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ABSTRACT

The human neuraminidase enzyme, NEU3, is known to cleave sialic acid
from ganglioside substrates. However, the biological effects of this cleavage are not
clearly understood. This thesis describes our studies of the regulation of
B1-integrins by neuraminidase enzymes, and the role of gangliosides in this process.
In cell migration assays, NEU3 treatment of cells increased the rate of migration in
HeLa. In contrast, NEU4 increased the rate of cell migration. Using a cell line that
over-expressed a fluorescent fusion protein of NEU3, we were able to observe that
the enzyme colocalized with Bl-integrin in cells. These results strengthen the
biochemical link between NEU3 and integrin receptors, and suggest that

glycolipids may play a more direct role in the regulation of cellular migration.
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Chapter 1: The Role of Plasma membrane gangliosides in

cell migration



1.1 The plasma membrane of mammalian cells

The plasma membrane is a dynamic structure that acts as a structural
barrier between cellular contents and the extracellular environment (1-4). The
membrane also allows selective passage of specific molecules, allowing it to act
as a selectively permeable film. Another important function of the membrane is
signal transduction, which is the transfer of information between the extracellular
environment and the intracellular compartment. These mechanisms allow the
membrane to play crucial roles in many cellular functions including immune
response, recognition, protection, and signal transduction.

As the outer surface of the cell, the membrane interacts with components
of the extracellular matrix (ECM). The ECM is a milieu of biomolecules,
including proteins and glycoproteins, which can be tissue specific. Interactions
between the ECM and membrane receptors regulate behavior of cells in
differentiation, migration and proliferation. Adherent cells are often anchored
through ECM-receptor interactions (5, 6). Increasing stiffness of the ECM is
known to up-regulate cancer cell proliferation, and the control of proliferation
from attachment occurs in cell detachment, cell cleavage, and the cell cycle (e.g.
G1-phase) (7, 8). Interaction between the cell and the ECM is crucial for cell

invasion and migration, and evidence shows that varying the membrane-ECM



interactions can change the type of cell migration, for example, from a
mesenchymal to amoebic model (6).

The cell membrane can regulate the passage of certain molecules using
different mechanisms. Examples include transmembrane protein channels, passive
osmosis, and endo- or exocytosis. Recent studies have shown that cancer cells
take up more iron than normal cells leading to an upregulation of cell growth (9,
10). Another important element is potassium, which can be transported by
transmembrane potassium channels. These channels are an important therapeutic
target for diseases such as diabetes, migraines, and hypertension. Other evidence
shows that G protein-coupled inwardly rectifying K* channels (GIRKSs) play an
important role in lung cancer proliferation (11). Larger molecules are transported
by endo- and exocytosis through the formation of vesicles, a process important in
many cell-cell interactions (12). Studies have suggested that tumor cells may
transfer DNA or RNA to other cells which may elicit an immune response (13,

14).
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Figure 1.1 Structure of mammalian plasma membrane.

1.1.1 Structure of the cell membrane

The major structural components of the plasma membrane are
phospholipids and glycolipids. Individual lipids assemble through non-covalent
interactions into a bilayer structure consisting of two leaflets (an outer and inner
leaflet) with the hydrophobic tails of the lipids oriented toward each other.
Embedded within the membrane are transmembrane proteins which may have
structural or functional roles (Figure 1.1) (15). Many different lipids are found in
the plasma membrane, more than 1000 different lipids have been identified in the
plasma membrane of mammalian cells (16). These structures are usually

organized into three main categories: cholesterol, glycerol lipids and ceramide
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sphingolipids. The specific lipid composition may vary in different cell lines. The
membrane has been equated to a ‘lipid sea,” with lipids and proteins flowing in
membrane, as proposed in the fluid mosaic model.(17) Detailed studies of the
diffusion of membrane lipids have found that lipids and components of the
membrane do not diffuse freely in the membrane, instead they are often found to
follow anomalous diffusion (18). This model of diffusion is a result of
cytoskeletal contact with the membrane components which restricts the movement
of lipids and receptors (19). This model better explains movent of membrane
proteins and lipids than the mosaic model (20).

Cells can control the specific composition of lipids and their subcellular
location (21). Proteins are often an important constituent of the membrane.
Membrane proteins are classified by their interaction with the membrane, and can
include membrane-associated proteins or transmembrane proteins. the subject of
this thesis will be the interaction of membrane glycolipids with integrins. Integrins

are transmembrane proteins which mediate cellular adhesion (22).

1.2 Membrane gangliosides and their function

Membrane gangliosides and glycolipids compose a small portion of the
lipid bilayer (c.a. <10%) (23). Glycolipids are lipids which contain a glycan or

oligosaccaride chain. Gangliosides are glycolipids which contain at least one
5



sialic acid residue (24). In mammalian cells, glycolipids are primarily composed
of sphingolipids. Gangliosides derive their name from their discovery in bovine
brain tissue (25). Currently, more than 180 gangliosides have been found in
vertebrate cells (26). Common structures include GM1, GM3, GD1a and GT1b
(26, 27) (Figure 1.2). The ganglioside composition of tissues may vary, for
example brain tissue often contains glycolipids, such as GD3 and GM3 early in
development, while more complex gangliosides (e.g. GT1b and GM1) increase
at later times (28). This observation suggests that biosynthetic pathways of
gangliosides are tightly regulated in the cell. Most gangliosides are derived from
LacCer (lactosylceramide), with some exceptions, such as GM4 (derived from

GalCer) (26).
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Figure 1.2 Structure of gangliosides LacCer, GM1a, GM3, GD1a, GD1b and GT1b. Glycan structures are

represented using the symbolic nomenclature recommended by the CFG (29).

Previous studies have suggested that components of the membrane can
associate, resulting in the formation of microdomains (30). These membrane
microdomains have been found to be enriched in gangliosides, and are
proposed to play roles in the regulation of cell adhesion, signal transduction and
cell-cell recognition (31). Membrane microdomains have been defined by their
stability in specific detergents (detergent-resistant microdomains, DRM) (32).

Lack or excess of specific gangliosides can result in disease, especially in neural



systems which have an abundance of gangliosides. The lacking of GM3 will lead
to deafness in mice, and recent studies suggested that a concentration change of
gangliosides was found in Alzheimer’s patients (33, 34). Furthermore, alteration
of gangliosides occurs not only in the neurons system, but also in other diseases,
such as type 2 diabetes where it is known that GM3 content changes in cells(35).

Ganglioside GM3 is the simplest ganglioside found in cell membranes,
and it is a precursor of other complex gangliosides. GM3 is known to be
involved in cell migration, proliferation, adhesion and other cell functions
(36-38). Research has found that GM3 has an influence on many membrane
receptors. GM3 has a proposed effect on the epidermal growth factor receptor
(EGFR), which may involve a physical interaction between EGFR and the p1
integrin. GM3 concentration in the cell membrane appears to inhibit tyrosine
phosphorylation on EGFR (39). Furthermore, GM3 blocks EGFR
phosphorylation at the Tyr-1173 residue leading to an inhibition of PI3K/Akt
pathways and a down-regulation of cell motility (40).

The ganglioside, GM1, is known to regulate cell functions. Examples
include modulation of galectin-1 activity due to GM1 expression, which leads to
inhibition of cell growth. GM1 is known to be colocalized with galectin-1 on cell
membranes (41, 42). Other observations show that GM1 can affect T cells by

altering galectin-1 secretion in regulatory T cells (43, 44). GM1 can also regulate
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cells through direct binding to fibroblast growth factor 2 (FGF2) in the
presence of heparin sulfate proteoglycans, leading to inhibition of its function,
and suppression of angiogenesis (45).

In the membrane, it is likely that the presence of several gangliosides
result in more complex interactions with membrane receptors. GM2 can inhibit
cell motility through suppression of the hepatocyte growth factor (HGF), and its
inhibition can be enhanced by addition of nanomolar quantities of GM3. These
observations were suggested to indicate the formation of a complex with GM2,
GM3 and CD82 in HCV29 cells (38, 46). GD1a, a ganglioside found on many
tumor cell membranes, is shed from vascular cells, inducing angiogenesis.
Recent work has reported that GM3 can inhibit angiogenesis, thus opposing the
effect of GD1a (47).

1.2.1 The lipid raft hypothesis

The glycosphingolipids of the cell membrane are known to form
complexes with certain membrane proteins which are resistant to membrane
extraction by detergents. These detergent-resistant microdomains (DRM) have
been proposed to exist within the plasma membrane, and have also been termed
“lipid rafts” (48). These microdomains are proposed to participate in many
regulatory pathways in cells (49-51). Previous publications have suggested that

lipid rafts influence the clustering of G-proteins and other lipid domains (52).



Several models of lipid raft structure have been proposed, they are
generally thought to include sphingolipids and cholesterol-based lipids. Lipid
rafts can be defined by their stability in the presence of specific surfactants
which disrupt other lipids of the bilayer. For example, Triton X-100 has been
used in study of the model in lipid mixtures (48). Recently, a more complex and
detailed model was put forward which includes protein-protein as well as
protein-lipid interactions. These interactions generate a large platform in the cell
membrane, which is suggested to dynamically regulate interaction between

membrane proteins and the cytoskeleton (53).
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1.2.2 Human neuraminidase enzymes regulate cell function.

As discussed above, many glycolipids and glycoproteins contain sialic
acid residues, and sialylation is altered in disease states, including cancer (54).
Previous studies have confirmed that tumor cells treated with bacterial sialidase
have reduced cell growth and adhesion, yet the mechanisms of these effects are
currently unclear (55). Four isoenzymes of human sialidases are known: NEUL,
NEU2, NEU3 and NEU4. Evidence suggests that these enzymes may have
crucial roles in cell biology. The subcellular localization of the enzymes varies
within the cell, and the enzyme substrates include both glycolipids and
glycoproteins (Table 1.1) (56, 57). The NEU enzymes found on the plasma
membrane include NEU1, NEU3, and NEU4; thus these isoenzymes are more
likely to be involved in regulation of membrane glycolipids (58, 59).

NEU3 is a membrane-associated neuraminidase, and is the only isoenzyme
known to cleave gangliosides specifically (58). Evidence has suggested that
NEU3 cleaves gangliosides, such as GD1a, at cell-cell contacts; thus, the enzyme
may regulate gangliosides on neighboring cells (60). Kakugawa et al. tested
NEU3 expression in human colon cancer cells by competitive reverse
transcription—PCR (RT-PCR) and found an increase of sialidase activity

compared with normal tissue. The enzyme was also found to decrease cancer cell

12



apoptosis. Cell death could be suppressed by an increase of NEU3 expression

(61).
Enzyme Location Representative Substrates Optimal pH
Lysosome, Oligosaccharides
NEU1 4.4-46
Membrane 4MU-Neu5Ac
Glycolipid
Ganglioside
NEU2 Cytosol 5.0-6.0

Oligosaccharide

4MU-Neu5SAc
Lysosome,
NEU3 Ganglioside 4.6-4.8
Membrane
Glycolipid
Lysosome,
Ganglioside
NEU4 Membrane, 4.4-45

Oligosaccharide
Mitochondria
4MU-Neu5Ac

Table 1.1 Human sialidases and their location, substrates and optimal pH (62).

13



Other observations in transfected cells have suggested that NEU3
regulates cell adhesion. Compared with control cells, cells which overexpressed
NEU3 showed increased adhesion to laminins, and decreased adhesion to other
ECM components such as fibronectin and collagen. These findings suggested
that NEU3 activates adhesion receptors for laminins via desialylation of
glycolipids (63).

NEU4 has broader substrate specificity than NEU3, and is known to
modify  glycoprotein, oligosaccharide and glycolipid targets (59).
Down-regulation of NEU4 by siRNA in cancer cells resulted in an increase of
NEU3 expression, which suggested interaction between these two enzymes in
cells (61). NEU4 induces mucosal cell apoptosis and inhibits cell invasion and
migration. This difference in function may be related to the differences in
enzyme substrate specificity between NEU3 and NEU4. NEU4 is known to
modify glycoproteins, similar to NEU1 (64). To date, no glycoprotein substrates

have been reported for NEU3.

