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Abstract
Proper targeting of the receptors to their cellular compartments is essential for their
function. This is achieved by vesicular trafficking, which is a highly regulated cellular process.
One of the key determinants for this process is organellar pH, which is regulated by various ion
transporters. In this thesis, I showed that sodium hydrogen exchanger isoform 5 (NHE5), a
neuron-enriched ion transporter that is aberrantly expressed in recycling endosomes of C6 rat
glioma cells and acidifies the lumen, regulates the trafficking of integrin β1 (Intβ1), a major class
of cell adhesion receptors. Depletion of NHE5 expression in C6 glioma cells resulted in impaired
integrin-mediated cell adhesion and spreading. Using various biochemical and
immunofluorescence assays, I found that NHE5 influences endocytic recycling and degradation
of Intβ1. Interestingly, a reduction in the apparent molecular weight of Intβ1 was observed in
NHE5-knockdown cells. Through various enzymatic and lectin pull-down assays, I showed that
NHE5 affects the sialylation of Ιntβ1. Using biochemical assays, I, further demonstrated that
Intβ1 is further sialylated (‘extra-sialylated’) during retrograde trafficking through the transGolgi Network, in addition to their canonical sialylation in the secretory pathway and this
process is mediated by NHE5. Results from this thesis and previous studies led me to propose
that NHE5 to be forming a distinct and previously unidentified endosomal compartment, where it
sorts and recycles a subset of receptors. By doing so, NHE5 modulates cell attachment,
spreading, polarity and migration. Future studies will elucidate how NHE5 modulates retrograde
trafficking and sialylation of Intβ1, and influences cell migration, tumor invasion and metastasis
of gliomas and other cancers. In summary, this work provides insight into the role of NHE5 in
mediating important cellular processes such as cell adhesion, spreading, polarity and migration
of C6 glioma.
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Lay Summary
Glioma is a type of aggressive brain cancer. This study explores whether the activity of a
cell protein called NHE5 within rat glioma cells may lead to further spread of the cancer. NHE5
activity has a significant effect on the fate and behaviour of cell receptors (proteins found on the
cell surface). Specifically, we found that the presence of NHE5 within the cell increases the
population of a particular type of cell receptor called integrin β1. Integrin β1 plays a major role
in cell attachment by its ability to interact simultaneously with both inside the cell and within the
extra-cellular environment. As such, its increased activity within glioma cells may lead to further
invasion of the glioma. Our study provides an insight on the relationship between NHE5 and
glioma cell invasion and malignancy.
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Chapter 1: Introduction
1.1

The importance of vesicular trafficking
Vesicular trafficking plays a major role in trafficking proteins and lipids to the right

cellular compartments at the right time for proper cellular functions. For example, during cell
migration, various proteins including cell surface receptors, cytoskeleton monomers, signaling
molecules, and enzymes are trafficked in a spatiotemporal regulated manner to maintain the
polarity and direction of the migrating cells. Given that cell migration is essential for various
biological processes, ranging from embryogenesis, to wound-healing, and progression of
diseases such as cancer and chronic inflammatory diseases (Lauffenburger and Horwitz, 1996;
Ridley et al., 2003), any abnormality in vesicular trafficking will have serious implications on
the development and/or disease progression.
One factor that regulates vesicular trafficking is organellar pH, and changes in organellar
pH influence transport of proteins and affect cell physiology (Diering et al., 2011, 2013; Maeda
et al., 2008; van der Poel et al., 2011). For example, alkalinization of the Golgi apparatus leads to
delayed trafficking and mislocalization of glycosyltransferases, resulting in improper
glycosylation of glycoproteins (Axelsson et al., 2001; Maeda et al., 2008). In other cases,
alterations in endosomal pH lead to aberrant trafficking of growth factor receptors and cell
adhesion receptors, thus affecting cancer cell invasion (Fan et al., 2016; Kharitidi et al., 2015;
Kondapalli et al., 2015). Therefore, maintaining organellar pH in the physiological range is
important for proper vesicular trafficking.
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1.2

Regulators of cellular pH
Cells establish a pH gradient along the secretory as well as endocytic pathways for proper

cellular physiology (Figure 1.1). The lumen of the endoplasmic reticulum (ER) has a neutral pH
around 7.02 – 7.2, which is similar to the cytosolic and the nuclear pH (Casey et al., 2010; Kim
et al., 1998). Along the secretory pathway, the pH drops from 6.7 in the lumen of cis cisternae of
Golgi apparatus to 6.0 in the lumen of the trans-Golgi Network (TGN) (Demaurex et al., 1998;
Wu et al., 2001). Secretory vesicles have a luminal pH of 5.5 (Wu et al., 2001). In the endocytic
pathway, early endosomes have a pH of 6.3, and the pH becomes progressively acidic, i.e. 5.05.4 in late endosomes and goes as low as 4.6 in lysosomes (Tycko and Maxfield, 1982;
Yamashiro and Maxfield, 1987). Typically, recycling endosomal pH is 6.2-6.4 (Diering et al.,
2013; Yamashiro et al., 1984).
Various ion transporters and channels fine-tune the distinct pH of different subcellular
compartments. Their differential subcellular localizations and regulated activities determine the
balance between the influx and efflux of protons and other ions that maintain organelle pH in the
cell. The following sections will discuss some of the major transporters involved in pH
regulation and homeostasis.
1.2.1

Vacuolar type H+-ATP hydrolases (V-ATPases)

V-ATPase is a multisubunit protein complex that pumps protons into either the lumen of
organelles or the extracellular space against the concentration gradient of protons, using energy
from ATP hydrolysis (Figure 1.1). This protein complex is composed of two domains: a
peripheral V1 domain that hydrolyzes ATP, and a transmembrane V0 domain that facilitates
translocation of protons (Forgac, 2007; Marshansky and Futai, 2008). These two domains are
connected by central and peripheral stalks. The central stalk (made of subunits D and F from the
V1 domain and subunit d from the V0 domain) acts as a rotor, where it rotates the proteolipid ring
of V0 domain upon ATP hydrolysis. The peripheral stalk (made of subunits E, G, H from the V1
domain and N-terminal of subunit a from the V0 domain) acts as a stator that prevents the
rotation of the A3B3 hexamer of V1 domain during ATP hydrolysis (Forgac, 2007).

2

Figure 1.1 The pH of different organelles in the cell and the structure of vacuolar-type H+ATPase.
(A) The pH of different subcellular compartments in a mammalian cell is shown in black. The
pH of mitochondria refers to the pH of their matrix and the pH of early endosomes refers to the
luminal pH of sorting endosomes. Adapted from Casey et al. (2010).
(B) A schematic showing the structure of vacuolar-type H+-ATPase (V-ATPase). The peripheral
V1 domain contains a hexamer catalytic domain (subunit A and B) for ATP hydrolysis. The
transmembrane V0 domain contains the subunit a (dark blue), subunit d (dark pink), subunit e
(purple), and the proteolipid ring (light pink) and translocates protons. Upon ATP hydrolysis (red
arrow), the rotator stalk rotates the subunits of the proteolipid ring in a clockwise direction (pink
arrow). During rotation, protons from the cytosol translocate into the lumen of the organelle
through the acidic residues and arginine residue in the transmembrane helices of proteolipid ring
subunits and the subunit a, respectively. The action of V-ATPase is coupled with the action of
intracellular chloride channel (CIC), which functions as a proton leak and anion transporter. The
black arrow indicates the target site of V-ATPase inhibitor, bafilomycin A1. The image is
adapted from Marshansky and Futai (2008).
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The ATP-driven translocation of protons from the cytoplasm to the organellar lumen (or
the extracellular space) is facilitated by acidic residues in the transmembrane (TM) helices of the
proteolipid ring subunits, and an arginine residue in the TM7 of the subunit a of V0 domain
(Kawasaki-Nishi et al., 2001a; Nishi and Forgac, 2002). Protonation and deprotonation of these
residues form a route for protons to move from the cytosol into the lumen (Forgac, 2007). In
short, multiple subunits of V-ATPase work together and use the energy from ATP hydrolysis to
pump hydrogen ions across the membrane.
Varying pH in different subcellular compartments is established in part by differentially
regulating the density and activity of V-ATPases. The controlled and reversible assembly and
disassembly of V-ATPase modulates its distribution in subcellular compartments. One of the
factors that regulates this reversible association is the presence of glucose in the cell. When
glucose is depleted, the complex dissociates and this dissociation is likely to be mediated by a
glycolytic enzyme aldolase (Forgac, 2007; Lu et al., 2004; Sautin et al., 2005). The assembly of
V-ATPases is mediated by a complex termed regulator of H+-ATPase of vacuolar and endosomal
membranes (RAVE) that is composed of three subunits (Seol et al., 2001; Smardon et al., 2002).
In addition, efficiency of V-ATPase activity is regulated by modulating the ratio of H+
transported per molecule of ATP hydrolyzed. For example, the V-ATPase found on the Golgi
membrane has lower ratio of H+ transported/ATP hydrolysis (less protons are pumped across the
membrane) than the V-ATPase found on the lysosomal membrane (Forgac, 2007; KawasakiNishi et al., 2001b). Overall, cells use various mechanisms to differentially control the activity of
V-ATPases found in various intracellular membranes to establish a pH gradient.
Based on the number of catalytic ATP-binding sites in the V1 domain and the number of
residues that are protonated in the TM region of V0 domain, the theoretical ratio of H+/ATP of VATPase is 2-3.3 (Forgac, 2007). Given this calculated ratio and near-neutral pH of the
cytoplasm, the luminal pH of organelles can theoretically be as low as 3 due to the activity of VATPase alone (Casey et al., 2010). However, this is not the case. Hence, there must be other ion
transporters regulating the homeostasis of organelle pH (Casey et al., 2010).
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1.2.2

Anion transporters
Another family of ion transporters in pH regulation is anion transporters, such as

intracellular chloride channels (CIC) and cystic fibrosis transmembrane conductance regulator
(CFTR) (Casey et al., 2010; Edwards and Kahl, 2010; Scott and Gruenberg, 2011). Since the
activity of V-ATPase is electrogenic, a continuous influx of protons into the lumen of organelles
generates an electrochemical proton gradient and a membrane potential. This could eventually
limit the acidification of the lumen. To prevent this, anion transporters facilitate the influx of
anions to neutralize the electrical potential and maintain the activity of V-ATPase. Studies have
shown that suppressing the activity of CIC, such as CIC-3 and CIC-4 impairs endosomal
acidification and trafficking of the transferrin receptors (Hara-Chikuma et al., 2005; MohammadPanah et al., 2003). Also, studies revealed that CIC, which was believed to be a chloride channel,
is an electrogenic ion exchanger that transports 2 Cl- anions for 1 H+ (Picollo and Pusch, 2005;
Scott and Gruenberg, 2011). This means that CIC also mediates proton leak from the lumen of
the organelle to maintain the luminal pH. Another family of proteins that mediate passive efflux
of protons is sodium hydrogen exchangers (NHEs) (discussed in section 1.2.3) (Casey et al.,
2010).
1.2.3
1.2.3.1

Sodium hydrogen exchangers (NHEs)
NHE classification, structure, expression, and cation selectivity
Sodium hydrogen exchangers (NHEs) are a family of ion transporters that exchange

monovalent cations such as Na+ and K+ with protons (H+) across the cellular and organellar
membrane in an electroneutral manner (Donowitz et al., 2013; Orlowski and Grinstein, 2004).
They are part of the monovalent cation proton antiporter (CPA) superfamily and are encoded by
Solute Carrier 9 (SLC 9) genes (Brett et al., 2005). Thirteen NHE isoforms have been identified
and are classified into three subfamilies: SLC9A (NHE subfamily), SLC9B (NHA subfamily),
and SLC9C (mammalian sperm-NHE like subfamily) (Donowitz et al., 2013; Fuster and
Alexander, 2014). In my thesis, I will focus on the NHE subfamily consisting of NHE1- NHE9.
The members of NHE family are found in fungi, plants, and animals, and they share ancestry
with prokaryotic NhaP genes that exchange Na+/Li+ with H+ in an electroneutral and pH-
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dependent manner (Brett et al., 2005). Thus, NHEs are a family of ion transporters that are
evolutionarily conserved across many species.
According to a phylogenetic analysis, mammalian NHEs are divided into two groups:
plasmalemmal NHEs (NHE1-5) and intracellular NHEs (NHE6-9). The plasmalemmal NHEs are
further classified into resident (NHE1, NHE2, and NHE4) and recycling (NHE3, NHE5)
plasmalemmal NHEs. As the name suggests, these isoforms are localized differently in
subcellular compartments (Table 1.1). The resident plasmalemmal NHEs are only expressed on
the plasma membrane, while the recycling plasmalemmal NHEs are found on both the plasma
membrane and in recycling endosomes. The intracellular NHEs are mostly localized to the Golgi
apparatus and endosomal membrane depending on the isoform. However, they are occasionally
targeted to the cell surface (Donowitz et al., 2013; Fuster and Alexander, 2014; Kagami et al.,
2008). NHE1, NHE6, NHE7, NHE8 and NHE9 are ubiquitously expressed in all tissues, whereas
the rest of isoforms are only expressed in certain tissues (Table 1.1, see also (Fuster and
Alexander, 2014; Orlowski and Grinstein, 2011)). Therefore, multiple isoforms of NHEs are
expressed and localized to various subcellular compartments in a cell.
Table 1.1 Tissue expression and subcellular localization of NHE1-NHE9. Modified from
(Fuster and Alexander, 2014; Orlowski and Grinstein, 2011)
Protein/Gene
Tissue expression
Major subcellular localization
Plasma membrane, basolateral
NHE1/ SLC9A1 Ubiquitous
surface of epithelia
NHE2/ SLC9A2

Stomach, intestinal tract, skeletal
muscle, kidney, brain, uterus,
testis, heart, lung

Plasma membrane, apical surface of
epithelia

NHE3/ SLC9A3

Intestinal tract, stomach, kidney,
gall bladder, epididymis

Apical plasma membrane of epithelia,
recycling endosomes

NHE4/ SLC9A4

Stomach, kidney

Plasma membrane, basolateral
membrane of epithelia

NHE6/ SLC9A6

Brain (neurons), testis, spleen,
skeletal muscle
Ubiquitous

NHE7/ SLC9A7

Ubiquitous

NHE8/ SLC9A8

Ubiquitous

NHE9/ SLC9A9

Ubiquitous

NHE5/ SLC9A5
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Plasma membrane, recycling
endosomes
Early/recycling endosomes
trans- Golgi Network, Golgi
cisternae, secretory vesicles
mid and trans-Golgi cisternae, late
endosomes
Recycling endosomes

All NHEs have a conserved N-terminus domain consisting of 12 hydrophobic
transmembrane spanning alpha-helices, and a variable cytoplasmic tail at the C-terminus (Figure
1.2). The electroneutral proton/cation exchange occurs at the N-terminus domain, whereas the
cytoplasmic tail serves as a platform for various regulatory proteins to bind and modulate the
activity of the ion transporter (Donowitz et al., 2013; Orlowski and Grinstein, 2011;
Wakabayashi et al., 1997). The amino acid sequence and length of the cytoplasmic tail vary
among different isoforms (Brett et al., 2005). The crystal structures of NHEs have not been
determined, however, the structure of the transport domain of NHEs was predicted using
homology modelling based on the crystal structure of E.coli Na+/H+ antiporter (NhaA)
(Donowitz et al., 2013). Assembly of TM4 and TM11 helices in an anti-parallel orientation
forms a pocket of acidic residues in an inverted funnel topology, where Na+/H+ binding and ion
translocation occurs. This assembly is stabilized by the charged ions of the surrounding TM
helices (Hunte et al., 2005; Padan et al., 2009). Furthermore, there is a pH sensor domain in
TM9, which is separate from the translocation site (Padan et al., 2009). Changes in pH can
induce a long-range conformational changes in the assembly of TM helices, which then allow the
ions to access and bind to the translocation site (Donowitz et al., 2013; Hunte et al., 2005; Padan
et al., 2009). In addition, these ion transporters form homodimers for stability and for ion
transport activities (Hisamitsu et al., 2006; Padan et al., 2009).
NHEs can exchange monovalent cations such as Na+ and K+ in exchange for H+, but the
cation specificity varies among different isoforms. In general, the plasmalemmal NHEs
selectively transport Na+ in exchange for H+, thereby extruding cytosolic protons to either the
extracellular space or into the lumen of the organelles (Orlowski and Grinstein, 2011). As a
result, the plasmalemmal NHEs alkalinize the cytosol and acidify the organelle lumen. On the
other hand, the intracellular NHEs have a higher affinity to K+ than to Na+, thus K+/H+ exchange
is the preferred mode of action. As a result, the intracellular NHEs promote proton leak from the
organelles and alkalinize the luminal pH (Orlowski and Grinstein, 2011).
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Figure 1.2 Predicted structure of mammalian sodium hydrogen exchangers.
Sodium hydrogen exchangers (NHEs) are predicted to have 12 hydrophobic transmembrane
helices at the N-terminus domain and a hydrophilic cytoplasmic tail. The binding sites for Na+
and H+ (indicated by the arrows) are predicted based on the crystal structure of bacterial Na+/H+
antiporter (NHA). NHEs exist as homodimers on the membrane. The figure is adapted from
Orlowski and Grinstein (2011).
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1.2.3.2

NHE5
NHE5 was first discovered as an amiloride-insensitive NHE in cultured hippocampal

neurons (Klanke et al., 1995; Raley-Susman et al., 1991). The protein expression of NHE5 is
enriched in the brain, specifically in neurons (Diering et al., 2011). A northern blot analysis of
NHE5 mRNA shows that NHE5 is significantly expressed in neuron-rich brain regions such as
the hippocampus, amygdala, caudate nucleus, hypothalamus, subthalamic nucleus, and the
thalamus, but not in corpus callosum, which is primarily composed of axons and glial cells
(Attaphitaya et al., 1999; Baird et al., 1999). Despite being characterized as neuron-enriched
NHE, NHE5 expression was recently found upregulated in C6 glioma cells, but not in rat
hippocampal astrocytes (Fan et al., 2016).
Among other isoforms of NHE, NHE5 is most closely related to NHE3. They have about
50% similarity between their amino acid sequences, similar subcellular localizations and
regulatory mechanisms (Attaphitaya et al., 2001; Orlowski and Grinstein, 2004; Szászi et al.,
2002). In earlier days, heterologous expression of HA-tagged NHE5 was used to characterize the
subcellular localization of NHE5. When HA-tagged NHE5 was expressed in non-neuronal cells
such as NHE-deficient AP-1 cells and primary culture of hippocampal neurons, NHE5 localized
to the cell surfaces as well as intracellular vesicles that were positive for internalized transferrin
(Szászi et al., 2002). With the development of NHE5-specific antibodies, subcellular localization
of endogenous NHE5 in hippocampal neurons was determined. NHE5 was predominantly found
in the intracellular vesicles, but was recruited to the plasma membrane upon external
stimulations including glycine-induced N-methyl-D-aspartate (NMDA) receptor activation, the
AMP mimetic AICAR, and antimycin-A (Diering et al., 2011; Jinadasa et al., 2014). Like NHE3,
NHE5 also shuttles between recycling endosomes and the plasma membrane (D’Souza et al.,
1998). Furthermore, Attaphitaya and colleagues found that hyperosmolarity, activation of protein
kinase C (PKC), and activation of protein kinase A (PKA) affect the activity of NHE5 to the
same extent as NHE3 (Attaphitaya et al., 2001). Although NHE5 and NHE3 are expressed in
different tissues, they are considered to have similar cellular trafficking and activities.
Proper targeting of NHE5 to its appropriate cellular localization (the plasma membrane or
recycling endosomes) is important for its activity and cellular pH homeostasis (Diering et al.,
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2009; Jinadasa et al., 2014; Szabó et al., 2005). Endocytosis of NHE5 from the plasma
membrane is mediated by clathrin and β-arrestins (Szabó et al., 2005; Szászi et al., 2002). It was
shown that β-arrestin2 binds to an acidic serine/threonine-rich and di-isoleucine motif-containing
region in the cytoplasmic tail of NHE5, which is phosphorylated by protein kinase CK2, to
internalize the ion-transporter. Upon internalization, the activity of NHE5 at the cell surface was
downregulated. Deletion or mutation in the acidic sequence and/or di-isoleucine motif in the
cytoplasmic tail inhibited the endocytosis of NHE5 and the downregulation of its activity (Szabó
et al., 2005). In addition, recycling of NHE5 from endosomes to the plasma membrane is also
important for its activity at the plasma membrane. This step is mediated by secretory carrier
membrane protein 2 (SCAMP2) and is dependent on the phosphoinositide 3-kinase (PI3K)
activity (Liu et al., 2005; Szászi et al., 2002). SCAMP2 was shown to bind to the cytoplasmic tail
of NHE5 and target it to the plasma membrane via the ADP-ribosylation factor 6 (Arf6)dependent pathway. Overexpression of SCAMP2 increased the cell surface expression of NHE5
and its activity at the cell surface. The SCAMP2-mediated NHE5 activity on the plasma
membrane was hampered by the expression of dominant negative Arf6, but not dominant
negative Rab11 (Diering et al., 2009). Similarly, when the recycling of NHE5 was inhibited by
wortmannin, a PI3K inhibitor, the activity of NHE5 at the plasma membrane of AP-1 cells was
reduced (Szászi et al., 2002). These observations collectively indicate that trafficking of NHE5 to
and from the cell surface is important since it can influence the activity of the ion transporter at
the cell surface.
The role of NHE5 in cellular pH homeostasis is greatly influenced by the selectivity for
exchanging Na+ for H+ and its intracellular localization. Thus, NHE5 activation leads to either
alkalinization of the cytoplasm, or acidification of the lumen of recycling endosomes. NHE5 was
shown to negatively regulate the growth of dendritic spines in hippocampal neurons by
acidifying the synaptic cleft (Diering et al., 2011). In another study, NHE5 modulated neurite
outgrowth in neuroendocrine PC12 cells upon nerve growth factor (NGF) stimulation by
acidifying the luminal pH of the recycling endosomes, which promoted the recycling of NGF
receptor, TrkA (Diering et al., 2013). These results suggest that NHE5 is involved in neural
development and plasticity by regulating the pH in the neurons. NHE5 also rescued neurons
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from acidosis during metabolic stress (Jinadasa et al., 2014). Therefore, NHE5 plays a critical
role in nervous tissue by maintaining the cellular pH in the normal physiological range.
1.3

Integrins – cell adhesion receptors
Anchorage of cells to the surrounding extracellular matrix (ECM) is important for cell

proliferation and migration (Giancotti and Ruoslahti, 1999; Lauffenburger and Horwitz, 1996).
Cell adhesion is mediated by a major class of cell adhesion receptors termed integrins. Integrins
mediate cell-ECM interactions and cell-cell interactions under certain circumstances (Hynes,
1987, 1992). By linking the ECM and cytoskeleton inside the cell, integrins influence cell shape,
spreading, and motility (Gumbiner, 1996; Lauffenburger and Horwitz, 1996). The force
generated through the interaction between the ECM and the actin cytoskeleton is transduced for
various gene expressions that are required for proper developmental processes including
embryogenesis and organogenesis (Mammoto et al., 2012) Also, binding of integrins to their
ligands activates multiple signaling pathways including ERK and Akt pathways that promote cell
growth (Giancotti and Ruoslahti, 1999; Lee et al., 2010a). In summary, integrin plays crucial role
in many cellular processes.
1.3.1

