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Abstract
Molecular-targeting therapeutics directed towards growth factor receptors have become
promising interventions in cancer. They include the family of mammalian receptor
tyrosine kinases such as epidermal growth factor, TrkA and insulin. In particular, the
insulin receptor (IR) is one of the most well-known members of the RTK family of
receptors playing a role in cancer. IRs are covalently-linked heterodimers of αβ subunits
on the cell membrane in the absence of insulin. The IR signaling pathways are initially
triggered by insulin binding to the α subunits followed by the interaction of β subunits
and ATP. The parameter(s) controlling IR activation remains unknown. Here, we report a
membrane receptor signaling platform initiated by insulin binding to its receptor to
induce Neu1 in live HTC-IR and MiaPaCa-2 cell lines. Microscopy colocalization and
co-immunoprecipitation analyses reveal that Neu1 and MMP9 form a complex with naïve
and insulin-treated receptors. Tamiflu (neuraminidase inhibitor), galardin and piperazine
(broad range MMP inhibitors), MMP9 specific inhibitor and anti-Neu1 antibody blocked
Neu1 activity associated with insulin stimulated live cells. Moreover, Tamiflu, anti-Neu1
antibody, and MMP9 specific inhibitor blocked insulin induced insulin receptor
substrate-1 phosphorylation (p-IRS1). The previous findings reveal a molecular
organizational signaling platform of Neu1 and MMP-9 crosstalk in alliance with insulin
receptors. It proposes that insulin binding to the receptor induces MMP9 to activate
Neu1, which hydrolyzes α-2,3 sialic acid in removing steric hindrance to generate a
functional receptor. The results predict a prerequisite desialylation process by activated
Neu1. A complete understanding of IR activation and the role of sialic acids in the
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signaling pathways may provide a therapeutic strategy in the prevention of different
diseases such as diabetes mellitus and cancer.
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Chapter 1

Introduction and Literature Review
1.1 Introduction
Mammalian receptor tyrosine kinases (RTKs) are high affinity cell surface receptors
which bind many growth factors, cytokines and hormones (1). There are approximately
twenty different RTK classes (2). Most RTKs are single (monomeric) in the absence of
their ligands (3). However, there are some exceptions such as the insulin receptor and
insulin-like growth factor receptor that exist as multimeric complexes (4). The binding
between a growth factor and the extracellular domain of an RTK leads to dimerization
with the adjacent RTKs (5). Dimerization triggers a rapid activation of the receptor’s
cytoplasmic kinase domains. The activated receptor then undergoes autophosphorylation
on specific intracellular tyrosine residues (6). Although the signaling pathways of RTKs
are well characterized, the parameters controlling dimerization and the interactions
between the receptors and their ligands remain poorly defined. For instance,
glycosylation of the nerve growth factor (NGF) TrkA receptors is required to localize the
receptor to the cell surface where glycosylation is proposed to prevent receptor
autophosphorylation (7). Indeed, glycosylation of most cell membrane bound RTKs may
be an important requirement for their transport and function. In support of this,
glycosylation is an important requirement for at least the processing, hormonal regulation
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and binding activity of insulin receptor (8). However, the precise role of glycosylation in
RTK receptor activation has not been fully determined.
Insight for the role of glycosylation in RTK receptor activation originated from
the well-characterized model of TrkA family of receptors, demonstrating the role of the
removal of sialyl -2,3 residues linked to β-galactosides of TrkA by a exogenous
sialidase (9-11). These reports presented a novel role of glycosylation for receptor
dimerization and activation. Three important findings were presented in these reports.
Firstly, recombinant Trypanosoma cruzi (T. cruzi) trans-sialidase (TS) treatment of TrkAexpressing PC12 cells led to TrkA phosphorylation (pTrkA), sufficient to promote cell
differentiation (neurite outgrowth) and this activation process was independent of the
TrkA natural ligand NGF (12). Secondly, trypanosome TS mimicked Trk related
neurotrophic factors in cell survival responses (10). Thirdly, a membrane sialidasecontrolling mechanism was reported to be dependent on ligand binding to its receptor to
induce sialidase activity. Activated sialidase on the cell surface was shown to target and
desialylate the receptor with subsequent induction of Trk dimerization and activation (9).
These observations suggested that RTK activation is regulated by a cell surface
mammalian sialidase induction and thus, critical parameters were identified to be
involved with ligand binding to RTKs.
Since glycosylation is an important requirement for at least the processing and/or
hormone-binding activity of RTK insulin receptor (13), the first objective of the literature
review is to present an overview of the insulin receptor with a particular focus on the
2

structure, its different isoforms and functions. The second objective is to review the
activation of the insulin receptor by its ligand and the subsequent signaling pathways
involved in cell functions. The third objective is to discuss the role of glycosylation in the
activation of the insulin receptor by its ligand.

1.2 Insulin Receptor Family
4B

1.2.1 Overview
51B

The insulin receptor family is composed of the insulin receptor, insulin-like
growth factor I receptor, insulin-like growth factor II receptor, and insulin receptor
related receptor (14). There is a high percentage of homology between insulin receptors
and insulin-like growth factor I receptors. There are also functional overlaps between
these two receptors. Therefore, several studies have focused on attempting to understand
the relationship between insulin receptors and insulin-like growth factors.
1.2.2 Insulin-Like Growth Factor System
52B

Insulin-like growth factors (IGFs) are members in the insulin peptide
superfamily. This family includes structurally related peptide hormones that play
important roles in the growth, development, metabolism and survival of the cells (15)
(see Figure 1.1). In humans, they are insulin, IGF-I, IGF-II, relaxin, a relaxin-like factor
(RLF) and placentin (16). Both IGF-I and IGF-II are produced by the liver and are
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Figure 1.1 The structure of insulin super family and the homology between them.
This figure represents the primary structure of insulin superfamily members. Members of this
family share six cysteines that give three disulfide bonds and a single glycin residue within Bchain (6).

4

essential for growth and development of somatic tissues as skeletal muscles and bone
(17).
Since IGFs show structural homology to insulin, IGF-IRs are also very closely
related to the IR (18). Both IGF-IR and IR share the structure of a covalently linked 2α2β
tetramer (19). They are both transmembrane receptors and they belong to the RTK
superfamily of receptors (16). IGF-IR and IR also share functions such as glucose
homeostasis and the proliferative effects of normal and abnormal neoplastic cells (19).
Both receptors have the ability of combining and forming heterodimeric hybrid IR/IGFIR receptors (16).
Unlike IGF-IR, IGF-IIR shows a structural homology with the cation
independent

mannose-6-phosphate

receptors.

IGF-IIR

also

lacks

the

tyrosine

phosphorylation activity (20). IGFs bind to both the insulin receptor and the type I and II
IGF receptors. Type I IGF receptors bind IGF I and IGF II with high affinity, while type
II IGF receptors bind IGF I with high affinity and IGF II with low affinity (see Figure
1.2). Insulin receptors also bind IGF-I with about 100-fold less affinity than insulin.
Thus, only high concentrations of IGFs trigger signaling via insulin receptor (21).
1.2.3 Insulin Receptor Isoforms
53B

Insulin receptors are represented by twenty-two exon-encoded sequences (22).
Depending on the alternative mRNA splicing of exon 11, two IR isoforms are formed
(23). The first one is the IR-A isoform, which lacks exon 11, the second isoform

5

Figure 1.2 The ligand selectivity of the Insulin Receptors
Insulin (Ins) stimulation can activate IRa, IRb and IRa/IGF1R. IGF1 stimulation can activate
IGF1R, IRa/IGF1R and IRb/IGF1R. IGF2 can activate IR-A, IR-A/IGF1R and IGF1R. Activation
of the previously mentioned receptors lead to the autophosphorylation (pY) of beta subunits (24)
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is IR-B, which includes this exon (24) (see Figure 1.3). IR-A is predominantly expressed
during embryogenesis and fetal development. It enhances the embryonic life, growth and
development. Thus, IRs function metabolically and non-metabolically (25). Different
studies suggested that IR-A has two-fold higher affinity to bind insulin than IR-B (18,26).
IR-A also has a faster internalization process and recycling time (27). The upregulation
of IR-A is associated with the decrease of insulin signaling and the gain of insulin growth
factor signaling (28). IR-A triggers mitogenic and anti-apoptotic signals (18). Numerous
studies have linked IR-A overexpression with several serious diseases such as diabetes
mellitus, different types of cancer and myotonic dystrophy (18,29). Interestingly, the
overexpression of IR-A in cancer cells has been linked to the upregulation of hnRNP-A1
(splicing factor) (18).
In contrast, IR-B is predominantly expressed in well-differentiated tissues, where
it plays an important role in the metabolic action of insulin. IR-B upregulation is
associated with a predominant metabolic insulin signaling (30).
The main physiological function of the insulin receptor (IR) is involved in
metabolic regulation. IR regulates glucose metabolism homeostasis (31). Failure to
maintain metabolic homeostasis results in metabolic disorders such as diabetes mellitus
(32). The alteration in the balanced ratio between IR-A and IR-B and the overexpression
of IR-A has been linked to different cancer types such as breast cancer, lung cancer and
colon cancer (30,33) (see Figure 1.4) . Thus, numerous studies are focusing on the role
of these receptors in cancers and diabetes mellitus (28,30,33,34).
7

Figure 1.3 Structure of insulin receptor isoforms, IR-A and IR-B
Both forms A and B consist of leucin rich repeat 1(L1), cysteine rich domain (CR), leucin rich
repeat 2 (L2), and three fibronevtin domains (FnIII 1, FNIII 2 and FnIII 3). The red part
represents the exon 11 which lacks in IR isoform A (30).
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Figure 1.4 IR isoforms in different cancer tissue in comparison to normal tissues

The alteration in the balanced ratio between insulin receptor isoform A (IR-A) and
insulin receptor isoform B (IR-B) and the over expression of insulin receptor isoform A
have been linked to breast cancer, lung cancer, colon cancer and s.muscle cancer. IR
isoform content has been calculated by determining the total IR protein content(30)
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1.2.4 Insulin Receptors structure and Dimerization
54B