1.3 Integrins

Integrins are a large family of transmembrane proteins that play important
roles in cell adhesion and signal transduction (65, 66). In total, there are 24

different integrins found in humans. Integrin receptors are noncovalent
14



heterodimers, composed of an a- and -subunit. There are 18 a and 8 B subunits
known, individual subunits can have more than one combination (67). Previous
work has found that knocking out certain integrin subunits in mice will cause
distinct phenotypes. In 2002, Hynes and coworkers (68) published an integrin
review and summarized all phenotypes known from integrin knock outs. For
example, silencing the B6 integrin can cause inflammation, while knockout of the
aL subunit results in leukocyte functional defections (68). Even though a cell may
have various integrins on the membrane, they may not all be active at a given time.
A good example is allbp3, which is abundant on the surface of platelets, but it is
inactive in most circumstances (69). The activation of allbp3 can make platelets
bind to ECM and fibrinogen in plasma, preventing blood loss from wounds.
Improper activation of the same integrin will cause platelet aggregation in blood
vessels leading to thrombosis (70).

Integrins can transmit signals in two directions through the plasma
membrane — usually termed as “inside-out” and “‘outside-in” processes (71).
Integrin signaling is known to regulate functions including cell migration,
proliferation, angiogenesis, and apoptosis (72-75). Intracellular signals can cause
actin polymerization, driving the cytoskeleton in the direction of cell migration.
Integrin signaling can alter the binding affinity between integrin and ECM (76).

Meanwhile, the binding between an integrin and the ECM can act as a feedback

15



signal to actin, resulting in cytoskeletal changes (77).

In the plasma membrane, integrins may interact with other receptors. One
example is the matrix metalloproteases (MMPs). MMPs can form a complex with
the aMp2 integrin. This interaction is through the B2 subunit, and can be broken
or inhibited by peptides (78). Integrins are also known to bind with gangliosides.
Recent studies have suggested that GT1b regulates the a5B1 integrin, decreasing
cell adhesion and migration (79).

1.3.1 The a4 and a5 integrins

The o4 and a5 integrin chains both associate with the B1 subunit. The
resulting complexes (04p1 and a5p1) are involved in cell adhesion in a number of
cell types, and bind to fibronectin (FN) in the ECM. The a5B1 integrin was the
first integrin to be isolated, and is considered the prototypical integrin receptor for
FN (80, 81). Recent studies have suggested that the a4 integrin can decrease cell
migration through inhibition of the o5 and aV integrins. Stimulation of the a4
integrin up-regulates a5 and aV, leading to a net increase of cell migration.
Furthermore, blocking any one of the 04, o5 or aV integrins can increase
expression of the other two (82). Many cancer cells have low expression of o4p1
on the cell surface due to the increased expression of an oncogene (83). This
suggests that the loss of the a4B1 integrin could be an important phenomenon in

cancer cell development and invasion(84). Recent studies have shown that
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integrin a5B1 levels are regulated by syntaxin 6, which can cause angiogenesis.

Inhibition of syntaxin 6 will decrease integrin a5p1 expression (85).

1.4 Hypothesis and project objectives

As discussed above, neuraminidase enzymes may play important roles in
regulation of membrane composition. In turn, adhesion receptors are regulated by
a variety of signals, including the presence of specific glycolipids. The precise
mechanisms that relate membrane composition to receptor function are currently
unclear.

Recent studies have linked sialylation at the cell membrane to tumor
formation (86). As an example, ST6Gal-I, a glycosyltransferase, can add sialic
acid to glycoproteins with an a2-6 linkage. Bellis et al. reported that increased
expression of ST6Gal-I up-regulated a2-6 sialylation of the 1 integrin (87, 88).
The suppression of ST6Gal-1 by shRNA decreased cell migration and adhesion
through the Bl1-integrin ligand, collagen I (89). Human neuraminidases have an
opposing biochemical role to sialyltransferases. It can hydrolyze and cleave sialic
acid from glycoproteins and glycolipids. Miyagi et al. suggested that NEU3
activation could enhance Rac-1 signaling and increase cell migration in human
tumor cells (61, 89) . However, another human neuraminidase, NEU4, has been

shown to inhibit cell invasion and migration. NEU4 is known to modify
17



glycoproteins as well as glycolipids (64). Together, these observations suggest
that sialylation is important to the function of integrins, and that pathways which
alter glycosylation may be critical to regulation of cell adhesion.

We hypothesized that human neuraminidase enzymes which could alter
glycolipid composition of the membrane, NEU3 and NEU4, could act as
regulators of cell migration. To test this hypothesis, we developed an assay to
quantitate changes in cell migration through p1-integrin—fibronectin mediated
adhesion. Using this assay, we tested the effect of exogenously added NEU3 and
NEU4 on the rate of cell migration. Additionally, we tested inhibitors of the
enzymes and found that both the enzymes and non-specific inhibitors have large
effects on cell migration. To explore the mechanism of this effect, we also
characterized the subcellular localization of gangliosides, integrin, and the
enzyme NEU3 in human epithelial cells. These studies reveal an important role

for the human neuraminidase enzymes in regulating integrin function.
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Chapter 2: The human neuraminidase, NEU3, regulates cell
migration through alteration of the plasma membrane

glycolipid composition®'?

1. GFP transfected HeLa cells GFP-NEU3/A10 and NEU3-GFP/C2 were provided by L.C. Morales and S. Sipione,
University of Alberta.

2. NEU3 and NEU4 were provided by Blake Zheng and Amgad Albohy, University of Alberta.
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2.1 Introduction

The extracellular matrix (ECM) surrounds tissues and organs and interacts
with epithelial cells. Adhesion receptors on the cell membrane bind with different
ECM components, including glycoprotein fibronectin, laminins and collagen.
They can stimulate cell migration, differentiate and cause cell metastasis. Cell
adhesion by integrin receptors to the ECM, which are trans-membrane proteins,
can regulate trans-membrane signals (1, 2). Each integrin has an a chain and
chain and is regulated by trans-membrane signals (3). Specific cell types express
different integrins; for example, lymphocytes express 2 integrins including the
oLP2, and aMp2 integrins, while epithelial cells express a4pl and o581
integrins (4, 5).

Integrins are a major class of receptors for ECM on cells, and mechanisms
which regulate these interactions are of interest in the design of new therapeutics.
Previously, gangliosides (sialic acid-containing glycolipids) have been found to
regulate the interaction of integrins with ECM. For example, GT1b is known to
significantly reduce cell motility, spreading, and adhesion on FN (6, 7). Some
evidence suggests that GT1b binds with the a5 tail of the a5p1 integrin, leading to
reduced binding of the integrin with FN (8). The ganglioside, GM3, has been

found to affect cell migration and invasion by controlling expression of matrix
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metalloproteinase-9 (MMP-9), an effect which is not FN-specific. MMP-9
interacts with a5p31 when epithelial cells adhere on fibronectin-surfaces. Increased
presence of GM3 at the plasma membrane can reduce MMP-9 expression and
activation, leading to inhibition of cell motility (9). Thus, the composition of
membrane glycolipids may regulate the activity of integrins.

Glycolipid and glycoconjugates at the cell surface may vary in their sialic
acid content, which is regulated by sialidase (also called neuraminidase) and
sialyltransferase enzymes. Sialyltransferases are a large class of enzymes, most of
which are found intracellularly (10). However, sialyltransferase activity has been
found at the plasma membrane and extracellularly (11-14). It has long been
known that malignant cells have increased amounts of sialic acid, and these
changes have been proposed to alter cell behaviors including cell migration,
differentiation and growth (15). Four human sialidase enzyme are currently
known (16), several of which are found at the cell membrane (NEU1, NEU3,
NEU4) (17-19). The NEU3 isoenzyme is known to be plasma
membrane-associated, and specifically hydrolyzes the terminal sialic acid residues
of gangliosides (20). This activity has been proposed to be important both in-cis
(on the same membrane) and in-trans (on the membrane of an apposing cell)
where it may regulate cell-cell interactions (17).

Our group has been working to develop specific inhibitors of the human
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neuraminidase enzymes in order to investigate their role in cellular adhesion. The
general sialidase inhibitor, 2-deoxy-2,3-didehydro-N-acetylneuraminic acid
(DANA), has activity against both human, bacterial and viral neuraminidase
enzymes (21). Previous studies have shown that DANA has micromolar 1Csg
against all isoforms of human neuraminidase enzymes (22). Magesh et al. have
identified a NEU1-specific inhibitor with low micromolar activity (23). Our group
has reported inhibitors with specificity for NEU2, NEU3 (22), and NEU4 (24) .
However, neither DANA nor these newly identified compounds have been used to
investigate the role of native sialidase enzymes in the regulation of integrin
adhesion.

Cell migration can be observed using a variety of different assays. We
consider these as separated into two groups: 2D migration assays and 3D
migration assays (25). Cell scratch assays, also called wound healing assays, are
widely applied in cell migration studies due their simplicity and low cost. The
assay consists of a cultured monolayer of cells which is “wounded” by physical
manipulation. The scratch results in a region of the monolayer with no cells, and
the migration of new cells into the space is observed to quantitate the rate of cell
motility. Cell migration can be measured by microscopy with software analysis
(26). Currently, with the development of 3D optical microscopy technology, 3D

cell migration assays are also improved (27, 28). 3D migration assays can mimic

38



the in vivo environment better than 2D migration (25).

In this chapter, we have investigated the role of human neuraminidase
enzymes in the regulation of P2 integrin-regulated cell migration. We
implemented a scratch assay to measure changes in the rate of cell migration
under various conditions. Additionally, we employed immunofluorescence and
single-dye tracking to observe changes in the subcellular location and diffusion of
integrin receptors. To gain insight into the role of specific glycolipids in this
process, we have used recombinant glycolipid processing enzymes (NEU3),
neuraminidase inhibitors (DANA), and gangliosides (LacCer, GM1, GM3, GDl1a,

GD1b and GT1b).

2.2 Results

2.2.1 Determination of ganglioside composition by HPTLC

We studied the composition of cellular gangliosides using high
performance thin layer chromatography (HPTLC). This method can be used to
examine glycolipids extracted from cells, or for purified substrates (29).

Cellular gangliosides can be analyzed by HPTLC, which is a relatively
simple and straightforward assay. In 1978, Susumo Ando et al. used HPTLC to
determine and analyze gangliosides from brain (30). They extracted ganglioside

mixtures from different species of brains and then separated them using TLC.
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High-performance TLC uses a much thinner layer of silica for better separation
than standard TLC; thus, providing an improved method for analysis of complex
gangliosides.

2.2.2 Glycolipid composition of cells is altered by NEU3 treatment and
inhibition.

In order to investigate the role of human neuraminidase enzymes in the
regulation of glycolipid composition, we used an HPTLC assay. Cell extracts
were first analyzed to determine the most abundant glycolipids. Each band was
measured one time, and then a ratio of the intensity for LacCer was determined by
dividing by that of GM3 (LacCer:GM3; asialo:sialo) (Figure 2.2). Measurements
were performed only once, so no error analysis is shown. In both cell lines (HeLa
and A549) examined, we found that the major gangliosides were analogs of
LacCer and GM3, which likely vary in their fatty acid compositions (generating

broader bands).

W m PR “ ‘ ‘““ W _ac-Cer

'~—wmw”

Control NEU3 PMA DMSO DANA TQ SIA pfNEU Marker

Figure 2.1 Extracted cellular gangliosides from HelLa analyzed by HPTLC. HeLa cells were treated with
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same conditions used in the migration assay (see below) for 3 hours at 37<C (5% CO,), and then harvested.
The suspension was washed with PBS twice and centrifuged. Gangliosides were extracted by 1:1 methanol
and chloroform for 30 min, followed by centrifugation to remove any precipitates. The solution was dried by
N, and then dissolved again in a small amount of 1:1 methanol and chloroform. The TLC plate was eluted
with 1:2:1 acidic acid, n-butanol and 0.5% CaCl, (aq) and then stained with oricinol sulfuric acid stain. In

order to keep the same number of cells in each sample, cells were counted and split into flasks at a

concentration of 1x10° cells mL™.

