiFC. Venus was chosen because it has been shown that it provides
a relatively brighter signal in this assay, yet produces a very low signal when its fusion partners
do not interact with each other (Kerppola 2008). Because the VN- and VC- tagged proteins were
contained on separate plasmids, some cells did not appear to express at least one of the proteins
despite being transfected together. While it would have been ideal for the cells to express similar
amounts of ARNO and GRASP or IPCEF, this was not the case. Therefore, significance was
calculated using YFP values normalized to the amount of GRASP or IPCEF expressed in the cell
to try and mitigate these differences. Another limitation with the BiFC assay was that the ARNO
signal as a whole was much weaker than the GRASP and IPCEF signals, which restricted the
sensitivity of the quantitation for ARNO signal. The number of cells used for data analysis in the
BiFC assay was relatively low, so this analysis could benefit from a larger sample size. A larger
sample size would also help reduce the effect of outliers and provide for more accuracy.
Because of the limitations of BiFC, GST pull down assays were also completed to
provide a more direct result of whether binding did or did not occur between the ARNO mutants
and GRASP or IPCEF. This assay was not directly quantified because of the challenge in
ensuring that each sample contained the same amount of GST-ARNO beads, but had the
potential to provide a simple, qualitative result. The next step would be to optimize this assay
for the IPCEF trials by testing different antibodies and using an alternate method to transfect
IPCEF into the cells.
While this study observed the interactions of the ARNO mutants with GRASP and
IPCEF, future experiments could be designed to observe the effect of these ARNO mutants on
cell migration by performing migration assays. The coiled-coil domain of ARNO has been
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shown to bind to its PH domain to produce an autoinhibitory interaction, so it could also be
tested if the residues altered in this study have an effect on this self-interaction (Hiester and
Santy 2013). Rac1 pull-down assays could also be performed to observe the effect of the ARNO
mutants on Rac1 activity. In addition, more ARNO mutants could be generated for further study.
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Appendix A
Raw Data for BiFC Assays

WT-1
WT-2
WT-3
WT-4
WT-5
St. Dev.
Mean
WT-1
WT-2
WT-3
WT-4
WT-5
St. Dev.
Mean
WT-1
WT-2
WT-3
WT-4
WT-5
St. Dev.
Mean

YFP
TX Red Cy5
393.66
1236.2
618.88
304.9 1647.58 1016.61
319.85
1546.9
891.51
418.87 1069.47
502.47
161.52
972.29
562.89
100.6786 294.2057 223.3885
319.76
1294.5
718.5
YFP
TX Red Cy5
174.65
786.22
464.24
292.13 1142.62 1074.28
297.73
766.73
664.9
227.85
109.31
78.94
338.86
991.9
703.61
64.80374 395.0645 363.9311
266.2
759.4
597.2
YFP
TX Red Cy5
386.72 1476.71 1216.04
230.28 1637.94 1334.38
481.13 1812.98 1737.89
268.88 2350.38 1477.06
404.29 2296.33 2290.28
102.8511 391.8663 426.607
354.3
1914.9
1611.1

YFP
Set1-1
Set1-2
Set1-3
Set1-4
Set1-5
St. Dev.
Mean
Set2-1
Set2-2
Set2-3
Set2-4
Set2-5
St. Dev.
Mean
Set4-1
Set4-2
Set4-3
Set4-4
Set4-5
St. Dev.
Mean

TX Red Cy5
67.96
682.34
315.87
73.61
475.78
246.07
252.23 1415.16
894.51
156.99
785
511.68
155.24
618.14
367.6
75.34357 364.2016 258.0173
141.2
795.3
467.1
YFP
TX Red Cy5
124.91 1645.84
981.45
65.66
936.61
649.93
475.27
239.87
227.83
74.38 1188.23
838.84
203.62 1498.68 1237.64
169.2794 554.7915 379.1549
188.8
1101.8
787.1
YFP
TX Red Cy5
648.95 2103.41 1430.65
115.54 1046.51
594.51
85.43
772.91
444
198.46
1279.7
884.66
107.06
2560.2 1399.52
237.4994 751.1936 452.7054
231.1
1552.5
950.7

Set3-1
Set3-2
Set3-3
Set3-4
Set3-5
St. Dev.
Mean

YFP
TX Red Cy5
220.82 1348.55
773.45
133.18
632.3
458.13
93.34
765.01
444.33
174.59 1404.94 1020.93
97.74 1039.56
579.68
53.99198 342.8574 243.2835
143.9
1038.1
655.3

Table A.1 | Raw data for GRASP/ARNO BiFC Assay.