Insulin receptors are transmembrane glycoprotein complexes or tetrameric
proteins that play essential roles in different biological cell functions (35). IRs belong to
the insulin family of receptors: insulin receptor, insulin-like growth factor-1 receptor
(IGF-1R) and insulin related receptors (IRR) (6). The IR family of receptors belong to
subclass II of the RTK superfamily of receptors (36).
Generally, most RTKs are single highly glycosylated receptors and upon ligand
binding, they undergo dimerization step. IR and IGF-IR are covalently-linked dimers in
the absence of their ligands (37). The dimerization of the RTKs plays an important role in
the regulation of their functions (38). The IR biosynthesis pathway or dimerization is
initiated by the synthesis of a single-chain pre-proreceptor, the initial product of the IR
gene, INSR, into the endoplasmic reticulum (ER) (36,39). INSR has twenty-two exons,
of which eleven exons are encoding α-subunits and eleven exons are encoding β-subunits
(16,40). The formation of this pre-proreceptor is followed by a cleavage of the preproreceptor (6). Following this final step, the N-linked glycosylation of the proreceptor
occurs at seventeen different sites (41). Two of the αβ subunits will undergo dimerization
by combining together to form the αβ dimer of the insulin receptor. This dimer is
composed of two extracellular α subunits that contain the insulin binding site, and two β
subunits that include a tyrosine kinase (TK) domain and two inter-chain covalent
disulphide bonds (6). N-linked oligosaccharide will undergo a maturation step and the
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cleavage of the receptor will take its place at the prototypical furin cleavage site (42,43).
After this, IRs will transfer to the plasma membrane as the αβ heterodimer complex.
The α subunit contains 719 or 731 amino acids (depending on the alternative
mRNA splicing of exon 11) and its molecular mass is about 130 kDa. The β subunit
contains 620 amino acids and its molecular mass is about 95 kDa (42). α and β subunits
are linked by two interchain disulphide bonds, while the two α subunits are linked by a
single intra-α disulphide bonds (6).
There are six extracellular structural domains in IR. Two of the homologous
domains L1, L2, are leucine-rich repeats that are flanked by a cystine rich domain (CR),
and three fibronectin domains (FnIII0 , FnIII 1 and FnIII 2) (31). The FnIII0 domain is
the location of the disulphide link between the α subunits. The FnIII 2 domain is the site
for cleavage, while FnIII 1 and FnIII 2 are sites for αβ disulphide links (31). Adjacent to
the CR, a 12 amino acid sequence that is encoded by exon 11 is spliced and it gives two
isoforms, IR-A and IR-B (23,42) (see Figure 1.5). The β subunit is composed of
fibronectin type III domains (FN III), transmembrane domains (TM), jaxtamembrane
domain (JM),Tyrosine Kinase domain (TK), and C terminal domain (44) (16) (see Figure
1.6).
There are similarities in the structure of both the insulin and IGF I and II receptors.
The homology between IR and IGF-IR is 45–65% in the ligand binding domains and 60–
85% in the tyrosine kinase domains (30). This homology may provide an explanation for
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Figure 1.5 Structure of IR heterotetramer extracellular portion of IR-A and IR-B.

This picture represents the extracellular portion of IR-A and IR-B. The extracellular
portion of insulin receptor is composed of leucine-rich repeats (L1,L2) that are flanked
by a cystine rich domain (CR), and three fibronectin domains (FnIII0 , FnIII 1 and FnIII
2). This picture is also shown that IR-B can bind to insulin, but not IGF-II. The reason
why IR-B cannot bind to IR-B is that IR-B has exon 11 (represented in the figure as a red
fragment), which does not allow the binding between IR-B and IGF-II. On the other
hand, IR-A can bind both insulin and IGF-II because it lacks exon 11(30).
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Figure 1.6 Insulin receptor structure.
Diagram A: shows the 22 exons that encode sequences of Insulin Receptor. Insulin receptor
consists of two extracellular α subunits and two transmembrane β subunits. Insulin receptor has
three disulphide bonds; one bond between the two α subunits and two bonds between the α
subunits and the β subunits. The orange arrowheads indicate the glycosylation sites: 14 at α chain
and four at β chain. The green arrowheads represent the ligand-binding hotspots. The major
immunogenic region in the insulin receptor is represented in this diagram by a black bar along
FN0. Diagram B: shows a modular structure of insulin receptors. Protein modules are composed
of leucine-rich repeats 1 (L1), cystine rich domain (CR), leucine-rich repeats 2 (L2), fibronectin
type III domains (FN III), transmembrane domains (TM), jaxtamembrane domain (JM),Tyrosine
Kinase domain (TK) and C terminal domain (45) .
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the cross reaction and overlapping between both insulin receptor and insulin like growth
factor receptors (46).
1.2.5 Insulin
The insulin hormone maintains the body’s metabolic homeostasis by regulating
energy storage and glucose metabolism (47). It plays crucial roles for cells such as the
increase of glycogen and fatty acid synthesis, the increase of fatty acid esterification,
decreasing proteolysis, lipolysis and gluconeogenesis and increasing amino acid and
potassium uptake (6,35). Insulin is a peptide hormone that is released by the pancreatic β
cells directly into the hepatic portal blood (48). Insulin biosynthesis is initiated by the
synthesis of preproinsulin, the initial translation product of the insulin gene, INSR gene
(6). Pre-proinsulin is synthesized into the cytoplasm with a signal peptide (49). This is
followed by the cotranslocation of the pre-proinsulin into the endoplasmic reticulum (49).
Proinsulin will then produce by the cleavage of the signal peptide in the pre-proinsulin
(50). A protein folding step will result in three disulphide bonds (49). The proinsulin will
then transfer to the Golgi apparatus and packaged into secretory molecules, where it
convert from proinsulin into insulin (51). Exocytosis is responsible for the release of
mature insulin (52).
Fifty-one amino acids make up insulin. The A chain consists of 21 amino acids,
while the B chain consists of 30 amino acids, giving it a molecular weight of 5808
Daltons. The A and B chains are covalently linked by disulphide bonds that maintain the
stability and the biological activity of the insulin (53). Two bonds are interchain
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disulphide linked bridges at the A7-B7 and at A20-B19 domains. The third is an intra Achain that bonds A6 and A11 (53).
The insulin molecule is composed of hydrophobic core and the canonical
elements of secondary structure (54). The hydrophobic core has four structural features: a
central helix at B chain between B9 and B19, a disulphide bond between A20 and B19, a
C-terminal A chain helix between A13 and A19, and a β-turn at B20 and B23 (53).
Insulin molecules are produced and stored in a hexameric inactive, crystal form (53).
This inactive structure provides the insulin molecule with long term protection and
stability (53).
1.3 Insulin Activation of Insulin Receptor.
6B

1.3.1 Ligand Binding to Insulin Receptors
56B

In each IR monomer, there are two non-identical binding sites, each of which
is in a different region (55). When insulin binds to the low affinity site on the α subunit,
this promotes another insulin association with the alternative insulin receptor subunits
(56). High affinity binding can occur only between the paired sites on one side of the
insulin receptor dimer, for example, site 1 and 2’ or site 1’and 2. This pairing process
causes the negative co-operativity of the insulin receptor dimerization (42). The
formation of site (1’and 2) cross-linking is responsible for opening up the initial site (1
and 2’) and dissociation of the ligand bond at the previous initial site (55) (see Figure
1.7).
17

Figure 1.7

Insulin Binding to Insulin Receptors

This figure shows how insulin binds insulin receptor. The ‘scissors’ symbol represents the
cleavage site. In case of high affinity state, insulin molecules can crosslink 1 and 2 on one side of
the dimer. As a result, two monomers will close up on that side and open at the other side.
Formation of the alternate cross-link will cause the negative co-operativity(55)
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In addition, insulin binding to the receptor causes conformational changes within the
receptor, ligand and N-terminal region. The carboxy-terminus of the insulin receptor
moves in order to expose its hydrophobic surface. The N-terminal region then changes
from an extended, stable, less active form to a less stable, more active form, resulting in
the extension of the IR β chain (55).
Insulin binding to the insulin receptor, IR, results in the phosphorylation of a
complex network of intracellular effector molecules that are involved in glucose
metabolism and glucose transporter type 4 (GLUT4) translocation (25). The activation of
the insulin receptor by insulin triggers the signaling cascade, a crucial step in hormonal
regulation (53).
1.3.2 Insulin Receptor Signaling Pathways
57B

IR signaling pathways are triggered by the binding of insulin to the extracellular
portion of the IR α subunits which is followed with the association of the β subunits with
the adenosine triphosphate (ATP) domain (6). This process leads to a cascade of
autophosphorylation of tyrosine kinase domain in the β subunits, this is followed by the
phosphorylation of insulin receptor substrate proteins (57).
The insulin receptor substrate (58) proteins are a family of cytoplasmic adaptor
proteins, this family is composed of four members; IRS-1, IRS-2, Irs-3, and IRS-4 (57).
IRS-1 and IRS-2 are essential mediators of insulin-dependent mitogenesis and the
regulation of glucose metabolism in most cell types (59). The third member is Irs-3,
which is expressed in rodents but not human (60). The last member is IRS-4, the
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expression of IRS-4 is restricted to the liver, brain, kidney, and thymus (61). In insulin
receptor signaling pathway, the phosphorylation of IRS proteins stimulates two signaling
pathways: the phosphatidylinositol 3 kinase (PI3K) pathway, and the mitogen activated
protein kinase (MAPK) pathway (6) (see Figure 1.8)
The PI3K is a heterodimeric protein that involves two subunits: p110, the
catalytic subunit and p85, the regulatory subunit (46). The activation of the PI3K
signaling pathway plays important roles in glucose metabolism, glycogen, lipid and
protein synthesis (21). The phoshorylation of PI3K triggers the subsequent signaling
cascade. The phosphorylation of

IRS leads to the release of a subsequent cellular

signaling pathway, resulting in the association of the PI3K regulatory subunit, p85, and
the phosphorylated tyrosine residues of IR or IRS adaptor proteins (6). This association
of p85 with IR or IRS results in conformational changes in the catalytic p110 subunit of
PI3K (6,40). The phosphatidylinositol biphosphate (PIP2) is then catalyzed by PI3K into
phosphatidylinositol 3,4,5- biphosphate (PIP3) (40). Accumulation of PIP3 on the plasma
membrane results in the recruitment and colocalization of phoshpo-inositol dependent
kinase 1 (PDK1) and protein kinase B (PKB1/AKt). As a result (PDK)1 will
phosphorylate and activate PKB1/Akt (46). PKB/Akt will then phosphorylates several
target proteins, including glycogen synthase kinase 3 (GSK-3) (62).
The second pathway is Ras / MAPK. Ras proteins are composed of small
guanosine triphosphate (GTP)/guanosine diphosphate (GDP)–binding GT (63). Ras
proteins control a major intracellular signaling network affecting several cellular
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Figure 1.8 Insulin Receptor Signaling Pathway