14
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Figure 2.2 TLC analysis of glycolipids from HeLa. TLC plates were scanned and measured with Image J

(31). Each band was tested once, and the normalized ratio of LacCer to GM3 was determined for each

condition.

We then tested changes in glycolipid composition as a result of conditions

known to alter integrin-mediated adhesion and migration in epithelial cells.
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Activation of the protein kinase C pathway by phorbol esters, such as PMA, is
known to increase cell adhesion and migration through the a51 integrin (32). In
HeLa cells, we observed an increase in asialo glycolipids after PMA treatment.
We also examined changes induced by treatment of cells with exogenous
neuraminidase enzymes. In both cell lines, we observed that recombinant NEU3
and Clostridium perfringens NEU (pfNEU) increased the content of asialo
glycolipids. Treatment of cells with sialic acid (SIA) increased the ratio of
sialylated glycolipids. Treatment of cells with DANA, a non-specific inhibitor of
human sialidase enzymes, resulted in a decrease in asialo lipids (Figure 2.2) (33).
These results confirm that exogenous sialidase enzymes can alter the membrane
glycolipid composition, and that inhibition of native sialidase enzymes has an
opposite effect.

Previous reports have suggested that thymoquinone (TQ) can activate the
human NEU4 enzyme (34), which is known to cleave both glycoproteins and
glycolipids (35, 36). We therefore tested whether treatment of cells with TQ
would result in a detectable change in glycolipid composition. We found that TQ
induced a decrease in the asialo:sialo lipid ratio in HelLa cells, consistent with an
activation of the NEU4 enzyme.

We also extracted gangliosides from A549 cells (lung epithelia) under

these conditions (see Appendix), which gave similar results.
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2.2.3 Human NEU3 and NEU4 are a2,3 and 2,8 sialidases

The human NEU3 and NEU4 enzymes are known to use glycolipids as
substrates (15). NEU3 is currently thought to target only glycolipids as substrates,
while NEU4 cleaves both glycolipids and glycoproteins. NEU3 has been found to
have an inherent preference for glycolipid substrates due to a hydrophobic
binding pocket (20). In 2007, Azuma et al. (37) showed that NEU3 could change
the level of gangliosides in human lymphoma cells (Jurkat), and that NEU3
expression was induced by etoposide. The expression of GM2, GM3 and GD3
increased on these cells, while GM1 and GD1a decreased when treated with
etoposide. Previous results have also suggested that NEU3 can cleave a(2,3),
a(2,8) (38) as well as a(2,6) (39) sialic acid linkages in gangliosides. However,
these experiments are often conducted with unpurified enzymes. Our group uses
purified recombinant enzymes of NEU2, NEU3, and NEU4 (22).

We decided to test the substrate specificity of recombinant NEU3 and
NEU4 produced in our lab (22, 40, 41). Lipid substrates were incubated in vitro
with the enzyme and the products were detected using an HPTLC assay. As
previously discussed, it is difficult to obtain quantitative data from HPTLC;
however, we employed the assay here to develop a qualitative understanding of
the substrate specificity of these two enzymes. Substrates were used at identical

concentrations and were incubated with enzyme samples at the same level of
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activity (as calibrated using a 4MU-NANA assay (41)).
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Figure 2.3 Structures of LacCer, GM1a, GM3, GD1a, GD1b and GT1b. Glycosidic linkages are indicated
by the anomeric configuration (o or ) and the hydroxyl of the reducing end sugar.

We treated gangliosides GM1, GM3, GD1a, GD1b and GT1b under the
same conditions with three neuraminidase enzymes: NEU3, NEU4 and pfNEU
(41). Gangliosides were incubated with enzyme for 1 hour at 37 <C and then
extracted and analyzed by TLC. An analysis of GM1 and GM3 is shown in
Figure 2.4 (TLC eluent: 1:2:1 acetic acid, n-butanol and 0.5% CaCl,) which
shows clear resolution between the starting materials and products. Samples

required desalting using C18, otherwise bands were often not visible or were too
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diffuse to detect (see Appendix). We proceeded to analyze all glycolipid substrates

using this method.
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Figure 2.4 TLC analysis of of GM1 and GM3. GM1 or GM3 were treated with sialidase for 1 hour at 37 <C
and then precipitated by 1:1 methanol and chloroform. The sample was centrifuged and the aqueous layer
was removed. After drying, the organic layer was dissolved in 1:1 methanol and chloroform again and then
run on TLC by 1:2:1 acetic acid/n-butanol/0.5% CaCl, (ag.). The plate was stained by orcinol sulfuric acid

and heated for 30 min at 80 <C.

The TLC results (Figure 2.4) suggested that NEU3, NEU4, and pfNEU
are able to cleave the a2-3 linked sialic acid of GM3; however, none of the
enzymes were able to cleave the same linkage in GM1 — not even the
promiscuous pfNEU enzyme (42). We observed that GT1b, which contains both
2,3 and 2,8 linkages was a substrate for all three enzymes. A new band was
observed for all three enzymes at the Rf of GML1, consistent with cleavage of the
a2,8 linkage to form GM1. All three enzymes show a minor band between the R¢
of GT1b and GML1, which we hypothesized could be either GD1a or GD1b.

To determine the identity of the band observed between GM1 and GT1b,
we tested authentic samples of GDl1a and GD1b. These two gangliosides are
isomers, and thus have a similar polarity. We identified TLC conditions that could
resolve these two components (Figure 2.5). We found that all three enzymes
could generate GD1b in varying amounts; however, GD1a was not a product of

any of the enzymes.
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Figure 2.5 TLC analysis of GD1a, GD1b and GT1b cleavage. All sialidase enzymes were exchanged into
assay buffer using a 10k spin column to remove glycerol. (a.) GD1a, (b.) GD1b, and (c.) GT1b samples were
treated with sialidases for 1 hour at 37 <C. Protein was precipitated with 1:1 methanol and chloroform and
then separated by centrifugation to remove proteins. After drying, the residue was desalted by a C18 tip and

dried by N,. The solid was dissolved in 1:1 methanol and chloroform, and then run on TLC with 60:40:8

47



chloroform, methanol and 0.25% KCI (ag.) as eluent. The plate was stained by orcinol sulfuric acid and

heated for 30 min at 80 <C.

GM3
LacCer GM3
NEU3 73% 27%
NEU4 98% 2%
pfNEU 75% 25%
GDla
GM1 GDla
NEU3 19% 80.8%
NEU4 35% 65%
pfNEU 98% 2%
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GD1b

GM1 GD1b
NEU3 6% 94%
NEU4 25% 75%
pfNEU 63% 37%
GTlb
GM1 GDla GD1b GTib
NEU3 11% 2% 10% 77%
NEU4 9% 2% 17% 73%
pfNEU 18% <1% 32% 50%

Table 2.1 Quantitation of enzyme cleavage of GM3, GD1a, GD1b, and GT1b by neuraminidase enzymes

as followed by TLC. Each ganglioside (GM3, GD1a, GD1b, and GT1b) was run on a separate TLC plate (one

image for each). Bands representing the substrate were measured by densitometry relative to any observed

product bands in Image J, each band is calculated as a percentage of total staining per lane. Data represent a

single image.
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Substrate for

Product Linkage
NEU3 NEU4 pfNEU
GM1 - - - GAl a2,3(internal)
GM3 ++ +++ ++ Lac-Cer a2,3
GDla + ++ +++ GMla a2,3
GD1b - + ++ GMla 02,8
GT1b + + ++ GD1b,GM1la 02,3

Table 2.2 Substrate selectivity of NEU3 and NEU4. This table summarizes the data from Table 2.3.
-, Product observed <10%; +, Product observed 10~30%; ++, Product observed 30~90%; +++, Starting

material left <10%.

Table 2.1 and 2.2 summarize the analysis of data in Figure 2.4 and 2.5 by
densitometry. We found that a2,3 linkages at a non-branching Gal residue appear
to be the preferred target of NEU3, NEU4 and pfNEU. NEU3 and NEU4
completely hydrolyzed GM3 (with ~25% remaining), while the same linkage
found in GT1b was only partially cleaved (70% remaining). The a2,8 linkage of
ganglioside GD1b was not a good substrate for NEU3 and NEU4, and only a
quarter of the substrate was hydrolyzed by NEU4, and even less (6%) with NEU3.
The internal o2,3 linkage of GM1 was not cleaved by NEU3, NEU4 or pfNEU,

and may indicate that the recognition of the substrate requires a free C4-hydroxyl
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of the internal galactose residue (41). The bacterial pfNEU is the least selective of
these enzymes, and cleaved the largest amount of 02,3 and a.2,8 substrates (~40%
GD1b.)

A summary of the substrate activities determined from our TLC results is
provided in Figure 2.6. Having established the substrate specificity of two hNEU,
we next turned our attention to the functional role of these enzymes and their

interaction with cell adhesion pathways.
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Figure 2.6 Substrate activity of gangliosides for NEU3, NEU4 and pfNEU.

2.3 Cell migration on fibronectin is regulated by NEU3 and NEU4

We proceeded to test the role of hNEU in cellular adhesion using a cell
migration assay. A variety of assays can be used to evaluate changes in cell
adhesion and migration (43). We selected a scratch assay as it is easy to
implement, and could be used to measure small changes in cell migration rates by
microscopy. We selected two human cell lines: HeLa and A549 cells. HelLa cells
are derived from human cervical adenocarcinoma cells, an epithelial cell line.
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A549 cells are derived from human lung carcinoma cells (Figure 2.7).

Figure 2.7 Imaging of HeLa and A549 cells in a scratch assay. A fibronectin (FN) treated plate was seeded

with HelLa or A549 cells in growth medium. The plate was incubated at 37<C, 5% CO, overnight. The cell
monolayer was wounded using a gel-loading pipette, and the media was changed to the indicated conditions.
Images were acquired with a 20x objective 3h after the scratch. Scale bar = 100um.

In order to provide a controlled surface, and to allow cells to firmly adhere
to the substrate, surfaces were coated with fibronectin (FN). Fibronectin is a
component of the extracellular matrix, which plays important roles in cell
migration and adhesion. It can bind with integrins, for example, a4p1 and a5p1
integrins are known ligands (44).

HeLa cells were grown to a monolayer on FN-coated plates, and a wound

was generated using a pipette (26). We found a 200 pL gel-loading pipette tip was
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sharp enough to give a gap of the appropriate size, but did not damage the
polystyrene surface. Monolayers were observed over an 8 hour time period, with
measurements taken at 1.5 hour intervals. To measure the migration of cells,
images of 6 fields along the scratch were acquired at each time point. Image
analysis software (NIS-Elements v3.5, Nikon USA) was used to measure the
distance between the cell front at each side of the scratch. We initially tested
conditions including cells treated with buffer (control), recombinant NEU3
enzyme, and the general sialidase inhibitor, DANA. The raw data for all three
conditions is shown in Figure 2.8. We found that the data were well fit to a linear
curve (r* values 0.92-0.99). Although more complex equations also fit the data
(such as an exponential, y=ae™), we selected the linear form as it has the fewest
variables and provided a reasonable fit (Table 2.3). These preliminary data
suggested that DANA could inhibit cell migration. Thus, we proceeded to use the

assay to probe a variety of conditions in both cell lines.
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Migration rate

Condition N St Dev
[pmh™]
Control 6 0.091 0.009
DANA 4 0.068 0.008
NEU3 4 0.101 0.005

Table 2.3 Cell migration data for HeLa 7.5h. All 3 conditions were tested with an N >= 4, and data were fit
to the equation (y=ae™) and used b as migration rate.
Based on previous studies, we expected that NEU3 would activate cell

migration (45); however, our results only showed a small increase in migration.
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NEUS3 treatment (7.5h, linear)
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Figure 2.8 NEU3 migration data fit by power and linear equations. NEU3 treated cells were analyzed in
the cell migration assay. Data were fit to a power equation (y=ae™) or a linear equation (y=-ax+b) in
SigmaPlot.