WT-1
WT-2
WT-3
WT-4
WT-5
St. Dev.
Mean
WT-1
WT-2
WT-3
WT-4
WT-5
St. Dev.
Mean

YFP
TX Red Cy5
1430.59 1894.88 1328.13
2142.44
918.57 1260.58
510.68
974.03 1528.74
548.28
603.56
838.13
964.35
840.14
1186.3
682.6801 495.0118 252.6207
1119.268 1046.236 1228.376
YFP
TX Red Cy5
310.81 1035.69
1318.5
970.98 1970.49 2424.15
1732.37
636.74 1391.48
683.08
801.02 1523.48
865.43
946.5 2430.63
522.6104 521.3082 561.4478
912.5
1078.1
1817.6

YFP
Set1-1
Set1-2
Set1-3
Set1-4
Set1-5
St. Dev.
Mean
Set2-1
Set2-2
Set2-3
Set2-4
Set2-5
St. Dev.
Mean

TX Red Cy5
511.8 1325.46 1801.14
334.23 1631.15 2012.64
457.24 1335.49 1423.61
411.76 1183.42 1752.77
485.73
531.46 1477.82
69.87196 408.4112 243.0576
440.6
1201.4
1693.6
YFP
TX Red Cy5
22.18 2336.87 1053.04
22.62 2885.26 1268.77
22.36 2317.23 1337.34
172.63 2509.69 3081.85
21.33 1768.92
754.57
67.31074 403.1068 913.4564
52.2
2363.6
1499.1

Table A.2 | Raw data for IPCEF/ARNO BiFC Assay.

YFP
Set3-1
Set3-2
Set3-3
Set3-4
Set3-5
St. Dev.
Mean
Set4-1
Set4-2
Set4-3
Set4-4
Set4-5
St. Dev.
Mean

TX Red Cy5
163.8 1075.44
986.73
125.8 1164.75 1271.73
414.71
719.25 1015.67
228.54
827.08 1166.39
237.41
901.04 1035.11
111.055 181.5385 120.3458
234.1
937.5
1095.1
YFP
TX Red Cy5
449.83
607.7 1090.84
726.12
440.94 1230.06
701.83
668.02 1450.79
1747.18
941.2 2311.11
659.71
597.66
911.17
509.4945 182.5862 546.8336
856.9
651.1
1398.8

47

BIBLIOGRAPHY
American Cancer Society: Cancer Facts & Figures 2018. Atlanta: American Cancer Society;
2018.
Attar MA, Salem JC, Pursel HS, Santy LC: CNK3 and IPCEF1 produce a single protein that
is required for HGF dependent Arf6 activation and migration. Experimental Cell
Research 2012, 318:228-237.
Attar MA, Santy LC: The scaffolding protein GRASP/Tamalin directly binds to Dock180 as
well as to cytohesins facilitating GTPase crosstalk in epithelial cell migration. BMC
Cell Biology 2013, 14:1-12.
Bento CF, Puri C, Moreau K, Rubinsztein DC: The role of membrane-trafficking small
GTPases in the regulation of autophagy. Journal of Cell Science 2013, 126:1059-1069.
Casanova JE: Regulation of Arf Activation: the Sec7 Family Guanine Nucleotide Exchange
Factors. Traffic 2007, 8:1476-1485.
Conway K, Price P, Harding KG, Jiang WG: The molecular and clinical impact of hepatocyte
growth factor, its receptor, activators, and inhibitors in wound healing. Wound
Repair and Regeneration 2006, 14:2-10.
Cota BDCV, Lima KS, Murad AM, Xavier MAP, Cabral MMDAC, Coelho LGV: Expression
of the c-MET, HGF and VEGF biomarkers in intestinal and diffuse gastric cancer
in the Brazilian population: a pilot study for the standardization of the quantitative
PCR technique. Applied Cancer Research 2017, 37:1-8.

48

Côté J, Vuori K: GEF what? Dock180 and related proteins help Rac to polarize cells in new
ways. TRENDS in Cell Biology 2007, 17:383-393.
Donaldson JG, Jackson CL: ARF family G proteins and their regulators: roles in membrane
transport, development and disease. Nature 2011, 12:362-376.
Gillingham AK, Munro S: The Small G Proteins of the Arf Family and Their Regulators.
Annual Review of Cell and Developmental Biology 2007, 23:579-611.
Guarino M: Epithelial-mesenchymal transition and tumour invasion. The International
Journal of Biochemistry & Cell Biology 2007, 39:2153-2160.
Hao N, Tang B, Wang G, Xie R, Hu C, Wang S, Wu Y, Liu E, Xie X, Yang S: Hepatocyte
growth factor (HGF) upregulates heparanase expression via the PI3K/Akt/NF-κB
signaling pathway for gastric cancer metastasis. Cancer Letters 2015, 361:57-66.
Hiester KG, Santy LC: The Cytohesin Coiled-Coil Domain Interacts with Threonine 276 to
Control Membrane Association. PLOS One 2013, 8:e82084.
Ho-Yen CM, Jones JL, Kermorgant S: The clinical and functional significance of c-Met in
breast cancer: a review. Breast Cancer Research 2015, 17:1-11.
Huh C, Factor VM, Sánchez A, Uchida K, Conner EA, Thorgeirsson SS: Hepatocyte growth
factor/c-met signaling pathway is required for efficient liver regeneration and
repair. PNAS 2004, 101:4477-4482.
Jackson TR, Kearns BG, Theibert AB: Cytohesins and centaurins: mediators of PI 3-kinaseregulated Arf signaling. Trends in Biochemical Sciences 2000, 25:489-495.
Katoh H, Negishi M: RhoG activates Rac1 by direct interaction with the Dock180-binding
protein Elmo. Nature 2003, 424:461-464.