This figure represents the cell signaling through insulin receptor substrate 1-4 (IRS-1-4).
Insulin receptor pathway is initiated with insulin binding to insulin receptors, which leads
to conformational changes in beta subunit of the receptor. Then, autophosphorylation of
beta subunit will occur and that will lead to the phosphorylation of insulin receptor
substrate 1-4. Phosphorylation of IRS proteins will then lead to two pathways; PI3K and
MAPK.. PI3K activation leads to the recruitment of protein kinase B (PKB1/AKt). Akt
will then phosphorylates several target proteins, including glycogen synthase kinase3
(GSK-3). PI3K pathway plays an important role in the metabolism of glucose, the
synthesis of; glycogen, lipid, and protein. The second major insulin receptor signaling
pathway is MAPK pathway. The phosphorylation of IRS proteins leads to the activation
of Ras proteins. Ras proteins are composed of small guanosine triphosphate
(GTP)/guanosine diphosphate (GDP)–binding GT. This is followed by the activation of
Mek and the the release of MAP kinase. MAP kinase pathway plays an important role in
gene expression. Both insulin receptor pathways affect the cell growth and
differentiation. The picture was modified from (24).
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functions such as proliferation,migration, survival, cell fate determination, differentiation,
senescence and gene expression (24,64). Activation of cell surface receptors via
extracellular ligands initiates the Ras/MAPK pathway (63). The activation of the
Ras/MAPK pathway creates docking sites for adaptor molecules, such as Grb2, which
bind to phosphorylated IR via their SH2 domain (30). As a result, activation of Ras/Raf
occurs, triggering MAPK activation (65).
1.4 Receptor Glycosylation
7B

Glycosylation is an enzymatic process that attaches glycan structures to protein, lipid and
other organic molecules (66). There are five glycan classes. First, N-linked glycans are
attached to a nitrogen of asparagine or arginine side-chains (67). Second, O-linked
glycans are attached to the hydroxy oxygen of serine, threonine, tyrosine, hydroxylysine,
or hydroxyproline side-chains, or to oxygens on lipids such as ceramide (66,68). Third,
phospho-glycans are linked through the phosphate of a phospho-serine (66). Fourth, Clinked glycans are an infrequent glycan type, where a sugar is added to a carbon on a
tryptophan side-chain (69). The last glycan class is glypiation, which is the addition of a
GPI anchor that links proteins to lipids through glycan linkages (66).
Insulin receptors have 18 asparagine residues (glycosylation sites) that have the
ability to accept N-linked glycosylation and some serine/threonine amino acids that are
involved in O-linked glycosylation (55). The N-linked glycosylation process is crucial for
folding and oligomerization of complex- multi-domain proteins (8). In 2000, Frankel et
al. used site-directed mutagenesis in order to remove the N-linked glycosylation sites at
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15 various regions. Interestingly, they found that individual mutations did not affect IR
expression, processing or ligand binding. Mutation of a combination of sites results in
impaired protein folding and processing.

1.5 Insulin Receptor Glycosylation
8B

1.5.1 Overview
58B

Receptor glycosylation is one of the essential aspects in a receptor’s biosynthesis
and functions. In particular, insulin receptor (IR) glycosylation is crucial for the folding,
processing and trafficking of the receptor. In the following sections, the first objective is
to investigate the role of glycosylation in IR biosynthesis and activation. The second
objective is to present an overview of the sialic acids and the mammalian sialidases.
Mammalian sialidases are enzymes that have the capability of cleaving the sialic acids
from the glycosylated molecules in the cell. Sialidases play an important role in the
activation of different receptors, such as insulin receptors (IR), insulin-like growth factor
receptors (IGFRs) and epidermal growth factor receptors (EGFR). The third objective is
to provide an overview of the role of glycosylation in the activation of different receptors.
Finally, a particular focus of the following sections will be on the role of neuraminidase-1
(Neu1) in the IR activation.
1.5.2 The Role of Glycosylation in Insulin Receptor activation
59B
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The insulin receptor is considered to be a highly glycosylated receptor, as it
includes 18 asparagine residues (glycosylation sites). Fourteen of those glycosylation
sites are localized on the α subunits, while the rest are on the β subunits (8). Specifically,
α subunits contain the N-linked carbohydrate only, while β subunits contain both O- and
N-linked carbohydrates (37).
During IR biosynthesis, and specifically at the endoplasmic reticulum (ER), Nlinked glycans (Glc3Man9GlcNAc2) are moved from the dolichol-P-P derivative to the
asparagine chain of the growing polypeptide (70). The reversible trimmers of the Nlinked glycans are controlled by two enzymes: glucosidase and glucosyl transferase (71).
These two enzymes play an important in the transient glycosylation of the glycoprotein at
the ER level (72). Dimerization of IR will then occur in the ER. After this, additional
processing of the glycans occurs in the ER and the golgi. Following the additional
processing step, further maturation steps are required in order to synthesize the mature
functional IR. These maturation steps include the cleavage of the pre-proreceptor and the
transport of the mature insulin receptor to the cell surface.
N-linked glycans that attach to IR have several biological functions. For instance,
they are essential for the correction of the polypeptide folding chain. They are important
for the correction of the αβ chain processing (71). They are also responsible for the
transportation of the mature IR to the cell surface (71).
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1.6 Sialic Acids
9B

The sialic acid (neuraminic acid) family contains about 50 members that share a
nine-carbon amino sugar backbone and a carboxylic acid group at the C1 position (66).
This carboxylate gives the negative charge to the sialic acid. (73). Sialic acids are widely
distributed among both invertebrates and vertebrates, as they are present in all cell
surfaces, specifically at the outermost end of glycan chains (74).
There are two primary sialic acids: 2-keto-5-acetamido-3,5-dideoxy-D-glyceroD-galactononulosonic

acid (Neu5Ac) and 2-keto-3-deoxy-D-glycero-D-galactonononic

acid (KDN) (66). (See figure 1.9). The rest of the sialic acid family members are derived
from those primary sialic acids.

Neu5Ac is the most common sialic acid among

vertebrates (75).
The carbon number five position (C5) in the sialic acids is considered to be
modification site, because distinct functional groups can attach to it. At this position,
sialic acids can undergo different modification processes, such as acylation, methylation
and hydroxylation (76,77). For instance, the modification (substitution) of Neu5Ac
carbon number 5 results in KDN (66) The modification of C5 is essential for the diversity
of sialic acids (see Figure 1.10). This diversity in sialic acids allows sialic acids to
perform different biological functions such as; recognition and contact between cells and
molecules, neuronal transmission, and ion transport (78).
Synthesis of sialic acid occurs in the cytosol as Neu5Ac and later, Neu5Ac transfers to
the nucleus (66). Then, Neu5Ac attaches to cytodine 5-triphosphate (CTP) in order to
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Figure 1.9 The primary forms of Sialic Acids
A, 2-keto-5-acetamido-3,5-dideoxy-D-glycero-D-galactononulosonic acid (Neu5Ac). B,
2-keto-3-deoxy-D-glycero-D-galactonononic acid (KDN). The modification (substitution)
in Neu5Ac carbon number 5 results in KDN. Neu5Ac is the most common sialic acid
amoung vertibrates. Both Neu5Ac and KDN are primary sialic acids and all the rest of
sialic acids family are derived from those primary sialic acids (79).
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Figure 1.10 Sialic Acid Structure
This figure represents the structure of sialic acid. Sialic acids are composed of nine-carbon amino
sugar backbone and carboxylic acid group at C1 position. The figure also represents a list of a
possible nature substituents in the following modification sites: C4, C7, C8, C9, C5 (78)
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produce CMP-Neu5Ac, which transfers to Golgi apparatus to be used by sialyl
transfetases (ST) (78). ST will then attach to CMP-Neu5Ac and give the sialic acid its
specific glycoside linkage (66).
In humans, most of sialic acids are linked to galactose, as a terminal, nonreducing end of either glycolipids or glycoproteins (80). The rest of the sialic acids are in
a free state (81). Both C-5 and the carboxyl group at the position number create
negatively charged molecules of sialic acids (80). Human IR contains two types of
oligosaccharides: high mannose oligosaccharide and a complex type. The complex type
oligosaccharide includes N-acetylglucosamine, additional fructose, and sialic acid
residues (8).

1.6.1 Functions of Sialic Acids
60B

Sialic acids play important roles in cell to cell interaction; the signaling,
recognition, attachment, transportation, stabilization of the cell membrane and finally
control of the permeability of the glomerular basement membrane (66). The most
important function of sialic acids is cellular and molecular recognition (82). Sialic acids
function as a recognition sites for host and pathogen receptors, which help the immune
system to differentiate between self and non-self-cells (78). On the other hand sialic acids
also have the capability of disguise and conceal recognition sites (75). For instance, some
tumors are sialylated more than the normal tissue, this sialylation helps the tumor cells to
escape from being recognized by the immune system (78).
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Sialic acids have special features that affect their functions. For instance, as part of the
membrane and as negative molecules, sialic acids are implicated in the transport of the
positively charged molecules by using Ca+2 mobilizations (83,84). Sialic acids size, their
negative charge and their exposed terminal position in the carbohydrate chain allow them
to function as protective shields for the sub-terminal part of the sialic acid molecule (78).
This protective shield prevents protease degradation of glycoproteins (78).
The increase in sialic acid levels is associated with many conditions such as
malignancies, inflammations, cardio-vascular diseases, diabetes mellitus type I and II.
Additionally, some studies have shown that sialic acid is increased in insulin resistance,
which suggests a relation between the elevation in sialic acid level and the insulin
resistance (66). One of the main features of cancer cells is the alteration in glycosylation.
For example, different studies show that malignant metastatic potential and invasiveness
are accompanied by the alteration of sialylation (85).
1.7 The Sialidases
10B

Sialidases or neuraminidases are enzymes that belong to the exo-glycosidase family
(80). Neuraminidases play important roles in regulating several cell functions, such as
proliferation, differentiation, antigenic properties, catabolism, infection and signal
transduction (86). In order to perform these functions, neuraminidases catalyze the
hydrolysis of the terminal sialic acid from oligosaccharides, glycoproteins, or glycolipids
(87). Neuraminidases are capable of cleaving the α-2,3, α-2,4, α-2,6, α-2,8, and α-2,9
linkages. However, the α-2,3 and α-2,6 linkages are the essential neuraminidase substrate
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(77). Neuraminidases can be found in viruses, bacteria, protozoa and mammalian cells
(88).
According to the differences in their localization, pH, response to the ions and
detergent, kinetic properties and the specificity of the substrate, mammalian
neuraminidases can be classified into four types; Neu1, Neu2, Neu3 and Neu4 (80) (See
(see Table 1.1). Human neuraminidases share three important structural features with
viral and bacterial neuraminidases. First, they involve the F/YRIV/P motif that is
localized in the N-terminal end (86). Second, they include the Asp boxes [consensus
sequence Ser/Thr-X-Asp-(Xb-Gly-X-Thr-Trp/Phe)], and this consensus sequence is
repeated two to five times according to the protein type (89). Third, they also share the
conserved six-bladed β propeller domain that includes the enzyme active site (90). The
arginine of the F/YRIV/P motif is localized in the center of the β propeller, which implies
that F/YRIV/P motif is part of the active site. Asp boxes on the other hand are localized
on the peripheral end of the protein, which implies that they might play a role related to
the structure (89).
1.7.1 Mammalian Neuraminidases
61B

Mammalian neuraminidases are involved in different cell functions, for
instance, cellular proliferation, cellular differentiation and membrane function and
antigenic masking (91). The first type of mammalian neuraminidase is the lysosomal
neuraminidase-1 (Neu1), which can be found on the cell surface as well (92,93). The
majority of vertebrate tissues express Neu1: pancreas, skeletal muscle, kidney, heart,
30

Table 1 The differences among mammalian sialidases
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lung, liver and brain cells are expressing Neu1 (89). In order to perform its functions,
Neu1 forms a multienzyme complex that contains two hydrolases: the protective
protein/cathepsin A (PPCA) and the glycosidase beta-galactosidase (β-GAL) (80). Neu1
is the only sialidase known to have direct involvement in the two neurodegenerative
metabolism defects: sialidosis and galactosialidosis (80).