Closer examination of the data suggested that larger differences could be
observed in the early parts of the curve. (Table 2.4, Figure 2.9). This suggested
the assay would be more sensitive if we observed the initial 3 hr period of cell
migration. This finding may indicate that the enzyme, NEU3, has a short-acting
effect on cells. Previous work has found that the recombinant enzyme degrades
after 3 hrs at 37 <C (Albohy and Cairo, unpublished), and this is the most likely
explanation for our results. We therefore proceeded to test the effect of hNEU

over this timeframe using the cell migration assay. All assays with NEU3 were

56



conducted over a 3 hr period, with four timepoints (including t = 0). Previous
testing of NEU4 had indicated that it was stable for a shorter window than NEU3;
therefore, NEU4 experiments were conducted over 1 hr, with four time points
(including t = 0) (Figure 2.10). Due to this difference, additional controls were
included for comparison with NEU4 over this shorter duration. Then the final
optimized migration assay and data analysis were showed in Figure 2.11 and

Figure 2.12.
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Time [h] Mean Distance [pm] Ad [pm]

0 317.4 0

1.5 247.47 69.93
3 219.18 28.29
45 193.86 25.32
6 170.91 22.95
7.5 151.76 19.15

Table 2.4 Fit results for NEU3 treated cells in migration assay. The distance between the two cell fronts

from 10 images were averaged for each time point. Ad is the difference between subsequent points, and

suggests that longer time points show smaller changes in migration rates.
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NEUS3 treatment (3h, linear)
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Figure 2.9 Linear fit of migration data for NEU3 treated cells (3 hrs). NEU3 data was fit by linear

regression (y=-ax+b) in SigmaPlot.
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NEU4 treatment (1h)
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Figure 2.10 Linear fit of migration data for NEU4 treated cells over 3 hrs and 1 hr. NEU4 data was fit by

linear regression (y=-ax+b) in SigmaPlot.

Another source of variability in the assay is the concentration and variable
activity of the enzyme samples. To assure that all enzyme samples used were of
the same activity, we calibrated the activity of individual samples using a
fluorogenic assay based on the 4MU-NANA substrate (41). The K of this
substrate has been reported for NEU3 and NEU4 (40). Since our experiments
were to be conducted in cell culture at physiological pH, we conducted the assay

at pH 7. All NEU samples were used at an activity of 600 mU per sample at pH =
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Figure 2.11 Cell migration over 3 hours (HeLa cells control condition). A fibronectin (FN) treated plate

was seeded (HeLa: 1 mL, 4 x 10° cells mL%; A549: 1 mL, 5x10° cells mL™) and growth medium (1 mL). The

plate was incubated at 37 <C, 5% CO, overnight. The monolayer was scratched with a gel-loading pipette, and

fresh medium was added with the indicated conditions. Images were acquired every hour for 3h (20x

objective).
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Time [hr] Distance [pm] St dev.
377.77 14.32
352.36 14.35
332.46 15.79
311.17 12.97
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Figure 2.12 Data analysis for HeLa cells control condition. HeLa cell migration data were analyzed in

NIS-Elements software (Nikon, USA) and fit data by linear regression (y=-ax+h).

With a cell migration assay established, we then proceeded to test the

effects of conditions which might alter cell adhesion to FN. We chose to examine
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three groups of conditions: (1) neuraminidase enzymes, (2) chemical inhibitors,

and (3) glycolipids. We examined three different neuraminidase enzymes

including the human neuraminidase isoenzymes NEU3 and NEU4, and the

Clostridium perfringens neuraminidase (pfNEU). To provide a negative control,

we also examined an inactive enzyme mutant, NEU3-Y370F (41). Glycolipids

were selected based on our substrate studies (vide supra) to include possible

native products (LacCer, GM1, GD1a) and substrates (GM3, GD1a, GD1b, GT1b)

of NEU3. Chemical inhibitors that might disrupt NEU3 (DANA), activate NEU4

(TQ) (46), or disrupt integrin adhesion (cytoD)(47) were also included.
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Figure 2.13 Cell migration of HeLa and A549 treated with sialidases. a. HeLa b. A549 cell. Cells were
pre-treated as described in Figure2.11, and then washed with PBS and the medium was changed to the
indicated conditions. Images were acquired every hour for 3 hours, and analyzed. Each condition was
repeated 3 times. The NEU3 activity was used as the standard for other sialidases, and 1 relative unit (RU)
was set equal to the activity used in this test. * Cells were treated with NEU4 for 1 hr, due to enzyme
instability. These data are compared to a 1 hr control for statistical analysis. *** p<0.001.

Among the neuraminidase enzymes tested with HelLa cells (Figure 2.13a),
NEU3, NEU4, and pfNEU were all found to increase the rate of cell migrations.
The effect of NEU3 was confirmed to be a result of the enzyme activity, as an
inactive NEU3-Y370F mutant showed no effect on migration rates. Importantly,

more calibrated units of pfNEU enzyme activity were required to generate the
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same effect as that of NEU3 on the cells. This result is consistent with NEU3
having greater specificity for the target substrate(s) which lead to altered
migration.

Corresponding experiments in A549 cells (Figure 2.13b) found that NEU3
and pfNEU could reduce the rate of cell migration, in contrast to our results in
HeLa. The effect of NEU3 was again dependent upon enzyme activity, as the
Y370F-NEU3 protein did not alter the rate of migration from control. However,
NEU4 resulted in a similar increase in cell migration, similar to our observations

in HelLa.
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Figure 2.14 Cell migration of HeLa and A549 treated with drugs. a. HeLa b. A549 cell. Cells were
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pre-treated as described in Figure 2.11, and then washed with PBS and the medium was changed to the
indicated conditions. Images were acquired every hour for 3 hours, and analyzed. Each condition was
repeated 3 times. *** p<0.001.

We also examined changes in cell migration when cells were treated with a
non-selective inhibitor of sialidases, DANA (Figure 2.14). In both cell lines, we
observed that DANA (100 uM) resulted in suppression of cell migration to almost
half of the rate of control. We also tested the effect of sialic acid, and found that it
also suppressed cell migration, though not as dramatically as DANA. Low
concentrations of DMSO had no measurable effect on cell migration, this is an
important control as we use DMSO as a vehicle for delivery of other compounds.
We also tested the effect of thymoquinone (TQ) a compound proposed to increase
the activity of NEU4 in cells (46). In our experiments, TQ induced a small
increase in the rate of cell migration. Although this may be the result of NEU4
activation, further experiments will be required to confirm the mechanism.
Experiments with low concentrations of cytochalasin D (cytoD), a cytoskeletal
disrupting agent, resulted in unstable monolayers of cells which were much more
sensitive to damage when scratched at the start of the assay. We were able to
measure the effect of CytoD on the rate of cell migration in HelLa, which was
similar to the effect of DANA. This finding highlights the remarkable potency of

DANA as an anti-adhesive, and likely indicates a central role for human
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neuraminidase enzymes in integrin adhesion.
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Figure 2.15 Cell migration of HeLa and A549 treated with glycolipids. a. HeLa b. A549 cell. Cells were

pre-treated as described in Figure 2.11, and then washed with PBS and the medium was changed to the

indicated conditions. Images were acquired every hour for 3 hours, and analyzed. Each condition was
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repeated 3 times. *** p<0.001.

We next examined the effect of specific glycolipids on cell adhesion when
added exogenously to cells (Figure 2.15). Glycolipids are known to insert into the
plasma membrane when added exogenously to cells (48). Therefore, these
experiments allow us to explore the specific effect of enriching the membrane in a
particular glycolipid. We again found similar results between both cell types. The
LacCer glycolipid resulted in enhanced cell migration in both cell types. However,
GM3 resulted in enhanced migration for HelLa cells, but not for A549 cells. In
contrast, all other complex gangliosides tested (GM1, GDla, GD1b, GT1b)

resulted in suppression of cell migration.
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Figure 2.16 Pre-treatment of fibronectin with sialidases does not affect cell migration. Fibronectin was
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pre-coated on the culture dish surface, and then exposed to sialidase enzyme. The sample was incubated for 3
hrs at 37<C, 5% CO,. The surface was washed to remove the enzyme, and then the plate was seeded with
Hela cells. A subsequent migration assay was conducted as above.

So far, we have interpreted the effect of exogenous neuraminidase
enzymes as modifying the glycan structures of the cell membrane. However, it is
possible that the enzyme is instead altering the sialic acid content of the FN
substrate. To test this possibility, we pre-treated the FN matrix with two of the
neuraminidase enzymes that gave increased cell migration: NEU3 and pfNEU,
and examined the rates of migration for cells adherent to this matrix (Figure 2.16).
We found no significant differences between these conditions, allowing us to
conclude that the target of the enzyme is not the FN matrix, but is a component of

the cells.
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Figure 2.17. Toxicity assays for migration conditions in HeLa and A549 cells. Cells were seeded into a

96-well plate (50pL/well, 1x10° cell/mL). Media containing the indicated condition was added to each well,

and the plate was incubated for 48 hrs at 37 <C, 5% CO,, followed by addition of 20uL. MTS solution per well.

After 2 hr incubation, the absorbance was read at 490 nm using a plate reader. (a.) HeLa and (b.) A549 cells
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were tested separately.

It is possible that the reduced migration of cells treated with DANA or
sialic acid could be the result of toxic effects of these reagents on cells. To test
this hypothesis, we treated cells under the same conditions and measured their
viability using an MTS assay (49) (Figure 2.17). We observed little or no effect of
any of the conditions tested on cell viability. Therefore, we conclude that the
effects on cell migration are a result of specific biochemical effects on the
integrin-FN interaction, not a result of cell toxicity.

The migration data from HelLa and A549 cells strongly support the
hypothesis that native sialidase activity regulates integrin-mediated adhesion in
these cells. NEU3 had a dramatic positive effect on adhesion in HeLa cells, but
appeared to have a slightly negative effect in A549 cells. However, experiments
with pfNEU confirmed that non-specific neuraminidase activity resulted in
increased cell migration. In agreement with this finding, the general sialidase
inhibitor, DANA, resulted in a dramatic decrease in cell migration. Together,
these results are consistent with more than one sialidase enzyme in cells, and
likely different substrate targets of these enzymes playing a role in regulating cell
adhesion. Our experiments with specific glycolipids suggest that most complex
gangliosides are negative regulators of integrin-mediated adhesion (GM1, GD1a,

GD1b, GT1b), while LacCer appears to be a positive regulator. We propose a
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model which incorporates these results at the end of the chapter.

2.4 Immuno-fluorescence labeling

In order to understand the interaction between gangliosides and integrin
receptors on the cell membrane, we employed immuno-fluorescence labeling
techniques. Fluorescent dyes can be used to label antibodies or other proteins,
which specifically label biomolecules. The localization of these labels can then be
used to detect changes in subcellular localization and co-localization. Previous
reports have shown that GT1b can inactivate the a5B1 integrin and cause changes
in the cell membrane (8). Our studies on GT1b (Sec 2.3) found that increased
amounts of this glycolipid in the membrane result in decreased cell migration.
Other reports have suggested that GM3 can bind with a5B1, resulting in
up-regulation of cell adhesion in rat cells (50).

2.4.1 Localization of integrins by immuno-fluorescent labeling

In human epithelial cell adhesion, the primary integrins that bind with
ECM are the a5B1 and a4l integrins (51). We employed an anti-a4 antibody
with HeLa cells (clone BU49). The antibody was conjugated with a Cy5 NHS

ester to allow for observation by fluorescence (Figure 2.18).
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Figure 2.18 HeLa cells labeled with anti-e4 antibody conjugated with Cy5 NHS ester. HeLa cells were

cultured in a confocal dish overnight at 37 <C, with 5% CO,, and then washed with PBS twice. Cells were
immuno-labeled with 50 ng Cy5-anti-a4 antibody conjugate for 10 min at room temperature and then washed
with PBS. Images were taken by DIC (left) and TIRF (right) with 633 nm laser excitation. Scale bar = 25 um.