Integrins structure and subunits
Integrins are transmembrane glycoproteins with a large extracellular domain, a single

transmembrane domain (TMD) and a short cytoplasmic tail (Hynes, 1987). They exist as
heterodimers at the cell surface, consisting of an α and a β subunits (Hynes, 1987). The
heterodimerization of α and β subunits of integrins occurs at the ER (Paul et al., 2015). They are
held together by non-covalent interactions that occur between their extracellular domains, and a
salt bridge that is formed between their cytoplasmic tails (Hynes, 2002). To date, 8 β subunits
and 18 α subunits, forming 24 distinct integrin heterodimers have been identified (Figure 1.3)
(Hynes, 2002).
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Figure 1.3 A schematic representation of integrin heterodimers and their conformations.
(A) Integrin heterodimers and their ligands. The non-covalent association between 8β and 18α
subunits forms 24 distinct heterodimers that bind to different ligands. Their ligands and the
identified binding motif in the ligand are indicated. The α subunits in red have additional Idomain that contains metal-ion dependent adhesion site (MIDAS). This image is adapted from
(Barczyk et al., 2010).
(B) A representation of different conformations of αβ subunits and their extracellular domain.
Integrin heterodimer adopts three different conformations: Bent and closed (BC), which is
inactive and has low affinity for ligand; Extended and closed (EC), which has intermediate
affinity for ligand and called as primed conformation; and Extended and open (EO), which is
active and has high affinity for ligand. Binding to ligands is mediated by the β-propeller and the
I-like domains of α and β subunits, respectively. The image is adapted from (Li et al., 2017).
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Different integrin heterodimers bind to different substrates (Figure 1.3) through βpropeller and I-like domains of α and β subunits, respectively. For example, the arginine residue
from the tripeptide Arg-Gly-Asp (RGD) binds to the β-propeller of αV subunit, and the aspartate
residue binds to the groove of the I-like domain of β3 subunit (Xiong et al., 2002). Integrins
recognize short peptide motifs present in their ligands such as GFOGER (O=hydroxyproline) in
collagen and RGD in fibronectin (Barczyk et al., 2010; Emsley et al., 2000). The acidic residues
in these motifs are critical for ligand recognition and binding of integrin. This is because acidic
residue forms a coordination sphere with divalent cations in the metal-ion dependent adhesion
site (MIDAS) that is found in the I-like domain of β subunits and/or in the I-domain of some α
subunits. The binding of the acidic residue to MIDAS leads to structural changes in integrin
heterodimer, resulting in activation of the receptor (Emsley et al., 2000; Hynes, 2002; Lee et al.,
1995; Taniguchi et al., 2017).
1.3.2

Integrins conformations and activation
Integrin heterodimers adopt three different conformations: bent (inactive, low affinity for

ligands), extended (intermediate affinity for ligands), and open (active and high affinity for
ligands) (Figure 1.3) (Hynes, 2002). Activation of integrin occurs via two mechanisms, namely
‘inside-out’ and ‘outside-in’.
Binding of cytoplasmic proteins such as talin to the cytoplasmic tail of integrin β subunits
leads to structural changes in integrin heterodimer and its subsequent activation (Ginsberg,
2014). This is termed ‘inside-out’ activation. Talin, a known activator of integrin, binds to the
cytoplasmic tail of integrin β subunits via its head domain (Calderwood et al., 1999). The head
domain of talin has four point one, ezrin, radixin, moesin (FERM) domain, consisting of F1, F2
and F3 subdomains. The F2 and F3 subdomains are responsible for the binding to integrin’s
cytoplasmic tail (Anthis et al., 2009; Calderwood et al., 2002). The F3 subdomain of talin has a
phosphotyrosine binding (PTB) domain that binds to β turns of NPxY motifs on the cytoplasmic
tail of integrin β subunits (Calderwood et al., 2002). The F2 subdomain interacts and binds to the
negatively charged phospholipids in the plasma membrane via its positively charged residues
(Anthis et al., 2009). Binding of talin to the cytoplasmic tail of β subunit disrupts the salt bridge
between the heterodimer and tilts the transmembrane domain of β subunit away from the
14

transmembrane domain α subunit (Anthis et al., 2009). The separation of cytoplasmic domains
between α and β subunits activates integrin (Anthis et al., 2009; Ginsberg, 2014).
Binding of ligands to the extracellular domain of integrin also leads to conformational
changes and activation of integrin (Takagi et al., 2002). This is known as ‘outside-in’ activation.
Ligand binding or Mn2+ activation induces conformational changes in integrin such that the
receptor adopts an extended conformation from its initial bent conformation (Takagi et al.,
2002). A crystal structure study revealed that upon ligand binding to the I-like domain of β
subunit, the C-terminal helix of I-like domain moves downward (Lee et al., 1995), resulting in
structural changes that swing the hybrid-domain of the β subunit open and away from the thighdomain of α subunit. This breaks the interaction between the headpiece of α subunit and the
tailpiece of β subunit, leading to a separation between the legs of α and β subunits and thus,
activating the integrin (Takagi et al., 2002). The study also showed that integrin is mostly in the
bent conformation in the presence of Ca2+ or Mg2+ alone (Takagi et al., 2002). This indicates that
it is likely that integrin is in inactive conformation on the cell surface at steady state and adopts
the extended and open confirmation upon activation from ‘outside-in’ or ‘inside-out’ signaling or
both.
1.3.3

Integrins glycosylation
One of the major post-translation modifications on integrin is glycosylation and integrin

has about 26 potential glycosylation sites (both α and β subunits combined) (Janik et al., 2010).
Glycosylation of integrin is essential for the heterodimerization of α and β subunits, cell surface
targeting, binding to fibronectin, and cell spreading (Isaji et al., 2006, 2009; Zheng et al., 1994).
Complete de-glycosylation of α5β1 causes dissociation of the heterodimer and decreased binding
to fibronectin (Zheng et al., 1994). Among the 14 and 12 glycosylation sites on α5 and β1
subunits, respectively, three glycosylation sites (S3-5) on the β-propeller domain of α5 and three
glycosylation sites (S4-6) on the I-like domain of β1 integrin were shown necessary for α5β1
heterodimerization, surface targeting, and ligand binding (Isaji et al., 2006, 2009).
Glycosylation of integrin is a multi-step process and it begins simultaneously with its
polypeptide synthesis in the ER. As polypeptides of integrin subunits enter the ER, a preassembled oligosaccharide is transferred from its lipid carrier termed dolichylpyrophosphate to
the asparagine residue of the polypeptide with the following consensus sequence: N-X-S/T,
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where X can be any amino acid (Aebi, 2013; Janik et al., 2010). A covalent glycosidic bond
between the amide group of the side chain of the asparagine residue and N-acetylglucosamine
(GlcNAc) of the oligosaccharide is formed. The oligosaccharide is termed N-glycan (Aebi, 2013;
Janik et al., 2010). It is further modified by various glycosidases in the ER and the cis-Golgi
cisternae to hydrolyze glucose and selected mannose, forming a core N-glycan with trimannosyl
at the end (Figure 1.4) (Bellis, 2004). As the glycoprotein travels through the Golgi apparatus
during biosynthesis, various glycosyltransferases and glycosidases work together to further
modify the N-glycan on integrin. (Bellis, 2004).
One of the modifications to the core glycan is the addition of GlcNAc onto mannose by
N-acetylglucosaminyltransferases (GnTs). There are two key GnTs that compete for the same
substrate but form two different products with contradicting effects on cancer progression. The
first one is GnT-III that adds GlcNAc onto mannose to form bisecting GlcNAc linkages, and the
second one is GnT-V that forms β1,6-GlcNAc branching linkages (Marsico et al., 2018). The
bisecting GlcNAc has tumor suppressing properties, while an elevation in the β1,6-GlcNAc
branching on glycoprotein has been correlated with tumor metastasis (Guo et al., 2002; Marsico
et al., 2018; Yoshimura et al., 1995). Furthermore, overexpression of GnT-III was shown to
decrease the β1,6-GlcNAc branching linkages on α3β1 and resulted in reduced cell migration on
laminin (Zhao et al., 2006). The mechanism by which the β1,6-GlcNAc branching linkages
contribute to tumor progression is still unknown.
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Figure 1.4 A diagram depicting the formation of complex N-glycan.
(A) A representation of the pre-assembled oligosaccharide that is added to the asparagine (Asn)
residue of a polypeptide in the endoplasmic reticulum (ER).
(B) The N-glycan is trimmed by various glycosidases in the ER and the cis-Golgi cisternae,
forming the trimmanosyl core on N-glycan.
(C) The core oligosaccharide is further modified by various glycosyltransferases and
glycosidases in the medial/trans-Golgi and the trans-Golgi Network. One of them is the addition
of N-acetylglucosamine onto mannose, followed by addition of galactose. This terminal
galactose is recognized by sialyltransferase, ST6Gal-I, and capped with sialic acid.
(D) The action of N-acetylglucosaminyltransferase V (GnT-V) forms β1,6-GlcNAc branching
linkages on mannose, which can be further modified by galactose-1-phosphate
uridylyltransferase (GalT) and sialyltransferase with galactose and sialic acid, respectively.
This figure is adapted from (Bellis, 2004).
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Unlike bisecting GlcNAc, the branching β1,6-GlcNAc linkages can be further processed
to form N-acetyllactosamine (Figure 1.4). This is catalyzed by galactose-1-phosphate
uridylyltransferase (GalT), which adds galactose to the GlcNAc. The galactose on the Nacetyllactosamine can be capped with sialic acids by sialyltransferases, which is the terminal
process of glycosylation (Bellis, 2004). There are at least 20 sialyltransferases classified into four
families based on the linkages they form: β-galactoside α2,3-sialyltransferase (ST3Gal), βgalactoside α2,6-sialyltransferase (ST6Gal), GalNAc α2,6-sialyltransferase (ST6GalNAc), and
α2,8-sialyltransferase (ST8Sia) (Takashima and Tsuji, 2011). ST3Gal and ST6Gal adds sialic
acids onto the 3rd or 6th carbon of the galactose, respectively, forming α2-3 and α2-6 sialylation
(Bellis, 2004; Takashima and Tsuji, 2011). Since integrins are α2-6 sialylated, their sialylation
are catalyzed by ST6Gal-I (Bellis, 2004; Seales et al., 2005a; Yu et al., 2013). Hypersialylation
of integrins has been implicated in cancer progression. Elevated activity of ST6Gal-I and
hypersialylated integrin subunits have been observed in various tumors and cancer cell lines
(Christie et al., 2008; Isaji et al., 2014; Marsico et al., 2018; Pocheć et al., 2015; Seales et al.,
2005a; Wang et al., 2003). Hypersialylation of integrins is also shown to influence adhesion and
migration of cancer cells (Isaji et al., 2014; Pocheć et al., 2015; Seales et al., 2005a; Yu et al.,
2013).
1.4

Trafficking of integrins
Trafficking of integrin, a key component of cell adhesion and migration, is highly

regulated, and any perturbation leads to impaired cell spreading and migration (Ratcliffe et al.,
2016; Riggs et al., 2012; Roberts et al., 2001; Shafaq-Zadah et al., 2016). The following section
describes steps of integrin trafficking.
1.4.1

Endocytosis of integrins
Both ligand-bound (active) and ligand-unbound (inactive) integrins are endocytosed

(Arjonen et al., 2012; Shi and Sottile, 2008). Besides attenuating integrin-mediated signaling,
endocytosis of integrins is postulated to increase the pool of intracellular integrin that is used for
the formation of new focal adhesions (Paul et al., 2015). Integrins are internalized through four
routes; clathrin-dependent, caveolin-dependent, macropinocytosis, and clathrin- and caveolinindependent pathways.
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1.4.1.1

Clathrin-dependent endocytosis
Clathrin, a vesicle coat protein, is composed of three heavy and three light chains forming

a triskelion, which polymerizes into cages and flat lattices. Nucleation, where the membrane
curves and invaginates to form a pit, is the first step in clathrin-mediated endocytosis. This
process is initiated by recruiting clathrin adaptor proteins, such as AP-2 or F-BAR domain
containing proteins, such as FCH domain only (FCHo) proteins, intersectins and EGFR pathway
substrate 15 (EPS15). Binding of these proteins induces membrane curvature and budding. The
second step is selection and recruitment of cargoes into the pit. This step involves the recruitment
of AP-2 by either directly binding to the cytoplasmic tails of the cargoes, or indirectly through
cargo-specific adaptors that link the cargoes to AP-2 and clathrin. Some of these cargo-specific
adaptors are Numb that connects Notch to AP-2; Dab2 that recruits LDL receptors; and βarrestins that mediates recruitment of G protein-coupled receptors (GPCRs) to AP-2. Cargocontaining vesicles mature as accessory proteins and clathrin are recruited to the pits, leading to
coat assembly on the vesicle. As clathrin polymerizes, it stabilizes the membrane curvature,
which is reinforced by recruiting proteins with BAR domains. Finally, a GTPase dynamin is
recruited and mediates membrane scission upon GTP hydrolysis. The clathrin-coated vesicle
buds off from the plasma membrane. Upon budding, the vesicle uncoats the clathrin cage
through the activity of ATPase heat shock cognate 70 (HSC70) and its cofactor, auxilin or cyclin
G-associate kinase (GAK) (McMahon and Boucrot, 2011).
Integrins are recruited into clathrin-coated vesicles through cargo-specific adaptor
proteins such as Dab2 and Numb. Dab2 and Numb proteins contain PTB-domains (similar to
talin) that bind to the β-turns (NPxY motifs) in the cytoplasmic tail of integrin β subunits
(Calderwood et al., 2003). During microtubule-induced focal adhesion disassembly, focal
adhesion kinase (FAK) was shown to recruit Dab2, clathrin, and dynamin to the focal adhesions,
and mediate the disassembly of focal-adhesions through clathrin-mediated endocytosis of
integrin β1 (Intβ1) (Ezratty et al., 2005, 2009). Disruption of clathrin-mediated endocytosis by
either genetic perturbation or overexpressing dominant negative dynamin mutants affected the
endocytosis of integrin and subsequently impaired cell migration (Arjonen et al., 2012; Ezratty et
al., 2009).
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1.4.1.2

Caveolin-mediated endocytosis
Caveolae are specialized, detergent-resistant microdomains in the plasma membrane that

are enriched in lipids such as cholesterol and sphingolipids, and characterized by the presence of
caveolin (Cav-1) (Mayor and Pagano, 2007). Caveolar invagination towards the cytoplasm is
induced by the clustering of cargoes to caveolae and their interaction with Cav-1 (Shi and Sottile,
2008; Tagawa et al., 2005; Upla et al., 2004; Wei et al., 1999). Finally, membrane scission is
facilitated by dynamin, and the Cav-1-containing vesicles bud off with their cargoes (Mayor and
Pagano, 2007). Unlike clathrin, Cav-1 may not disassemble from the vesicles (Tagawa et al.,
2005).
Several studies have demonstrated that integrin heterodimers clustered in caveolae and
internalized through the Cav-1-dependent pathway (Fabbri et al., 2005; del Pozo et al., 2005; Shi
and Sottile, 2008; Upla et al., 2004). In one study, upon chemoattractant activation, leukocyte
integrin, αLβ2 accumulated in cholesterol-enriched and detergent-resistant membrane domain at
the plasma membrane. The ligand-unbound heterodimers were then rapidly internalized to Rab11
positive compartments using a clathrin-independent mechanism and recycled in a polarized
manner (Fabbri et al., 2005). In another study, clustered α2β1 moved laterally to caveolae with
the aid of cortical actin microfilaments and got internalized in Cav-1 containing vesicles. This
internalization was dependent on the activity of Protein Kinase-C (Upla et al., 2004).
Furthermore, depletion of Cav-1 impaired the internalization of α5β1 and affected the
endocytosis of fibronectin (Shi and Sottile, 2008).
1.4.1.3

Clathrin- and caveolin- independent pathways
Selected cargoes including integrins are sorted into clathrin-independent carriers

(CLICs), a form of clathrin- and caveolin-independent endocytosis. Studies with GPI-anchored
proteins (GPI-AP) have shown that GPI-APs are endocytosed through CLICs, a tubular or ringlike structures devoid of clathrin and caveolin (Kirkham et al., 2005). After pinching off from the
plasma membrane using a dynamin-independent mechanism, CLICs mature into distinct
endosomal compartment termed GPI-AP enriched early endosomal compartments (GEECs).
GEECs are not positive for Rab5, Rab4, or Rab7 (Sabharanjak et al., 2002). GEECs are then
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targeted to the transferrin receptors-positive recycling endosomes. The formation of CLICs is
dependent on CDC42 activity, actin, and cholesterol (Chadda et al., 2007; Kirkham et al., 2005).
In a study, CLIC cargoes were identified and among them were various focal adhesion
components including Intβ1, Thy-1, (a GPI-AP that regulates FAK signaling), and CD44 (a
hyaluronan receptor) (Howes et al., 2010). Intβ1 was shown to be endocytosed through
interaction with galectin-3 (Gal3), a protein that recognizes and binds to carbohydrates (βgalactoside) on glycoproteins (Furtak et al., 2001). Recently, Gal3 was demonstrated to form
CLICs in a glycosphingolipid (GSL)-dependent manner and internalize cargoes such as Intβ1
and CD44. Upon binding of Gal3 to the glycoproteins, GSL clustering and oligomerization of
Gal3 occurred. This phenomenon later induced membrane bending and formation of CLICs
(Lakshminarayan et al., 2014). Moreover, CLIC-mediated endocytosis was shown to occur at the
leading edge of migrating cells and found to be required for cell migration during wound-healing
process (Howes et al., 2010).
1.4.1.4

Macropinocytosis
Macropinocytosis is a process that uptakes membrane, fluid, and cell surface receptors in

bulk through actin polymerization. It is another endocytosis pathway that is independent of
clathrin and caveolin. A study showed that a bulk of integrin β3 at the dorsal cell surface to be
endocytosed by macropinocytosis upon platelet-derived growth factor (PDGF) stimulation and
rapidly recycled to the ventral cell surface through the Rab11 pathway. Actin-dependent circular
dorsal ruffle (CDR) was formed during the macropinocytosis and upon internalization, CDR
went through early endosomes that were positive for EEA1, Rab4 and Rab5. Within 60 minutes
of stimulation, a bulk of integrin β3 were internalized and recycled to the cell surface in a
polarized manner to the leading edge (Gu et al., 2011).
1.4.2

Endocytic recycling and degradation of integrins
Recycling of integrin is crucial for cellular processes such as cell adhesion and migration,

and accelerated recycling of this receptor is often implicated in cancer progression and invasion
(Caswell et al., 2007; Fang et al., 2010; Nguyen et al., 2017; Powelka et al., 2004; Ratcliffe et al.,
2016; Roberts et al., 2001, 2004). Approximately 50% of the internalized integrins are recycled
within minutes, but the exact kinetics of recycling are dependent on many factors such as the
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heterodimer subunits, conformation of integrin (i.e. active or inactive), cell-type, and presence of
ligand and serum (Arjonen et al., 2012; De Franceschi et al., 2015; Kharitidi et al., 2015; Lobert
et al., 2010; Powelka et al., 2004; Roberts et al., 2001).
Endocytosed integrins fuse with either early endosomes or the perinuclear recycling
compartment (PNRC) to be recycled back to the plasma membrane via short- or long-loop
recycling pathways (Arjonen et al., 2012; Fabbri et al., 2005; Fang et al., 2010; Gu et al., 2011;
Sabharanjak et al., 2002). The short-loop or rapid recycling of integrin is mediated by Rab4
recycling endosomes, where the heterodimer is recycled from sorting endosomes to the plasma
membrane without passing through the PNRC. The half-life of integrin recycling through this
pathway is predicted to be approximately three minutes (Caswell and Norman, 2006; Roberts et
al., 2001). It was initially thought that the short-loop pathway was exclusively for αVβ3, not for
α5β1. This is because αVβ3, not α5β1, in fibroblasts went through rapid recycling upon PDGF
stimulation, and this recycling of αVβ3 was compromised by the expression of dominant
negative Rab4 (Roberts et al., 2001). However, recent studies showed that Intβ1 also can
undergo rapid recycling via Rab4 pathway (Arjonen et al., 2012; Fang et al., 2010; Ratcliffe et
al., 2016). In the long-loop recycling assay, integrin goes from early endosomes to the PNRC
before being recycled to the plasma membrane via Rab11-positive recycling endosomes
(Arjonen et al., 2012; Powelka et al., 2004; Roberts et al., 2001). The half-life of integrin
recycling through this pathway is approximately 10 minutes (Caswell and Norman, 2006).
Another small GTPase that is involved in integrin recycling is ADP-ribosylation factor 6
(Arf6), which localizes to the plasma membrane and tubovesicular structures at the juxtanuclear
region (Arjonen et al., 2012; Powelka et al., 2004; Radhakrishna and Donaldson, 1997; Ratcliffe
et al., 2016). Arf6 regulates both short- and long-loop recycling of integrin and targets integrin to
the protrusions at the plasma membrane in an F-actin dependent manner (Arjonen et al., 2012;
Powelka et al., 2004; Ratcliffe et al., 2016). In the short-loop recycling, Arf6 was shown to
interact with one of its effectors, Golgi-localized gamma ear-containing Arf-binding protein 3
(GGA3) to recruit Intβ1 to Rab4-positive recycling endosomes (Ratcliffe et al., 2016). In another
study, Arf6 was shown to bind preferentially to inactive Intβ1, which had been shown to
undergo fast recycling, and target it to the protrusions at the plasma membrane (Arjonen et al.,
2012). In the long-loop recycling, Arf6 was shown to recruit Intβ1 from Rab11-positive PNRC
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to the protrusions at the plasma membrane upon acute EGF stimulation (Powelka et al., 2004).
Therefore, the activity of Arf6 on Intβ1 trafficking via short- and long-loop recycling pathways
may be spatially restricted to specific domains on the plasma membrane.
Besides these canonical short- and long loop recycling pathways, integrin is shown to be
recycled from early and late endosomes through sorting nexins (SNXs) and Rab25, respectively
(Böttcher et al., 2012; Caswell et al., 2007; Dozynkiewicz et al., 2012; Steinberg et al., 2012;
Tseng et al., 2014). SNX17 and SNX31 were shown to bind to the membrane-distal NPxY motif
in the cytoplasmic tail of Intβ1 through their FERM domains to divert the receptor from
lysosomal degradation and recycle Intβ1 back to the cell surface (Böttcher et al., 2012; Steinberg
et al., 2012; Tseng et al., 2014). Recently, the molecular mechanisms behind SNX17-dependent
recycling of Intβ1 was elucidated. SNX17 associates with a newly discovered complex termed
retriever to recycle Intβ1 to the plasma membrane (McNally et al., 2017). Another study showed
that Rab25 binds to fibronectin-bound α5β1 and recycles the heterodimer from late endosomes to
the plasma membrane in a polarized manner (from the rear to the front of migrating cells) only in
the presence of Chloride Intracellular Channel Protein 3 (CLIC3) (Dozynkiewicz et al., 2012).
The degradation of integrin is also an important process to remove any damaged and/or
ligand-bound integrins that cannot form new focal adhesions with the ECM. Indeed, cell
migration was impaired when the degradation of ligand-bound integrin was inhibited (Lobert et
al., 2010). Ubiquitinated integrins is shown to be degraded through the lysosomal pathway in
endosomal sorting complex required for transport (ESCRT) machineries-dependent manner
(Böttcher et al., 2012; Kharitidi et al., 2015; Lobert et al., 2010).
1.4.3