Sialidosis is an inherited

metabolic disorder caused by Neu1 gene structural lesions (94). On the other hand,
galactosialidosis is caused by the deficiency of both Neu1 and β-galactosidase (89).
Both disorders share a metabolic biochemical defect that is characterized by the
accumulation of sialylated oligosaccharides and glycopeptides in fibroblast tissues.
Furthermore an enormous amounts of these compounds appear in the urine and body
fluids (95). The involvement of Neu1 in these two neurodegenerative metabolism defects
implies that there is a role for Neu1 in intracellular catabolism of sialylated
glucoconjugates (96).
The second type of mammalian neuraminidase is the cytosolic neuraminidase-2
(Neu2) (97). Neu2 is expressed in skeletal muscles (98). Neu2 has the capability of
recognizing distinct substrates, such as glycoproteins, gangliosides, and oligosaccharides
(99). Neu2 is implicated in myoblast differentiation and muscle regeneration (80).
The third type of mammalian neuraminidase is the membrane associated
neuraminidase3 (Neu3), which recognizes gangliosides (80). Neu3 is expressed in the
adrenal glands, testis, skeletal muscle, thymus, and fetal tissues (100). The fourth type of
mammalian neuraminidase is the neuraminidase-4 (Neu4). Neu4 is localized in the
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mitochondria, lysosome, and the cell membrane (80). According to the presence of the
twelve amino acids sequence localized in the N-terminus, Neu4 can be sub-classified
into two isoforms: the long isoform (Neu4L) that has the sequence and the short isoform
(Neu4S) which lacks the sequence (101). Neu4 is expressed in CNS cells, colon, liver,
kidney, and small intestine (80). Neu4 is implicated in the regulation of neuronal
differentiation (80).
1.8 The Role of Neu1 Sialidase in Different Receptor Activation
1B

Numerous studies suggested that Neu1 mediated desialylation has an important
role in the activation of different receptors. For instance, Woronowicz et al.,( 2004)
presented the role of glycosylation in TrkA receptor dimerization and activation. This
study demonstrated the role of the removal of sialyl -2,3 residues linked to βgalactosides of Trk by an exogenous sialidase. Treatment of TrkA-expressing PC12 cells
with recombinant T. cruzi trans-sialidase (TS) resulted in TrkA phosphorylation (pTrkA)
sufficient to promote cell differentiation (neurite outgrowth). This activation process was
independent of TrkA natural ligand, nerve growth factor (NGF). In addition, trypanosome
TS mimicked Trk related neurotrophic factors in cell survival responses (10,12).
In 2007, Woronowicz et al. suggested a novel signaling paradigm for NGF TrkA
receptor activation. They reported that the cleavage of the α2,3- linked galactose residues
by a sialidase enzyme is essential for receptor activation. In this study, they treated cells
with oseltamivir phosphate, a broad range sialidase inhibitor, before stimulating them

33

with the ligand. Oseltamivir phosphate was able to inhibit phosphorylation of TrkA, thus
implying that TrkA activation requires sialidse activity (9).
In 2010, Jayanth et al, reported unprecedented membrane sialidase mechanism
initiated by nerve growth factor (NGF) binding to TrkA to potentiate GPCR-signaling via
membrane Gαi subunit proteins and matrix metalloproteinase-9 (MMP-9) activation in
order to induce Neu1 sialidase activation in live primary neurons and TrkA- and TrkBexpressing cell lines. They were able to block the sialidase activity in live TrkAPC12
cells treated with NGF with subsequent inhibition of Trk activation in primary neurons
and neurite outgrowth in TrkA-PC12 cells by using Tamiflu (neuraminidase inhibitor).
These findings reveal a Neu1 and MMP-9 cross-talk on the cell surface that is essential
for neurotrophin-induced Trk tyrosine kinase receptor activation and cellular signaling
(102).
In 2010, Amith et al. extended this research to the activation of the Toll-like
receptors (TLRs). They have shown that Neu1 sialidase forms a complex with TLR 2, 3
and 4 on the cell surface of macrophages. They demonstrated that upon ligand
(lipopolysaccharide,

polyinosinic–polycytidylic

acid

and

killed

Mycobacterium

butyricum) stimulation, Neu1 sialidase becomes activated. This activation of Neu1 results
in the cleavage in the α-2,3 linked sialic acid on the ecto-domain of TLR. Also, they have
shown that Neu1 sialidase plays an important role in TLR activation and dimerization
(93).
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1.9 Matrix Metalloproteinase Family

The metalloproteinase family is composed of transmembrane metalloproteinases
with a disintegrin domain (ADAM proteins), secreted metalloproteinases with
thrombospondin repeats(ADAMTS proteins) and matrix metalloproteinases(MMPs)
(103). Metalloproteinases have the ability of processing cytokines, collagen and growth
factors and form an integral part of the pathological and physiological processes in the
extracellular matrix environment (103). Matrix metalloproteinases (MMPs) are a family
of enzymes, capable of regulating cell-matrix composition by using zinc for their
proteolytic activities (104). MMPs are responsible for different cellular functions such as
tissue remodeling and degradation of the extracellular matrix (104).
There are 26 human matrix metalloproteinases. Human MMPs are classified
according to their specificity into collagenases such as MMP-1, gelatinases such as
MMP-9, stromelysins such as MMP-3, and matrilysins such as MMP-26 (105). MMP-9
is a 92 kDa gelatinase B matrix metalloproteinase (106). MMP9 is implicated in the
breakdown of extracellular matrix in several biological processes. For instance, during
reproduction, tissue remodeling and embryonic development (107). Several studies have
looked at the involvement of MMP-9 with different pathological disorders such as insulin
resistance, systemic lupus erythematosus, Sjogren's syndrome, systemic sclerosis,
rheumatoid arthritis, multiple sclerosis, polymyositis and atherosclerosis (104,108-111).
Different studies have focused on the role of MMP-9 in the activation of
different receptors such as Toll-like receptors. In 2012, Abdulkhalek et al. reported that
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Neu1 and MMP-9 crosstalk is essential for Toll-like receptor activation. They
knockdown MMP-9 and reported that Neu1 activity associated with addition of the
TLR4 ligand LPS, bombesin or LPA in siRNA MMP9 knockdown cells was reduced to
low levels compared to wild-type RAW-blue cells (112).
In 2012, Purushothaman et al. showed that heparanase mediated upregulation
of IRS1 regulates ERK activation, which leads to the enhancement of activated MMP-9
level and syndecan-1 shedding. In their experiment, they used zymography technique
with IRS-1 knockdown and control cells. Compared to the control, IRS-1 knockdown
cells exhibited low gelatinolytic activity corresponding to pro-MMP-9. They confirm the
previous finding by using heparanase that mediated upregulation of IRS-1 regulates ERK
activation, leading to the enhancement in the levels of activated MMP-9 and syndecan-1
shedding (113). The data from this study suggested that MMP-9 plays a role in insulin
receptor activatin. Also they indicated that the inhibition of the IRS-1 affects the MMP-9
level, which suggested that there is a relation between MMP-9 and insulin receptor
activation. Further studies need to be done in order to identify the mechanism of MMP-9
activation and its role in insulin receptor activation.

1.10 Insulin Receptor Activation Proposed Model
14B

As both TrkA and IR belong to the receptor tyrosine kinases (RTKs)
superfamily, we hypothesize that IR might follow the same activation paradigm as TrkA.
Accordingly, sialidases might be the key for IR activation together with the MMP9. IR is
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a heavily glycosylated receptor as it contains 18 glycosylation sites. The studies of IR
glycosylation sites mutation have also shown the importance of glycosylation in IR
biosynthesis, binding and activation (71,114). In 1992, Leconte et al. presented a study
that focused on the potential contribution of N-linked oligosaccharides of the β-subunit in
the processing, structure and function of the IR. They used a mutated IR (IR-βN1234),
which was mutagenized on four potential N-glycosylation sites (ASn-X-Ser/Thr) of the
β-subunit. They compared the IR-βN1234 with the wild type IR (115). The
immunoprecipitation method was used for both insulin receptors (IR-βN1234 and IRT),
with two monoclonal antibodies that targeted the IR α and β subunits. There were no
differences on the molecular weight of α subunits between both receptors. However, they
reported a reduction in the molecular weight of the IR-β subunit in the mutated IR, as the
molecular weight had been reduced from 95 kDa to 80 kDa. These results showed that
the mutation of the four glycosylation sites in IR-β subunit has no effect on the α-subunit,
but it causes a reduction in the β-subunit molecular weight. It was reported that this
mutation in the β-subunit had no effect on IR cell surface expression or on the insulin
binding to the IR. However, the IR-βN1234 had major defect on tyrosine kinase activation
by the insulin (114). These results prove the importance of the glycosylation in the
structure and the activation of the insulin receptor.
Arabkhari et al. (2010) have shown that Neu1 inhibitors were able to inhibit
the proliferative response of L6 cells (rat skeletal myoblast cells) to insulin (1-10 nM).
Specifically, they used competitive Neu1 inhibitors such as anti-Neu1 Ab. and dd.
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NANA (2,3-dehydro-2-deoxy-N-acetylneuraminic acid, a competitive inhibitor of the
endogenous mammalian sialidases). They compared dermal fibroblast cells from
sialidosis patients (i.e. patients who have Neu1 deficiency) with normal dermal fibroblast
in order to determine the effect of Neu1 deficiency in the metabolic response to the
insulin. In this study, they measured the Akt phosphorylation, because Akt is one of the
end products of PI3K pathway. In Neu1 deficient samples, they reported a reduction in
the Akt phosphorylation response to the same low dose of insulin, compared to the
normal samples. Moreover, Arabkhari et al. were able to restore the normal level of Akt
phosphorylation by pre incubating the Neu1 deficient samples with exogenous Neu1 and
c-PNase (clostridium perfringens neuraminidase, exogenous neuraminidase) (116). The
previous findings suggested that Neu1 plays a role in the activation of insulin receptor.
Insulin binding to the insulin receptors initiates the IR signaling cascade.
This binding triggers the activation of MMP9. Activated MMP9 will activate Neu1. Neu1
sialidase, which in turn requires protective protein/cathepsin A (PPCA) to facilitate Neu1
recruitment from the lysosome to the cell membrane. The α-2,3-linked sialic acid then
undergoes a cleavage step after the activation of Neu1 sialidase. As a result, the receptor
activation occurs and this is followed by autophosphorylation of insulin receptor β
subunits, resulting in initiation of insulin receptor signaling cascades (See Figure 1.11).
1.11 The Rational of this Project
15B