Labeling of cells with the Cy5-anti-a4 antibody did not show strong
labeling on Hela cells. Increasing the amount of antibody used from 10 ng to 50
ng did not show significant improvement. Previous studies have suggested that
adherent cells do not express large amounts of a4p1 integrin (52), and this likely
explains the low labeling observed in our experiment.

To address this issue, we labeled cells with a Cy5-anti-a5 antibody. The
antibody (clone SAM-1) was conjugated with a Cy5-NHS ester as before, and
then applied to cells (Figure 2.19). Labeling with the anti-a5 antibody resulted in

much more intense staining of cells, and revealed a large number of small puncta
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on the cell membrane. These puncta are likely microclusters of receptors, and

appear to be relatively diffuse on the cell surface.

Figure 2.19 HeLa cells labeled with anti-a5 antibody conjugated with Cy5 NHS ester. HeLa cells were

cultured in a confocal dish overnight at 37 <C, with 5% CO,, and then washed with PBS twice. Cells were
immuno-labeled with 50 ng Cy5-anti-a5 antibody conjugate for 10 min at room temperature and then washed
with PBS. Images were taken by DIC (left) and TIRF (right) with excitation by a 633 nm laser. Scale bar = 25
um.

In order to detect membrane ganglioside localization on cells, the
GM1-binding protein, cholera toxin B (CTB), is often employed (53). We used
CTB conjugated with a fluorescent dye (FITC). We first examined the binding of
CTB in fixed HelLa cells. There are several ways to fix live cells, such as

methanol, acetone and paraformaldehyde treatment (54). Fixing HeLa with
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methanol (50% and then 100% methanol), followed by labeling with CTB-FITC
showed significant staining of intracellular structures. A bright nucleus and weak
staining of the membrane was observed for all cells (Figure 2.20). We concluded
that cell fixation resulted in too much membrane permeabilization, and would not

allow visualization of membrane staining.

Figure 2.20 HeLa cells fixed by methanol 1 hr and labeled by CTB-FITC. HelLa cells were cultured in a

confocal dish overnight at 37 <C, with 5% CO,, and then washed with PBS twice. A fixative solution was

added to the culture (50% methanol/PBS) and treated for 30 min, and then changed to 100% methanol for

another 30 min. Cells were washed with PBS twice and 2 pg CTB-FITC was added for 10 min. Images were
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taken by TIRF with excitation by a 488 nm laser. Scale bar = 25 um.
In order to reduce damage to the cell membrane by methanol, we reduced
treatment time from 1 hr to 30 min, but this change had no major effect (Figure

2.21).

Figure 2.21 HelL a cells fixed by methanol 30 min and labeled by CTB-FITC. HelLa cells were cultured in

a confocal dish overnight at 37 <C, with 5% CO,, and then washed with PBS twice. A fixative solution was

added to the culture (50% methanol/PBS) and treated for 15 min, and then changed to 100% methanol for

another 15 min at 4 <C. Cells were washed with PBS twice and 2 ug CTB-FITC was added for 10 min.
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Images were taken by TIRF with excitation by a laser at 488 nm. Scale bar = 25 um.

Next we tried paraformaldehyde (PFA) as a fixative. Cells were treated

with 4% PFA at 4 <C for 10 min (Figure 2.22).

Figure 2.22 HelLa cells fixed by 4% PFA and labeled with CTB-FITC. HeLa cells were cultured in a

confocal dish overnight at 37 <C in a 5% CO, incubator, and then washed with PBS twice. A fixative solution
was added (4% PFA in PBS) and treated for 10 min at 4 <C. Cells were washed with PBS twice and the

images were taken by DIC. Scale bar = 25 pm.

CTB labeling under these conditions gave a range of staining for cells,
with many very bright cells, and many dim cells. Higher concentrations of CTB

and longer labeling times (5 png CTB, 10 min at room temperature) gave only
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slight improvements (Figure 2.23). We chose to use these conditions for fixed
cells, and proceeded to identify a label for other biomolecules that could be

expected to co-localize with integrins.

Figure 2.23 HelLa cells fixed by PFA and labeled with CTB-FITC. HeLa cells were cultured in a confocal

dish overnight at 37 <C with 5% CO,. Cells were washed with PBS twice. Cells were then treated with a

fixative (4% PFA in PBS, 10 min at 4 <C). Cells were washed with PBS twice CTB-FITC was added at either

(@ & b) 2 pug or (c & d) 5 pg for 10 min. Cells were washed again with PBS. Images were taken by DIC (left)
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and TIRF (right) with a 488 nm laser. Scale bar = 25 um.

Clones of HelLa transfected with a GFP-NEU3 fusion protein were
provided by L.C. Morales and S. Sipione from the University of Alberta. The two
clones employed here differed in expression levels of the GFP-NEU3 fusion
protein. The first, GFP-NEU3/A10 (N-terminal), has lower expression of the GFP
fusion as compared to the NEU3-GFP/C2 clone (C-terminal). Examination of
these cells using fluorescence microscopy found GFP labeling of the cells at the
membrane, as well as some intracellular staining. The A10 clone appeared to have
more membrane localization than the C2 clone (Figure 2.24). Both cell lines
show large changes in morphology from the standard kite-like morphology of
HelLa cells. Instead, both cell lines are rounded, which may indicate changes to
the cytoskeleton or adhesion receptors in these cells. We chose to use A10 cells as

a model of NEU3-overexpressing cells.
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Figure 2.24 Fluorescence imaging of GFP-NEU3 expressing cells. GFP-NEU3 expressing HelLa cells,
clones A10 (a & b) and C2 (c & d), were cultured in a confocal dish overnight at 37 <C in 5% CO,, and then
washed with PBS twice. The images were taken by epifluorescence microscopy. Scale bar = 100 um.

To examine co-localization of integrins with gangliosides, we obtained
two color images of HelLa cells stained with antibody for the a5 integrin, and with
CTB-FITC. Fields were imaged by DIC, FITC (CTB-FITC), and TIRF

(Cy5-anti-a5), and the channels were overlayed (Figure 2.25).
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CTB-FITC

Combined

Figure 2.25 Labeling of fixed HeLa cells with CTB-FITC and Cy5-anti-a5. HeLa cells were cultured in a
confocal dish overnight at 37 <C in 5% CO,, and then washed with PBS twice. A fixative solution was added
to cells (4% PFA in PBS) for 10 min at 4 <C, followed by washing with PBS twice. CTB-FITC and
Cyb5-anti-a5 antibody were added for 10 min. Cells were then washed with PBS again. Images were acquired
by TIRF. Scale bar = 25 pum.

The combined images indicated only minor or partial co-localization of the
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integrin with CTB (Figure 2.25). The CTB-FITC images showed significant
nuclear staining, similar to Figures 2.20 and 2.21.

We used three-color imaging in A10 cells to identify changes in
localization to integrin, ganglioside, and NEU3 staining. A10 cells are difficult to
work with, due to reduced spreading and attachment to surfaces, as mentioned
above. We switched the CTB stain to a TRITC conjugate to avoid overlap with
the GFP-NEUS3 signal. We noted that the GFP signal was reduced in fixed cells,
which may be a result of the PFA treatment (55). Overlayed images of A10 cells
(Figure 2.26) showed significant nuclear staining by CTB. The o5 integrin
maintained a similar staining pattern as in the wild-type HeLa cells. However, we

did note that some regions showed co-localization of NEU3 and integrin staining.
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anti-a5 Cy5

CTB-TRITC Combined

Figure 2.26 Fixed A10 cells labeled with CTB-TRITC and anti-a5 antibody. A10 cells were cultured in a
confocal dish overnight at 37 <C in 5% CO,, and then washed with PBS once. A solution of fixative (4% PFA
in PBS) was added for 10 min at 4 <C, followed by washing with PBS. CTB-TRITC and Cy5-anti-a5 were
added for 10 min. Cells were washed again with PBS. Scale bar = 25 pm.

We next tried multi-color imaging in live cells. The protocol was similar to
the one above; however, we skipped the fixative step and cells were stained at
20 <C. These changes provided improved membrane staining and reduced
intracellular staining with CTB (Figure 2.27). Then we applied the same protocol
to live Al10 cells with CTB-TRITC and Cy5-anti-a5 antibody (Figure 2.28).
Again, live staining gave improved membrane staining for CTB. In A10 cells, we

observed a dramatic change in localization for all three stains. The o5 integrin
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formed large clusters on cells, and these regions also show co-localization of CTB

and NEU3.

CTB-FITC Combined

Figure 2.27 HeLa cells labeled with CTB-FITC and Cy5-anti-a5 antibody. HelLa cells were cultured in a

confocal dish overnight at 37 <C in 5% CO,, and then washed with PBS twice. CTB-FITC and Cy5-anti-a5

antibody were added for 10 min. Cells were then washed with PBS once. Fluorescence images were obtained

by TIRF using either a 488 nm laser. Scale bar = 10 um.
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DIC anti-ad GFP-NEU3 CTB-TRITC Combined

Figure 2.28 A10 cells labeled with CTB-TRITC and Cy5-anti-a5 antibody. HeLa cells were cultured in a
confocal dish overnight at 37 <C in 5% CO,, and then washed with PBS twice. CTB-TRITC and Cy5-anti-a5
antibody were added for 10 min. Cells were then washed with PBS once. Fluorescence images were obtained
by TIRF using 488nm for GFP and 543 nm lasers for TRITC channel. Scale bar = 10 um.

These multi-color experiments suggested that gangliosides, such as GML1,
are colocalized with the o5 integrin in cells which overexpress NEU3. These
clusters also contain the NEU3 enzyme, which may suggest that activation of
NEU3, which we have shown can generate GM1 as a product, induces

reorganization of adhesion receptors.



2.4.2 Lateral mobility of the a5 integrin

Adhesion receptors often exploit anchoring to the cytoskeleton as a
mechanism to enhance or suppress attachment (56). As a result, experiments
which provide information about the status of cytoskeletal attachment can give
insight into the mechanism of adhesion. Our group has used measurement of
receptor lateral mobility as a probe of adhesion receptor mechanisms (57, 58).
Recently, we have started to employ single-molecule experiments as a way to
rapidly determine the diffusion of multiple receptors in the membrane.
Observation of individual receptors using total internal reflection fluorescence
(TIRF) microscopy allows for detection of receptors in a restricted region close to
the glass surface (59). Performing receptor tracking experiments in this mode,
referred to as single dye tracking (SDT), allows us to obtain receptor trajectories
for hundreds of samples in a single experiment. When interpreting trajectory data,
we analyze individual trajectories using mean square displacement (MSD) to
determine individual diffusion coefficients (60, 61). The range of diffusion
coefficients observed for biomolecules on the cell surface is typically between 1 x
10 and 1 x 10°® cm?sec™ (0.001 — 0.1 pm?sec™). Lipids typically diffuse at rates
close to the top of this range, while transmembrane proteins associated with the

cytoskeleton will diffuse at rates closer to the bottom. Changes to the average

87



diffusion coefficient, or even changes to certain subpopulations, can be used to
infer changes in cytoskeletal or inter-molecular contacts within the membrane.