49

Kerppola TK: Bimolecular fluorescence complementation (BiFC) analysis as a probe of
protein interactions in living cells. Annu Rev Biophys 2008, 37:465-487.
Kitano J, Kimura K, Yamazaki Y, Soda T, Shigemoto R, Nakajima Y, Nakanishi S: Tamalin, a
PDZ Domain-Containing Protein, Links a Protein Complex Formation of Group 1
Metabotropic Glutamate Receptors and the Guanine Nucleotide Exchange Factor
Cytohesins. The Journal of Neuroscience 2002, 22:1280-1289.
Kitano J, Yamazaki Y, Kimura K, Masukado T, Nakajima Y, Makanishi S: Tamalin Is a
Scaffold Protein That Interacts with Multiple Neuronal Proteins in Distinct Modes
of Protein-Protein Association. The Journal of Biological Chemistry 2003, 278:1476214768.
Kolanus W: Guanine nucleotide exchange factors of the cytohesin family and their roles in
signal transduction. Immunological Reviews 2007, 218:102-113.
Koubek EJ, Santy LC: ARF1 and ARF6 regulate recycling of GRASP/Tamalin and the
Rac1-GEF Dock180 during HGF-induced Rac1 activation. Small GTPases 2016, 0:118.
Lamouille S, Xu J, Derynck R: Molecular mechanisms of epithelial-mesenchymal transition.
Nature Reviews 2014, 15:178-196.
Maresca M, Mahfoud R, Garmy N, Fantini J: The Mycotoxin Deoxynivalenol Affects Nutrient
Absorption in Human Intestinal Epithelial Cells. The Journal of Nutrition 2002,
132:2723-2731.
Martin-Belmonte F, Perez-Moreno M: Epithelial cell polarity, stem cells and cancer. Nature
Reviews 2012, 12:23-38.
Michalopoulos GK, Zarnegar R: Hepatocyte Growth Factor. Hepatology 1992, 15:149-155.

50

Millar FR, Janes SM, Giangreco A: Epithelial cell migration as a potential therapeutic target
in early lung cancer. Eur Respir Rev 2017, 26:160069.
Naslavsky N, Weigert R, Donaldson JG: Characterization of a Nonclathrin Endocytic
Pathway: Membrane Cargo and Lipid Requirements. Molecular Biology of the Cell
2004, 15:3542-3552.
Oh SJ, Santy LC: Differential Effects of Cytohesins 2 and 3 on β1 Integrin Recycling. The
Journal of Biological Chemistry 2010, 285:14610-14616.
Pronobis MI, Deuitch N, Peifer M: The Miraprep: A Protocol that Uses a Miniprep Kit and
Provides Maxiprep Yields. PLOS One 2016, 11:e0160509.
Reffay M, Parrini MC, Cochet-Escartin O, Ladoux B, Buguin A, Coscoy S, Amblard F, Camonis
J, Silberzan P: Interplay of RhoA and mechanical forces in collective cell migration
driven by leader cells. Nature Cell Biology 2014, 16:217-243.
Ridley AJ: Rho GTPase signaling in cell migration. Current Opinion in Cell Biology 2015,
36:103-112.
Salem JC, Reviriego-Mendoza MM, Santy LC: ARF-GEF cytohesin-2/ARNO regulates R-Ras
and α5-integrin recycling through an EHD1-positive compartment. Molecular
Biology of the Cell 2015, 26:4265-4279.
Santy LC, Frank SR, Casanova JE: Expression and Analysis of ARNO and ARNO Mutants
and Their Effects on ADP-Ribosylation Factor (ARF)-Mediated Actin Cytoskeletal
Rearrangements. Methods in Enzymology 2001, 329:256-264.
Schmitz AAP, Govek E, Böttner B, Aelst LV: Rho GTPases: Signaling, Migration, and
Invasion. Experimental Cell Research 2000, 261:1-12.