IR overexpression is implicated in several pathological disorders, such as tumors and
diabetes mellitus. Upon regulating IR expression, we could cure those disorders. In order
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Figure 1.11 A proposed model of insulin-induced IR Activation on the cell surface.
Upon insulin binding to the IR, MMP9 become activated. Activated MMP9 will then
activate Neu1. Activated Neu1 cleaves the terminal α-2,3 sialic acids. This leads to the autophosphorylation of β subunit. Consequently, two major IR pathways will be initiated.
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to regulate IR expression we have to regulate the key players in the IR activation process,
such as Neu1 and MMP9.
1.12 Overall Hypothesis.
16B

Neu1 sialidase and MMP9 crosstalk in alliance with insulin receptors is an
essential molecular signaling platform for insulin-induced receptor activation.
1.13 Main Objectives of Research Project
17B

Objective 1) To determine if a sialidase is activated upon insulin stimulation of the IR,
and if so, which sialidase is activated (Neu1, -2, -3, or -4).
Objective 2) To examine if Neu1 sialidase and MMP9 form a complex with insulin
receptors.
Objective 3) To investigate the possibility of a crosstalk between Neu1,MMP9 and
insulin receptors.
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Chapter 2
Materials and Methods
2.1 Cell Lines:
18B

Three different cell lines were used in these studies. The HTC-IR cells are rat
hepatoma cell lines that overly express the human insulin receptors (kindly provided by
Dr Leda Raptis, Department of Biomedical and Molecular Sciences at Queen's
University). The HTC-WT is the wild-type rat hepatoma cell line (kindly provided by Dr
Leda Raptis, Department of Biomedical and Molecular Sciences at Queen's University).
The MiaPaCa-2 cells are a human pancreatic carcinoma cell line (ATCC number: CRL1420™).

All cell lines were cultured in Dulbecco’s modified eagle’s medium

(DMEM;GIBCO) containing 1.0 g/L glucose supplemented with 10% fetal calf serum
(FCS, HyClone) and 5 µg/mL plasmocin. Cells were cultured at 37°C in a 5 % CO2
enriched humidified atmosphere. For the HTC-IR cell line, the medium was
supplemented with 400 µg/mL of G418 as selection marker for IR expression.
2.2 Ligands:
Human insulin (Novolin®ge Toronto) is an injectable solution, 3.5 mg (100 IU)
of the natural ligand of the insulin receptors, and stored at 4°C. The injectable insulin
solution was used in our experiments at a concentration range of 10-100 nM. This
concentration was determined to produce optimal ligand-induced sialidase activity based
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on the results of our live cell sialidase assay. Incubation times vary between experiments
and are indicated.
2.3 Inhibitors:
Oseltamivir phosphate, Tamiflu (99% pure oseltamivir phosphate, Hoffmann-La
Roche Ltd.), a broad-range sialidase inhibitor was used to inhibit Neu1, -2, -3, and -4. It
was used at 300 μg/mL unless otherwise indicated. Galardin (GM6001; CalbiochemEMD Chemicals Inc.,Darmstadt, Germany) is a potent, cell-permeable, broad-spectrum
hydroxamic acid inhibitor of matrix metalloproteinases (MMPs). Galardin inhibits
MMP1, MMP2, MMP3, MMP8, and MMP9. Galardin was used at a concentration of
12.5ng/mL to 125μg/mL for the indicated incubation times. Piperazine (PIPZ; MMPII
inhibitor; Calbiochem- EMD Chemicals Inc.) is a potent, reversible, broad range inhibitor
of matrix metalloproteinases. PIPZ inhibits MMP3, MMP7, and MMP9. PIPZ was used
at a concentration of 12.5ng/mL to 125μg/mL for the indicated incubations times. MMP9-inhibitor (MMP-9i; Calbiochem) is a specific inhibitor of MMP-9. MMP-9i was used at
concentrations of 50µg/mL or 100µg/mL. MMP-3-inhibitor (MMP-3i; Calbiochem) is a
specific and reversible inhibitor of MMP-3. MMP-3i was used at concentrations of
125ng/mL to 125μg/mL. Cyclolignan picropodophyllin (PPP; Calbiochem) was used to
discriminate between insulin receptor phosphorylation and insulin-like growth factor-1
receptor phosphorylation by inhibiting IGF-1. PPP is a non-competitive inhibitor that was
used at a concentration of 50nM.
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2.4 Primary Antibodies:
21B

The expression of insulin receptors was determined by using antibodies specific
for IRβ (C-19; Santa Cruz Biotechnology). IRβ antibody is a rabbit anti-human antibody
that is raised against a peptide mapping at the C- terminus of IRβ of human origin.
Insulin receptor activation and tyrosine kinase phosphorylation was determined by using
two specific antibodies. The anti-phosphorylated insulin receptor β (p-IRβ; MBL
International, Woburn, MA 01801) antibody is a rabbit anti-human antibody that is raised
against a chemically synthesized phospho-peptide derived from the region of the human
insulin receptor that contains tyrosine 972 .The anti-phosphorylated insulin receptor
substrate-1 (p-IRS-1; Cell Signaling Technology, Inc.) is a rabbit anti-human antibody
specific for phosphorylated insulin receptor substrate-1 (p-IRS). Four neutralizing
antibodies were used to inhibit sialidase activity in live HTC-IR and MiaPaCa cell lines.
The neutralizing antibodies are

rabbit-anti-human Neu1 IgG antibody (Santa Cruz

Technologies), mouse anti-human Neu2 IgG antibody (Santa Cruz), mouse anti-human
Neu3 IgG antibody (MBL) and rabbit anti-human Neu4 IgG antibody (Proteintech
Group, Inc., Chicago, IL 60612, USA). Goat anti-human MMP9 IgG antibody (Santa
Cruz) was used in order to identify the role of MMP9 in insulin receptor activation and its
effect on the phosphorylation of the receptor.
2.5 Secondary Antibodies:
2B

In western blot experiments, horse radish peroxidase (HRP) conjugated goat antirabbit IgG antibody (Sigma Aldrich) was used as a secondary antibody. In the co43

immunoprecipitation experiments, CleanBlot IP detection reagent (Pierce, Cell Signaling
Technology, Inc.) was used as a secondary antibody. CleanBlot reagent is a conjugated
HRP antibody that has the ability to bind to the native antibody and not the denatured
antibody

fragments

immunocytochemistry

from

the

and
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immunoprecipitation
co-localization

AlexaFluor 488, donkey anti-rabbit

processing

experiments,

step.

donkey

In

the

anti-rabbit

AlexaFluor 594, donkey anti-goat Alexa 594

antibodies (Molecular Probes, Life Technologies, Carlsbad, CA, 92008. United States)
and goat anti-mouse Alexa 594 (invitrogen) were used as secondary antibodies.
2.6 Live Cell Sialidase Assay:
24B

HTC-IR or MiaPaCa cells were cultured on 12 mm glass coverslips in a sterile
24 well plate. After cells reached ~75% confluence, cells were serum starved for 6 hours.
Cells were divided into three groups: control, stimulated, and inhibited group. The
control group was neither stimulated nor inhibited. The stimulated group was treated with
insulin at indicated concentrations (10-100 nM) accompanied with PPP (IGF-1 inhibitor).
The inhibited group was treated with different inhibitors (oseltamivir phosphate, anti-Neu
-1, -2, -3, and -4 neutralizing antibodies, piperazine, galardin, MMP9 inhibitor or MMP3
inhibitor) at indicated concentrations with insulin stimulation. 2-(4-methylumbelliferyl)α-D-N-acetylneuraminic acid (4-MUNANA; Biosynth Intl.) is a sialidase substrate that
was used at a concentration of 0.318 mM in order to detect the sialidase activity. The
substrate is hydrolyzed by sialidase to give free 4-methylumbelliferone, which has a
fluorescence emission at 450 nm (blue color) following an excitation at 365 nm.
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Fluorescent images were taken after 1 minute using epi-fluorescent microscopy (Zeiss
Imager M2, x40 objective). Sialidase activity of live HTC-IR cells was indicated by the
blue fluorescence surrounding the periphery of the cells. The mean fluorescence of 50
random points surrounding the cells was calculated using Image J software.
2.7 Immunocytochemistry for phosphorylation of IRβ in insulin-treated HTC-IR
cells:
HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in
conditional medium as previously described. After cells reached about 70% confluence,
cells were serum starved for 6 hours. Cells were either control non-treated cells or
secondary antibody only control, or pretreated cells. Pretreated cells were either
stimulated by (100 nM) insulin accompanied with PPP for 5 minutes, or treated with
oseltamivir phosphate (350µg/mL) for 30 minutes followed by 100nM insulin. Cells were
fixed with 4µg/mL paraformaldehyde for 30 min and permeabilized with 0.2 % Triton-X
for 5 min. Cells were blocked with 4 % bovine serum albumin (BSA) in 0.1% tweenTBS for 40 minutes on ice. The fixed cells were immunostained with 4 µg/mL rabbit
anti-human pIRβ antibody for 1 hour at 37C°,