Recent studies have shown that the B1 integrin may be regulated by
clustering of GM1, resulting in down-regulation of adhesion to fibronectin via
a5pB1 and o4l integrins in T-cells.(62)

Our immunofluorescence studies had suggested that integrin mobility was
significantly altered by the enzyme activity of NEU3. Additionally, these results
may suggest that ganglioside products of NEU3, such as GM1, may alter the
localization of integrins. We set out to study the lateral mobility of the a5p1
integrin under conditions that could lend support to a model of integrin regulation.
We tested three key conditions including treatment of cells with DANA, GM1 and
NEUS3, to study the reorganization of integrin a5. HelLa cells were stained with
Cy5-anti-ab antibody, and cells were imaged by TIRF over 10 seconds to observe
the movement of receptors. These experiments rely on sparse staining of integrin
receptors and the signal-to-noise ratio provided by TIRF to allow observation of
individual receptors. Data for each condition was obtained from 10 videos
collected over two experiments. Data were analyzed according to a standard MSD
analysis (60). Raw trajectories are individually converted to an MSD curve, which
is then fit to determine the diffusion coefficient and type of diffusion using

< MSD >= 4Dt (1)
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, or in the case of anomalous diffusion
< MSD >= 4Dt )
Fitting to eq. 1, lateral mobility is represented as diffusion (D) over a short
period of time (400 ms), referred to as Dnmicro. Diffusion over a longer period (3 s)
was defined as Dwacro, USING €g. 2. The degree of anomalous diffusion from Dyacro
fits was measured by o.. An o value close to 1 indicates Brownian diffusion, while
numbers closer to zero indicate confined diffusion. Large o values indicate flow

or directed diffusion.
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Figure 2.29 Control condition Dy, values plotted in linear and log scales. Data were analyzed by
MATIab R2012a using a custom script dezscribed in (63) to obtain diffusion coefficients. The data are plotted
in both linear (top) and log (bottom) scales. These data appear to follow a lognormal distribution. Note that
the arithmetic mean of a lognormal distribution is typically larger than the median of the distribution. In our
analysis, we attempted to identify the median of lognormal distributions of diffusion coefficients.

The single dye tracking data obtained for either Dpmicro OF Diacro Was fit to a
lognormal distribution. The arithmetic means were calculated (Table 2.5) for both
analyses. For fitting purposes, the data were transformed to logscale or fit to a
lognormal distribution. Note that in this case, the arithmetic mean will not be

coincident with the median of the curve(Figure 2.29).

Conditions  Trajectories Dmicro™ (x1070) Dacro™ (X100 Alpha
Control 1027 52 %03 9.1+04 0.20 =0.01
DANA 1249 5.6 £0.3 9.3x05 0.23 +0.01

GM1 1586 5.1+03 8.9+04 0.22 +0.01
NEU3 2493 5.1+0.2 8.5 £0.3*** 0.18 +0.01

Table 2.5 SDT data from a5B1 on HelLa cells. HeLa cells were cultured in a confocal dish overnight at

37 T in 5% CO,, and then washed twice with PBS. Cells were treated with the indicated condition for 3

hours. Cy5-Anti-a5 antibody was added and labeled for 10 min. Cells were then washed with PBS. Videos

were taken by TRIF with 60x objective and 1.5 x magnifications. Data was analyzed using Matlab (64).
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*Units were cm? sec’™’. *** p<0.001, compared to control.

The tracking data showed that integrin a5p1 diffusion had minor decreases
after treatment with NEU3 and GM1 (Table 2.5). These results are consistent with
our microscopy studies if the clustering of the integrin occurs through increased
cytoskeletal attachment. Based on our in vitro studies of NEU3, treatment of cells
with exogenous NEU3 would be expected to increase the concentration of GM1
and LacCer glycolipids. Although we observe only a small change in the lateral
mobility (Dmicro), there is a drop in this parameter for both GM1 (10 ng mL™) and
NEUS treatment.

In Dmacro, @ Significant decrease was only observed after the exogenous
NEU3 treatment (Table 2.5) as compared with control.

In previous studies, our group has used a sub-population analysis of lateral
mobility data. In T cells, we applied conformational-specific antibodies inhibitors
to bind the LFA-1 receptor with PMA treatment and characterized LFA-1
diffusion profiles. The results were consistent with both inside-out and outside-in
signal (63). In previous work, our group measured CD45 mobility by
single-particle tracking, and the results provided more evidence that cytoskeletal
interactions can dynamically regulate CD45 activity (57).

To confirm the presence of multiple populations, we performed an Akaike
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Information Criterion (AIC) test (65). These tests indicated that Dyacro data sets

were composed of at least two populations. Analysis of Dpicro data sets suggested

that there may be as many as three groups present. We performed fitting of the

data using one and two populations.
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Figure 2.30 Dy,ero analysis of SDT data for a5B1 integrin on HelLa. Data were analyzed by MATIab

R2012a using a custom script described in (63). In each condition, the red line indicates the fit of the

slow-diffusing population and the blue line indicates a fit of the fast-diffusing population. The dashed line

shows the sum of the two sub-population fits, and a solid black line indicates the raw population distribution

based on a log-normal distribution. A triangle on the axis indicates the fit center.
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Figure 2.31 Dyacro analysis of SDT data for a5B1 integrin on HelLa. Data were analyzed by MATIlab

R2012a using a custom script described in (63). In each condition, the red line indicates the fit of the

slow-diffusing population and the blue line indicates a fit of the fast-diffusing population. The dashed line

shows the sum of the two sub-population fits, and a solid black line indicates the raw population distribution
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based on a log-normal distribution. A triangle on the axis indicates the fit center.
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Figure 2.32 Sample trajectories from a5B1 integrin tracking on HelLa. Data were analyzed by MATlab

R2012a. In each condition, the red trajectories are representative of the slow-diffusing population, and the

blue trajectories are representative of the fast-diffusing population.

Subpopulation analysis of the Dp;cro results found a minor slow-diffusing
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population (~0.4 x 10™° cm? sec™) and a major fast diffusing population (~4.1 x
10™%% cm? sec™) (Figure 2.30). The Dpicro data set did not show major changes in
these populations; however, minor decreases in the slow population occur in
NEU3 and GM1 conditions. We conclude that there was no major changes in
Dnicro diffusion profiles were observed.

The Dmacro analysis of SDT data from the o5B1 integrin showed similar
trends as compared to the Dpicro analysis (Figure 2.31). Again, we were able to fit
the data to two populations including a slow-diffusing (~1.2 x 10™° cm? sec™) and
fast-diffusing (~7 x 10™° cm? sec™) population. Treatment of cells with NEU3
shows an increase in the slow-diffusing population (from 23 to 36%). Treatment
with GM1 shows a subtle increase in the slow-diffusing population (from 21 to
23%).

Analysis of Dpicro and Dwmacro data with a single log-normal distribution
gave reasonable fits of the data (Figure 2.33, 2.34). The fit values are summarized
in Table 2.6. Fitting of the Do data set to a single population found similar
results to analysis using the arithmetic mean (Table 2.6). Treatment of cells with
DANA resulted in an increase in Dmicro, While treatment with GM1 and NEU3
both resulted in a decrease. The Dwacro Single-population fits found the same trend;

however, treatment with DANA appeared to cause a small decrease from control.
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Dmicro (X 1072 cm?sec™)

Conditions

Dstow Drast Arithmetic Mean

Control 0.37 £0.18 3.93£0.11 5.25 +0.28

DANA 0.37 £0.14 4,19 +0.09 5.61 £0.33

GM1 0.44 £0.12 4.20 £0.09 5.09 £0.25

NEU3 0.34 £0.13 3.67 £0.10 5.11 +0.23

Dtacro (X 107% cm?sec™)
Conditions

Dstow Drfast Arithmetic Mean

Control 1.28 +£0.15 6.74 +0.08 9.07 +0.43

DANA 1.39 +0.11 7.06 +0.07 9.28 +0.46

GM1 1.13+0.12 6.87 +0.06 8.93 +0.44

NEU3 1.12 +0.08 7.03 +0.06 8.52 +0.30

Table 2.6 The logarithmic means for Dyico and Dyacro Of ab integrin diffusion on HelLa. Data was

summarized from population diffusion figures. Error was determined as the standard error of the mean

according to (63).
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Figure 2.33 Dy, Of the a5 integrin fit to a single population. Data were analyzed with custom scripts

written in MATIlab R2012a described in (63). In each condition, the solid line indicates the population density

based on a log-normal distribution. The dashed line shows the curve-fit. The triangle marker on the axis

indicates the fit center of the curve.
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Dmicro (X 107 cm?sec™)

Dtacro (X 10°% cm?sec™)

Conditions
D Arithmetic Mean D Arithmetic Mean
Control 2.39 +0.22 5.25 +0.28 5.20 +0.09 9.07 +0.43
DANA 242 +0.21 5.61 +0.33 4.84 +0.10 9.28 +0.46
GM1 2.24 +0.19 5.09 +0.25 5.06 +0.08 8.93 +0.44
NEU3 1.60 +0.28 5.11 +0.23 3.92 +0.10 8.52 +0.30

Table 2.7 The logarithmic means for Dyicro and Dyacro OF @5 integrin diffusion on HelLa (one peak). Data

was summarized from population diffusion figures. Error was determined as the standard error of the mean

according to (63).

2.5 Conclusions and discussions

In this chapter, we described the use of cell migration assays, in vitro

substrate assays, immuno-fluorescence, and single-molecule biophysics which

provide crucial new insights into the regulation of integrin diffusion. We

identified evidence that native human neuraminidase activity contributes to the

regulation of integrin adhesion in an epithelial cell line (HeLa). In vitro substrate

studies found that the human NEU3 and NEU4 isoenzymes converted complex
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gangliosides, such as GT1b, to GM1. Both enzymes have «2,3- and
a2,8-sialidase activity, and could therefore contribute to altering the composition
of glycolipids found in the plasma membrane. Cell migration studies clearly
demonstrate that neuraminidase enzymes known to modify glycolipid
composition result in increased rates of cell migration. Importantly, the general
sialidase inhibitor, DANA, significantly reduces cell migration — supporting a role
for native sialidase activity in integrin regulation. Immunofluorescence studies
indicate that the o581 integrin is generally found in microclusters which are well
distributed at the cell surface, and does not co-localize with CTB-binding
gangliosides. However, cells which overexpress NEU3 show the formation of
large clusters of o5B1 integrin, which contain CTB-binding gangliosides and
NEU3. Finally, lateral mobility studies of the a5B1 integrin demonstrate that
treatment with NEU3 and GM1 resulted in reduced mobility of the integrin,
supporting a role for cytoskeletal immobilization of the receptor to form clusters.
Human NEU3 and NEU4 target a2,3- and a2,8-linkages of sialic acid.
Using HPTLC, we tested the sialidase activity of recombinant NEU3 and NEU4.
These studies found that gangliosides including GT1b, GD1la, GD1b, and GM3
are substrates for both enzymes. GM1 was not a good substrate for either enzyme.
Studies of glycolipids extracted from cells treated with recombinant enzymes

were inconclusive. Only small changes in glycolipid composition were observed

102



by TLC. Based on our in vitro findings, we concluded that the low abundance of
complex gangliosides limits our ability to observe the activity of NEU3 and
NEU4 on extracted lipids. However, our in vitro results support the conclusion
that the enzymes are capable of modifying membrane substrates.

Ganglioside composition affects integrin-mediated cell migration.

Using a cell migration assay, we probed the role of exogenously added
neuraminidase enzymes, inhibitors, and glycolipids on integrin-mediated adhesion
in HeLa cells. We found that NEU3 was able to increase cell migration rates,
while inactive mutants of NEU3 (Y370F) had no effect. Other neuraminidase
enzymes, such as NEU4 and pfNEU (at high concentration) gave the same effect.
Treatment of cells with a general sialidase inhibitor, DANA, resulted in dramatic
decreases in rates of cell migration. Additionally, treatment of cells with complex
gangliosides, including GML1, resulted in decreased cell migration. On the other
hand, treatment of cells with LacCer resulted in increased migration.

In our studies of A549 cells, we found that pfNEU and NEU4 had similar
results. However, treatment of this cell line with NEU3 resulted in a decrease in
cell migration rates. Although further work is required, we propose that these
results are evidences that these two cell lines have different mechanisms regulate
integrin-mediated adhesion. One possibility is that the target of NEU3 hydrolysis

plays a negative regulatory role in these cells. We note that NEU4 is known to
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modify both glycolipids and glycoproteins (66), while NEU3 only targets
glycolipids. This finding could support the hypothesis that the two enzymes have
different substrates.