Retrograde trafficking of integrins
Retrograde trafficking is a mode of transporting cargoes from the endocytic recycling

compartments back to the biosynthetic/secretory compartments, including the TGN and the ER
(Johannes and Popoff, 2008). This trafficking is important for the retrieval of receptors and
enzymes that function in the biosynthetic pathway. For example, retrieval of mannose-6phosphate receptor, a receptor that binds and sorts mannose-6-phophate hydrolases, to the TGN
is required for proper trafficking of the hydrolase (Braulke and Bonifacino, 2009; Lu and Hong,
2014). Additionally, cell surface receptors such as TGN38 and transferrin receptors are also
targeted back to the TGN through retrograde trafficking (Chapman and Munro, 1994; Shi et al.,
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2012). Furthermore, a recent proteomic study revealed that integrin heterodimers and many
protein transporters use this trafficking as well (Shi, 2011; Shi et al., 2012).
One of the sorting complexes involved in retrograde trafficking from early endosomes to
the TGN is called retromer. It is a hetero-pentameric complex that is conserved from yeast to
human (Bonifacino and Rojas, 2006; Lu and Hong, 2014). There are two sub-complexes in
retromer, where one is involved in cargo selection and the other one is involved in membrane
binding and membrane modelling (Lu and Hong, 2014). Cargo selection and sorting is
performed by a trimer composed of Vps26, Vps29, and Vps35 (Lu and Hong, 2014). Vps35 is
recruited to the endosomal membrane to bind to the cytoplasmic tail of the cargoes through its
interaction with Vps26 via N-terminal PRLYL motif, and it simultaneously interacts with Vps29
via its C-terminal PRLYL for the assembly of the retromer complex (Collins et al., 2005; Haft et
al., 2000; Priya et al., 2015; Shi et al., 2006). The cargo-recognizing sub-complex (Vps26Vps35-Vps29 trimer) interacts with the membrane binding SNX sub-complex consists of SNX1
and SNX2 (Bonifacino and Rojas, 2006). SNX1/2 dimerize and bind to the curved endosomal
membrane, which is enriched in PtdIns3P via their PX domains, while their BAR domains
stabilize the curvature and bend the membrane further to form a tubular structure (Lu and Hong,
2014). To bud off from the tubular structure, retromers recruit Wiskott-Aldrich syndrome protein
and SCAR homology (WASH) and dynein complex, which connects the retromer complex to
both microtubule network and actin cytoskeleton. Then, using the force from actin
polymerization, retromer containing tubular membrane undergoes scission and the resulting
vesicle is targeted to the TGN through the microtubule network (Gomez and Billadeau, 2009; Lu
and Hong, 2014). Besides retromer, clathrin and its adaptor protein, EpsinR mediate the
formation of vesicles for retrograde trafficking from early endosomes to the TGN (Saint-Pol et
al., 2004).
Another crucial step in retrograde trafficking is the fusion of vesicles derived from early
endosomes with the TGN membrane. This process is mediated by two key proteins: tethering
factors and small N-ethylmaleimide (NEM)-sensitive fusion factor (NSF) attachment protein
(SNAP) receptors (SNAREs). Tethering factors are a class of proteins that are involved in the
long- (approximately 200 nm) or short-range (approximately 30 nm) interaction with vesicles,
mostly via small GTPases such Rab or Arf proteins, to facilitate the capture, docking and fusion
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of vesicles with their target membrane (Bröcker et al., 2010; Hong and Lev, 2014). The tethering
protein complex involved in retrograde trafficking is termed GARP, consisting four subunits:
Vps51, Vps52, Vps53, and Vps54 (Conibear and Stevens, 2000; Conibear et al., 2003). GARP
mediates the interaction between Rab6 containing vesicles and the syntaxin 6/16 SNARE
complex at the TGN (Bonifacino and Hierro, 2011; Conibear et al., 2003).
SNAREs are a class of membrane-bound proteins that have a hydrophobic
transmembrane domain at the C-terminus, one or two SNARE motifs made up of approximately
70 amino acids with heptad repeats and an N-terminal regulatory sequence (Bock et al., 2001;
Hong and Lev, 2014). Generally, SNARE proteins on the membrane of the vesicle are termed vSNAREs and the ones on the membranes of target organelle are termed t-SNAREs. The pairing
of v-SNAREs and t-SNAREs forms a trans-SNARE complex, consisting of four SNARE motifs
that are twisted in a parallel four-helix bundle (Chen and Scheller, 2001). This interaction brings
the vesicle closer in proximity to the target organelle and facilitates membrane fusion. After a
successful fusion, the v-t SNARE complex is disassembled by ATPase N-ethylmaleimidesensitive fusion protein (NSF) and its cofactor soluble NSF attachment protein (SNAP) in the
presence of ATP (Chen and Scheller, 2001; Söllner et al., 1993). There are four SNARE
complexes involved in retrograde trafficking from early endosomes to the TGN. They are
Vamp3/syntaxin 6/ syntaxin 16/ Vti1a, Vamp3/syntaxin 10/ syntaxin 16/ Vti1a, Vamp4/ syntaxin
6/ syntaxin 16/ Vti1a, and GS15/syntaxin 5/GS28/ Ykt6 (Ganley et al., 2008; Mallard et al.,
2002; Tai et al., 2004). The v-SNAREs on the vesicular membranes from early endosomes are
Vamp3, Vamp4 and GS15, while the rest of the SNARE proteins are t-SNAREs on the TGN
membrane.
Integrins were found to be transported from recycling endosomes to the TGN by Riggs
and colleagues when the endocytosed integrin α3β1 accumulated in vesicles containing syntaxin
6 and VAMP3 (Riggs et al., 2012). Retrograde trafficking of integrin was further confirmed
through proteomic study that analyzed populations of cell surface proteins that were transported
from the plasma membrane to the TGN (Shi, 2011; Shi et al., 2012). To date, retrograde
trafficking of Intβ1 was shown to be mediated by the retromer complex, VAMP3, Rab6, syntaxin
16 and syntaxin 6 (Riggs et al., 2012; Shafaq-Zadah et al., 2016). Moreover, inhibition of
retrograde trafficking of Intβ1 impaired polarized trafficking of this receptor during directional
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cell migration (Shafaq-Zadah et al., 2016). The discovery of retrograde trafficking of integrin is
relatively recent and more studies are needed to better understand the molecular mechanisms
involved in this trafficking.
1.5

Thesis investigation
Recent discovery of aberrant expression of NHE5, which was thought as a neuron-

specific NHE, in C6 glioma cells (Figure 1.5 A) led to the question: What is the role of NHE5 in
C6 glioma cells? By suppressing the expression of NHE5 using shRNAs, our lab previously
found that C6 glioma cells exhibit reduced cell adhesion on collagen IV, but not on
polyethyleneimine (PEI) (Figure 1.5 B). Similar results were observed with cell adhesion on
fibronectin and collagen I (unpublished observation). These results together suggested that
NHE5 is likely to affect integrin-mediated cell adhesion. Given that heterologously-expressed
HA-tagged human NHE5 in AP-1 cells was shown to exhibit integrin-induced activation and
interact with Intβ1 (Onishi et al., 2007), and that Intβ1 is highly expressed in C6 glioma cells
(Malek-Hedayat and Rome, 1992), we immunoblotted for Intβ1 in the lysates from C6WT and
NHE5 depleted cells. Strikingly, we observed a difference in the molecular weight of Intβ1
between these cell lines (see chapter 4). During my directed studies project, I previously,
characterized that the molecular weight difference is mostly caused by a defect in α2-6
sialylation of Intβ1 in N5KD cells.
The objective of my thesis is to investigate the role of NHE5 in integrin-mediated cell
adhesion and Intβ1 sialylation. I hypothesized that NHE5, by modulating the pH of recycling
endosomes, influences the trafficking of Intβ1 and affects Intβ1 sialylation and cell adhesion.
Hence, using C6 glioma cells as my model system, I performed various biochemical and
immunofluorescence assays to understand the relationship between NHE5 and Intβ1.
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Figure 1.5 NHE5 knockdown affects integrin-mediated cell adhesion.
(A) Aberrant expression of NHE5 in C6 glioma cells. Proteins from post-natal day 1 rat hippocampal
astrocytes (P1 HC Astroc.), C6 rat glioma, and PC12 neuroendocrine cells were subjected to
immunoblotting and probed for the expression of NHE5, NHE1, actin, and β-tubulin.
(B) NHE5 knockdown affects cell attachment on integrin substrate. Cells were seeded and
incubated on polyethyleneimine (PEI) or collagen IV (Col IV) coated wells for 10 and 90
minutes (min). The number of cells attached at 10 minutes were normalized to that of 90 minutes
and plotted as attachment percentage. Student’s unpaired t-tests. (*p<0.05; **p<0.01, NS= not
significant)
This figure is adapted from (Fan, 2015).
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Chapter 2: Materials and methods
2.1
2.1.1

Antibodies and Reagents
Antibodies
Rabbit polyclonal anti-rat NHE5 was custom made (GenScript, Piscataway, NJ, USA) as

previously described (Diering et al., 2011). The mouse monoclonal antibodies against β-tubulin
(clone E7) and α1 subunit of Na+/K+ ATPase (NKA) (clone a6F), which were developed by
Micheal Klymkowsky and D.M Fambrough, respectively, were obtained from the
Developmental Studies Hybridoma Bank, created by NICHD of the NIH and maintained at The
University of Iowa, Department of Biology, Iowa City, IA 52242, USA. The purified mouse
monoclonal anti-EEA1 (clone 14/EEA1, #610456) antibody was obtained from BD Bioscience
(Mississauga, ON, Canada). Mouse monoclonal anti-HA (clone 16B12) antibody was obtained
from Covance (Princeton, NJ, USA). Rabbit monoclonal anti-HA (clone C29F4, #3724)
antibody was purchased from Cell Signaling Technology (Danvers, MA, USA).
Rabbit polyclonal anti-integrin β1 (M-106, #sc-8978), mouse monoclonal anti-GAPDH
(6C5, #sc-32233) and mouse monoclonal anti-VPS29 (D1, #sc3988) antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Mouse monoclonal anti-vinculin antibody in
ascites fluid (clone hVIN-1) and mouse monoclonal anti-Flag® (M2, #F3165) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Mouse monoclonal anti-transferrin receptor (clone
H68.4, #13-6800) antibody, Alexa-Fluor conjugated phalloidin (#A-12379), Alexa-Fluor
conjugated goat anti-mouse (#A-11004) and goat anti-rabbit (#A-21210) secondary antibodies
and DRAQ5TM (#62254) were obtained from Thermo Fisher Scientific (Waltham, MA, USA).
The HRP-conjugated secondary goat anti-mouse and goat anti-rabbit antibodies were purchased
from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).
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Table 2.1 Dilutions of the primary antibodies used in immunoblotting and
immunofluorescence experiments
Primary antibody
Immunoblotting
Immunofluorescence
Anti-β-tubulin (mouse)

1:10 000 – 1:50 000

-

Anti-EEA1 (mouse)

-

1:200

Anti-Flag

1:50 000

1:1000

Anti-GAPDH

1:100 000

-

Anti-HA (mouse)

1:8 000 – 1:10 000

1:1000

Anti-HA (rabbit)

-

1:1000

Anti- integrin β1 (rabbit)

1:5 000 -10 000

-

Anti- rat NHE5 (rabbit)

1:5000

-

Anti-NKA (mouse)

1:3000

-

Anti- transferrin receptor (mouse)

1:8000 – 1:50 000

-

Anti-vinculin (mouse)

-

1:400

Anti-Vps29 (mouse)

1:2000

-

Unless otherwise stated, the dilutions were made from the laboratory or manufacturer’s stock.
Table 2.2 Dilutions of the secondary antibodies used in the immunoblotting and
immunofluorescence experiments
Antibody
Immunoblotting
Immunofluorescence
Alexa 488-goat anti-rabbit

-

1:500

Alexa 568-goat anti-mouse

-

1:1000

HRP-conjugated goat anti-mouse

1:20 000

-

HRP-conjugated goat anti-mouse

1:20 000

-

Unless otherwise stated, the dilutions were made from the laboratory or manufacturer’s stock.
Table 2.3 Fluorescent probes used in the immunofluorescence experiments
Antibody
Dilution
Draq5TM

1:1000

Alexa 488-Phalloidin

1:250

Unless otherwise stated, the dilutions were made from the laboratory or manufacturer’s stock.
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2.1.2

Reagents
The EDTA-free protease inhibitor (PI) cocktail was obtained from Roche Diagnostic

Corporation (Indianapolis, IN, USA). Fibronectin (#F1141), collagen type IV (#C0543),
polyethyleneimine (PEI) solution (#P3143), L- Gluthathione reduced (#G4251), Retro-2 (#SML1085), and Brefeldin A (#B6542) were purchased from Sigma Aldrich. Sulfo-NHS-SS-Biotin
(#A8005) was purchased from Apex Biotechnology Inc (Hsinchu City, Taiwan). EZ-LinkTM
Sulfo-NHS-SS-Biotin (#21331) and PierceTM NeutrAvidinTM Agarose resins (#29200) were
obtained from Thermo Fisher Scientific. Doxycycline hyclate (#DOX444) was purchased from
BioShop Canada Inc (Burlington, Ontario, Canada). Bafilomycin A1 (#B-1080) was purchased
from LC Laboratories (Woburn, MA, USA). The α2-3,6,8 neuraminidase (P0720S) and PNGase
F (P0704S) were bought from New England Biolabs, NEB (Ipswich, MA, USA). Biotinylated
Sambucus Nigra (Elderberry) Bark (SNA) lectin (#B-1305) and Maackia Amurensis lectin II,
MAL II (#B-1265) were purchased from Vector Laboratories (Burlingame, CA, USA).
Chloroquine diphosphate salt (#6628, Sigma Aldrich) was a generous gift from Roberge
Lab (Department of Biochemistry and Molecular Biology, The University of British Columbia).
2.2
2.2.1

DNA constructs
N-terminus and C-terminus tagged human Intβ1
Human integrin β1 (hITGB1) cDNA was amplified from pMD-ITGB1 (#HG10587-M,

Sino Biological, Beijing, China) using the following primers: sense- 5’CCTCGAAAGGCCTCTGAGGCCATGAATTTACAACCAATTTTCTGG-3' and antisense –
5’- GGAAGCTTGGCCTGACAGGCCTCATTTTCCCTCATACTTCGG-3’. The PCR
amplicon was then ligated into a mammalian expression vector pSBtet-Pur made by Kowarz,
Löscher, & Marschalek (2015) (# 60507, Addgene plasmid, Cambridge, MA, USA). The
sequence of the hITGB1 insert was verified and site-directed mutagenesis, modified from Klock
& Lesley (2009) and Liu & Naismith (2008), was carried out to insert HA-tag after the 24th
amino acid residue of hITGB1 using the following primers: sense -5’CCATATGACGTGCCCGACTACGCCGGAGAAAATAGATGTTTAAAAGCAAATGCC-3’
(sense) and 5’-
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GGCGTAGTCGGGCACGTCATATGGGTATTCATCTGTTTGAGCAAACAC-3’ (antisense).
Inducible HA-tagged hITGB1 (HA-hITGB1) was generated.
C-terminus GFP tagged human integrinβ1 (hITGB1-GFP) was a generous gift from
Roskelley lab (Department of Cellular and Physiological Sciences, The University of British
Columbia).
2.2.2

Vps29 shRNA construct
Short-hairpin RNA construct targeting rat VPS29 was made by ligating synthetic double

stranded oligonucleotides into pRNAT-U.6-Hygro. The following synthetic oligonucleotides
were annealed to generate Vps29 shRNA A – 5’GATCCCGGTGATGTCCACATCGTAAGATTGATATCCGTCTTACGATGTGGACATC
ACCTTTTTTCCAAA-3’ (sense) and 5’AGCTTTTGGAAAAAAGGTGATGTCCACATCGTAAGACGGATATCAATCTTACGAT
GTGGACATCACCGG-3’ (antisense). The bold type is the sequence targeting rat Vps29.
2.2.3

Tetracycline-inducible Vps29 shRNA
Vps29 miRNA-shRNA hybrid expressed under tetracycline-inducible was generated

through multiple steps. First, our lab generated a tetracycline inducible miRNA backbone by
incorporating miR30-pricursor arms (Lebbink et al., 2011) into pSBtet-Pur (# 60507, Addgene
plasmid, Cambridge, MA, USA). This was done by ligating the following annealed synthetic
double-stranded oligonucleotides flanking SfiI sites into the plasmid: 5’AGGCCTCGAGAAGAAGGTATATTGCTGTTGACAGTGAGCGTCTGCCTACTGCCT
CGGACTTCAAGGGGCCTGTC – 3’ (sense); 5’AGGCCCCTTGAAGTCCGAGGCAGTAGGCAGACGCTCACTGTCAACAGCAATAT
ACCTTCTTCTCGAGGCCTCAG -3’ (antisense). The bold type indicates the sequence of the
miR30-pricursor arms. Then, a site-directed mutagenesis was performed as described (Klock and
Lesley, 2009) to convert the miR30-based shRNA backbone to a more potent miR-E-based
shRNA backbone (Fellmann et al., 2013) and to insert a NotI site downstream of the promoter.
The following primers were used for the site-directed mutagenesis to introduce these
modifications: 5’GCGGCCGCTCTAGACTTCTTAACCCAACAGAAGGCTCGAGAAGGTATATTGCTGTT
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GACAGTGAGC- 3’ (sense); 5’GTTAAGAAGTCTAGAGCGGCCGCGGCCTCAGAGGCCTTTCGAG -3’ (antisense). The
sequence in bold represents the additional sequence inserted to make miR-E-based shRNA,
while the NotI and XhoI restriction sites are in italics and underlined, respectively. Following this
round of mutagenesis, another site-directed mutagenesis was performed with the following
primers to introduce the sequence targeting rat Vps29 shRNA and the miR30_loop into the miRE-based shRNA backbone: 5’TAGTGAAGCCACAGATGTAGGTGATGTCCACATCGTAAGACTGCCTACTGCCTCG
GACTTCAAGG -3’ (sense); 5’TACATCTGTGGCTTCACTAGGTGATGTCCACATCGTAAGAACGCTCACTGTCAACA
GCAATATACC -3’ (antisense). The underlined sequence represents the miR30-loop and the
bold-type is the target sequence for rat Vps29. Lastly, EGFP was added to the backbone as a
marker. For this purpose, EGFP cDNA was amplified from pEGFP-N1 as a template. The
following primers were used: 5’AAGGAAAAAAGCGGCCGCATATGGTGAGCAAGGGCGAGG – 3’ (sense); 5’ –
AAGGAAAAAAGCGGCCGCCTTGTACAGCTCGTCCATGCC – 3’ (antisense). The NotI
flanking amplicon was ligated between the promoter and Vps29 shRNA. GFP-tagged Vps29
shRNA with an enhanced miR30 system expressed under tetracycline-inducible promoter was
generated.
2.2.4

Inducible HA-tagged rat NHE5
A site-directed mutagenesis was first performed using rat NHE5 cDNA as template (a

generous gift from Dr. John Church, Department of Cellular and Physiological Sciences, The
University of British Columbia) to modify the intrinsic SfiI restriction site using the following
primers: sense – 5’- CTGTGGATTCTGGTCGCCAGCTTGGCCAAAATCGTG -3’ and
antisense – 5’- CTGGCGACCAGAATCCACAGGGCCACCAG- 3’. After verifying that the
internal SfiI site in rat NHE5 had been modified, PCR amplification was performed to amplify
the gene. The following primers were used: sense – 5’CCCAAGCTTGGCCTCTGAGGCCATGCTGCGCGTCGCACTGCTTC- 3’ and antisense –
5’– GCTCTAGAGGCCTGACAGGCCTACAGCCTGCCTCCTCTGTTGAAC- 3’. The PCR
amplicon was then ligated into a mammalian expression vector pSBtet-Pur made by Kowarz,
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Löscher, & Marschalek (2015) (# 60507, Addgene plasmid, Cambridge, MA, USA) and the
sequence of the insert was verified.
Following this, another round of site-directed mutagenesis was performed to introduce
unmatched sequence into the shRNA A region to make rat NHE5 resistant to shRNA A using the
following primers: sense- 5’- GTTTCACAAAATCTAAACCTCGACCCCGCAAGACC-3’ and
antisense – 5’- CGAGGTTTAGATTTTGTGAAACAGATGTTATGTTTGG-3’. Final round of
site-directed mutagenesis was conducted to add HA-tag after Leu38 of the protein, which is
predicted to be the first extracellular loop of NHE5. Hence, the protein encoded by this NHE5
construct is expected to have the HA-tag facing the extracellular space, which should be
recognized by extracellularly treated anti-HA antibodies. The following primers were used for
the site-directed mutagenesis: sense- 5’GTACCCCTACGACGTGCCCGACTACGCCTTCCGCTGGCAGTGGCAC-3’ and antisense5’-GGCACGTCGTAGGGGTACGCGGCCGCGAGCGCCAAGCCTGGAGG-3’. Inducible
HA-tagged rat NHE5 resistant to shRNA A was generated.
2.2.5

Flag-tagged human ST6Gal-I
Human ST6Gal-I (hST6Gal-I) cDNA was amplified from pMD-ITGB1 (#HG11590-M,

Sino Biological, Beijing, China) using the following primers: sense – 5’GGACCAGGCCTCTGAGGCCATGATTCACACCAACCTGAAG - 3' and antisense – 5’AAGGCTGGCCTGACAGGCCTTACTTGTCGTCATCGTCTTTGTAGTCGCAGTGAATGG
TCCGGAAGCC – 3’. The underlined sequence corresponds to the FLAG-tag sequence. The
PCR amplicon is then ligated into a mammalian expression vector pSBbi-Pur made by Kowarz,
Löscher, & Marschalek (2015) (# 60523, Addgene plasmid, Cambridge, MA, USA). The
sequence of the hST6Gal-I with FLAG-tag insert was verified by sequencing.
2.3
2.3.1

Transfection
Electroporation
DNA was introduced to cells via electroporation using the BioRad GenePulser Xcell

electroporation system (BioRad, Hercules, CA, USA). Approximately 1x105 cells were collected
after trypsinization and resuspended in ice-cold electroporation buffer containing 1M HEPES
and 6 mM of D-glucose, and 5 μg of plasmid DNA into electroporation cuvettes with 0.1 cm gap
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(#1652083, BioRad). Then, they were subjected to an electric pulse (250V, 200μF) and were
transferred immediately into culture plate containing conditioned prewarmed Dulbecco’s
Modified Eagle Medium (DMEM) (#12800-082, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS). The culture medium was replaced with DMEM supplemented
with 10% FBS the following day.
2.3.2