followed with Alexa 488 conjugated

donkey anti-rabbit IgG antibody for 1 hour at 37C°. In order to detect the non- specific
fluorescence background, control cells were incubated with secondary antibody only.
Stained cells were viewed by epi-fluorescence microscopy (40X objective). The density
of the cell staining (green fluorescence) was measured by Corel Photo Paint 8.0 software.
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2.8 Preparation of Cell Lysates
HTC-IR cells were cultured in 75 cm2 flasks at 37 °C until confluent. Cells were
treated with insulin, pretreated with different inhibitors followed with insulin, or left
untreated as control cells. Cells were removed and re-suspended in 100µl of RIPA lysis
buffer cocktail which contained 1x RIPA buffer, 1mM PMSF, 0.2 mg/mL leuptin, 1% β
mercaptoethanol and 1 µl protease inhibitor cocktail on ice for 30 minutes. Cell
suspension were then transferred into other eppendorf tubes and stored at -80 °C.
2.9 Bradford Assay for Protein quantification
Protein concentration of cell lysates was determined using the Bradford Assay for
protein quantification. A standard curve was obtained by using different concentrations of
bovine serum albumin (BSA) ranged from 0 to 80 µg/mL diluted in double-distilled
water. In separate set of tubes, cell lysates were diluted into 1:10. 2 µL of each (1:10)
diluted samples was added to 798µL double-distilled water. 200 µL of Bradford reagent
(Sigma Adrich) was added into each sample. The (bound) form of the Bradford reagent
dye has an absorption spectrum at 595 nm. The increase of absorbance at 595 nm is
directly proportional to the amount of bound dye, and thus to the amount or concentration
of protein present in the sample. Using Graph Pad Prism 5 software, protein
concentration of each cell lysates was obtained by comparing the absorbance values to
the standard BSA curve.
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2.10 Western blot of insulin receptor β (IRβ) and human phosphorylated insulin
28B

receptor substrate-1 (pIRS-1):
Cell lysates were prepared from the following cell lines: HTC-IR, HTC-WT and
MiaPaCa-2. 60 µg proteins from the cell lysates were resolved by 8% Bis-Tris SDSPAGE gel. Semi dry transfer technique was performed to transfer the resolved proteins
on PVDF transfer membrane blot at 100 mA. The membrane blot was blocked for 2 hrs
at room temperature or overnight at 4oC using 5% BSA or fat-free skim milk in 0.1%
Tween- Tris buffered saline (TBS) to block non-specific background binding. The blot
was probed with rabbit anti-insulin receptor β (IRβ) antibody or rabbit anti-human
phosphorylated insulin receptor substrate-1 (pIRS-1) antibody (Cell Signaling) as
primary antibody overnight at 4°C. After incubating, the blot was washed three times
followed with horse radish peroxidase (HRP) conjugated secondary goat anti-rabbit IgG
antibody for 60 minutes at room temperature. Western Lightning Chemiluminescence
Reagent Plus was added to the blot for 5 minutes, and chemiluminescence was measured
with x-ray film. The blot was washed, stripped and re-probed with anti-β-actin antibody
(Cell Signaling) as an internal control protein for loading of the cell lysate. Quantitative
analysis was done by assessing the density of a band corrected for background in each
lane using Corel Photo Paint 8.0 software. Each bar in the graphs represents the mean
ratio of IRβ to β-actin of band density ±S.E. (error bars) for 5–10 replicate
measurements.
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2.11 Co-immunoprecipitation:
HTC-IR cells were left cultured in medium or in medium containing 100 nM
insulin for the indicated time intervals. Cells (1 x 107 cells) were pelleted and lysed in
lysis buffer. For immunoprecipitation, Neu-1, -2, -4, MMP9 and insulin receptor in cell
lysates from HTC-IR cells using 100µg of cell lysates were immunoprecipitated with
either 1µg of rabbit-anti-human Neu1 antibody, mouse anti-human Neu2 antibody, rabbit
anti-human Neu4 antibody or goat anti-human MMP9 antibody overnight at 4°C.
Following immunoprecipitation, complexes were isolated using protein A or G magnetic
beads for 90 min, washed three times in lysis buffer and resolved by 8% Bis-Tris gel
electrophoresis (SDS-PAGE). The gel’s running time was 90 minutes at 150 V. The
proteins were transferred onto PVDF transfer membrane blot via semi-dry blotting
technique for 75 minutes at 100 mA. The blot was blocked with 5% BSA in 0.1%
Tween-TBS as blocking buffer for 2 hr at room temperature. The blot was incubated with
rabbit anti-human IRβ antibody overnight at 4°C followed with Clean-Blot IP Detection
Reagent for immunoprecipitation/Western blots (Pierce, Thermo Fisher Scientific) for 60
minutes at room temperature and Western Lightning Chemiluminescence Reagent Plus
for 5 minutes. The chemiluminescence reaction was analyzed with x-ray film.
2.12 Neu1 and MMP9 colocalization with insulin receptor β (IRβ):
HTC-IR cells were cultured on 12 mm circular glass coverslips in a sterile 24 well
plate in conditional medium as described. After cells reached about 70% confluence, cells
were serum starved for 6 hours. Cells were fixed with 4 μg/mL paraformaldehyde,
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permeabilized with Triton-X, and blocked with 4% BSA in 0.1% Tween-TBS for 40
minutes on ice. Cells were incubated with 4 μg/mL of one of the following combinations
of antibodies (IRβ antibody and Neu1 antibody; IRβ antibody and Neu2 antibody; IRβ
antibody and Neu3 antibody; IRβ antibody and Neu4 antibody; or IRβ antibody and
MMP9 antibody) for 60 minutes at 37°C. Co-localization procedure is dependent on the
primary antibody combination with respect to animal species. Cells were washed and
incubated with 4 μg/mL of AlexaFluor 594 and AlexaFluor 488 conjugated secondary
antibodies for 60 minutes at 37°C. To account for background non-specific fluorescence,
control cells with only Alexa Fluor 488 or Alexa Fluor 594 conjugated secondary
antibodies were used. Stained cells were mounted on microscope slide using 3 μL of
mounting medium (DAKO). Stained cells were viewed using Zeiss M2 epi-fluorescent
microscopy (40× objective).

Images were taken under two different channels; red

channel and green channel. Overlay and co-localization visualization was done by using
Adobe Photoshop software and Image J software. To calculate the amount of
colocalization in the selected images, the Pearson correlation coefficient was measured
and expressed as a percentage using ImageJ version 1.44x software.
2.13 Statistical Analysis:
31B

Statistical analysis was performed by using GraphPad Prism 5.0. Comparisons
between two groups were made by one-way analysis of variance at 99.9% confidence
using Dunnett’s multiple comparison test for comparisons among more than two groups.
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Chapter 3
Results
1B

3.1 Expression of insulin receptors in different cell lines

To study the role of glycosylation in the activation of insulin receptors, we
initially investigated the expression level of insulin receptors in three different cell lines
using western blot analysis. Cell lysates from rat hepatoma cell line over expressing
human insulin receptors (HTC-IR), wild-type HTC (HTC-WT) cells and the human
pancreatic carcinoma (MiaPaCa-2) cells were prepared. They were separated by SDSPAGE, and the blot was probed with an antibody against insulin receptor β (anti-IRβ).
After developing the blot, the same blot was washed, stripped and re-probed for β-actin
as an internal control protein for loading of the cell lysate. The data in Figure 3.1A
clearly show that all of the cell lines express IRβ receptors. A quantitative analysis was
done by assessing the density of a band corrected for background in each lane using
Corel Photo Paint 8.0 software. Each bar in the graph Figure 3.1B represents the mean
ratio of IRβ to β-actin of band density ± S.E. (error bars) for 5–10 replicate
measurements. The highest expression of insulin receptors was found with HTC-IR cells
Figure 3.1B.
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Figure 3.1 HTC-IR, HTC-WT, and MiaPaCa-2 cell lines express insulin receptors.
A. IRβ in the cell lysates from HTC-IR, HTC-WT, and MiaPaCa-2 cell lines was resolved
by 8% gel electrophoresis (SDS-PAGE). The blot was incubated with rabbit anti-human
IRβ antibody overnight at 4°C, followed with HRP-conjugated secondary goat anti-rabbit
IgG antibody and Western Lightning Chemiluminescence Reagent Plus. The
chemiluminescence reaction was analyzed with x-ray film. The blot was also washed,
stripped and re-probed for β-actin as an internal control protein for loading of the cell
lysate.
B. Quantitative analysis was done by assessing the density of a band corrected for
background in each lane using Corel Photo Paint 8.0 software. Each bar in the graph
represents the mean ratio of IRβ to β-actin of band density ± S.E. (error bars) for 5–10
replicate measurements. The data are a representation of one out of three independent
experiments showing similar results.
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3.2 Sialidase activity is associated with insulin stimulation of live HTC-IR cells
3B

A report from our laboratory demonstrated that nerve growth factor (NGF)
binding to TrkA receptors induced a cellular membrane associated sialidase(s) activity
that specifically targeted and hydrolyzed sialyl α-2-3-linked β-galactosyl residues of
TrkA receptors (9). To determine whether a mammalian cellular sialidase is associated
with insulin treated live HTC-IR cells, we used a recently developed assay to detect
sialidase activity on the surface of viable cells (9) . This sialidase activity is revealed in
the periphery surrounding the cells using a fluorogenic sialidase specific substrate, 4MUNANA [2′-(4-methylyumbelliferyl)-α-D-N-acetylneuraminic acid], which fluoresces
at 450 nm and caused by the emission of 4-methylumbelliferone. Cells were stimulated
with different doses of insulin ranging from 10pM to 100nM. Cells that were stimulated
with 10pM, 100 pM, 1nM, 10nM and 100nM of insulin showed significant dosedependent increase in sialidase activity compared to the unstimulated cells. (see Figure
3.2).