Integrin a5, NEU3 and GML are co-localized on cell membrane.

In co-localization studies we found that the oSPB1 integrin was not
co-localized with CTB-binding gangliosides on wild-type cells. However, cells
which overexpressed NEU3 demonstrated large reorganization of the integrin and
CTB-binding gangliosides into a large cluster. These results lend support to the
potential interaction of NEU3 with gangliosides that could help to induce
integrin-clusters by altering ganglioside composition and membrane organization.
These studies are ongoing and future work with alternative conditions may lead
further support to these observations.

The lateral mobility of the a5B1 integrin is altered by gangliosides.

Using SDT, we obtained measurements of the lateral mobility of the
o5B1 receptor. We found that integrin mobility was reduced in cells treated with
conditions that result in receptor clusters, such as NEU3 and GML1. In contrast,
treatment of cells with a sialidase inhibitor resulted in increased mobility. We
concluded that these results were consistent with a model of diffusion which
invokes cytoskeletal contact due to increased GM1 or LacCer content in the

membrane.
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In order to summarize our results, a model is provided below to integrate
our observations from different assays (Figure 2.32). The integrin a5p1 may

interact with GM3, and GM3 will inactivate a5B1 when it is bound.

FN
—
GM3
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4
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non-binding with FN

Low affinity
(inactive)

app-

binding with FN

membrane
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(inactive) FN
[

High affinity
(active)
Figure 2.32 GM3-a581 integrin binding model. GM3 can bind with the low affinity state of a5p1 integrin

and stabilize it, leading to the inhibition of binding between a5p1 integrin and fibronectin. Absence of GM3

will leading to a5B1 integrin changes to high affinity conformation and bind with fibronectin.
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2.6 Materials and Methods

2.6.1 Reagents

Purified gangliosides LacCer, GM1 and GM3 were purchased from Avanti
Polar lipids, Inc. (USA). GD1a, GD1b and GT1b were obtained from Santa Cruz
Biotechnology (USA). Cy5-NHS ester was obtained from GE Healthcare (USA).

Human anti-CD49e (clone SAM-1) antibody was purchased from Santa
Cruz Biotechnology (USA). A fluorescent conjugate of anti-CD49e was generated
by reaction with the Cy5-NHS ester, and purified by gel filtration chromatography.
FITC-labeled Cholera Toxin B was obtained from Sigma Aldrich (Milwaukee, WI,
USA), and TRITC-labeled Cholera Toxin B subunit (CTB) from Vibrio cholera
was obtained from List Biological Laboratories, Inc. (USA). Thymoquinone was
obtained from Sigma Aldrich. Toxicity assays were performed using CellTilter 96
AQueous Non-Radioactive Cell Proliferation Assay (Promega, USA).

2.6.2 Cell lines

The HelLa cell line used was a generous gift of Dr. R.E. Campbell
(University of Alberta). The A549 cell line was obtained from ATCC (Manassus,
VA, USA).

Transfected cells were provided by C. Morales and Dr. S. Sipione

(University of Alberta). Transfected cells express an N-terminal GRP-NEU3
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fusion protein. Two clones were used in our experiments with vary only in their
level of GRP expression (GFP-NEU3/A10 and NEU3-GFP/C2).

All cells were cultured in DMEM (Gibco, Invitrogen, USA) containing
10% Fetal Bovine Serum (Hyclone, Thermo, USA) and Penicillin/Streptomycin
(Gibco, Invitrogen, USA). Transfected A10 and C2 cells were cultured in the
same media supplemented with 800ug/mL G418.

2.6.3 Cell migration assays and data analysis.

Plates (12-well) were pre-treated with 10 ug/mL of fibronectin (FN) for 2
hours at 37 <C or 4 <C overnight, and then blocked with 0.2 mg/mL of BSA in
PBS buffer for 1 hour at 37 <C. Cells were counted and seeded into wells (HeLa,
4 x 10° cells/mL; A549, 5 x 10° cells/mL, 1 mL for each well) with fresh medium
(1 mL). Plates were incubated overnight at 37 <C in a humidified incubator with 5%
CO,. The cell monolayer was carefully scratched with a gel-loading pipette tip
(200 mL). Images of the wound were collected once every hour over 3 hours (6
images of each well), and each condition was run in four separate wells. Images
were analyzed by NIS-Elements v3.5 and fit using linear regression according to
y = ax + b, where a is the rate of migration, and b is the width of the wound at t
=0.

2.6.4 Cell toxicity.

Toxicity of conditions to cells were tested using an MTS assay followed
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by the technical instruction from MTS assay kit company (Promega). A 96-well
plate was loaded with 5 x 10° cells/well, and buffer containing the appropriate
condition to be tested. Cells were incubated for 48 hours and then 20 pL of the
MTS solution was added to each well and incubated for another 2 hours. The
absorbance in each well was measured using a plate reader at 490 nm.

2.6.5 Lipid extraction and thin layer chromatography.

Cells were treated for 3 hours in a 12-well plate using the indicated
conditions following the migration assay protocol. At the end of the incubation,
cells were harvested with a cell scraper. Cells were suspended in PBS and washed
2 times, followed by extraction with a CHCI3/MeOH (1:1) solution for 1 hour.
After centrifuge and remove cell particle, dry the solution by N, and then dissolve
the solid by CHCI3/MeOH (1:1). The glycolipid solution was analyzed by HPTLC
with AcOH/n-BuOH/0.5% aqueous CaCl, (1:2:1) as eluent. Lipids were then
stained by an oricinol-H,SO4-EtOH solution and heated for 30 min at 100 <C.

2.6.6 HPTLC analysis of Glycolipid substrates.

Gangliosides GM1, GM3, GDla, GD1b and GT1b were dissolved in
sodium bicarbonate buffer (200 uL, pH 4.7, 0.25 mg/mL final concentration). The
indicated neuraminidase enzyme was then added to the solution (0.1 mg/mL final
concentration) and incubated at 37 <C for 1 hour. The mixture was extracted with

CHCI3/MeOH (1:1, 200 uL), which was dried under a stream of N,. The resulting
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residue was desalted using a Cig column, and analyzed by HPTLC with
AcOH/n-BuOH/0.5% aqueous CaCl, (1:2:1) as eluent for GM1 and GM3, and
with CHCI3/MeOH/0.25 agqueous KCI (60:40:8) as eluent for GD1a, GD1b and
GT1b. Lipids were stained with an oricinol-H,SO4-EtOH solution and heated for
30 min at 100 T, and analyzed by densitometry using ImageJ (67).

2.6.7 Immunofluorescence imaging

Cells were cultured in a confocal dish overnight at 37 <C in a humidified
incubator with 5% CO,. Cells were washed with PBS before labeling. HeLa cells
were labeled with Cy5-anti-CD49e (50 ng) and FITC-CTB (5 ug) for 10 min, and
then washed again with PBS. A10 cells were labeled with Cy5-anti-CD49e (50 ng)
and TRITC-CTB (5 ng) for 10min, and then washed with PBS. Live cells were
imaged with a combination of epifluorescence and total-internal reflection
fluorescence (TIRF) microscopy on a Nikon ECLIPSE Ti microscope system.
Images were processed with NIS-Elements v3.5 (Nikon, USA). GFP, TRITC and
FITC-conjugates of CTB were imaged by epifluorescence, Cy5-conjugates were
imaged by TIRF.

2.6.8 Single-Dye Tracking

HelLa cells were cultured in a confocal dish overnight at 37 <C in a
humidified incubator with 5% CO,. Cells were washed with PBS twice, followed

by addition of Cy5-anti-CD49e (50 ng) for 10 min at room temperature. Cells
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were washed twice with PBS to remove excess antibody. Video images of labeled
cells were taken in TIRF with a 60x objective (NA = 1.4) and 1.5x amplification
on a Nikon ECLIPSE Ti microscope system. Data were processed using and
NIS-Elements v3.5 (Nikon, USA). Single-dye trajectories were analyzed using
U-Track (64), and the resulting data was processed using a custom software

package developed in MATlab (Mathworks, Framingham MA, USA).
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3.1 Conclusions

In this project we used several methods to explore the role of human
neuraminidase enzymes in the regulation of Bl-integrin—fibronectin adhesion in
human epithelial cells (HeLa and A549 cell lines). In our migration studies, we
identified several conditions that implicate glycolipids in integrin-mediated
adhesion. For example, NEU3 treatment of HeLa cells resulted in a significant
increase in cell migration. We had originally hypothesized that NEU3 could
regulate integrins through changes in glycolipid composition, and experiments in
which specific glycolipids were exogenously added to the cells confirmed that
these compounds could indeed modulate adhesion. Our results are consistent with
GM3 as a key negative regulator of Bl-integrins, along with NEU3 or NEU4
acting as a positive regulator by depleting GM3 levels in the membrane.
Importantly, our results do not preclude the possibility that other glycolipids may
play important roles in this system. In fact, it may be that other complex or
low-abundance gangliosides may be playing important roles which remain
undetected.

Our results support the possibility that the human NEU enzymes may play
different roles in different cell types. For example, our data indicate that addition

of NEU3 to cells can increase cell migration in one cell type (HeLa), while it is
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inhibitory in another (A549). Critically, our results with the non-specific NEU
inhibitor, DANA, clearly demonstrate that the family of human NEU enzymes
plays an important role in integrin adhesion. DANA was able to inhibit
B1-integrin cell migration in both cell types studied, supporting a role for native
sialidases in integrin regulation.

This finding appears to extend to glycolipids as well, where GM3 is
inhibitory in one cell line (HeLa), it is pro-adhesive in another (A549). Our
studies reveal a surprising complexity of activity for glycolipid structures. We
found that LacCer was pro-adhesive in both cell lines tested, while complex
gangliosides (GM1, GD1a, GD1b, and GT1b) were all inhibitory to different
degrees (Figure 2.14).

Analysis of NEU3 and NEU4 substrate specificity in vitro revealed that
both enzymes have a.2,3 and a.2,8-sialidase activities. Additionally, we analyzed
changes in cellular gangliosides of cells treated under conditions which altered
cell migration. These experiments did not reveal large changes, though this may
be a limitation of the technique (TLC), and therefore we were not able to draw
any firm conclusions about these changes. Our in vitro experiments did confirm
that GM3 is a good substrate for all the enzymes tested (NEU3, NEU4 and
pfNEU); however, GM1 was not a substrate for any of these enzymes.

We used immunofluorescence to visualize the subcellular localization of
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B1 integrins on epithelial cells (HeLa). We observed that the integrin is generally
distributed in microclusters on the cell body, and that NEU-treated cells form
larger integrin clusters. In wild-type cells, the integrin was not co-localized with
cholera toxin-binding gangliosides, such as GM1. Cells which overexpress NEU3
showed large changes in morphology. Additionally, these cells formed large
integrin clusters which contained gangliosides and the NEU3 enzyme. These
results suggested that the integrin, gangliosides, and NEU3 can be co-localized.
Finally, we examined the diffusion of B1 integrins on HelLa using single
dye tracking (SDT) experiments. Measurements of receptor diffusion can provide
evidence of cytoskeletal involvement. In our case, we observed that integrin
diffusion was decreased by NEU-treatment, consistent that the formation of
clusters on the NEU3-overexpressing cells is a result of active cytoskeletal

association.

3.2 Future Directions

Our result supported a role for regulation of cellular adhesion by the
human neuraminidase enzyme isoenzymes, NEU3 and NEU4. The most likely
mechanism for regulation is through modification of the ganglioside content of
the plasma membrane. Although our results are consistent with a central role for

GM3 or LacCer, it is possible that other gangliosides or other hNEU isoenzymes
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are involved in this process. An unanswered question that will require future
work is the observation that NEU4 has different effects on cell migration as
compared with NEU3 in two cell types. Hence, further experiments will need to
be designed which can provide evidence for the specific targets of each enzyme to
resolve these questions. Some possible strategies for future experiments are
described below.