Lipofectamine
Approximately 3x104 cells were seeded and grown on a coverslip in a 24-well plate for

five hours at 37 °C prior to transfection. The culture medium was then replaced with serum-free
DMEM. 0.8 μg of LipofectAMINE PLUS reagent (#10964-013, Life Technologies) and 0.5 μg
of plasmid DNA were mixed in 100 μL OPTI-MEM (#31985-062, Gibco by Thermo Scientific
Fisher). Then, 100 μL of transfection mix was added slowly to a 24-well containing 400 μL of
serum-free DMEM and incubated overnight. The culture medium was replaced with DMEM
supplemented with 10% fetal bovine serum (FBS) on the following day.
2.4
2.4.1

Cell Culture
C6WT, NHE5 and NHE1 knockdown cell lines
All cell lines were cultured at 37°C in a humidified atmosphere containing 5% CO2,

unless otherwise stated. The C6 rat glioma cells, a generous gift from the Naus Lab (Department
of Cellular and Physiological Sciences, University of British Columbia), were cultured in
DMEM supplemented with 10% FBS (complete medium).
The C6 rat glioma cells stably expressing shRNA targeting NHE5 were generated as
previously described in Fan et al. (2016). In brief, the C6 glioma cells were transfected using
electroporation (see section 2.3.1) with pRNAT-U.6-based shRNA plasmids with the following
target sequence for NHE5 (Diering et al., 2013): GTTTGCTCTTGGTGAAACAGATGTTA
(shRNA A); ATAGTGGTGGCCACAAAGTAGTCCT (shRNA B); and
TTTGTGGTAATCACTCCTCTTCACC (shRNA C). The NHE5 knockdown (N5KD) cells
were selected in complete medium containing 1000 μg/mL of G418 and maintained in medium
containing 500 μg/mL of G418.
C6 rat glioma cells stably expressing shRNA against NHE1 were previously generated in
Numata lab by transfecting C6 glioma cells using electroporation (see section 2.3.1) with
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pRNAT-U.6 based shRNA plasmid with the following target sequence for NHE1:
GGACATTGACTACTTACATGT. The N1KD cells were selected in complete medium
containing 500 μg/mL of hygromycin and maintained in medium containing 250 μg/mL of
hygromycin.
2.4.2

C6WT and N5KD glioma cells expressing inducible HA-tagged hITGB1
C6 glioma cells stably expressing tetracycline-inducible HA-hITGB1 were generated by

transfecting C6WT and N5KD (expressing shRNA A) glioma cells with HA-tagged hITGB1
(described in 2.2.1) using electroporation (see section 2.3.1). The pool of transfected WT and
N5KD were selected and maintained in culture medium containing 1.5 μg/ml and 4.0 μg/ml of
puromycin, respectively for two weeks. Expression and subcellular localization of the HAhITGB1 were determined by immunoblotting and immunofluorescence.
2.4.3

C6WT and N5KD glioma cells expressing inducible miRNA-shRNA targeting
Vps29
C6WT and N5KD (expressing shRNA A) glioma cells stably expressing tetracycline-

inducible GFP-tagged Vps29 miRNA-shRNA were generated. Cells were transfected with the
inducible miRNA-shRNA against Vps29 construct (see section 2.2.3) using electroporation (see
section 2.3.1). The pool of transfected C6WT and N5KD cells were selected with 12.5 μg/mL
and 15 μg/mL of puromycin, respectively for two weeks. Then, the cells were maintained in
culture medium containing 6.25 μg/mL and 7.5 μg/mL of puromycin for WT and N5KD cells,
respectively. Expression level of Vps29 before and after induction was determined by
immunoblotting.
2.4.4

C6WT and N5KD glioma cells that concomitantly express inducible HA-hITGB1
and constitutive shRNA targeting Vps29
C6WT and N5KD (expressing shRNA A) glioma cells stably expressing inducible HA-

hITGB1 were further transfected with the plasmid encoding shRNA against Vps29 (see section
2.2.2) using electroporation (see section 2.3.1). The transfected C6WT and N5KD glioma cells
were selected using 1000 μg/mL and 1500 μg/mL of hygromycin respectively for two weeks.
After that, C6WT cells were maintained in complete medium containing 6.25 μg/mL of
puromycin and 250 μg/mL of hygromycin, whereas N5KD were maintained in complete medium
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containing 7.5 μg/mL of puromycin, 500 μg/mL of G418 and 250 μg/mL of hygromycin.
Expression level of Vps29 was determined by immunoblotting.
2.4.5

N5KD glioma cells expressing inducible HA-tagged rat NHE5
N5KD (expressing shRNA A) glioma cells were transfected with inducible HA-tagged

rat NHE5 (section 2.2.4) using electroporation (see section 2.3.1). The transfected N5KD glioma
cells were selected with 4 μg/mL of puromycin for two weeks. Then, the cells were maintained
in culture medium containing 2 μg/mL of puromycin. Expression level of HA-tagged rat NHE5
with and without induction was determined by immunoblotting.
2.4.6

C6WT and N5KD glioma cells expressing Flag-tagged human ST6Gal-I
C6WT and N5KD (expressing shRNA A) glioma cells were transfected with Flag-tagged

human ST6Gal-I (Flag-hST6Gal-I) (section 2.2.5) using electroporation (section 2.3.1). The pool
of transfected WT and N5KD were selected in culture medium containing 12.5 μg/ml and 15
μg/ml of puromycin, respectively for two weeks. Then, the cells were maintained in culture
medium containing 6.25 μg/mL and 7.5 μg/mL of puromycin for WT and N5KD cells
respectively. Expression and subcellular localization of the Flag-hST6Gal-I were determined by
immunoblotting and immunofluorescence.
2.5

Immunoblotting
C6 glioma cells were lysed on ice in either Radioimmunoprecipitation Assay (RIPA)

buffer (0.5% sodium deoxycholate, 150 mM NaCl, 0.1% SDS, and 50 mM Tris-HCl, pH 7.2) or
1% NP-40 in Phosphate Buffered Saline (PBS, pH 7.4), which are freshly supplemented with
protease inhibitor (PI) cocktails. The insoluble cellular debris was removed by centrifugation at
16,100 x g for 20 minutes at 4 ⁰C and the total protein concentration in the lysate was quantified
using Bradford Assay. Protein samples were prepared in Laemmli sample buffer (125 mM TrisHCl pH 6.8, 20% glycerol, 4% SDS, 0.2% bromophenol blue, and 100 mM dithiothreitol, DTT)
and resolved in either 6% or 12% SDS-PAGE depending on the protein of interest. The resolved
proteins were then electrotransfered onto polyvinylidene difluoride (PVDF) membranes. The
blot was blocked with 5% skimmed milk for 60-120 minutes and incubated with primary
antibodies overnight at 4⁰C. The dilution conditions of primary antibodies used are shown in
Table 2.1. After extensive washing with 1xPBS-T (PBS with 0.075% Tween-20), the blot was
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incubated at room temperature (RT) for 45-60 minutes in 1xPBS-T containing 0.5% milk and
appropriate secondary antibody (see dilution conditions in Table 2.2). The blot was washed
extensively for 45-60 minutes with 1xPBS-T and treated with enhanced chemiluminescence
(Millipore, Danvers, MA). The signal was detected by autoradiography and the intensity of the
band was quantitated using built-in “gel analyze” plugin in Fiji Is Just ImageJ (Fiji) software
version 1.52 (NIH, Bethesda, MD, USA).
2.6
2.6.1

Immunofluorescence and colocalization assays
Colocalization between N-terminally tagged and C-terminally tagged hITGB1
C6WT and N5KD (expressing shRNA A) glioma cells stably expressing inducible HA-

tagged hITGB1 were transfected with hITGB1-GFP using lipofectamine (see section 2.3.2). The
cells were grown on coverslips (#12-545-82, Fisher Scientific, Pittsburgh, PA, USA) at 37°C for
16 hours in the presence of 200 ng/mL of doxycycline and fixed with 3% paraformaldehyde
(PFA) for 15 minutes at RT. All the subsequent steps were performed at RT unless stated
otherwise. The cells were permeabilized with 0.1% Triton X-100 in PBS for 15 minutes and
blocked with 3% BSA-PBS solution for 60 minutes. After blocking, the cells were incubated for
two hours in anti-HA (mouse) primary antibody diluted in 0.1% BSA-PBS containing 0.01%
Triton X-100. The dilution conditions for different antibodies are listed in Table 2.1. The
coverslips were briefly washed with 0.01% Triton X-100 in PBS prior to a 60-minute incubation
of Alexa Fluor-568 conjugated goat anti-mouse secondary antibody and Draq5 (nucleus staining)
diluted in 0.1% BSA-PBS containing 0.01% Triton X-100. Their dilutions conditions are shown
in Table 2.2 and Table 2.3. After extensive washing with 0.01% Triton X-100 in PBS and a rinse
with distilled water, the coverslips were mounted using ProLong Diamond Antifade Reagent
(#P36970, ThermoFisher Scientific). The images were acquired using Leica TCS-SP8 laser
scanning confocal microscope equipped with 63x/NA 1.40 oil objectives, Diode/Argon/HeNe
lasers, and HyDTM hybrid detectors (Wetzlar, Germany).
2.6.2

Colocalization between HA-hITGB1 and vinculin
C6WT and N5KD (expressing shRNA A) glioma cells stably expressing HA-hITGB1

were grown on a coverslip overnight in the presence of 200 ng/mL of doxycycline. All the
subsequent steps were performed at RT unless stated otherwise. The cells were fixed with 3%
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PFA for 15 minutes, permeabilized with 0.1% Triton X-100 in PBS for 15 minutes and incubated
with 3% BSA-PBS solution for 60 minutes to block non-specific binding of antibodies. Cells
were then incubated for 2 hours with primary antibodies that were diluted in 0.1% BSA-PBS
containing 0.01% Triton X-100: anti-HA (rabbit) and anti-vinculin (mouse), their dilution
condition is indicated in Table 2.1. The samples were briefly washed with 0.01% Triton X-100 in
PBS and incubated for 60 minutes with Alexa Fluor-568 conjugated goat anti-mouse, Alexa
Fluor-488 conjugated goat anti-rabbit secondary antibodies, and Draq5 (nucleus staining) that
were diluted in 0.1% BSA-PBS containing 0.01% Triton X-100. The dilution conditions are
indicated in Table 2.2 and Table 2.3. After extensive washing with 0.01% Triton X-100 in PBS
and a rinse with distilled water, the coverslips were mounted using ProLong Diamond Antifade
Reagent. The images were acquired using a Leica TCS-SP8 laser scanning confocal microscope
equipped with 63x/NA 1.40 oil objectives, Diode/Argon/HeNe lasers, and HyDTM hybrid
detectors.
2.6.3

Antibody-feeding assay and colocalization between EEA1 and HA-hITGB1
The coverslips were coated with 0.88 μg/cm2 of fibronectin (FN) at 37°C for 60 minutes.

C6WT and N5KD (expressing shRNA A) glioma cells stably expressing inducible HA-hITGB1
were grown overnight at 37°C on the precoated coverslip in complete medium containing 200
ng/mL of doxycycline. The cells were rinsed with ice-cold 1xPBS-CM (PBS supplemented with
1 mM MgCl2, and 0.1 mM CaCl2) of pH 7.4 twice and incubated in it for 5 minutes at 4°C. Then,
the cells were incubated with 50 μL of rabbit monoclonal anti-HA antibody (dilution 1:100) for
45 minutes at 4°C to label the cell surface HA-hITGB1. After the cold-labelling with anti-HA
antibody, the cells were immediately incubated in conditioned complete medium for 10 minutes
at 37°C in humidified atmosphere with 5% CO2. At the end of the incubation, the cells were
rinsed with ice-cold 1xPBS pH 7.4 and fixed with 3% PFA for 15 minutes at RT.
All the subsequent steps were performed at room temperature unless stated otherwise.
The fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 15 minutes and incubated
with 3% BSA-PBS solution for 60 minutes to block non-specific antibody binding. After
blocking, the cells were incubated for 2 hours with anti-EEA1 (mouse) diluted in 0.1% BSAPBS containing 0.01% Triton X-100 (see Table 2.1 for dilution conditions). The samples were
briefly washed with 0.01% Triton X-100 in PBS and incubated for 60 minutes with Alexa Fluor38

568 conjugated goat anti-mouse, Alexa Fluor-488 conjugated goat anti-rabbit secondary
antibodies, and Draq5 (nucleus staining) diluted in 0.1% BSA-PBS containing 0.01% Triton X100 (see Table 2.2 and 2.3 for dilution conditions). After extensive washing with 0.01% Triton
X-100 in PBS and rinsing with distilled water, the coverslips were mounted using ProLong
Diamond Antifade Reagent.
Images were captured with a Leica TCS-SP8 laser scanning confocal microscope
equipped with 63x/NA 1.40 oil objectives, Diode/Argon/HeNe lasers, and HyDTM hybrid
detectors. Data were analyzed by Just Another Colocalization Plugin (JACoP) in Fiji Is Just
ImageJ (Fiji) software to obtain the Pearson’s coefficient between the signals from HA-hITGB1
and EEA1.
2.7

Cell spreading assay
The coverslips were coated with either 4.4 μg/cm2 of polyethyleneimine (PEI) or 2.65

μg/cm2 of collagen type IV (Col IV) overnight at 4°C. Cells were seeded onto PEI- or Col IVcoated coverslips and incubated at 37°C for 15 minutes, 2 hours or 24 hours. At the end of the
incubation, the cells were fixed with 3% PFA at RT for 15 minutes.
All the subsequent steps were performed at RT unless stated otherwise. The cells were
permeabilized with 0.1% Triton X-100 in PBS for 15 minutes and blocked with 3% BSA-PBS
solution for 60 minutes. After blocking, the cells were incubated for 60 minutes with AlexaFluor-488 conjugated phalloidin and Draq5 (nucleus staining) that were diluted in 0.1% BSAPBS containing 0.01% Triton X-100. The antibody dilutions are shown in Table 2.3. After
extensive wash with 0.01% Triton X-100 in PBS and rinsing with distilled water, the coverslips
were mounted using ProLong Diamond Antifade Reagent. The images were captured with a
Leica TCS-SP8 laser scanning confocal microscope equipped with 20x/NA 0.70 air objectives,
Diode/Argon/HeNe lasers, and HyDTM hybrid detectors.
The images (using Alexa 488-phalloidin signal) were processed and analyzed by Fiji Is
Just ImageJ (Fiji) software. First, the brightness and contrast of the images were auto adjusted.
Then, auto threshold of the signal for these images were applied to generate binary images. The
area of the cells was measured using the “measure” plugin in the software.
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2.8

Total Internal Reflection Fluorescence (TIRF) microscopy
The coverslips were coated with 2.65 μg/cm2 of collagen type IV (Col IV) overnight at

4°C. WT and N5KD (expressing shRNA A) glioma cells were seeded on the Col IV-coated
coverslips and incubated at 37°C for 4 hours or 16 hours. All the subsequent steps were
performed at RT unless stated otherwise. At the end of the incubation, the cells were fixed with
3% PFA for 15 minutes, followed by permeabilization with 0.1% Triton X-100 in PBS for 15
minutes. The cells were then blocked with 3% BSA-PBS solution for 60 minutes and incubated
for 2 hours with anti-vinculin (mouse) diluted in 0.1% BSA-PBS containing 0.01% Triton X-100
as indicated in Table 2.1. Next, the cells were briefly washed with 0.01% Triton X-100 in PBS
and incubated for 60 minutes with Alexa Fluor-488 conjugated phalloidin and Alexa Fluor-568
conjugated goat anti-mouse secondary antibody diluted in 0.1% BSA-PBS containing 0.01%
Triton X-100 (see Table 2.2 and 2.3). After extensive wash with 0.01% Triton X-100 in PBS and
rinsing with distilled water, the coverslips were mounted using SlowFadeR Gold Antifade
Reagent (#S36936, ThermoFisher Scientific).
The fixed samples were imaged as described previously in Abraham et al. (2017) with
some modifications. Briefly, the cell surface was imaged using Olympus TIRFM system with the
following components: an inverted microscope (Olympus IX81) equipped with a 100X NA 1.49
TIRFM objective (Olympus), motorized filter wheel (Olympus), high-performance electron
multiplier (EM)-charge-coupled device (CCD) camera (Photometrics Evolve), and data
acquisition software (Metamorph Version7.8). The 491 nm and 561 nm solid-state diode lasers
were used to excite the Alexa-Fluor 488 on phalloidin and Alexa-Fluor 568 on vinculin
respectively. The TIRF plane was adjusted to yield a penetration depth of ~65–75 nm from the
coverslip and the images were acquired using EMCCD camera (Photometrics Evolve).
2.9

Cell-surface biotinylation assay
The cell-surface biotinylation experiment was performed with some modification from