3.3 Oseltamivir phosphate inhibition of sialidase activity associated with insulin
34B

stimulated live HTC-IR
The results from the previous section (section 3.2) indicated that at least one of
the mammalian sialidases was activated upon insulin stimulation of live HTC-IR cells.
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Figure 3.2 Insulin stimulation of insulin receptors induced sialidase activity in a dose
dependent manner in live HTC-IR cells.
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium. After cells reached ~75% confluence, cells were divided into two groups: control cells
(cells with no stimulation or inhibition) or stimulated cells with human insulin. Stimulated cells
were treated with insulin at a concentration ranging from 10 pM to 100nM. 0.318 mM of 4MUNANA substrate was added to the cells in order to detect the sialidase activity. Fluorescent
images were taken at 1-min intervals using epifluorescent microscopy (x40 objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates
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Accordingly, by using a broad-range sialidase inhibitor such as oseltamivir phosphate
(Tamiflu; inhibitor of Neu1, -2, -3, -4) we should be able to inhibit the sialidase activity
associated with insulin treated live cells. Oseltamivir phosphate was able to inhibit the
sialidase activity associated with 10 nM of insulin treated live cells in a dose-dependent
manner, (see Figure 3.3). The effective inhibitory dose range of oseltamivir phosphate
ranged from 250ng/mL to 250µg/mL..
3.4 Neu1 sialidase activity is associated with insulin-treated HTC-IR cells
From our previous findings in section 3.2 and 3.3, the data indicated that there is a
sialidase activity associated with insulin stimulated live HTC-IR cells. To identify the
mammalian cellular sialidase associated with insulin treated HTC-IR cells, we used the
live cell sialidase assay to detect sialidase activity on the cell surface. Specific antibodies
against the four mammalian sialidases, known as lysosomal Neu1, cytosolic Neu2, the
plasma membrane bound Neu3 and the fourth sialidase, Neu4, localized to either the
mitochondrial compartment or the lysosomal lumen were used. The cells were pretreated
with the neutralizing antibodies against Neu-1, -2, -3, and -4 at 100µg/mL for 30 minutes
followed with 10nM of insulin. The cells that were pretreated with anti-Neu1 antibodies
showed a significant decrease in the sialidase activity Figure3.4. The anti-Neu1 antibody
is specific for the epitope corresponding to amino acids 116–415 mapping at the Cterminus of Neu1 of human origin. It also detects Neu1 of mouse, rat and human origin.
In contrast, antibodies against the other three human sialidases had no blocking effect on
insulin induced sialidase activity in HTC-IR cells, (see Figure 3.4).
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Figure 3.3 Oseltamivir phosphate (Tamiflu) inhibition of insulin-induced sialidase activity
in live HTC-IR cells
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium as described. Cells were divided into three groups: control cells (cells with no
stimulation or inhibition), stimulated cells with 10 nM insulin accompanied with 50 nM PPP , and
inhibited group of cells with oseltamivir phosphate at concentration ranging from 250 ng/ml to
250 µg/ml accompanied with 10nM of insulin. 0.318 mM of 4-MUNANA was added to the cells
in order to detect sialidase activity. Fluorescent images were taken at 1-min intervals using
epifluorescent microscopy (x40 objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates.
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Figure 3.4 Insulin stimulation of insulin receptors induces only Neu1 sialidase activity in
live HTC-IR cells.
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium as described. Cells were divided into three groups: control cells (cells with no
stimulation or inhibition), stimulated cells with 10 nM insulin accompanied with 50 nM PPP , and
inhibited group of cells with 100 µg/ml anti Neu1, -2,-3 or -4 neutralizing antibody were then
stimulated with10 nM of insulin. 0.318 mM of 4-MUNANA was added to the cells in order to
detect sialidase activity. Fluorescent images were taken at 1-min intervals using epifluorescent
microscopy (x40 objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates.
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3.5 Neu1 sialidase activity is associated with insulin-treated live human pancreatic
36B

carcinoma MiaPaCa-2 cell line

In the previous experiments, we used the HTC-IR cell line. We asked whether
there is a similar Neu1 sialidase activity associated with the insulin-treated live pancreatic
carcinoma MiaPaCa-2 cell line. The MiaPaCa-2 cells have been shown to express insulin
receptors (section 3.1). Cells were left untreated as controls, and either stimulated with
10 nM insulin together with 50nM cyclolignan picropodophyllin (PPP), or inhibited using
100 µg/ml anti Neu1, -2,-3 or -4 neutralizing antibody prior to the stimulation with 10
nM of insulin. PPP was used to discriminate between insulin receptor and insulin like
growth factor-1 (IGF-1) phosphorylations by inhibiting IGF-1. PPP is a non-competitive
inhibitor that was used to inhibit the IGF-1 at a concentration of 50nM. Cells that were
treated with 10 and 100nM insulin induced sialidase activity Figure 3.5. The addition of
anti-Neu1 neutralizing antibody was able to inhibit sialidase activity, whereas the
additions of anti-Neu-2,-3, and -4 antibodies were unable to significantly inhibit this
sialidase activity associated with insulin-treated live cells. The findings indicate that
MiaPaCa-2 cell line gave similar results as HTC-IR cells (see Figure3.5).
3.6 Neu1 sialidase activity is associated with insulin-induced phosphorylation of
37B

insulin receptors (IR) in HTC-IR cells

From the previous sections (3.2, 3.3, 3.4 and 3.5), we observed that Neu1
sialidase activity is associated with insulin stimulation of HTC-IR cells. If insulin61
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Figure 3.5 Induction of sialidase activity by insulin stimulation in live MiaPaCa cells
A. MiaPaCa cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in
conditioned medium. Cells were divided into three groups: control cells (cells with no stimulation
or inhibition), stimulated cells with 10nM or 100 nM insulin accompanied with 50 nM PPP, and
inhibited group of cells with either 100 µg/ml anti Neu1, -2,-3 or -4 neutralizing antibody
accompanied with 10 nM of insulin or 400 nM oseltamivir phosphate accompanied with 10 nM
insulin. 0.318 mM of 4-MUNANA was added to the cells in order to detect sialidase activity.
Fluorescent images were taken at 1-min intervals using epifluorescent microscopy (x40
objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates.
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induced IR activation is dependent on Neu1 sialidase activity, then neuraminidase
inhibitor like oseltamivir phosphate should have an inhibitory effect on insulin-induced
phosphorylation of IR (pIRβ) in HTC-IR cells. Immunocytochemistry analyses
demonstrate that 100 nM of insulin was able to induce the phosphorylation of IRβ in
HTC-IR cells. On the other hand, using 350 µg/mL oseltamivir phosphate pretreated cells
for 35 minutes, followed by 100nM insulin stimulation for 5 minutes accompanied with
50 nM PPP was able to significantly inhibit insulin-induced pIRβ, (see Figure 3.6).
Unstimulated cells were used as negative control in this experiment. In addition, the nonspecific fluorescence background was controlled by using secondary antibody only.
Stained cells were viewed by epi-fluorescence microscopy (40X objective). The findings
indicated that Neu1 is essential for insulin-induced receptor activation.

3.7 Western blot analysis of Neu1 inhibition on insulin-induced insulin receptor
phosphorylation in HTC-IR cells

Western blot analysis was performed to confirm and identify the alterations in the
protein expression of phosphorylated insulin receptor substrate (58) under various
conditions. HTC-IR cell lysates were prepared from unstimulated control cells, 100nM
insulin stimulated cells accompanied with 50nM PPP, or cells pretreated with 200µg/mL
oseltamivir phosphate (Tamiflu) for 35 minutes, or 33 µg/mL anti-Neu1 antibody for 35
minutes followed by100nM insulin stimulation for 5 minutes. Proteins in the cell lysates
were separated by SDS-PAGE, and the blot was probed with an antibody against
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Figure 3.6 Inhibition of insulin-induced insulin receptor phosphorylation by oseltamivir
phosphate (Tamiflu).
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in
conditioned medium. Cells were stimulated with 100 nM insulin accompanied with 50
nM PPP for 5 minutes, inhibited with 350 µg/ml oseltamivir phosphate for 35 minutes
followed by stimulation with100 nM insulin for 5 minutes, or no ligand cells with no
stimulation or inhibition. Cells were fixed, permabilized, blocked, and immunostained
with 4 µg/ml IRβ rabbit anti-human antibody for 1 hour at 37C° followed with Alexa 488
donkey anti-rabbit IgG secondary antibody for 1 hour at 37C°. Control cells were
incubated with secondary antibody only. Stained cells were visualized by epifluorescence microscopy using a 40x objective.
B. Quantitative analysis was done by assessing the density of cell staining corrected for
background in each panel using Corel Photo Paint 8.0 software. Each bar in the figure
represents the mean corrected density of culture cell staining±SEM for equal cell density
(5×105 cells) within the respective images. P values represent significant differences at
99.9% confidence using the Dunnett multiple comparison test compared to insulin treated
cells.
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phosphorylated insulin receptor substrate (anti-pIRS). After the developing the blot, the
same blot was washed, stripped and re-probed for β-actin as an internal control protein
for loading of the cell lysate. Insulin treated samples showed an increase in the
phosphorylation of IRS1 in comparison to the control, while cells that were pretreated
with oseltamivir phosphate or anti-Neu1 neutralizing antibody showed a decrease in the
expression of pIRS (see Figure 3.7). The findings indicate that Neu1 sialidase activity is
essential in the insulin-induced IR receptor activation process.
3.8 Neu1 sialidase colocalizes with insulin receptor β on the cell surface in naïve
HTC-IR cells.

If Neu1 is localized to the cell surface of HTC-IR cells, we asked whether or not
it is associated with IRβ receptors. Confocal microscopy validated the predicted
association of Neu1 with IRβ receptors in naïve and insulin-treated HTC-IR cells (Fig.
3.8). Cells were fixed, permabilized, blocked and incubated with 4 μg/mL of one of the
following combinations of antibodies (IRβ antibody and Neu1 antibody; IRβ antibody and
Neu2 antibody; IRβ antibody and Neu3 antibody; or IRβ antibody and Neu4 antibody).
Cells were washed and incubated with 4 μg/ml donkey anti-rabbit AlexaFluor 488,
donkey anti-rabbit AlexaFluor 594, donkey anti-goat Alexa 594 antibodies and goat antimouse Alexa 594 secondary antibodies. To account for background non-specific
fluorescence, control cells with only secondary antibody (Alexa Fluor 488 or Alexa Fluor
594) were used. Cells that were immunostained with (IRβ antibody and Neu2 antibody;
IRβ antibody and Neu3 antibody; or IRβ antibody and Neu4 antibody) were used as
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Figure 3.7 Oseltamivir phosphate (Tamiflu) and Neu1 specific inhibitor were able to block
insulin receptor phosphorylation in HTC-IR cell line
A. HTC-IR cell lysates were prepared from control cells (unstimulated cells), 100nM insulin
stimulated cells in conjunction with 50 nM PPP, 200µg oseltamivir phosphate (tamiflu)
treated cells for 35 minutes followed by100 nM insulin stimulation for 5 minutes, or 33
µg/ml anti-Neu1 antibody treated cells for 35 minutes followed by100 nM insulin
stimulation for 5 minutes. Unstimulated cells were performed as control in this
experiment. For each sample, 60 µg proteins were loaded into 8% Bis-Tris gel. The blot
was incubated with pIRS1 antibody followed by secondary goat anti-rabbit IgG antibody.
Later, Western Lightning Chemiluminescence Reagent Plus was added. The
chemiluminescence reaction was analyzed with x-ray film.The blot was re-probed with βactin as loading control.
B. Quantitative analysis was done by assessing the density of a band corrected for
background in each lane using Corel Photo Paint 8.0 software. Each bar in the graph
represents the mean ratio of pIRS1 to β-actin of band density±S.E. (error bars) for 5–10
replicate measurements.The data are a representation of one out of three independent
experiments showing similar results.
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negative controls. Images were taken under two different channels; a red channel and a
green channel. RGB overlay and colocalization visualization was done by using
Photoshop software and Image J software. Colocalization was indicated by the presence
of two fluorochromes on the same physical structure in the cell, which leads to the
appearance of a yellow color in the overlay pictures. The data indicated that there was a
colocalization between IRβ and Neu1 (see Figure 3.8). On the other hand, Neu2 and Neu3
showed no colocalization with IRβ. However, there was a slight colocalization between
IRβ and Neu4. This slight colocalization between those two components (IRβ and Neu4)
may not mean that they are interacting with each other; as it is possible that they might be
in the same cellular structure but not interacting with each other. To further examine the
interaction between them, we performed a co- immunoprecipitation assay as described in
the next section.
3.9 Co-immunoprecipitation of insulin receptors with mammalian sialidases (Neu1,-2,-and 4) in naïve and insulin-stimulated HTC-IR cells.