3.2.1 Cell migration test with different ECMs.

We used fibronectin as the ECM substrate for our cell migration assays
because it is the main ligand for a4p1 and a5B1. In control experiments, treatment
of FN with hNEU had no effect on the rates of migration (Figure 2.15). However,
it may be possible that other ECM substrates are affected by hNEU treatment.
Potential substrates would include collagen or laminin. Recent studies have found
that B4 integrins are involved in the growth of prostate cancer cells. The 4
integrin is the laminin receptor (1). The role of NEU3 in laminin-mediated
adhesion has been studied and it suggested that NEU3 can activate ERK and FAK
phosphorylation (2, 3). However, the role of hNEU which modify glycoproteins
could be relevant in this system.

3.2.2 Cell invasion tests with NEU3 and NEUA4.

In this project, we employed a two-dimensional cell migration assay.

However, this assay may not accurately report on interactions that occur in

127



three-dimensional cell culture. Many methods are available to mimic tumor
formation and metastasis in vitro, such including invasion assays (4). These assays
are better mimics of the tissue environment as compared to the two-dimensional
scratch assay. Invasion assays may use a Boyden chamber, also known as a
transwell invasion assay. This chamber can be applied in both invasion and
migration assays, and the only difference is whether the filter is pre-coated with
ECM. In an invasion assay, the porous filter needs to be treated with ECM
followed by seeding of cells (5, 6). Future studies should examine conditions such
as NEU3, NEU4, and DANA treatment of epithelial or cancer cells. This assay
configuration could also test the role of specific gangliosides. These results could
support the conclusions drawn from the two-dimensional assays, or could indicate
if these findings are an artifact of the assay configuration.

3.2.3 ldentification of the NEU4 substrate.

The hNEU isoenzymes appear to have different effects depending on cell
type. Our results in A549 cells suggest that NEU4 protein is a positive regulator of
adhesion. However, NEU3 only showed a positive effect on adhesion in HelLa
cells. This may be a result of different substrates in each cell line. For example, it
is possible that NEU4 targets a glycoprotein substrate found on both cells (7),
while NEU3 could target a glycolipid only present in one cell line. Alternatively,

the same substrate may play a different role in each cell. To resolve these
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questions, further work will be required to identify the primary targets of each
enzyme in specific cell types.

3.2.4 Single dye tracking with more gangliosides and with A549 cell

We measured the lateral mobility of the o5B1 integrin on cells, and
changes to receptor mobility upon treatment known to alter cell migration. For
these experiments, we used single dye tracking, and we proposed a hypothetical
model to explain our results (Sec 2.6). However, additional work will be required
to verify this model. In dye tracking studies, we tested NEU3, GM1 and DANA
treatment. Additional tests of GM3 and NEU4 conditions would help to support a
role for GM2. It may also be worth acquiring higher speed trajectories to provide
improved resolution in these experiments, which may help to distinguish the very
small changes observed in Figure 2.28 and Figure 2.29. Additional studies with
other cell lines, including A549, could provide insight as to whether the effects
observed are specific to the HeLa cell line.

3.2.5 Ganglioside-a5p1 integrin model

In our model, GM3 inhibits FN-integrin interactions by stabilizing an

inactive conformation of the integrin a5p1 receptor (Figure 3.1).
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Low affinity High affinity
(inactive) (active)

Figure 3.1 Two conformational states of the integrin heterodimer. On the cell membrane, most integrins
may be maintained in a low affinity (inactive) folded conformation, which can’t bind easily with the ECM.
After activation (either outside-in or inside-out) , integrins may undergo a conformational change to a high

affinity (active) state. This conformation is results in improved binding to ECM (8).

However, the action of NEUS3 alters the structure of GM3 to LacCer. With
increased levels of LacCer present, FN-integrin adhesion is increased. Our model
would predict that the absence of GM3 could allow for more of the high-affinity
conformation of the integrin to be generated. We propose that a molecular
interpretation of this model could be based on direct ganglioside-integrin binding

interactions. It is possible that the a5B1 integrin contains a lectin domain which
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binds to GM3, or another ganglioside substrate of NEU3. If the binding of the
ganglioside target to the lectin domain (9, 10) prevents a conformational change
required for integrin-FN interactions it would fit with our observations. This
model would also suggest that competitive inhibition of the GM3-integrin
interaction would be anti-adhesive, consistent with our observations in Figure
2.13. Exogenous addition of GM3 would also be expected to be inhibitory, as was

observed in HelLa cells (Figure 2.14).

FN
—
GM3
D
4

Low affinity
(inactive)

>e-

non-binding with FN

app-

binding with FN

membrane
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(inactive) FN
—_—p
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(active)

Figure 3.2 Proposed GM3-a581 integrin model. We hypothesize that GM3 can bind to the low affinity state
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of the a5p1 integrin, stabilizing this conformation and inhibiting binding to its ECM target, fibronectin. In the
absence of GM3, a5B1 integrins are more able to change conformation to a high affinity state, and bind to

fibronectin.

In order to test this model, it would be ideal to verify the direct binding of
GM3 to the integrin. Direct binding experiments could be conducted using a
variety of methods. Surface Plasmon resonance (SPR) is a common technique
used to test the binding affinity interaction between biomolecules (11, 12). In this
method, the sensor surface can display a binding epitope, and a target protein in
solution is measured for binding. Difficulties with this experiment will include
access to large amounts of the integrin. If SPR evidence of GM3-integrin binding
were observed, it would be worthwhile to express specific domains of the integrin

and test each for binding to identify the protein-ganglioside binding site.
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Figure 3.3 Proposed GM3-a5B1 integrin interactions in the presence of NEU3. In our model, NEU3
cleaves sialic acid from GM3, generating LacCer. LacCer has reduced affinity for the a5p1 integrin lectin
domain, leading to a free integrin. The a5p1 integrin may then change to high affinity status and then bind
with fibronectin.

This experiment could also be used to detect binding of the integrin to FN.
For example, integrin co-incubated with GM3 would be expected to have reduced

FN binding from our model (Figure 3.3).
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Figure 3.4 Proposed model for a5p1 integrin modulation by NEUA4.
Establishment of an SPR, or other binding assay, could also test the effect
of enzymes like NEU4 on the a5B1 integrin-FN interaction. Other gangliosides,

including GM1, GD1a, GD1b and GT1b, could also be tested for direct binding.
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Figure A-01 A549 cell gangliosides extraction on TLC plate. HelLa cells were treated with same
concentration of migration assay for 3 hours at 37<C, 5% CO,, and then harvest by cell scraper. The
suspension was washed with PBS twice and centrifuge to get the cell pellet. Gangliosides would be extracted
by 1:1 methanol and chloroform for 30 min and then remove the precipitate by centrifuge. The solution was
dried by N, and then dissolved again in small amount of 1:1 methanol and chloroform. The TLC plate was
separated by 1:2:1 acidic acid, n-butanol and 0.5% CacCl, (aq) and then stained by oricinol sulfuric acid stain.

Analysis of GDla, GD1b and GT1lb by HPTLC required additional
produced optimization. GT1b was treated with the same protocols as for GM1 and
GM3, but staining did not show the bands for the substrates. Heating the plate for

a longer time (about 1 hour) did not improve development (Figure A-02).
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Figure A-02 TLC for GT1b (first run). GT1lb treated with sialidases for 1 hour at 37<C and then
precipitated by 1:1 methanol and chloroform. Liquid was separated by centrifuge and removed aqueous layer.
After drying the organic layer by N,, solid was dissolved in 1:1 methanol and chloroform again and then run
on TLC by 1:2:1 acetic acid/n-butanol/0.5% CaCl, (ag.). TLC was stained by orcinol sulfuric acid and heat
for 1 hour at 80<C.

The TLC did not show lipids from extraction of the organic layer.
Centrifuged to remove the precipitate was followed the drying the liquid mixture

with N and then dissolved in 1:1 methanol and chloroform again.
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Figure A-03 TLC for GT1b (second run). GT1b treated with sialidases for 1 hour at 37<C and then
precipitated by 1:1 methanol and chloroform. Liquid was separated by centrifuge and removed proteins. After
drying the liquid by N, solid was dissolved in 1:1 methanol and chloroform again and then run on TLC by
1:2:1 acetic acid/n-butanol/0.5% CaCl, (ag.). TLC was stained by orcinol sulfuric acid and heat for 1 hour at

80<C.

This TLC protocol was improved, but the bands were still not well
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resolved (Figure A-03). We expected that the salt added in the buffer for the first
reaction step could be the source of the problem. Desalting the sample with C18
tip after reaction was performed before. This improvement allowed us to analyzed

ganglioside substrates after enzyme treatment.
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Figure A-04 TLC for GT1b (desalted and glycerol free). All sialidases changed buffer with 10k spin
column to water in order to remove glycerol, and then GT1b treated with sialidases for 1 hour at 37 <C.
Protein was precipitated by 1:1 methanol and chloroform, and liquid was separated by centrifuge and
removed proteins. After drying the liquid by N,, solid was desalted by C18 tip and dried by N, again. Then
the solid dissolved in 1:1 methanol and chloroform and then run on TLC by 1:2:1 acetic acid/n-butanol/0.5%

CaCl, (ag.). TLC was stained by orcinol sulfuric acid and heat for 30 min at 80<C.
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From our previous studies GM1 was not cleaved by sialidases to GAL. To
confirm that our TLC was not affected by glycerol impurities from hNEU buffer,
a 10K spin column was applied to change buffer to water. The glycerol is used to
make neuraminidase more stable in solution, and it can still remain in the solid
after several purify steps. This time we used glycerol-free sialidases in the
reaction and then ran TLC. This protocol improved the resolution of the GM3

band (Figure A-04).

Mixture GD1a GD1b

Figure A-05 Eluent testing for GD1a and GD1b (1:2:1). GD1a and GD1b were mixed with same amount
and run TLC in 1:2:1 acetic acid, n-butanol and 0.5% CaCl, (aq). TLC was stained by orcinol sulfuric acid

and heat for 30 min at 80<C.
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The solvent system used to separate glycolipids can have strong effect on
separation. Although we first used 1:2:1 acetic acid, n-butanol and 0.5% CacCl,,
other system have been used in the literature (Figure A-05). Separation of GD1la
and GD1b has been required with 60:35:8 chloroform, methanol and 0.25% KCI
(ag) and 60:40:7:3 chloroform, methanol, 0.25% KCI (aq) and ammonium
hydroxide. Prepared these two eluent system, we found that ammonium hydroxide
was not miscible and had two layers at first, which because miscible after standing
for 2 hours. Results showed that both of them could resolve GD1a and GD1b in a

mixture by TLC (Figure A-06).
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Figure A-06 Eluent testing for GD1la and GD1b. Gangliosides tested with a. 60:40:7:3 of chloroform,
methanol, 0.25% KCI (agq) and ammonium hydroxide and b. 60:35:8 of chloroform, methanol and 0.25% KCI
(ag). GD1a and GD1b were mixed with same amount and run TLC plates in two eluent, after that stained by

orcinol sulfuric acid and heat for 30 min at 80<C.

Both of these eluent systems moved very fast on TLC plates. The system
used in a. was better than b. for separation (Figure A-06). In order to make a

good band on TLC, we still made some change for the eluent, and we used
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60:40:8 of chloroform, methanol and 0.25% KCI (aq), then a more clear result

came out.
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Figure A-07 TLC analysis of GT1b (desalted). GT1b was treated with sialidase for 1 hour at 37 <C and then
precipitated by 1:1 methanol and chloroform. The sample was centrifuged and the aqueous layer was
removed. After drying, the organic layer was dissolved in 1:1 methanol and chloroform again and then run on
TLC by 1:2:1 acetic acid/n-butanol/0.5% CaCl, (aqg.). The plate was stained by orcinol sulfuric acid and

heated for 30 min at 80 <C

146