the previously described protocol (Fan et al., 2016). The 60 mm cell culture dishes were coated
with either 2.85 μg/cm2 of Col IV or 0.95 μg/cm2 of FN overnight at 4°C. Approximately
5.0x105 C6WT cells and 5.5x105 N5KD (expressing shRNA A) glioma cells were seeded onto
uncoated or Col IV- or FN-coated plates and grown in complete medium for 16 hours. The
subconfluent cells were rinsed with ice-cold 1xPBS-CM, pH 8.0 twice, followed by a 5-minute
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incubation in ice-cold PBS-CM pH 8.0 at 4°C. Then, the cell surface proteins were labelled with
0.3 mg/mL of membrane impermeable biotinylated amino-reactive (NHS ester) solution (SulfoNHS-SS-Biotin, #A8005, Apex Biotechnology Inc) in PBS-CM pH 8.0 for 35 minutes at 4°C.
After cold-labelling, the unreacted biotinylating agent was removed by rinsing and incubating
the cells with quenching buffer (20 mM of glycine in PBS-CM pH 8.0) twice for 7 minutes each
at 4°C. Lastly, the cells were rinsed 4-5 times with ice-cold PBS-CM pH 8.0 before being lysed
on ice with RIPA buffer containing fresh protease inhibitor cocktail. The protein concentration
was determined using Bradford Assay and 25 μg of total protein was incubated with PierceTM
NeutrAvidinTM conjugated agarose beads (#29200, Thermo Fisher Scientific) with rotation
overnight at 4°C. On the following day, the beads were washed three times with ice-cold 1%
NP-40 in PBS pH 7.4 and the proteins were eluted with 2x Laemelli sample buffer. The eluted
protein samples as well as ~5 μg of the total protein that was not subjected to the NeutrAvidinTM
agarose beads pulldown were immunoblotted for Intβ1 and sodium potassium ATPase α1
subunit (NKA) as described in section 2.5.
2.10 Internalization assay
Internalization assays were conducted as described in (Fan et al., 2016) with some
modifications. The 100 mm cell culture dishes were coated with 0.69 μg/cm2 of FN overnight at
4°C with a continuous gentle shaking. Approximately 1.3x106 of WT cells and 1.5x106 of N5KD
(expressing shRNA A) glioma cells were seeded onto these FN-coated plates and cultured for 16
hours in complete medium. The subconfluent cells were rinsed with ice-cold 1xPBS-CM, pH 8.0
twice, followed by a 5-minute incubation in ice-cold PBS-CM pH 8.0 at 4°C. Then, the cell
surface proteins were labelled with 0.3 mg/mL of biotinylating reagent (EZ-LinkTM Sulfo-NHSSS-Biotin, #21331, Thermo Fisher Scientific) for 35 minutes at 4°C. After quenching the
unreacted biotinylating agent, the cells were incubated in conditioned complete medium at 37°C
in a humidified atmosphere with 5% CO2 for 0 or 10 minutes to allow for internalization of the
cell surface proteins. Upon internalization, the cells were rinsed and incubated with ice-cold cellimpermeable cleavage buffer (50 mM glutathione, 90 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2,
0.2% BSA, pH 8.6) three times for 15 minutes each at 4°C to remove the biotin from the noninternalized cell surface proteins. Lastly, the cells were rinsed with ice-cold 1xPBS-CM pH 8.0
few times and lysed with ice-cold RIPA buffer containing 1xPI. Some samples were not
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subjected to the cleavage step to determine intrinsic degradation during incubation at 37°C. The
protein concentration was quantified and 30 μg and 160 μg of protein from the cell lysates
without and with cleavage, respectively were incubated with PierceTM NeutrAvidinTM conjugated
agarose beads overnight with rotation at 4°C. The beads were washed three times with ice-cold
1% NP-40 in PBS pH 7.4 and the proteins were eluted with 2x Laemelli sample buffer. The
eluted protein samples as well as ~6 μg of the total protein that was not subjected to the
NeutrAvidinTM agarose beads pulldown were immunoblotted for Intβ1 and transferrin receptor
(TfR) as described in section 2.5.
Densitometry analysis was performed to obtain the percentage of internalized Intβ1 and
TfR. First, the ratio of signal intensity from the NeutrAvidin pulldown samples to their
corresponding total lysates was estimated. Then, the following equation was used to determine
the internalization percentage: [10’ (+) - 0’ (+)]/ 10’ (-), where 10’ (+) and 0’ (+) represent the
biotinylated proteins that were treated with cleavage buffer after 10 minutes and 0 minutes of
post-biotinylation incubations. 10’ (-) represents the biotinylated proteins (not treated with
cleavage buffer) after 10 minutes of post-biotinylation incubation, which includes both
internalized and non-internalized populations. Note: (+) indicates that samples were treated with
the cleavage buffer at indicated times whereas (-) that indicates samples were not treated with the
cleavage buffer.
2.11 Recycling assays
2.11.1 Short-incubation recycling assay
Recycling assays were performed as described previously (Fan et al., 2016) with some
modifications. Approximately 1.3x106 of WT cells and 1.5x106 of N5KD (expressing shRNA A)
glioma cells were seeded onto 100 mm plates that were pre-coated with 0.69 μg/cm2 of FN
overnight at 4°C with a continuous gentle shaking. The cells were grown for 16 hours in
complete medium, subjected to cell-surface biotinylation, internalization at 37°C for 10 minutes,
and a first post-incubation cleavage as described in section 2.10. After the first post-incubation
cleavage, the cells were subjected to a second round of incubation at 37°C in humidified
atmosphere with 5% CO2 for 0 and 10 minutes to allow the internalized biotin-labelled proteins
to be recycled to the cell surface. The cells were then subjected to a second round of treatment
with cleavage buffer at 4°C to remove biotin from the proteins that had recycled to the cell
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surface. Recycled proteins on the cell surface are susceptible to the cleavage whereas proteins
remaining in endosomes (non-recycled) are protected from the cleavage. The cells were then
rinsed with ice-cold 1xPBS-CM pH 8.0 several times and lysed with ice-cold RIPA buffer
freshly supplemented with protease inhibitor cocktail. Some samples were not subjected to the
second post-incubation cleavage to determine intrinsic degradation during incubation at 37°C.
Approximately 450 μg of total protein was incubated overnight with PierceTM NeutrAvidinTM
conjugated agarose beads with rotation at 4°C. The following day, the beads were washed three
times with ice-cold 1% NP-40 in PBS pH 7.4 and the proteins were eluted with 2x Laemelli
sample buffer. The eluted protein samples as well as ~6 μg of the total protein that was not
subjected to the NeutrAvidinTM agarose beads pulldown were immunoblotted for Intβ1 and TfR
as described in section 2.5.
Data obtained by densitometric analysis was used to calculate recycling rates of Intβ1 and
TfR relative to the control cells. The ratio of signal intensity from the NeutrAvidin pulldown
samples to their corresponding total lysate was first estimated. Then it was used in the following
equation, which quantified the ratio of recycled proteins after 10 minutes (10’) of second
incubation at 37°C: 1- (10'(+) / 10'(-)), in which (+) indicates cells treated second post-incubation
cleavage while (-) indicates cells without second post-incubation cleavage. Note: 10’ (+)
represents the non-recycled population of receptors and 10’ (-) represents both recycled and nonrecycled populations of receptors.
2.11.2 Long-incubation recycling assay
Long-incubation recycling assay was performed similarly to the short-incubation
recycling assay (see section 2.11.1), except for few parameters. The incubation time for
internalization of the surface-biotinylated proteins was 30 minutes and the incubation time for
recycling of the internalized receptors was 20 minutes.
2.12 Cell-surface biotinylation-based degradation assay
Cells were seeded on uncoated plates and grown overnight in complete medium. The
cells were subjected to cell-surface biotinylation with Sulfo-NHS-SS-Biotin (#A8005, Apex
Biotechnology Inc) (see section 2.9). After quenching, the cells were incubated at 37°C in a
humidified atmosphere with 5% CO2 for indicated times, followed by rinsing twice with 1xPBS
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pH 7.4 and lysed with ice-cold RIPA buffer supplemented with proteinase inhibitor cocktails.
The protein concentration was quantified using Bradford assay and approximately 50-60 μg of
total protein was incubated with PierceTM NeutrAvidinTM agarose beads overnight at 4°C with
rotation. The beads were washed three times with ice-cold 1% NP-40 in PBS pH 7.4 and the
proteins were eluted with 2x Laemelli sample buffer. As for the samples from the 24 hours
chase, approximately 100-120 μg were incubated with PierceTM NeutrAvidinTM agarose beads for
150 minutes. The eluted protein samples as well as ~6 μg of the total protein that was not
subjected to the NeutrAvidinTM agarose beads pulldown were immunoblotted for Intβ1 as
described in section 2.5.
Densitometry analysis was performed to determine the ratio of the remaining surface
labelled Intβ1 to its total lysate with chase relative to 0 hours of chase. First, the ratio of signal
intensity from NeutrAvidin pulldown samples to their corresponding total lysate was quantified.
The relative ratio of the remaining surface labelled Intβ1 to its total lysate was obtained by
normalizing the calculated ratio to the one from 0 hours chase time point of the respective cell
lines.
2.13 Enzymatic digestion assays
2.13.1 PNGase F digestion assay
PNGase F digestion assay was modified and optimized from Bartik et al. (2008) and
Seales et al. (2005). C6WT and N5KD (expressing shRNA A) glioma cells were lysed with
RIPA buffer freshly supplemented with protease inhibitor cocktail and the concentration of the
total proteins in the cell lysates was quantified using Bradford assay. About 20 μg of the total
proteins was denatured at 65⁰C for 10 minutes in denaturing buffer (0.5% SDS and 40 mM
DTT), followed by the addition of 0.1% NP-40, 1xG7 reaction buffer (50 mM sodium
phosphate), and 500U of PNGase F, and incubation at 37⁰C for 30 minutes. Instead of PNGase F,
dH2O was added to the control sample. Enzymatic reaction was stopped by adding Laemelli
sample buffer. Immunoblotting (see section 2.5) was carried out to detect Intβ1 and β-tubulin in
the protein samples.
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2.13.2 Neuraminidase/Sialydase assay
Neuraminidase assay was carried out according to Bartik et al. (2008) and Seales et al.
(2005) with some modifications. C6WT and N5KD (expressing shRNA A) glioma cells were
lysed with RIPA buffer freshly supplemented with protease inhibitor cocktail and the
concentration of the total proteins in the cell lysates was quantified using Bradford assay. About
40 μg of the total proteins were incubated with 25U of α2-3, 6, 8-neuraminidase in 1xG1 buffer
(50 mM sodium citrate) for 30-60 minutes at 37⁰C. Instead of the neuraminidase, dH2O was
added to the control sample. The enzyme was inactivated by heating the reaction at 65⁰C for 10
minutes followed by the addition of Laemelli sample buffer to the reaction. Immunoblotting (see
section 2.5) was done to detect the protein of interest.
2.14 Lectin pull-down assay
Lectin binding pull-down assays were performed as described in Seales et al. (2005) with
some modifications. C6WT and N5KD (expressing shRNA A) glioma cells were lysed using 1%
NP-40 in PBS freshly supplemented with protease inhibitor cocktail and the protein
concentration was quantified using Bradford assay. Approximately 50 μg of total protein from
the cell lysates were incubated with 20 μg/mL of biotinylated Sambucus Nigra (Elderberry) Bark
lectin (SNA), or Maackia Amurensis lectin II, (MAL II) for three hours without rotation at 4⁰C.
The samples were affinity purified using NeutrAvidin beads by incubating at 4⁰C for two hours
with rotation. After washing with ice-cold 1% NP-40 in PBS for three times, the glycoproteins
were eluted from the beads-lectin-glycoprotein complex with 15 μL of Laemelli sample buffer.
The protein samples were immunoblotted for Intβ1 as described in section 2.5.
2.15 Pulse and chase assay
C6WT and N5KD (expressing shRNA A) glioma cells stably expressing inducible HAhITGB1 were seeded and cultured overnight without doxycycline. Protein expression of HAhITGB1 was induced (pulsed) with 100 ng/mL of doxycycline for three hours at 37°C in a
humidified atmosphere with 5% CO2. Doxycycline was washed out by changing the culture
medium and the cells were chased in doxycycline-free complete medium for 0, 5, 24 and 48
hours. After chase, the cells were collected into cell pellets and stored at -70°C. Later, the cells
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pellets were lysed and subjected to immunoblotting (see section 2.5) for HA-hITGB1 using antiHA (mouse) and anti-β-tub.
Densitometric analysis was conducted to calculate the ratio of induced HA-hITGB1 to βtub present in the cell lysate over time relative to the ratio at 0 hours chase period. First, the ratio
of the signal intensity of HA-hITGB1 to its β-tubulin for each chase period was estimated. Then,
these ratios were normalized to the one of 0 hours chase in doxycycline-free complete medium.
The normalized ratio of HA-hITGB1 to β-tubulin of C6WT and N5KD cells were plotted against
the chase period.
2.16 Synchronized protein trafficking assay
C6WT and N5KD (expressing shRNA A) glioma cells stably expressing inducible HAhITGB1 were grown overnight in a 12-well plate without doxycycline. The cells were then
treated with 5 μg/mL of Brefeldin A (BFA) and 200 ng/ml of doxycycline for three hours at
37°C, followed by a washout, where the culture medium was replaced with fresh medium
containing no drugs. The cells were chased in the absence of BFA and doxycycline at 37°C in
humidified atmosphere with 5% CO2 for indicated times. Samples were analyzed by
immunoblotting (see section 2.5) to detect the presence and size of HA-hITGB1.
2.17 Drug treatment assays
The experiment was carried out similarly to the one in section 2.16 with some
modifications. Five hours after seeding, cells were treated for 16 hours with the following
inhibitors at the indicated final concentrations: Retro-2 (40 μM), bafilomycin A1 (100 nM) and
chloroquine (400 μM). In the control experiment, the cells were not exposed to any
pharmacological drugs. The cells were then treated with 5 μg/mL of Brefeldin A (BFA) and 200
ng/ml of doxycycline for three hours at 37°C in the presence of indicated inhibitor drugs. It is
followed by a washout of the medium and chase for indicated times in complete medium with or
without the aforementioned pharmacological drugs. Upon the chase period, the cells were
collected in pellets and stored at -70°C. The cell pellets were lysed and immunoblotted as
described in section 2.5.
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2.18 Statistical analysis
For the cell spreading assays, Kruskal-Wallis test was performed to determine whether
there is a significant difference in the spread area between the cell lines. Dunn test with
Bonferroni corrections were performed for multiple comparisons of the spread area between the
control and other cell lines. Stata Statistical Software version 14 (StataCorp, College Station,
TX) was used to analyze the data.
For the antibody-feeding and colocalization assays, Mann-Whitney test was performed
using GraphPad software version Prism 6 (La Jolla, CA, USA) to determine whether the
difference in the Pearson’s coefficient between WT and N5KD cells is significant. p-values are
indicated in the figures as the following: *p<0.05, **p<0.01, ***p<0.001, NS= not significant.
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Chapter 3: NHE5 modulates cell spreading by influencing the trafficking of
Intβ1
3.1

Introduction
Efficient trafficking of integrin is a prerequisite for cell adhesion. Studies have shown

that the perturbation in integrin endocytosis, endocytic recycling and retrograde trafficking
results in defective cell adhesion and spreading (Macia et al., 2006; Ratcliffe et al., 2016;
Shafaq-Zadah et al., 2016). Since NHE5 has been shown to regulate the recycling of TrkA (nerve
growth factor receptor) and c-Met (hepatocyte growth factor receptor), and to interact with Intβ1
when it is expressed in NHE-deficient AP1 cells, I hypothesize that NHE5 knockdown affects
the trafficking of Intβ1 and results in defective cell spreading (Diering et al., 2013; Fan et al.,
2016; Onishi et al., 2007).
Therefore, my goal in this chapter is to understand the role of NHE5 in the trafficking of
Intβ1. Hence, I performed various biochemical and immunofluorescence assays on C6WT and
N5KD glioma cells expressing shRNA A.
3.2

Spreading of C6 glioma cells is affected by NHE5 knockdown
As cells come in contact with integrin substrates during cell attachment, integrins bind to

their ligands and cluster, forming focal complexes, which later matures into focal adhesions (Yu
et al., 2011; Zaidel-Bar et al., 2003). Subsequently, cells begin to spread outwards through the
formation of lamellipodia and new focal contacts, thus increasing their radii (Dubin-Thaler et al.,
2004; Yu et al., 2011). Cell adhesion and spreading are important for biological phenomena such
as cell survival, migration, and tissue development (Gumbiner, 1996). Since it has been
previously found that NHE5 knockdown (KD) affects cells attachment on integrin substrate such
as collagen IV (Col IV) (Figure 1.5 B), I performed a cell spreading assay with parental C6WT
cells, three different NHE5 knockdown (N5KD) cells and NHE1-knockdown (N1KD) cells on
polyethyleneimine (PEI) or Col IV to further define the effect of NHE5 suppression on cell
spreading phenotypes.
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Figure 3.1 (A, B) shows the cell area after spreading on PEI or Col IV over 15 minutes, 2
hours, and 24 hours. There was no difference in the spread area among the five different cell
lines after 15 minutes of spreading on PEI, which is not an integrin substrate. Even after 24 hours
of spreading, the cell spread area among these cell lines was still comparable (Figure 3.1 A).
However, N5KD cells exhibited a lower cell spread area on Col IV than that of the control and
N1KD cells within 15 minutes of spreading. The noticeable decrease in the cell area persisted up
to 24 hours of spreading (Figure 3.1 A-B). After 15 minutes of spreading, C6WT and N1KD
cells, not N5KD begun to spread on Col IV (Figure 3.1 B). In contrast, the shape of C6WT,
N1KD and N5KD cells remained round on PEI after 15 minutes of spreading (Figure 3.1 B).
These results indicate that NHE5 knockdown impairs the cell spreading onto Col IV, but not
onto PEI. Given that integrins are one of the receptors that bind to collagen and one of its subunit
has been shown to interact with NHE5 (Onishi et al., 2007), this observation suggests that
NHE5 is likely to play a role in integrin-dependent cell spreading.
The quality and dynamics of focal adhesions formed in cells determine the nature of their
spreading (Cleghorn et al., 2015; Kaushik et al., 2014). Therefore, to study the quality of focal
adhesions formed after spreading on Col IV, C6WT and N5KD cells were imaged using internal
reflection fluorescence (TIRF) microscopy by staining their actin and vinculin. After four hours
of spreading, N5KD cells appeared to form a lower number of focal adhesions than C6WT cells.
There were also many and smaller focal contacts at the periphery of C6WT cells compared to the
periphery of N5KD cells (Figure 3.1 C). Even after 16 hours of spreading, N5KD cells had only
mature focal adhesions with stress fibers whereas C6WT cells had both focal adhesions with
stress fibers and smaller focal contacts with lamellipodia and transverse arcs (Figure 3.1 C). The
presence of clustered and mature focal adhesions at the periphery of N5KD cells suggests that
the turnover of focal adhesions is affected by knockdown of NHE5 (Cleghorn et al., 2015; Ilić et
al., 1995; Kaushik et al., 2014). Therefore, studying the trafficking of Intβ1, a component of
focal adhesions, can provide insight on the dynamics of focal adhesions in C6WT and N5KD
cells.
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Figure 3.1 Spreading of C6 glioma cells on Col IV is affected by NHE5 knockdown.
(A) C6WT, three N5KD cell lines that express three different shRNAs against NHE5 mRNA,
and a N1KD cell line that expresses shRNA against NHE1 mRNA were seeded on
polyethyleneimine (PEI) (top) or collagen IV (Col IV) (bottom) coated coverslips and incubated
for 15 minutes, 2 hours, or 24 hours. The spread area of 40 cells (randomly selected) was
analyzed and the distribution is shown as box-and-whisker plots with the ends of the whiskers set
at 1.5x interquartile range (IQR) above the third quartile and 1.5x IQR below the first quartile.
Kruskal-Wallis tests with Dunn’s test with Bonferroni correction for pairwise comparison were
performed. (*p<0.05, **p<0.01, ***p<0.001, NS= not significant)
(B) Representative confocal images of C6WT, N5KD and N1KD cells seeded on PEI or Col IV
coated coverslips and incubated at 37°C for 15 minutes. Actin is visualized using fluorescenceconjugated phalloidin. Scale bar = 100 μm.
(C) Representative total internal reflection fluorescence images of C6WT and N5KD cells
seeded onto Col IV coated coverslips and incubated at 37°C for 4 hours or 16 hours. Vinculin is
visualized with red fluorescence and actin is visualized with green fluorescence. Scale bar = 20
μm.
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3.3

Intβ1 expression at the cell surface is reduced in NHE5-knockdown cells
The small spread area and small numbers of focal adhesions in N5KD cells raise the

question of whether Intβ1 is properly targeted to the cell surface when NHE5 expression is
depleted. Therefore, I performed a cell surface biotinylation assay (outlined in Figure 3.2 A) to
detect Intβ1 on the plasma membrane. The abundance of protein at the plasma membrane is
measured by the signal intensity from the pulldown samples. Thus, N5KD cells had less Intβ1 at
the cell surface than C6WT cells (Figure 3.2 B). On the other hand, the cell surface abundance of
sodium-potassium ATPase (NKA), a resident protein at the plasma membrane, was found to be
similar between C6WT and N5KD cells. This result suggests that at a steady-state, knockdown
of NHE5 affects the abundance of Intβ1, but not NKA on the cell surface.
Reduced expression of Intβ1 on the cell surface suggests that the trafficking of Intβ1 to
the cell surface is affected by NHE5 knockdown. The defect in the targeting of Intβ1 to the cell
surface could be due to a difference in the rate of biosynthesis, endocytosis of Intβ1 from cell
surface, recycling of Intβ1 to the cell surface and/or degradation of Intβ1.
3.4

NHE5 knockdown results in accumulation of internalized receptors
The first aim was to investigate whether internalization of Intβ1 is affected by NHE5

knockdown. Because of the large size and fewer focal adhesions at the cell periphery of N5KD
cells, I hypothesized that the internalization of Intβ1 in N5KD cells is slower than that of C6WT
cells. To test this hypothesis, I performed a cell-surface biotinylation-based internalization assay
as described in section 2.10 (see also Figure 3.3). Surprisingly, there was almost twice as much
internalized Intβ1 in N5KD cells than in C6WT cells (Figure 3.4 A-B). A similar result was
observed with transferrin receptors, where there was approximately 180% of internalized
transferrin receptors (TfR) in N5KD cells relative to the C6WT cells.
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Figure 3.2 The surface population of Intβ1 is lower in NHE5-knockdown cells compared to
WT cells at steady state.
(A) A schematic diagram of the cell-surface biotinylation assay (see section 2.9). Cell-surface
biotinylation and the following affinity purification by NeutrAvidin agarose beads were used to
label and purify the cell surface proteins.
(B) Surface population of integrin β1 (Intβ1) and sodium-potassium ATPase (NKA) in C6
wildtype (WT) and NHE5-knockdown (N5 KD) cells. Cells were grown on uncoated,
fibronectin-coated or collagen IV-coated plates. PD: NeutrAvidin represents the biotin-labelled
proteins that were affinity purified using NeutrAvidin agarose beads and Total Lysate represents
the 5 μg of the cell lysates that were not subjected to affinity purification. Samples were
immunoblotted for Intβ1 and NKA. This is a representative blot of two independent trials.
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Figure 3.3 A schematic diagram of the internalization and recycling assays.
The experimental procedures of cell-surface biotinylation-based internalization (see section
2.2.10) and recycling assays (see section 2.2.11) are illustrated. The time points in black and red
represent the duration used in the short- and long-incubation recycling assays, respectively.
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Figure 3.4 The internalized population of Intβ1 is higher in NHE5-knockdown cells than in
C6WT cells.
(A) A representative blot of the internalization assays performed as indicated in Figure 3.3. The
semi-confluent C6 wildtype (WT) and NHE5-knockdown (N5KD) cells were grown on
fibronectin (FN)-coated plastic plates and incubated with a membrane-impermeable biotinylating
agent at 4°C, followed by quenching of unreacted biotinylating agent, and incubation at 37°C for
0 (0’) and 10 minutes (10’). The cells were either subjected (+) or not subjected (-) to cellimpermeable cleavage buffer that removes the labelled biotin from the cell surface proteins. The
biotin-labelled proteins in the cell lysates that were affinity purified using NeutrAvidin agarose
beads (PD: NeutrAvidin) and approximately 6 μg of cell lysates that were not subjected to the
pulldown (Total Lysate) were immunoblotted for integrin β1 (Intβ1) and transferrin receptor
(TfR).
(B) Densitometry analysis of the internalization assay. Firstly, the ratio of the signal intensity
from PD: NeutrAvidin samples to their corresponding total lysate was estimated. This calculated
ratio was used in the following equation to calculate the percentage of respective internalized
receptors: [10’ (+) - 0’ (+)]/ 10’ (-), in which (+) indicates with cleavage and (-) indicates
without cleavage samples. The relative percentage of internalized Intβ1 and TfR were obtained
by normalizing the calculated percentage of respective internalized receptors to the values of the
control cells (C6WT). The graph shows the mean and SEM of four independent trials.
(C) The graph shows the Pearson’s coefficient of colocalization between HA-tagged human
integrin β1 (HA-hITGB1) and early endosome antigen 1 (EEA1) in C6WT and N5KD cells.
Cells stably expressing inducible HA-hITGB1 were grown overnight on FN-coated coverslips
with doxycycline induction, labelled with anti-HA antibody at 4°C for 45 minutes, and incubated
at 37°C for 10 minutes prior to fixation with 3% PFA. The cells were stained for anti-EEA1 and
anti-HA antibodies. Colocalization between HA-hITGB1 and EEA1 was analyzed in
approximately 30 cells and the Pearson’s coefficient of each cell is plotted. Median and the
interquartile range are shown. (***p<0.001; Mann-Whitney test; A representative of two
independent experiments).
(D) Representative confocal images of the antibody feeding assay that was quantified in (C). The
nucleus, EEA1, and HA-hITGB1 of both C6WT and N5KD cells with inducible HA-hITGB1
were labelled in blue, red, and green, respectively. Scale bars = 20 μm.
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Next, I wanted to use immunofluorescence microscopy to further confirm the results
from biochemical internalization assays. Toward this goal, I first established C6WT and N5KD
cells stably expressing a construct of human Intβ1 with HA-tag at its N-terminus (HA-hITGB1)
under a tetracycline-inducible promoter. According to amino acid sequence analysis and crystal
structure of the extracellular fragment of α5β1 integrin, the N-terminal position where I inserted
the HA-tag falls in the PSI domain of Intβ1 subunit (Hynes, 2002; Nagae et al., 2012). As such,
the HA-tag is expected to be exposed to the extracellular space, hence can be used to perform
antibody-feeding assays. Interestingly, another study too showed that it is possible to tag at the
N-terminus of Intβ1 without disrupting the function of the receptor (Huet-Calderwood et al.,
2017).
Prior to using the newly generated cell lines for an antibody-feeding assay, I performed a
series of immunofluorescence microscopy to confirm that the subcellular localization of the HAhITGB1. Firstly, I performed an immunofluorescence experiment to determine the colocalization
between HA-hITGB1 and the well-established C-terminus GFP-tagged human Intβ1 (hITGB1GFP). Although there was a significant staining of HA-hITGB1 inside the cell that looks like the
ER, there was a population of HA-hITGB1 at the cell surface which colocalized with hITGB1GFP in both C6WT and N5KD cells (Figure 3.5 A). To further confirm that HA-hITGB1 is
targeted to focal adhesions sites, I performed an immunofluorescence experiment by co-staining
HA-hITGB1 with vinculin. There was colocalization between HA-hITGB1 and vinculin,
indicating that HA-hITGB1 is indeed being targeted to focal adhesions at the cell surface (Figure
3.5 B). A cell-surface biotinylation assay also was done to confirm that the HA-hITGB1 is
targeted to cell surface (see section 4.3, Figure 4.2 C). These results together suggest that the Nterminally HA-tagged hITGB1 is targeted to the correct the subcellular localization.
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Figure 3.5 Human Intβ1 with HA-tag at its N-terminus is targeted to proper subcellular
localization.
(A) C6 wildtype (WT) and NHE5-knockdown (N5KD) cells stably expressing inducible human
Intβ1 with HA-tag at its N-terminus (HA-hITGB1) were transiently transfected with human
Intβ1 with C-terminally tagged GFP (hITGB1-GFP). HA-hITGB1 expression was induced by
adding 200 ng/mL of doxycycline overnight, followed by fixing with 3% PFA, and staining for
the nucleus (blue), HA-hITGB1 (red), and hITGB1-GFP (green). The colocalization between Nterminally tagged HA-hITGB1 and C-terminally tagged hITGB1-GFP in the cells was observed.
The presence of yellow colored pixels in the merged panel indicates the colocalization.
(B) HA-hITGB1 expression was induced by adding 200 ng/mL of doxycycline overnight. Cells
were fixed and stained for nucleus (blue), vinculin (red), and HA-hITGB1 (green). The
colocalization between HA-hITGB1 and vinculin, a marker for focal adhesions, in the cells was
determined qualitatively by observing the presence of yellow pixels in the merged panel.
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Following this, I performed an antibody-feeding assay (see section 2.6.3) to determine
the colocalization between surface-labelled HA-hITGB1 and EEA1, an early endosomal marker,
after 10 minutes of internalization at 37°C. I used Pearson’s coefficient as a measure of
colocalization between these two proteins. The coefficient value, indirectly, indicates the degree
of internalization of HA-hITGB1. There was a higher degree of colocalization between HAhITGB1 and EEA1 after 10 minutes of internalization in N5KD cells than there was in C6WT
cells (Figure 3.4 C-D). These microscopic results were consistent with the results obtained from
the cell-surface biotinylation-based internalization assay. In brief, both biochemical and
immunofluorescence approaches showed that there is a larger internalized population of Intβ1 in
N5KD cells comparing to C6WT cells. These results were unexpected and against my initial
hypothesis whereby N5KD cells have slower endocytosis of Intβ1.
3.5