51

Shmuel M, Santy LC, Frank S, Avrahami D, Casanova JE, Altschuler Y: ARNO through Its
Coiled-coil Domain Regulates Endocytosis at the Apical Surface of Polarized
Epithelial Cells. The Journal of Biological Chemistry 2006, 281:13300-13308.
Singh V, Davidson AC, Hume PJ, Humphreys D, Koronakis V: Arf GTPase interplay with
Rho GTPases in regulation of the actin cytoskeleton. Small GTPases 2017, 0:1-8.
Theis MG, Knorre A, Kellersch B, Moelleken J, Wieland F, Kolanus W, Famulok M:
Discriminatory aptamer reveals serum response element transcription regulated by
cytohesin-2. PNAS 2004, 101:11221-11226.
Therrien M, Wong AM, Rubin GM: CNK, a RAF-Binding Multidomain Protein Required
for RAS Signaling. Cell 1998, 95:343-353.
Torii T, Miyamoto Y, Sanbe A, Nishimura K, Yamauchi J, Tanoue A: Cytohesin-2/ARNO,
through Its Interaction with Focal Adhesion Adaptor Protein Paxillin, Regulates
Preadipocyte Migration via the Downstream Activation of Arf6. The Journal of
Biological Chemistry 2010, 285:24270-24281.
Trusolino L, Bertotti A, Comoglio PM: MET signaling: principles and functions in
development, organ regeneration and cancer. Nature Reviews 2010, 11:834-848.
Venkateswarlu K: Analysis of the Interaction Between Cytohesin 2 and IPCEF1. Methods in
Enzymology 2005, 404:252-266.
Venkateswarlu K: Interaction Protein for Cytohesin Exchange Factors 1 (IPCEF1) Binds
Cytohesin 2 and Modifies Its Activity. The Journal of Biological Chemistry 2003,
278:43460-43469.
Wennerberg K, Rossman KL, Der CJ: The Ras superfamily at a glance. Journal of Cell
Science 2005, 118:843-846.

52

White DT, McShea KM, Attar MA, Santy LC: GRASP and IPCEF Promote ARF-to-Rac
Signaling and Cell Migration by Coordinating the Association of ARNO/cytohesin 2
with Dock180. Molecular Biology of the Cell 2010, 21:562-571.

ACADEMIC VITA

SANJANA MARIKUNTE
smarikunte@gmail.com • www.linkedin.com/in/smarikunte

EDUCATION
The Pennsylvania State University, University Park, PA
Bachelor of Science in Biochemistry and Molecular Biology
Minor in Chemistry

Aug. 2014-May 2018

HONORS AND AWARDS


Class of 1922 Memorial Scholarship

2017



Erickson Discovery Grant

2017



German Academic Exchange Service Scholarship

2016



Women in Science and Engineering Research Grant

2015



President’s Freshman Award

2015



Penn State Reads Essay Contest Winner

2014



Capital Area Chapter of the Penn State Alumni Association Scholarship

2014

RESEARCH EXPERIENCE
Research Assistant | Santy Lab
The Pennsylvania State University, University Park, PA


Studied the role of small GTPases in epithelial cell migration using
epithelial cell culture



Skilled in molecular cloning, western blotting, and microscopy

DAAD RISE Scholar | Sorokin Lab
Westfälische Wilhelms-Universität Münster, Münster, Germany



Researched the role of endothelial basement membrane laminins
in shear sensing in blood vessels
Analyzed the effects of laminin mutants in cell culture and mouse
mesenteric arteries

Jan. 2015-May 2018

May 2016-Aug. 2016

Neurology Department Intern | with Claire Flaherty, Ph.D.
Penn State Health, Hershey, PA
 Assisted projects on Fronto-Temporal Lobar Degeneration and
Myotonic Dystrophy Type I


Administered a range of Neuropsychology exams to patients



Shadowed patient consultation sessions

May 2015-Aug. 2015

LEADERSHIP EXPERIENCE
Teaching Assistant | General Biochemistry I – BMB 401
The Pennsylvania State University, University Park, PA

Jan. 2017-Dec. 2017



Assisted in grading assignments and exams, problem solving sessions,
project tutorials



Held office hours to help students on an individual basis

Learning Assistant | Majors Colloquium – BMB 398
Aug. 2016-Dec. 2016
The Pennsylvania State University, University Park, PA
 Facilitated discussions between two groups of five students after
a presentation by a Biochemistry and Molecular Biology department
faculty member


Served as a mentor for 10 first-year students

Student Red Cross Club
The Pennsylvania State University, University Park, PA



Aug. 2014-May 2018

Organized blood drives and American Red Cross events on the Penn
State Campus
Tracked volunteer hours and managed the email list while
serving as Secretary (2016-2017)

Biochemistry Society
The Pennsylvania State University, University Park, PA


Coordinated research and career seminars for undergraduates
as President (2017-2018)



Participated in local science outreach events

Aug. 2014-May 2018