Recycling of Intβ1 is reduced by NHE5 knockdown
There are two possibilities for the apparent increase in the internalized populations of

Intβ1 and TfR in N5KD cells: (1) internalization of these receptors is enhanced by N5KD or (2)
recycling of these receptors to the cell surface is impaired by the depletion of NHE5 expression.
I postulated that the second possibility is more likely to be the case because previous studies
have shown that when recycling of Intβ1 is inhibited, there is an accumulation of endocytosed
Intβ1 in the cells, which is similar to my observation (Arjonen et al., 2012; Nguyen et al., 2017).
Moreover, NHE5 was shown to modulate recycling of other receptors such as TrkA and c-Met
(Diering et al., 2013; Fan et al., 2016). Therefore, I performed cell-surface biotinylation-based
recycling assays as described in section 2.11 (see also Figure 3.3) to test this hypothesis.
After observing that 10 minutes of internalization at 37°C leads to an accumulation of
Intβ1 and TfR in the cells, I postulated that 10 minutes is sufficient for the receptors to be
recycled. Hence, I performed a short-incubation recycling assay (outlined in Figure 3.3). After
internalizing the biotin-labelled receptors for 10 minutes and performing the first post-incubation
cleavage to remove biotin from non-internalized receptors, the cells were incubated again for 10
minutes at 37°C to allow recycling of these labelled receptors back to the cell surface. Then, a
second post-incubation cleavage was performed to remove biotin from the receptors that had
been recycled to the cell surface, leaving only the non-recycled receptors inside the cells labelled
with biotin. These biotinylated receptors were pulled down by NeutrAvidin beads upon cell lysis.
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Efficient recycling of receptors results in a decreased signal intensity in the pulldown samples
after the second post-incubation cleavage. The signal intensity of the biotinylated Intβ1 and TfR
in pulldown samples after the second post-incubation cleavage was higher in N5KD cells than in
C6WT cells (Figure 3.6 A), indicating that recycling of these receptors is reduced by the
knockdown of NHE5. Densitometry analysis in Figure 3.6 B shows that the relative recycling
populations of Intβ1 and TfR were markedly diminished in N5KD cells to approximately 54%
and 45% of those in C6WT cells, respectively. This observation suggests that increased
internalization of Intβ1 and TfR in N5KD cells is due to reduced recycling of these receptors to
the plasma membrane.
However, these results were not consistent with previous findings, where recycling of
TfR was not influenced by NHE5 knockdown (Diering et al., 2013; Fan et al., 2016). I used 10
minutes periods to internalize and recycle the receptors, whereas previous studies took 30
minutes for internalization and 20 minutes for recycling. Thus, I reasoned that the discrepancy in
the recycling results could be due to the difference in the incubation periods used in the assay. I,
therefore performed a long-incubation recycling assay (outlined in Figure 3.3) to determine
whether different incubation periods in this assay could lead to different results. After the
internalization of the receptors for 30 minutes at 37°C, the second incubation was carried out at
37°C for 20 minutes to facilitate recycling of these receptors. The result from long-incubation
recycling assays showed that the relative recycling populations of Intβ1 and TfR in N5KD cells
to C6WT cells were ~77% and ~76%, respectively (Figure 3.6 C-D). This result demonstrates
that the difference in the recycling of Intβ1 and TfR between C6WT and N5KD cells becomes
less apparent with longer incubation periods.
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Figure 3.6 Intβ1 recycling to the cell surface is reduced by NHE5 knockdown.
(A) A representative blot of the short-incubation recycling assays that were performed as
illustrated in Figure 3.3. C6 wildtype (WT) and NHE5-knockdown (N5KD) cells were grown on
FN-coated plates, labelled with a membrane-impermeable biotinylating reagent, incubated at
37°C for 10 minutes (10’) for internalization, and treated with cleavage buffer to remove biotin
from the non-internalized cell surface proteins. A second incubation at 37°C was conducted for 0
(0’) and 10 minutes (10’), followed by either a cell lysis (-) or second post-incubation cleavage
(+) to strip biotin from the proteins that had recycled to cell surface prior to cell lysis. Biotinlabelled proteins in the cell lysates that were affinity purified using NeutrAvidin agarose beads
(PD: NeutrAvidin) and approximately 6 μg of cell lysates that were not subjected to the pulldown
(Total Lysate) were immunoblotted for integrin β1 (Intβ1) and transferrin receptor (TfR).
(B) Densitometric analysis of short-incubation recycling assays. First, the ratio of the signal
intensity of pulldown samples (PD: NeutrAvidin) to that of the corresponding total lysate was
calculated. The calculated value was used in the following equation to quantify the ratio of the
recycled Intβ1 and TfR: [1- (10’ (+)/ 10’ (-))], in which (+) indicates the samples with the second
post-incubation cleavage and (-) indicates the samples without the second post-incubation
cleavage. The relative recycling percentage of Intβ1 and TfR was obtained by normalizing their
recycled ratio to the values of the C6WT cells. The graph shows the mean and SEM of four
independent trials.
(C) A representative blot of the long-incubation recycling assays that were performed as
illustrated in Figure 3.3. It was conducted similar to short-incubation recycling assays in (A)
except that the first and second incubations at 37°C were done for 30 minutes (30’) and 20
minutes (20’), respectively. See details in section 2.11.2.
(D) Densitometric analysis of long-incubation recycling assays was conducted as in (B) and the
ratios of the recycled Intβ1 and TfR were calculated as the following equation: [1- (20’ (+)/ 20’
(-))]. The graph shows the mean and SEM of three independent trials.
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3.6

Degradation of surface-labelled Intβ1 is increased in NHE5-depleted cells
Internalized receptors are generally either recycled back to the plasma membrane or

degraded via lysosomal pathway. Böttcher et al. (2012) demonstrated that when the recycling of
Intβ1 was reduced, its stability also decreased. Hence, I wanted to investigate whether the
degradation of Intβ1 is influenced by NHE5. To study the degradation rate of surfacebiotinylated Intβ1 between C6WT and N5KD cells, I performed cell-surface biotinylation-based
degradation assay (illustrated in Figure 3.7 A). The degradation of cell surface-biotinylated Intβ1
was enhanced in N5KD cells and the half-life of Intβ1 in N5KD cells and C6WT cells was about
6 hours and 18 hours, respectively (Figure 3.7 B-C). This observation suggests that the depletion
of NHE5 accelerates the degradation of Intβ1, possibly by decreasing the recycling of this
receptor. The decrease in the cell surface abundance of Intβ1 in N5KD cells is possibly due to
the increased degradation of Intβ1 in N5KD cells.
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Figure 3.7 The degradation of Intβ1 is enhanced by NHE5 knockdown.
(A) A schematic illustration of the cell-surface biotinylation-based degradation assay (see section
2.12) to study the stability of the biotin-labelled integrin β1 (Intβ1).
(B) A representative blot of degradation assays. The biotin-labelled proteins in the cell lysates
were affinity purified using NeutrAvidin agarose beads (PD: Neutravidin) and immunoblotted
for Intβ1. Approximately 6 μg of cell lysates that were not subjected to pulldown (Total Lysate)
was immunoblotted separately for Intβ1 and beta tubulin (β tub).
(C) Densitometric analysis of the degradation assays of the surface-labelled Intβ1. First, the ratio
between the signal intensity of the pulldown samples (PD: Neutravidin) and its corresponding
total lysate was calculated. The calculated ratio was plotted as the percentage of the remaining
surface-labelled Intβ1 to its total lysate relative to the values of the ratio at chase time of 0 hours.
The graph shows the mean and SEM of seven independent experiments.
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Chapter 4: The role of NHE5 in the sialylation of Intβ1
4.1

Introduction
In addition to the defect in cell adhesion, we observed a decrease in the apparent

molecular weight of Intβ1 when NHE5 was knocked down in C6 glioma cells. Using various
enzymatic digestion assays, we found that NHE5 influences the sialylation of Intβ1. In this
chapter, my aim is to investigate the role of NHE5 in Intβ1 sialylation.
Sialylation is the last step in glycosylation and it occurs in the TGN during protein
biosynthesis. Interestingly, a study showed that desialylated transferrin receptor from the plasma
membrane is resialylated during its endocytic recycling (Snider and Rogers, 1985). This
observation is the first to indicate that sialylation of certain cell surface proteins can occur during
their recycling. Moreover, we identified Vps29 as a potential NHE5 binding partner through
screening a human brain cDNA library by a yeast two-hybrid assay and preliminarily verified by
Co-IP experiments (unpublished observations). Vps29 is a component of the retromer complex
that retrieves cargoes from endosomes to the TGN (Burd and Cullen, 2014; Haft et al., 2000). A
recent study showed that cell-surface Intβ1 undergoes retrograde trafficking to the TGN, before
being recycled back to the plasma membrane (Shafaq-Zadah et al., 2016).
Taken together, I hypothesize that the sialylation of Intβ1 occurs via two pathways, the
canonical secretory pathway and the retrograde trafficking, and propose that, NHE5 regulates
Intβ1 sialylation by regulating the retrograde trafficking of Intβ1. I termed the sialylation of
Intβ1 during the retrograde trafficking ‘extra-sialylation’ to distinguish it from the sialylation
occuring during de novo synthesis.
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4.2

Knockdown of NHE5 affects Intβ1 sialylation
When C6WT, N5KD cells and N1KD cell lysates were immunoblotted for Intβ1, the

apparent molecular weight of Intβ1 was found to be smaller in all three N5KD cells than C6WT
and N1KD cells (Figure 4.1 A). I postulated that NHE5 regulates the size of Intβ1 by influencing
the glycosylation of the protein. This is because glycosylation is a pH-dependent process and is
one of the major post-translational modifications of Intβ1 since it was shown to be glycosylated
at least 10 N-glycosylation acceptor sites (Axelsson et al., 2001; Maeda et al., 2008; Seales et al.,
2005b). Since oligosaccharides are added to asparagine residues of Intβ1 (Janik et al., 2010), and
thus to determine whether glycosylation is affected by NHE5 knockdown, I treated the cell
lysates with PNGase F, an enzyme that hydrolyzes all the sugar chains added to the asparagine
residues of the glycoproteins, and examined the effect on the apparent molecular weight of Intβ1
(Tarentino and Plummer Jr, 1993). Upon PNGase F digestion, the differences between the
apparent molecular weight of Intβ1 from both C6WT and N5KD cells disappeared and they
shifted to about 85kDa, the predicted molecular weight of Intβ1 based on its amino-acid
sequence (Figure 4.1 B) (Seales et al., 2003). Since the molecular weight of de-glycosylated
Intβ1 is the same between WT and N5KD cells, it suggests that N-glycosylation of Intβ1 is
affected by NHE5 knockdown. The next question is which step(s) of glycosylation is (are)
affected by NHE5 depletion since glycosylation of Intβ1 is a diverse and multi-step process
(Janik et al., 2010).
I began testing a hypothesis wherein the sialylation of Intβ1 is regulated by NHE5. This
is because Intβ1 sialylation occurs in the TGN, which is in the close proximity of recycling
endosomes where NHE5 localizes, and the activity of sialyltransferase is pH-dependent (Condon
et al., 2013; Kitazume, 2014; Snider and Rogers, 1985). Moreover, there is evidence suggesting
that hypersialylation of Intβ1 enhances adhesion and motility of cancer cells (Isaji et al., 2014;
Seales et al., 2003, 2005a). This is in agreement with our previous finding, where knockdown of
NHE5 decreased adhesion and migration of C6 glioma cells (Fan et al., 2016).
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Figure 4.1 Knockdown of NHE5 affects the sialylation of Intβ1.
(A) Immunoblot of Intβ1 and NHE5. Lysates were extracted from C6WT, three different N5KD
cells (C6 N5 shRNA), and N1KD cells (C6 N1 shRNA) and probed with anti-Intβ1 and NHE5
antibodies. This is a representative blot of three independent experiments.
(B) Lysates isolated from C6WT and N5KD cells were treated with or without PNGase F and
neuraminidase for 30 minutes at 37°C and Intβ1 and β-tubulin were characterized by
immunoblot. This is a representative blot of three independent experiments. dG: Deglycosylated;
dS: Desialylated.
(C) Lysates isolated from C6WT and N5KD cells were treated with either biotinylated Sambucus
Nigra (Elderberry Bark) lectin (SNA), or biotinylated Maackia Amurensis lectin II (MAL II),
followed by pulldown with NeutrAvidin agarose beads at 4°C (PD:NeutrAvidin). Approximately
6 μg of the cell lysates that were not subjected to the incubation with biotinylated lectins and the
following pulldown were included as (Input). Samples were resolved in SDS-PAGE and
immunoblotted for Intβ1. This is a representative blot of three independent experiments.
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To test whether the sialylation of Intβ1 is affected by NHE5 knockdown, cell lysates
isolated from C6WT and N5KD were treated with neuraminidase, an enzyme that hydrolyzes
sialic acids from glycoproteins. Upon neuraminidase treatment, the apparent molecular weight of
Intβ1 in C6WT and N5KD cells reduced to about 100 kDa (Figure 4.1 B), coinciding with the
predicted size of desialylated Intβ1 (Isaji et al., 2014). This result suggests that NHE5 influences
the sialylation of Intβ1.
Sialic acids are added either to the 3rd or 6th carbon of the terminal galactose of the Nglycans of glycoproteins, forming α2-3 or α2-6 linkages, respectively (Bellis, 2004; Schultz et
al., 2012). To distinguish between these two types of sialylation, a class of proteins called lectins
can be used. Lectins are capable of recognizing and binding to specific mono- and
oligosaccharides on glycoproteins in a highly specific manner (Lis and Sharon, 1998). In the
current experiment, I used the following biotinylated lectins: Sambucus Nigra (Elderberry) Bark
(SNA) and Maackia Amurensis lectin II (MAL II), that recognize α2-6 and α2-3 sialylation,
respectively, and performed lectin pull-down assays on the lysates extracted from C6 WT and
N5KD cells. As predicted, Intβ1 was detected only when pulled down with SNA lectin, but not
with MAL II since Intβ1 is known to be α2-6 sialylated (Figure 4.1 C) (Lee et al., 2010b; Seales
et al., 2003). The lower intensity of α2-6 sialylated Intβ1 in N5KD cells compared to C6WT cells
(Figure 4.1 C) further suggests that the knockdown of NHE5 affects α2-6 sialylation of Intβ1.
4.3

Exogenously expressed HA-hITGB1 in C6WT and NHE5-knockdown cells has
sialylation and degradation patterns similar to the endogenous rat Intβ1
My next aim is to investigate the role of NHE5 in Intβ1 sialylation during its trafficking

i.e. as it goes through the secretory and recycling pathways. For this purpose, inducible HAhITGB1 cell lines (described in section 3.4) were established, which allowed us to synchronize
the protein synthesis and trafficking of Intβ1 in C6WT and N5KD cells.
To ensure that the inducible system does not have leaky expression, I performed
immunoblotting to detect the expression of HA-hITGB1 in C6WT and N5KD cells that were
grown with and without doxycycline (Doxy). HA-hITGB1 was only expressed in the presence of
the inducer, Doxy in both C6WT and N5KD cells (Figure 4.2 A), confirming that the inducible
system is not leaky. The level of HA-hITGB1 expression increased with the increasing time of
induction (Figure 4.2 A). Heterologously expressed HA-hITGB1 contains two bands, where the
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upper band represents mature, sialylated HA-hITGB1 and the lower band represents immature,
non-sialylated HA-hITGB1 (Figure 4.2 A-B). When HA-hITGB1 expression was induced for
four and eight hours, followed by a chase-incubation in Doxy-free complete medium for 16
hours, the lower immature band was not detectable. This suggests that during chase-incubation,
there is no de novo protein synthesis, and that the immature HA-hITGB1 has completely
maturated (Figure 4.2 A). This result further suggests that the induced expression is tightly
regulated by the inducer and leaky expression is negligible.
Moreover, the molecular weight of upper band, but not that of lower band of HA-hITGB1
was smaller in N5KD cells. Upon neuraminidase treatment, the upper band of HA-hITGB1 in
both cell lines shifted down to the same position as the lower band (Figure 4.2 B). This result,
similar to endogenous Intβ1, suggest that sialylation of HA-hITGB1 is a predominant step
regulated by NHE5. To define the cell-surface targeting of HA-hITGB1, HA-hITGB1 expression
was induced for various times (0-8 hours) and cell-surface biotinylation experiments were
conducted (see Figure 3.2 A). After three hours of induction, HA-hITGB1 was detected on the
cell surface (Figure 4.2 C), suggesting that three hours is sufficient for newly synthesized HAhITGB1 to be targeted to the plasma membrane along the secretory pathway.
Furthermore, I evaluated the stability of HA-hITGB1 in C6WT and N5KD cells through
pulse-chase experiments. Expression of HA-hITGB1 was first induced by Doxy for three hours,
followed by chase incubation for indicated periods in Doxy-free medium, and the amount of HAhITGB1 was detected by immunoblotting. The intensity of HA-hITGB1 band dissipated faster in
N5KD cells than in C6WT cells during the chase period (Figure 4.2 D-E). This result suggests
that the stability of HA-hITGB1 is decreased by the depletion of NHE5, similar to the
endogenous rat Intβ1. Higher expression of HA-hITGB1 after five hours of chase compared to 0
hours of chase may be due to the lagging effect of protein synthesis after the removal of Doxy.
The similar stability and sialylation pattern of heterologously expressed HA-hITGB1 with
endogenous rat Intβ1 suggests that the inducible HA-hITGB1 expression system is suitable for
investigating the role of NHE5 on Intβ1 sialylation and trafficking.
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Figure 4.2 Sialylation and stability of exogenously expressed HA-tagged hITGB1 in C6WT
and NHE5-knockdown cells.
(A) HA-hITGB1 expression was induced in C6 wildtype (C6WT) and NHE5-knockdown
(N5KD) cells by adding 100 ng/mL of doxycycline (Doxy) to culture medium for indicated times
and chased in Doxy-free complete medium (CM) for either 0 or 16 hours (hrs). Cells cultured in
the absence of Doxy served as a negative control. Expression of HA-hITGB1, β-tubulin,
endogenous rat Intβ1 and NHE5 were detected using immunoblotting. A preliminary result of
one-time experiment is presented.
(B) HA-hITGB1 expression was induced in C6WT and N5KD cells by 100 ng/mL of Doxy for
four hours, and the cells were subjected to chase incubation in the absence of Doxy for indicated
times. The cell lysates were subjected to neuraminidase digestion for 60 minutes at 37°C prior to
immunoblotting to detect HA-hITGB1 and β-tubulin. This is a representative blot of two
experiments.
(C) HA-hITGB1 expression was induced in C6WT cells by 100 ng/mL of Doxy for indicated
periods, and the cells were subjected to cell-surface biotinylation (see Figure 3.2 A). HAhITGB1 and β-tubulin in biotinylated proteins (PD:NeutrAvidin) and approximately 5 μg of
total cell lysates (Total lysate) were analyzed by immunoblotting. A preliminary result of onetime experiment is presented.
(D) HA-hITGB1 expression in C6WT and N5KD cells was induced in the presence of Doxy for
three hours and then chased in Doxy-free complete medium for indicated times. The cell lysates
were then immunoblotted to characterize HA-hITGB1 and β-tubulin. A representative result of
three independent experiments is shown.
(E) Densitometry analysis of the pulse-chase experiment that was conducted as in (D). First, the
ratio of the signal intensity of HA-hITGB1 (both mature and immature bands) to its β-tubulin
was calculated. These ratios were then normalized to the one at 0 hours chase.
NS: Non-sialylated; S: Sialylated.
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4.4

Characterization of Intβ1 (HA-hITGB1) sialylation by synchronized trafficking
assays in the presence of Brefeldin A
Brefeldin A (BFA) inhibits the transport of proteins from the ER to the Golgi apparatus

(Lippincott-Schwartz et al., 1989), and serves as a useful tool to block the trafficking of newly
synthesized HA-hITGB1 along the secretory pathway. Since the effect of BFA is reversible,
upon BFA and Doxy washout, the trafficking of HA-hITGB1 in C6WT and N5KD cells beyond
the ER to the rest of the secretory pathways can be synchronized. Thus, any changes in the
apparent molecular weight of mature HA-hITGB1 in C6WT and N5KD cells can be traced
during the chase.
My hypothesis is that NHE5 regulates ‘extra-sialylation’ of HA-hITGB1 that occurs
during retrograde trafficking from early endosomes to the TGN. If this hypothesis is correct, then
during the chase after BFA and Doxy treatment, the bands of mature HA-hITGB1 between these
two cell lines should be briefly identical before it keeps increasing in C6WT cells (due to ‘extrasialylation’). However, this was not the case. Rather, a difference in the apparent molecular
weight of mature HA-hITGB1 between C6WT and N5KD cells was observed as early as two
hours of chase (Figure 4.3 A). In the presence of BFA (0 hours of chase), HA-hITGB1 was not
sialylated as predicted and had the same apparent molecular weight in both C6WT and N5KD
cells. After two hours of chase, mature and sialylated HA- hITGB1 was detected in both C6WT
and N5KD cells (Figure 4.3 A-B). However, the apparent molecular weight of mature HAhITGB1 in C6WT cells kept increasing from two hours to 24 hours of chase. Meanwhile, the
apparent molecular weight of mature HA-hITGB1 in N5KD cells appeared relatively similar
between two hours and 24 hours of chase (Figure 4.3 A). The use of BFA during induction of
HA-hITGB1 expression is able to synchronize the trafficking of HA-hITB1 in C6WT and N5KD
cells.
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Figure 4.3 Synchronized trafficking of HA-hITGB1 in C6WT and NHE5-knockdown cells.
(A) HA-hITGB1 expression was induced in C6WT (WT) and N5KD (KD) cells by 200 ng/mL
of doxycycline (Doxy) in the presence of 5 μg/mL of Brefeldin A (BFA) for three hours (hrs).
The drugs were then washed out and the cells were chased in Doxy- and BFA-free complete
medium for indicated periods. The presence and size of HA-hITGB1 were detected by
immunoblotting. A representative blot of three independent experiments is shown.
(B) Experiment was carried out as in (A). Cell lysates were digested with neuraminidase for 60
minutes at 37°C prior to immunoblotting for HA-hITGB1. A representative blot of three
independent experiments is shown.
NS: Non-sialylated; S: Sialylated.
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4.5

Retrograde trafficking from early endosomes to the TGN influences the sialylation of
Intβ1
Although my previous experiment did not support the hypothesis that NHE5 regulates

HA-hITGB1 ‘extra-sialylation’, I designed another experiment to further test the involvement of
NHE5 in the retrograde trafficking and ‘extra-sialylation’ of HA-hITGB1 by using (±)-2-(((5methylthiophen-2-yl)-3-phenyl-2,3-dihydroquinazolin-4(1H)-one (Retro-2), a pharmacological
inhibitor of retrograde trafficking (Park et al., 2012; Stechmann et al., 2010). Retro-2
mislocalizes syntaxin 5, syntaxin 6 and syntaxin 16, all of which are t-SNARE complexes at the
TGN, and thus inhibits retrograde trafficking by preventing the fusion of vesicles from early
endosomes to the TGN (Bock et al., 1997; Hay et al., 1998; Mallard et al., 2002; Stechmann et
al., 2010; Tai et al., 2004). It is shown to be specific to retrograde trafficking because it does not
affect the endocytosis of STxB and transferrin, the lysosomal degradation of EGF, the recycling
of transferrin, or the anterograde trafficking of vesicular stomatitis virus glycoprotein (VSVG)
(Stechmann et al., 2010). If the difference in the apparent molecular weight of mature HAhITGB1 between C6WT and NHE5KD is due to ‘extra-sialylation’ of HA-hITGB1, then Retro-2
would prevent the ‘extra-sialylation’ of HA-hITGB1 by inhibiting the retrograde trafficking of
HA-hITGB1. Hence, the difference in the apparent molecular weight of HA-hITGB1 between
C6WT and N5KD cells would be abolished.
To investigate whether HA-hITGB1 is ‘extra-sialylated’, I synchronized the trafficking of
HA-hITGB1 in C6WT and N5KD cells as previously described (see section 4.4), with and
without Retro-2 treatment. Interestingly, after six hours of chase in the presence of Retro-2, the
apparent molecular weights of HA-hITGB1 were similar between C6WT and N5KD cells.
However, the apparent molecular weight of HA-hITGB1 in Retro-2 treated N5KD cells was
smaller than that of C6WT cells after 24 hours of chase. It is possible that both Retro-2 treatment
and the knockdown of NHE5 resulted in an additive inhibitory effect and lowered the apparent
molecular weight of HA-hITGB1. Most importantly, the molecular weight of HA-hITGB1 of
Retro-2 treated C6WT cells was the same as the molecular weight of HA-hITGB1 in N5KD cells
without Retro-2 treatment at both 6 and 24 hours of chase (Figure 4.4 A). Furthermore, the
disappearance of mature and upper bands of HA-hITGB1 in both Retro-2 treated C6WT and
N5KD cells upon neuraminidase digestion further indicates that it is likely that the HA-hITGB1
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from Retro-2 treated cells are still sialylated (Figure 4.4 B). These results together suggest that
HA-hITGB1 is ‘extra-sialylated’ during retrograde trafficking in addition to the canonical
sialylation during its biosynthesis. When the retrograde trafficking is inhibited by Retro-2 or in
N5KD cells, the ‘extra-sialylation’ of HA-hITGB1 is blocked, resulting in similar apparent
molecular weights of mature HA-hITGB1 between C6WT and N5KD cells.
In addition to the pharmacological inhibition, a genetic approach is used to inhibit retrograde
trafficking to investigate the ‘extra-sialylation’ of HA-hITGB1. Vps29 is a component of the
retromer complex (Haft et al., 2000) and identified to interact with NHE5 (unpublished data).
Thus, I disrupted the expression of Vps29 using a tetracycline-inducible miRNA-shRNA against
Vps29 (Figure 4.4 C). C6WT and N5KD cells stably expressing miRNA-shRNA-Vps29 had
reduced expression of Vps29 when (Doxy was added to the culture medium (Figure 4.4 D). The
apparent molecular weight of Intβ1 in C6WT and N5KD cells before and after depletion of
Vps29 was not much different (Figure 4.4 D). Unexpectedly, NHE5 expression was increased
when Vps29 was knocked down (Figure 4.4 D).
It is probable that visualizing the difference in the apparent molecular weight of
endogenous rat Intβ1 after conditional knockdown of Vps29 is difficult. Although the exact
reason for this is not known, one possible reason is the presence of mixed populations of newly
synthesized Intβ1 and fully sialylated Intβ1. To support this hypothesis, I found it difficult to
visualize a decrease in the size of endogenous Intβ1 in C6WT cells with Retro-2 treatment even
after 24 hours of the treatment (Figure 4.4 E) in contrast with the obvious decrease in the size of
HA-hITGB1 after six hours of chase in Retro-2 containing medium (Figure 4.4 A).
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Figure 4.4 The effect of Retro-2 treatment and knockdown of Vps29 on the size of Intβ1.
(A) C6 wildtype (WT) and NHE5-knockdown (KD) cells stably expressing inducible HAhITGB1 were treated with or without 40 μΜ of Retro-2 for 16 hours (hrs) and then incubated
with 200 ng/mL of doxycycline (Doxy) and 5 μg/mL of Brefeldin A (BFA) for three hours in the
presence or absence of 40 μΜ of Retro-2. After washing out the drugs, the cells were chased in
complete media with and without 40 μΜ of Retro-2 for indicated times. HA-hITGB1 in the cell
lysates were detected by immunoblotting. This is a representative blot of three independent
experiments.
(B) Experiment was conducted as in (A). Cells were chased for six hours in the presence or
absence of Retro-2 after BFA and Doxy washout and the cell lysates were subjected to
neuraminidase digestion for 60 minutes at 37°C prior to immunoblotting. This is a representative
blot of three independent experiments.
(C) A schematic representation of the construct of GFP-tagged anti-Vps29 miRNA-shRNA
hybrid that is expressed under RNA polymerase II-dependent tetracycline-inducible promoter.
(D) C6WT and N5KD cells stably expressing inducible anti-Vps29 shRNA shown in (C) were
grown in complete medium with and without 200 ng/mL of Doxy for 96 hours. The cell lysates
were immunoblotted for endogenous rat Intβ1, NHE5, Vps29 and GAPDH. This is a preliminary
result of one-time experiment.
(E) C6WT and N5KD cells were incubated with 40 μΜ of Retro-2 for indicated times and cell
lysates were immunoblotted for endogenous rat Intβ1, NHE5 and β-tubulin. This is a
representative blot of two independent experiments.
(F) C6WT and N5KD cells concomitantly expressing inducible HA-hITGB1 and constitutive
shRNA against Vps29 shRNA were induced with 200 ng/mL of Doxy overnight and
immunoblotted for HA-hITGB1, Vps29 and GAPDH. This is a preliminary result of one-time
experiment.
NS: Non-sialylated; S: Sialylated.
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To examine the involvement of Vps29 in HA-hITGB1 retrograde trafficking and ‘extrasialylation’, I generated C6WT and N5KD cells expressing inducible HA-hITGB1 and Vps29
shRNA driven by the constitutively active U6 promoter. The apparent molecular weight of
mature HA-hITGB1 in C6WT cells as a result of Vps29 knockdown decreased to the same
apparent molecular weight as mature HA-hITGB1 in N5KD cells (Figure 4.4 F), in accordance
with the results obtained from Retro-2 experiments (Figure 4.4 A). The size of mature HAhITGB1 in N5KD cells expressing Vps29 shRNA also decreased slightly (Figure 4.4 F). The
expression of NHE5 appeared to be increased by the depletion of Vps29 in N5KD cells, but not
in C6WT cells (Figure 4.4 F). This could be due to the saturated signal intensity of NHE5 in C6
WT cells. Although these results are preliminary and need additional experiments, the results so
far suggest that ‘extra-sialylation’ and retrograde trafficking of HA-hITGB1 occur via pathways
involving NHE5 and Vps29.
4.6

A possible role of pH in ‘extra-sialylation’ of Intβ1
Previous studies showed that retrograde trafficking of TGN38 and Furin to the TGN is

pH-dependent and NHE5 is a pH regulator in the recycling endosomes (Chapman and Munro,
1994; Fan et al., 2016). This prompted me to test whether the retrograde trafficking and ‘extrasialylation’ of Intβ1 are pH-dependent. Thus, I performed synchronized trafficking of HAhITGB1 experiments in the presence of Retro-2 and two other pharmacological drugs,
bafilomycin A1 and chloroquine that elevate the pH of acidic organellar lumens. Bafilomycin A1
inhibits the activity of V-ATPases and prevents the acidification of the organellar lumens
(Bowman et al., 1988; Johnson et al., 1993) whereas, chloroquine is a weak base that
accumulates in the acidic organellar lumens and neutralizes therein. These acidic organelles
include but not limited to early endosomes, lysosomes, and the Golgi apparatus (Axelsson et al.,
2001; Chapman and Munro, 1994; de Duve et al., 1974). Alkalinization of organellar pH by
chloroquine, not bafilomycin A1 decreased the apparent molecular weights of HA-hITGB1 in
C6WT and N5KD cells, similar to Retro-2 treatment (Figure 4.5). In the presence of Retro-2, the
apparent molecular weights of HA-hITGB1 in C6WT and N5KD cells were still partially
sialylated (Figure 4.4 B). Therefore, future experiments are needed to investigate the sialylation
status of HA-hITGB1 in chloroquine-treated cells by neuraminidase digestion and lectin pulldown assays to understand the role of endosomal lumen pH in the ‘extra-sialylation’ of Intβ1.
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Figure 4.5 The decrease in the size of Intβ1 results from the knockdown of NHE5 and
inhibition of retrograde trafficking.
C6 wildtype (WT) and NHE5-knockdown (KD) cells with inducible HA-hITGB1 were treated
with 40 μΜ of Retro-2 (R2), 100 nM of bafilomycin A1 (Baf) or 400 μM of chloroquine (Chlq)
for 16 hours (hrs) followed by an incubation with 200 ng/mL of doxycycline (Doxy) and 5
μg/mL of Brefeldin A (BFA) for three hours. In the control group, the cells were not preincubated with pharmacological inhibitors prior to treatment with Doxy and BFA for three hours.
After Doxy and BFA treatment, the drugs were washed out and cells were chased in complete
medium with and without inhibitors for six hours. HA-hITGB1 in the total cell lysates was
detected by immunoblotting. This is a representative blot of three independent experiments.
NS: Non-sialylated; S: Sialylated
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4.7

Re-expression of rat NHE5 or overexpression of human ST6Gal-I did not rescue the

molecular weight of Intβ1 in NHE5-knockdown cells.
To investigate whether the size of Intβ1 can be rescued by re-expressing rat NHE5 into
N5KD cells, I generated N5KD cells stably expressing shRNA-resistant HA-tagged rat NHE5
under tetracycline-inducible promoter. Recombinant expression of rat NHE5 did not appear to
rescue the apparent molecular weight of Intβ1 from N5KD cells to the same size as C6WT cells
(Figure 4.6 A). I performed immunofluorescence microscopy to examine the subcellular
localization of the exogenously expressed HA-tagged rat NHE5 after 6 hours and 48 hours of
induction. Most of the proteins localized to the ER-like structure around the nucleus, while some
were targeted to recycling endosomes-like puncta as indicated by the white arrows (Figure 4.6
B). Further experiments are required to define co-localization of HA-tagged rat NHE5 with
appropriate organelle markers. Experiments with different Doxy concentrations or pulse and
chase did not rescue the apparent molecular weight of Intβ1 in N5KD cells (data not shown).
These preliminary observations suggest that the re-expression of NHE5 did not rescue the
phenotype because the exogenously expressed NHE5 was not targeted to the correct subcellular
localization. Future experiments to re-optimize the induction level of heterologously expressed
NHE5 and measure the endosomal pH are needed to understand the functionality of the reexpression system.
Next, I asked whether overexpression of ST6Gal-I, the sialyltransferase that catalyzes α26 sialylation on Intβ1 (Kitazume, 2014), can increase the molecular weight of Intβ1 in N5KD
cells. Previous studies showed that overexpression of ST6Gal-I increases the sialylation level of
Intβ1 (Isaji et al., 2014; Seales et al., 2005a; Yu et al., 2013). Thus, I established C6WT and
N5KD cells stably overexpressing flag-tagged human ST6Gal-I and immunoblotted for Intβ1.
However, heterologous expression of flag-tagged human ST6Gal-I in N5KD cells did not
increase the molecular weight of Intβ1 (Figure 4.6 C). Immunofluorescence microscopy revealed
that the exogenously expressed human ST6Gal-I had a perinuclear staining which
morphologically looked like the Golgi apparatus (Figure 4.6 D). To further verify the subcellular
localization of the heterologously expressed flag-tagged human ST6Gal-I, colocalization
experiments with the TGN markers should be performed (Nilsson et al., 1993). Since
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overexpressing ST6Gal-I did not rescue the size of Intβ1 in NHE5-depleted cells, it is possible
that NHE5 regulates α2-6 sialylation of Intβ1 through other factors besides ST6Gal-I activity.
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Figure 4.6 Re-expression of rat NHE5 or overexpression of human ST6Gal-I did not
increase the molecular weight of Intβ1 in NHE5-knockdown cells.
(A) Protein expression of HA-tagged rat NHE5 were induced by 100 ng/mL of doxycycline
(Doxy) for indicated times in NHE5-knockdown (KD) cells. The cell lysates were
immunoblotted for Intβ1, endogenous NHE5, exogenous HA-tagged NHE5 and β-tubulin. This
is a representative blot of two independent experiments.
(B) Protein expression of HA-tagged rat NHE5 was induced by 100 ng/mL of Doxy for indicated
times in N5KD cells and cells were fixed with 3% PFA. The fixed cells were stained with antiHA to visualize the subcellular localization of exogenously expressed HA-tagged rat NHE5.
White arrows indicate the structure that resembles recycling endosomes. Scale bar= 25 μm. This
is a representative image of two independent experiments
(C) C6 wildtype (WT) and N5KD cells stably expressing flag-tagged human ST6Gal-I and the
respective parental cells were grown overnight in complete medium. The cell lysates were
immunoblotted for Intβ1 and flag-tagged ST6Gal-I. This is a representative blot of three
independent experiments.
(D) The subcellular localization of flag-tagged human ST6Gal-I is visualized. C6WT and N5KD
cells stably expressing flag-tagged human ST6Gal-I were grown overnight and fixed with 3%
PFA. The nucleus (blue) and the human ST6Gal-I (red) were stained with Draq5 and anti-Flag
antibody, respectively. Scale bar = 100 μm. This is a preliminary result of one-time experiment
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Chapter 5: Discussion
5.1

Summary
In this thesis, I found that NHE5, an acidifier of recycling endosomes (Diering, Numata,

Fan, Church, & Numata, 2013; Fan, Numata, & Numata, 2016) regulates recycling and stability
of Intβ1 in C6 glioma cells. Hence, depletion of NHE5 expression resulted in decreased
expression of Intβ1 at the cell surface. Furthermore, knockdown of NHE5 reduced the apparent
molecular weight of Intβ1, which is likely due to the decrease in α2-6 sialylation of the receptor.
Thus, I established an inducible system with synchronized trafficking of HA-hITGB1 and
showed, for the first time, that Intβ1 is further sialylated (‘extra-sialylation’) during its retrograde
trafficking to the TGN. NHE5 is likely to regulate the ‘extra-sialylation’ of HA-hITGB1 by
modulating the retrograde trafficking of HA-hITGB1. In summary, I present evidence suggesting
that NHE5 plays a key role in integrin-mediated cell adhesion and spreading in C6 glioma cells
by modulating endocytic recycling and retrograde trafficking of Intβ1, a major cell adhesion
receptor expressed in glioma (Malek-Hedayat and Rome, 1992).
5.2

Intβ1 trafficking and sialylation regulate cell adhesion, spreading and migration.
Availability of Intβ1 at the cell surface regulates the extent of cell adhesion and spreading

on its substrates. Studies showed that disruption of Intβ1 recycling or retrograde trafficking
reduces the expression of Intβ1 at the plasma membrane, forms fewer focal adhesions and affects
cell spreading (Ratcliffe et al., 2016; Riggs et al., 2012; Shafaq-Zadah et al., 2016). This is
consistent with my findings, where knocking down of NHE5 impaired the recycling of Intβ1
(Figure 3.6) and reduced Intβ1 population at the cell surface (Figure 3.2). As a result, attachment
and spreading of C6 glioma cells on collagen IV were reduced in N5KD cells (Figure 3.1).
Previous studies also showed that NHE5 knockdown decreased the cell surface expression of cMet and EGFR in C6 glioma cells and TrkA receptors in PC12 cells due to their defective
recycling to the cell surface. (Diering et al., 2013; Fan et al., 2016). Therefore, it is likely that
compromised cell attachment and spreading in N5KD cells are caused by the reduced availability
of Intβ1 on the cell surface to engage with the ECM.
Dynamic turnover of focal adhesions (i.e. constant assembly, disassembly and
reassembly) at the leading edge is critical for cell migration. It was shown that microtubule86

induced focal adhesion disassembly and the subsequent reassembly of focal adhesions are
required for polarized formation of focal adhesions at the leading edge of migrating cells and
their motility (Cleghorn et al., 2015; Ezratty et al., 2005; Nader et al., 2016). Integrins were
shown to undertake endocytic recycling through Rab11-positive endosomes prior to the
reassembly of the focal adhesions, and any perturbation in the reassembly process led to
decreased integrin on the cell surface. Inhibition of focal adhesions reassembly caused integrins
to accumulate in the Rab11-positive PNRC, leading to the formation of fewer focal adhesions on
the cell surface (Nader et al., 2016). Similarly, depletion of NHE5 reduced the recycling of Intβ1,
a component of the focal adhesion complex (Figure 3.6), and its expression on the cell surface
(Figure 3.2). Given that NHE5 was shown to associate with Rab11-positive recycling endosomes
(Fan et al., 2016), it is likely that re-targeting of Intβ1 to the cell surface to form new focal
adhesions was impaired when the expression of NHE5 was depleted. Thus, there were fewer but
bigger focal adhesions on the cell surface of N5KD cells (Figure 3.1 C). On the other hand, in C6
WT cells, there were many small focal adhesion complexes accompanied with lamellipodia
formed at the cell periphery (Figure 3.1 C). This reflects the rapid recycling (turnover) of Intβ1
in C6WT cells (Figure 3.6). Therefore, one of the possible reasons for decreased migration of C6
glioma cells by NHE5 knockdown, as observed in the previous study (Fan et al., 2016), is
reduced turnover of focal adhesions in N5KD cells, as indicated by the impaired recycling of
Intβ1. Live-cell imaging and fluorescence recovery after photobleaching (FRAP) experiments
can further deduce the rate of focal adhesion turnover in C6WT and N5KD cells.
Sialylation of Intβ1 also influences cell adhesion and migration. Several studies showed
that adherent cells, such as human colorectal carcinoma cells, colon epithelial cells, and HeLa
cells exhibited increased cell adhesion and migration along with increased sialylation of Intβ1
(Isaji et al., 2014; Lee et al., 2010a; Seales et al., 2005a). However, the opposite was observed
with non-adherent cells, such as myeloid cells and lymphoid cells, where cell adhesion increased
when Intβ1 was hyposialylated (Semel et al., 2002; Suzuki et al., 2015). Therefore, the effect of
Intβ1 sialylation on cell adhesion and migration may be dependent on cell type. Given that C6
glioma cells are adherent cells, it is likely that the hyposialylation of Intβ1 as observed in N5KD
cells (Figure 4.1) led to a decreased cell adhesion and spreading on Intβ1 substrates (Figure 1.5
& 3.1).
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5.3

Sialylation influences Intβ1 activity
Sialylation of integrins may modulate ligand binding to the integrin heterodimers. A

study using molecular modelling and dynamics found that sialic acids of the N-glycans could
potentially form multiple hydrogen bonds with the I-like domain, therefore, affecting the
conformations of key functional sites. Examples include the specificity-determining loop and
MIDAS needed for ligand binding, as well as the conformation of the helices involved in the
activation of I-like domain of β1 subunit (Liu et al., 2008). Moreover, a crystal structure of α5β1
heterodimer headpiece revealed multiple N-glycans surrounding the ligand binding site (Nagae
et al., 2012). However, the effect of integrin sialylation on ligand binding is unclear. Some
studies showed that de-sialylation of α5β1 leads to an increased adhesion to fibronectin (Seales
et al., 2005b; Semel et al., 2002). On the other hand, other studies showed that increased
sialylation on Intβ1 leads to an increased adhesion to collagen, laminin and fibronectin (Christie
et al., 2008; Lee et al., 2010b; Seales et al., 2005a). In addition, another study using biophysical
experiments and negative staining electron microscopy showed that N-glycosylation on α5β1
favoured the heterodimer to be in an extended and open (active) conformation, and this
conformation was further stabilized by the presence of integrin lower legs (Li et al., 2017). The
authors suggested that the presence of N-glycans on integrin creates a crowding and repulsion
effect between the subunits, thereby stabilizes the heterodimer in an active conformation (Li et
al., 2017). If this hypothesis holds true, then sialylation of integrin should stabilize the
heterodimer in an extended-open confirmation and increase its affinity for the ligand. This is
because the negatively-charged sialic acids may enhance the repulsion effect between the
subunits and stabilize the active conformation. Based on the observation that NHE5-depletion
has decreased cell spreading and attachment to Col IV, it is likely that the hyposialylation of
Intβ1 in N5KD cells leads to an inactive conformation of Intβ1 and subsequently has lower
ligand binding affinity.
Moreover, sialylation of Intβ1 can influence the activity and the stability of the
heterodimer. Lee et.al. (2010a) showed that ionic radiation-induced ST6Gal-I activity increases
α2-6 sialylation of Intβ1. The hypersialylated Intβ1 was shown to be more stable and
constitutively active. Downstream effectors such as paxillin and Akt were phosphorylated
regardless of the presence or absence of stimuli such as ionic radiation or fibronectin. However,
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this constitutive phosphorylation was suppressed when the expression of ST6Gal-I was depleted,
suggesting that sialylation of Intβ1 is responsible for the aberrant signaling (Lee et al., 2010a). In
another study, hypersialylation of Intβ1 led to an increased association with talin (Seales et al.,
2005a). This observation suggests that hypersialylated Intβ1 in colon epithelial cells are in an
activated state since the binding of talin to Intβ1 is known to activate Intβ1 (Calderwood et al.,
2002). It is likely that the increase in the α2-6 sialylation of Intβ1 stabilizes the heterodimer in an
active conformation, leading to an increased activity of Intβ1. Therefore, it is probable that Intβ1
is in an inactive conformation in N5KD cells, since α2-6 sialylation and the stability of Intβ1
were decreased by the knockdown of NHE5 while the hypersialylated Intβ1 in C6WT cells is in
an active conformation.
5.4

Involvement of NHE5 in retrograde trafficking of Intβ1
NHE5 has been shown for the first time to influence α2-6 sialylation of Intβ1 by

regulating its retrograde trafficking. A recently developed inhibitor, Retro-2, was used to study
the retrograde trafficking of Intβ1 (Stechmann et al., 2010). Retro-2 was shown to mislocalize
SNARE proteins on the TGN such as syntaxin 5, syntaxin 6, and syntaxin 16 to the cytoplasm,
and thus preventing fusion of vesicles from early endosomes to the TGN (Stechmann et al.,
2010). Intβ1 was shown to be targeted from early endosomes to the TGN in vesicles containing
VAMP3, a v-SNARE that interacts with syntaxin 6 and syntaxin 16 t-SNARE complexes at the
TGN (Mallard et al., 2002; Riggs et al., 2012). Hence, retrograde trafficking of HA-hITGB1 is
inhibited in the presence of Retro-2. When the cells were treated with Retro-2, the difference in
the apparent molecular weight of HA-hITGB1 in C6WT and N5KD cells was abolished at 6
hours of chase (Figure 4.4 A-B). It was intriguing to observe a similar apparent molecular weight
of HA-hITGB1 in Retro-2 treated C6WT cells and N5KD cells with no Retro-2 treatment
(Figure 4.4 A-B). Given that HA-hITGB1 in Retro-2 treated C6WT was shown to be partially
sialylated (Figure 4.4 B), it is likely that HA-hITGB1/Intβ1 is ‘extra-sialylated’ during its NHE5mediated retrograde trafficking, in addition to the canonical sialylation in the secretory pathway.
NHE5 may regulate retrograde trafficking of Intβ1 by interacting with Vps29, a subunit
of the heterotrimeric retromer complex (Haft et al., 2000). Vps29 is an important subunit for the
assembly of retromer complex, and its knockdown has been shown to degrade the Vps26-Vps35
subcomplex (Fuse et al., 2015; McNally et al., 2017). Vps29 was previously shown to interact
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with NHE5 by yeast two-hybrid and Co-IP experiments (unpublished data). In the current thesis
study, I showed that the apparent molecular weight of HA-hITGB1 in Vps29-depleted C6WT
cells decreased to the same apparent molecular weight as HA-hITGB1 in N5KD cells (Figure 4.4
F). This finding, together with a recent study showing that Intβ1 interacts with retromer subunits
such as Vps35 and Vps26 (Shafaq-Zadah et al., 2016), collectively suggest that Intβ1 ‘extrasialylation’ is modulated by retromer-mediated retrograde trafficking in NHE5-dependent
manner. Furthermore, it is possible that NHE5 regulates retrograde trafficking of a subset of
Intβ1. The additional decrease in the apparent molecular weight of HA-hITGB1 in N5KD cells
compared to C6WT cells when Vps29 was depleted or Retro-2 was added suggest that Intβ1 can
be trafficked in retrograde manner and ‘extra-sialylated’ in a NHE5-independent manner as well.
Retromer complex and Vps29 have been shown to regulate additional trafficking
processes other than retrograde trafficking from early endosomes to the TGN. For example, the
retromer complex was shown to associate with sorting nexin 27 and regulate recycling of
selective cargoes from endosomes to the plasma membrane (Steinberg et al., 2013). In another
study, Vps29 was shown to form a newly discovered “retriever” complex that functions
independently of the retromer complex (McNally et al., 2017). The retriever complex is recruited
to endosomes and interacts with sorting nexin 17 that binds to the NPxY/NxxY-sorting motif
containing receptors such as Intβ1, to recycle the receptors to the plasma membrane and prevent
their degradation (Böttcher et al., 2012; McNally et al., 2017; Steinberg et al., 2012). Therefore,
it is possible that NHE5-Vps29 participates in endocytic recycling and their interaction may not
be limited to retrograde trafficking.
Retrograde trafficking of receptors plays a role in the directional migration of cells by
mediating polarized trafficking of proteins to the leading edge of migrating cells. A study
showed that the polarized targeting of ligand-unbound Intβ1 requires retrograde trafficking of the
receptor to the TGN. It showed that the ligand-unbound Intβ1 is internalized and trafficked to the
TGN upon stimulation, before being re-targeted to the leading edge (Shafaq-Zadah et al., 2016).
A proteomic study showed that retrograde trafficking is not limited to integrin heterodimers.
Interestingly, other transport proteins, such as zinc transporters, sodium potassium ATPase, and
neutral amino acid transporter were also trafficked from the plasma membrane to the TGN (Shi,
2011). Furthermore, studies showed that perturbation in retrograde trafficking results in reduced
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cell adhesion and migration (Riggs et al., 2012; Shafaq-Zadah et al., 2016). In our previous
study, N5KD cells were shown to have impaired cell polarity and migration (Fan et al., 2016),
and in my current thesis study, I showed that N5KD cells have impaired retrograde trafficking of
Intβ1. The fact that the Golgi apparatus in polarized cells faces the leading edge of migrating
cells suggests that cell polarity plays an important role in polarized trafficking of receptors
through the TGN (Darido and Jane, 2013). Taken together, I propose that NHE5 regulates cell
polarity and modulates retrograde trafficking of Intβ1 and potentially other receptors as well.
5.5

Endosomal pH regulates Intβ1 trafficking
Endosomal pH is crucial in determining the fate of endocytosed receptors. Previous

studies showed that the disruption in endosomal pH affects recycling of the receptors (Diering et
al., 2013; Fan et al., 2016; Johnson, Dunn, Pytowski, & McGraw, 1993). When the pH of
endosomes was alkalinized by bafilomycin A1, recycling of the transferrin receptor was
decreased, but not its internalization (Johnson et al., 1993). Depletion of NHE5 also led to
alkalinization of recycling endosomes to the same extent as bafilomycin A1, and impaired the
recycling of receptor tyrosine kinases (RTK) such as TrkA and c-Met (Diering et al., 2013; Fan
et al., 2016). My finding that NHE5 knockdown reduced the recycling of Intβ1 and TfR is
consistent with these results (Figure 3.6). Dissociation of ligands from receptors is a prerequisite
for the recycling of these receptors back to the plasma membrane, and this process is highly
dependent on endosomal pH (Harding et al., 1983; Kharitidi et al., 2015; Roepstorff et al., 2009).
A study showed that the dissociation of fibronectin from Intβ1 requires acidic pH and
approximately 70% of fibronectin disengaged from the cell surface integrins after a 10-minute
incubation in a medium with pH ~6.1 compared to only 30% of fibronectin dissociated from the
cell surface integrins when the pH of the medium is ~6.5 (Kharitidi et al., 2015). The pH of
recycling endosomes in C6WT is ~6.0 and depleting NHE5 raises the pH to ~6.2 (Fan et al.,
2016). Therefore, the dissociation of fibronectin from integrin heterodimer will be slower in
N5KD cells than in C6WT cells, resulting in a slower recycling of Intβ1 as observed (Figure
3.6).
Endosomal pH may also modulate retrograde trafficking of cargoes. A study showed that
neutralization of acidic luminal pH of endosomes with chloroquine relocalizes the TGN proteins
such as TGN38 and Furin enzymes to early endosomal compartments instead of the TGN
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(Chapman and Munro, 1994). Based on this study and my own experimental results, my working
hypothesis is that retrograde trafficking of Intβ1 from early/recycling endosomes to the TGN is
dependent on the acidic luminal pH of endosomes. To test this hypothesis, I tested the effect of
chloroquine, a weak base that accumulates in and neutralizes acidic organelles in the cell
(Homewood et al., 1972), and bafilomycin A1, an inhibitor of V-ATPase (Dröse and Altendorf,
1997; Dyve Lingelem et al., 2012), on the retrograde trafficking and ‘extra-sialylation’ of HAhITGB1. A shift in the apparent molecular weight of HA-hITGB1 in C6WT to the same size as
N5KD cells was seen when cells were treated with chloroquine, but not with bafilomycin A1
(Figure 4.5, section 4.6). One possible explanation is that the high concentration of bafilomycin
A1 used in the experiment could have induced off-target effects such as apoptosis (Kinoshita et
al., 1996). The effect of NHE5 knockdown is limited to recycling endosomes whereas
bafilomycin A1 and chloroquine treatment indiscriminately affect virtual all the acidic organellar
pH. It is possible that acidic pH of different organellar compartments have different roles in
protein trafficking and degradation.
The pH along the endocytic recycling pathway is tightly regulated and understanding the
effect of pH disruption on this pathway is challenging due to the existence of a heterogenous of
endosomal population. For example, the heterogenous recycling endosomes in the cell are
defined by different markers such as Rab11, Arf6, TfR, and cellubrevin (Kobayashi and Fukuda,
2013; Teter et al., 1998). Importantly, altering the luminal pH of different endosomal
compartments along the endocytic pathway may cause different effects to the cell. For instance,
both NHE5 and NHE9 are found in the endosomal compartments, but they are differentially
localized; NHE9 localizes predominantly to Rab5-positive endosomes and NHE5 to Rab11positive endosomes (Fan et al., 2016; Gomez Zubieta et al., 2017). Unlike NHE5, NHE9 has a
higher binding affinity to K+ over Na+, meaning NHE9 activity likely to alkalinize the endosomal
pH by its K+/H+ exchange module (Gomez Zubieta et al., 2017; Kondapalli et al., 2015). When
the luminal pH of recycling endosomes was alkalinized by depleting NHE5, endocytic recycling
of RTKs was impaired (Diering et al., 2013; Fan et al., 2016). On the other hand, alkalinization
of luminal pH of sorting endosomes by NHE9 overexpression resulted in an enhanced endocytic
recycling of EGFR (Kondapalli et al., 2015). Given that Intβ1 is recycled through multiple
pathways (Arjonen et al., 2012; De Franceschi et al., 2015; Roberts et al., 2001; Shafaq-Zadah et
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al., 2016), it is possible that a majority of retrograde trafficking and ‘extra-sialylation’ of Intβ1
occurs specifically through NHE5-positive recycling endosomes. Therefore, to understand the
effect of NHE5-regulated acidic lumen of recycling endosomes on retrograde trafficking of
Intβ1, pH of recycling endosomes must be disrupted using NHE5-specific inhibitors.
5.6

NHE5 regulates the recycling of Intβ1 and TfR
My initial discovery of the NHE5-dependent Intβ1 and TfR recycling was a surprise

because previous findings showed that NHE5 does not regulate endocytic recycling of Intβ1 and
TfR (Diering et al., 2013; Fan, 2015; Fan et al., 2016). This apparent discrepancy could be due to
different incubation times used for internalizing and recycling the receptors. There are fast
(short-loop) and slow (long-loop) recycling routes that are regulated by different GTPases
(Arjonen et al., 2012; Maxfield and McGraw, 2004; Powelka et al., 2004). To define short- and
long-recycling loops, recycling experiments were performed with two different incubation times,
and termed short-incubation recycling assays and long-incubation recycling assays, respectively.
There was less difference in the relative recycling percentage of Intβ1 and TfR between C6WT
and N5KD cells in the long-incubation recycling assays than there was in the short-incubation
recycling assays (Figure 3.6). This data indicates that the recycling of Intβ1 and TfR became less
dependent on NHE5 in the long-incubation recycling assays. One of the factors that influence the
outcome of these recycling assays is the recycling kinetics of receptors. Half-lives of integrin
trafficking via short-loop and long-loop recycling pathways are approximately 3 minutes and 10
minutes, respectively (Caswell and Norman, 2006). While transferrin receptors are recycled back
to the cell surface with a typical half-life of 5-10 minutes, it takes an average of approximately 5
minutes and up to 60 minutes for 50% of the RTK to recycle via short- and long-loop pathways,
respectively (Ciechanover et al., 1983; Goh and Sorkin, 2013; Maxfield and McGraw, 2004;
Mayor et al., 1993). As the recycling kinetics are faster for Intβ1 and TfR compared to RTKs,
and thus, the effect of NHE5 on the recycling of Intβ1 and TfR might have been masked when
the cells were incubated for an extended period. Thereby, explaining why NHE5-dependent
recycling was only observed with RTKs, but not TfR or Intβ1, during long-incubation recycling
assays in previous studies (Diering et al., 2013; Fan, 2015; Fan et al., 2016).
Also, the results of short- and long-incubation recycling assays indicate that NHE5 may
mediate short-loop recycling of Intβ1 and TfR. However, this is not in agreement with previous
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studies where NHE5 was shown to colocalize with Rab11-positive endosomes that are involved
in the long-loop recycling, but not with Rab4-positive endosomes that are involved in the shortloop recycling (Diering et al., 2013; Fan et al., 2016, unpublished data). Both Intβ1 and TfR can
be trafficked through the long-loop recycling pathways with a half-life of approximately 10
minutes (Caswell and Norman, 2006; Mayor et al., 1993), which is also the incubation period I
used for receptor recycling in the short-incubation recycling assays. Thus, it is possible that the
short-incubation recycling assays that I performed is not exclusive to short-loop recycling of
Intβ1 and TfR. Therefore, by performing recycling assays after depleting the expression of Rab4
or Rab11 and immunofluorescence-based antibody feeding assays in C6WT and N5KD cells, it
is possible to understand the relationship between NHE5 and the different recycling routes of
Intβ1 and TfR.
Depletion of NHE5 affects trafficking of both Intβ1 and TfR. Recycling of both Intβ1 and
TfR were decreased with NHE5 knockdown, resulting in an increased population of internalized
receptors in the cells (Figure 3.5-3.6). The cell surface expression of TfR was also lowered by
NHE5 knockdown (Figure 3.4 A), suggesting that Intβ1 and TfR follow NHE5-mediated
trafficking pathways. Several studies indeed showed that TfR follows similar trafficking routes
as Intβ1. For example, both Intβ1 and TfR were endocytosed via clathrin-mediated endocytosis,
and accumulated at the perinuclear region upon knockdown of syntaxin 6, a t-SNARE at the
TGN (Arjonen et al., 2012; Riggs et al., 2012). Moreover, Coppolino et.al. (1995) showed that
α3 subunit of integrin can form a disulphide bond with one of the monomers of the TfR, which
led to the formation of a 225 kDa protein complex. Interestingly, Intβ1 was immunoprecipitated
together with this protein complex. This suggests that Intβ1 interacts with TfR through α3
subunit. Given that α3 is one of several α subunits expressed in C6 glioma cells, there is a
possibility that Intβ1 and TfR interact together and are trafficked in an NHE5-dependent manner
(Malek-Hedayat and Rome, 1992). Alternatively, NHE5 may regulate the recycling of Intβ1 and
TfR independently, but in a similar manner. Besides Intβ1 and TfR, NHE5 was shown to
downregulate recycling of receptor tyrosine kinases (RTKs) such as c-Met, EGFR and TrkA
(Diering et al., 2013; Fan et al., 2016). These receptors are generally endocytosed upon ligandbinding and are recycled to the cell surface after ligand dissociation from the receptor (Harding
et al., 1983; Roepstorff et al., 2009). Therefore, it is interesting to hypothesize that NHE5
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contributes to the ligand-dissociation efficiency by modulating endosomal pH (see section 5.5),
and preferentially facilitates recycling of ligand-bound receptors.
It is also possible that NHE5 be part of a previously unidentified endosomal
compartment, where it sorts and mediates recycling and retrograde trafficking of various
receptors. Interestingly, a study using single particle tracking and live-cell imaging showed that
different cargoes were pre-sorted and endocytosed into two distinct populations of early
endosomal compartments namely static early endosomes (SEE) and dynamic early endosomes
(DEE). It also showed that transferrin was endocytosed non-selectively into both SEE and DEE,
but cargoes such as LDL, EGF and influenza virus were selectively endocytosed into DEE
despite high concentrations of cargoes were available. SEE was termed for slowly maturing early
endosomes marked by Rab5, which then matures to Rab11-containing recycling endosomes,
while DEE was termed for Rab5-marked early endosomes that associates with microtubule and
rapidly matures into Rab7-containing late endosomes (Lakadamyali et al., 2006). Another study
supported this hypothesis too, where using TIRF microscopy, it was found that EGF and
transferrin bind to distinct regions of the plasma membrane and are endocytosed into distinct
compartments (Leonard et al., 2008). Furthermore, transferrin was shown to form tubulation and
recycle from both SEE and DEE, suggesting that recycling of receptors can occur from both SEE
and DEE (Lakadamyali et al., 2006). Similarly, another study showed that recycling of
transferrin was inhibited when the function of dynein, the minus end-directed microtubule motor
protein, was disrupted (Driskell et al., 2007). These studies together suggest that different
receptors can be endocytosed differently into different early endosomes and recycled back to the
plasma membrane. However, it is unclear whether the recycling routes of the receptors from
different early endosomes are distinct or they overlap with each other. Previous yeast two-hybrid
screening of a human brain cDNA library suggested that various microtubule binding proteins as
potential NHE5 interactors (unpublished observations). These observations led me to
hypothesize that NHE5 to be involved with sorting/recycling of receptors endocytosed through
DEE (SE/DEE) rather than SEE (SE/SEE). As a consequence, NHE5 determines the fate of a
subset of receptors including RTKs, integrins and TfR. Recycling assays in the presence of
nocodazole can be performed to test this hypothesis. Also, if NHE5 is forming a new
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uncharacterized endosomal compartment, then future experiment such as proximity-labeling
BioID assay can elucidate novel NHE5 interactors and endosomal markers.
Additionally, the conformation of Intβ1 regulates its recycling pathway. It was shown
that inactive and active Intβ1 are recycled to the cell surface through different endocytic
recycling routes (Arjonen et al., 2012). Inactive Intβ1 was shown to recycle rapidly to the plasma
membrane via the Rab4-pathway, whereas active Intβ1 was shown to recycle slowly via the
Rab11-pathway (Arjonen et al., 2012). It is probable that NHE5 regulates recycling of active
Intβ1 only. A study showed that it takes about 20 minutes for fibronectin to dissociate from α5β1
before the heterodimers are recycled (Kharitidi et al., 2015). Therefore, in long-incubation
recycling assays, it is likely that both active and inactive Intβ1 are recycled to the cell surface,
thus masking the influence of NHE5 on the recycling of Intβ1.
5.7

Future directions
NHE5, which is abnormally expressed in C6 glioma cells, but not in astrocytes, may play

a role in cancer progression. Dr. Basler, in her thesis dissertation, indeed found expression of
NHE5 mRNA in human glioblastoma tissues. She found that there are higher NHE5 mRNA
levels in samples from patients older than the median age and patients with shorter survival time
than the median survival time (Basler, 2013. “Studies on the expression and function of pH regulatory transporters in Glioblastoma multiforme (German to English.” (Doctoral dissertation
http://d-nb.info/1046071394/34). Moreover, through TCGA data analysis tools such as
cBioPortal (http://www.cbioportal.org/?ref=labworm) and Genomic Data Commons Data Portal
(https://portal.gdc.cancer.gov/), I found that the expression of neuron-enriched NHE5 to be
amplified in pancreatic, colon, uterus and lung cancers to name a few. Further characterization of
tumor samples from patients and bioinformatic analysis of these data sets can elucidate the
correlation of NHE5 expression with different cancers, at different stages of cancer progression
and the outcome of patients’ survival.
Given that conformations of integrin heterodimers on the cell surface can affect the
downstream signaling and trafficking of these receptors, understanding how NHE5-mediated
‘extra-sialylation’ of Intβ1 influences their conformation is important. One of the methods to
study the conformations of Intβ1 in C6WT and N5KD cells is by using different monoclonal
Intβ1 antibodies that recognize specific conformations of Intβ1. For example, the mAB13
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antibody recognizes the inactive conformation of Intβ1 while the 12G10 or 9EG7 antibody
recognizes the active Intβ1 (Byron et al., 2009). Conformation also influences Intβ1 recycling
since Rab4 and Rab11 are suggested to associate with inactive and active Intβ1, respectively
(Arjonen et al., 2012). To understand how NHE5 regulates the recycling of differentially
sialylated Intβ1 in C6WT and N5KD, i.e. through Rab4-dependent pathway or Rab11-dependent
pathway, cell-surface biotinylation-based recycling assays in combination with knocking down
different Rabs will be a useful approach.
Furthermore, the newly established inducible HA-hITGB1 system that allows
synchronization of Intβ1 trafficking will be a powerful method to understand the molecular
mechanism of NHE5-mediated retrograde trafficking and ‘extra-sialylation’ of Intβ1. It is
interesting to speculate that NHE5 regulates the recycling and retrograde trafficking of Intβ1 by
modifying the activity of Rab11, which localizes at the pericentriolar recycling endosomes and
regulates the slow recycling pathway of receptors (Ullrich et al., 1996). By overexpressing
different mutants of Rab11 i.e. GTPase-deficient (Rab11Q70L) and dominant negative
(Rab11S25N), it was shown that Rab11 regulates trafficking of TGN38 and STxB from early
endosomes to the TGN in HeLa cells (Wilcke et al., 2000). Internalized STxB and surfacelabelled TGN38 were shown to accumulate in an extensive tubular structure, instead of the TGN
when the dominant negative Rab11 was overexpressed (Wilcke et al., 2000). Based on the
observation that NHE5 associates with Rab11-positive recycling endosomes in C6WT cells, I
hypothesize that NHE5 regulates the ‘extra-sialylation’ and retrograde trafficking of Intβ1 via
Rab11 (Fan et al., 2016). To test this hypothesis, the synchronized trafficking of HA-hITGB1
assay can be performed by knocking down Rab11.
5.8

Conclusion/ Model
In summary, this study highlighted for the first time that Intβ1 is ‘extra-sialylated’ in

addition to its canonical sialylation in the secretory pathway and that ‘extra-sialylation’ occurs
during the retrograde trafficking of Intβ1. Results from this thesis together with previous studies
suggest that NHE5 regulates endocytic recycling of a subset of receptors including RTKs,
integrins and TfR. In addition, NHE5 is shown to regulate retrograde trafficking of Intβ1 and
influence the ‘extra-sialylation’ of this cell adhesion receptor. By regulating the trafficking of
Intβ1, NHE5 affects the stability and surface expression of Intβ1 in C6 glioma cells. As a result,
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NHE5 plays a key role in regulating integrin-mediated cell spreading, adhesion, polarity and
migration.
In the current thesis work, NHE5 is shown to regulate the recycling of Intβ1 and TfR,
which was previously found to be NHE5-independent. This phenomenon as well as the
involvement of NHE5 in the retrograde trafficking of Intβ1 suggests a model, where NHE5
localizes in a sorting endosomal compartment (SE/DEE) that is distinct from canonical
early/sorting endosomes (SE/SEE), to sort and modulate the recycling and retrograde trafficking
of a subset of Intβ1 (Figure 5.1). By modulating the pH of the endosomal compartment, NHE5 is
likely to regulate the retrograde trafficking/recycling of various receptors including RTKs, and a
subset of integrins and TfR via SE/DEE, the TGN and Rab11-postive recycling endosomes.
Thus, the overexpression of NHE5 can be advantageous for cancer cells to promote their
proliferation and invasion. Therefore, understanding the role of NHE5 in C6 rat glioma cells will
provide insights on its role in cancer as well as a foundation for future application of this
transporter as a new target for diagnosis and therapy against malignant tumors.
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Figure 5.1 A model of the role of NHE5 in the retrograde trafficking and ‘extra-sialylation’
of Intβ1.
A model of Intβ1 trafficking in C6WT and N5KD cells. The brown dotted arrows indicate the
newly proposed NHE5-mediated retrograde trafficking and ‘extra-sialylation’ pathways whereas
the green arrows indicate the canonical trafficking pathways. NHE5 localizes in a previously
unidentified sorting endosome that matures along microtubule (SE/DEE). By modulating the pH
of the microtubule-associated sorting endosome (SE/DEE), NHE5 regulates the recycling and
degradation of Intβ1.
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