The previous findings from the colocalization experiments suggested that Neu1
colocalizes with IRβ, and also suggested a possible colocalization between IRβ and Neu4.
In order to examine the interaction between those molecules, several coimmunoprecipitaton experiments were performed using HTC-IR cell lysates under
different conditions. The Co-immunoprecipitation assay was utilized to determine
whether or not Neu1 and the insulin receptors exist in a complex. HTC-IR cells were left
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Figure 3.8 The colocalization between IRβ and Neu1in naïve HTC-IR cells
HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium. Cells were fixed, permabilized and blocked with 4 % bovine serum albumin (BSA) in 0.1%
tween-TBS. Cells were incubated with 4 μg/mL of one of the following combinations of antibodies
(IRβ antibody and Neu1 antibody; IRβ antibody and Neu2 antibody; IRβ antibody and Neu3 antibody;
or IRβ antibody and Neu4 antibody) for 60 minutes at 37°C. Cells were washed and incubated with 4
μg/ml donkey anti-rabbit AlexaFluor 488, donkey anti-rabbit AlexaFluor 594, donkey anti-goat Alexa
594 antibodies and goat anti-mouse Alexa 594 secondary antibodies for 60 minutes at 37°C. To
account for background non-specific fluorescence, control cells with only secondary antibody (Alexa
Fluor 488 or Alexa Fluor 594) were used. Stained cells were visualized using epi-fluorescence
microscopy with 40x objective. Images were taken under two different channels; a red channel and a
green channel. RGB overlay and colocalization visualization was done by using Photoshop software
and Image J software. The data are a representation of one out of three independent experiments
showing similar results.
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unstimulated or stimulated with 100nM insulin for 5, 10 or 15 minutes. Cell lysates were
prepared as previously described. Proteins in the cell lysates were immunoprecipitated
with 1µg of rabbit anti-human Neu1 antibody, mouse anti-human Neu2 antibody, or
rabbit anti-human Neu4 antibody. Samples were resolved on SDS-PAGE gels, and the
proteins were transferred onto PVDF membrane blots. The blots were incubated with
rabbit anti-human IRβ antibody overnight at 4°C, followed with Clean-Blot IP Detection
Reagent

for

immunoprecipitation/Western

blots

and

Western

Lightning

Chemiluminescence Reagent Plus. The chemiluminescence reaction was analyzed with xray film. HTC-IR cell lysates that were not incubated with the anti-Neu-1,-2 or -4
antibodies prior to the immunoprecipitation step were used as negative controls in the coIP experiments. For Neu1 IP blot; the blot was washed, stripped and re-probed with antiNeu1 antibody in order to determine equal loading. In the co-immunoprecipitation
experiments of IR with Neu2 and Neu4, a western blot of naïve HTC-IR cells was run
simultaneous to the immunoprecipitation experiment in order to determine if the HTC-IR
cells expressed detectable levels of Neu2 and Neu4 protein. Co-immunoprecipitation
experiments using cell lysates from HTC-IR cells further demonstrated that Neu1 forms a
complex with insulin receptors in naive and insulin-treated cells (see Figure3.9.A). In
contrast, there was no co-immunoprecipitation between Neu2 and IR, or between Neu4
and IR (see Figure 3.9.A and 3.9 B). In light of our observations in Figure 3.8, this
indicates that Neu4 and insulin receptors might be in the same cell compartment but they
do not directly interact with each other.
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Figure 3.9 Insulin IRβ receptors co-immunoprecipitate with Neu1 in cell lysates from naïve
and insulin-stimulated HTC-IR cells.
HTC-IR cells were left in culture medium or in medium containing 100nM insulin for 5, 10
or 15 minutes. Cells (1x107 cells) are pelleted and lysed in lysis buffer. 100µg of cell lysates
were immunoprecipitate with 1µg of (A) rabbit-anti-human Neu1, (B) mouse anti-human
Neu2, or (C) rabbit anti-human Neu4 antibodies overnight at 4°C. Following
immunoprecipitation, complexes are isolated using protein A magnetic beads and resolved by
8% Bis-Tris electrophoresis (SDS-PAGE). The blot was probed for IRβ with anti-IRβ or
Neu1 with anti-Neu1 overnight at 4°C followed by Clean-Blot IP Detection Reagent for
immunoprecipitation/Western blots and Western Lightning Chemiluminescence Reagent
Plus. The chemiluminescence reaction was analyzed with x-ray film. Sample concentration
for gel loading was determined by Bradford assay. As a negative control, HTC-IR cell lysates
were not incubated with antibody prior to the immunoprecipitation step in the co-IP.
Western blot of cell lysates from naïve HTC-IR cells was run simultaneous with the
immunoprecipitation experiment in order to determine detectable levels of Neu2 and Neu4
proteins. For Neu1 IP blot; the blot was washed, stripped and re-probed with anti-Neu1
antibody in order to determine equal loading. The data are a representation of one out of
three independent experiments showing similar results.
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3.10 Inhibition of insulin-induced sialidase activity by broad-range MMP inhibitors
41B

piperazine and galardin in live HTC-IR (Sialidase experiments).

Reports have indicated that there is a Neu1 and matrix metalloproteinase-9
(MMP9) cross-talk in alliance with NGF TrkA (102) and TLR4 (112). To test whether
MMP activation plays a role in Neu1 activity associated with insulin-stimulated HTC-IR
cells, we initially asked whether galardin (GM6001), a broad specific inhibitor of MMP1,
-2, -3, -8, and -9, and piperazine, an inhibitor of MMP-3, -7, and -9

would have an

inhibitory effect on Neu1 activity associated with insulin-induced live HTC-IR cells.
Using the live cell sialidase assay, galardin and piperazine at 12.5 ng/mL to 125 μg/mL
blocked the sialidase activity associated with insulin-treated live HTC-IR cells compared
with the insulin-positive control ( see Figure 3.10 and 3.11). Because the common MMPs
between galardin and piperazine are MMP9 and MMP3, further experiments needed to be
done to identify the role of those MMPs in the activation of insulin receptors.

3.11 MMP9 specific inhibitor blocks sialidase activity associated with insulintreated live HTC-IR cells

Next, we performed a sialidase assay on live HTC-IR cell line using specific
inhibitors of MMP3 or MMP9. HTC-IR cells were left untreated as a control, treated with
10nM insulin or pretreated with 50nM PPP or MMP3i or MMP9i at a concentration range
of 25ng/mL to100 µg/mL followed with 10nM insulin. The sialidase activity associated
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Figure 3.10 Inhibition of insulin-induced sialidase activity by piperazine (broad range
MMP inhibitors) in live HTC-IR
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium. Cells were divided into three groups: control cells (cells with no stimulation neither
inhibition), stimulated cells with 10nM insulin accompanied with 50 nM PPP , and inhibited
group of cells with piperazine (inhibitor of MMP -3, -7,-9) at concentration ranging from
12.5ng/ml to 125 µg/ml accompanied with 10nM of insulin. 0.318 mM of 4-MUNANA was
added to the cells in order to detect sialidase activity. Fluorescent images were taken at 1-min
intervals using epifluorescent microscopy (x40 objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates.

78

79

Figure 3.11 Inhibition of insulin-induced sialidase activity by galardin (broad range MMP
inhibitors) in live HTC-IR
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium. Cells were divided into three groups: control cells (cells with no stimulation or
inhibition), stimulated cells with 10nM insulin accompanied with 50 nM PPP , and inhibited
group of cells with galardin (inhibitor of MMP-1, -2, -3, -8,-9) at concentration ranging from
12.5ng/ml to 125 µg/ml accompanied with 10nM of insulin. 0.318 mM of 4-MUNANA was
added to the cells in order to detect sialidase activity. Fluorescent images were taken at 1-min
intervals using epifluorescent microscopy (x40 objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates.
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with insulin-treated live HTC-IR cells revealed a blue fluorescence surrounding the
periphery of the cells. The mean fluorescence was calculated using Image J software. In
comparison to the control, cells that were treated with insulin showed an increase in the
intensity of the fluorescence. In contrast, MMP9i was able to inhibit the insulin-induced
sialidase activity in a dose-dependent manner (see Figure 3.13). While MMP3i was not
able to inhibit the sialidase activity to significant values (see Fig. 3.12). These finding
indicated that MMP9 might play in important role in insulin receptor activation by
mediating sialidase activity associated with insulin stimulated live cells.
3.12 MMP9 specific inhibitor blocks insulin-induced receptor phosphorylation in
43B

HTC-IR cells

Western blot was performed to determine the role of MMP9 in the activation of
insulin receptor. HTC-IR cell lysates were prepared from control, unstimulated cells,
100nM insulin stimulated cells in conjunction with 50nM PPP, or inhibited with 50 or
100 µg/mL of specific MMP9i for 35 minutes followed by 100nM insulin stimulation for
5 minutes. The blot was probed with rabbit anti-human pIRS antibody as a primary
antibody followed by secondary goat anti-rabbit IgG antibody. Insulin treated samples
showed increase in the phosphorylation of IRS1 in comparison to the control, while the
cells that were treated with MMP9i showed dose-dependent reduction in pIRS-1
expression in the cell lysates,(see Figure 3.14). These findings suggest that MMP9 is an
essential player in the insulin receptor activation.
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Figure 3.12 Effect of MMP-3 specific inhibitor on insulin-induced sialidase activity in live
HTC-IR.
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium. Cells were divided into three groups: control cells (cells with no stimulation nor
inhibition), stimulated cells with 10nM insulin accompanied with 50 nM PPP , and inhibited
group of cells with MMP-3 specific inhibitor at concentration ranging from 250ng/ml to 100
µg/ml accompanied with 10nM of insulin. 0.318 mM of 4-MUNANA was added to the cells in
order to detect sialidase activity. Fluorescent images were taken at 1-min intervals using
epifluorescent microscopy (x40 objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates.
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Figure 3.13 Inhibition of insulin-induced sialidase activity by MMP-9 specific inhibitor in
live HTC-IR
A. HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium. Cells were divided into three groups: control cells (cells with no stimulation or
inhibition), stimulated cells with 10nM insulin accompanied with 50 nM PPP , and inhibited
group of cells with MMP-9 specific inhibitor at concentration ranging from 25ng/ml to 100 µg/ml
accompanied with 10nM of insulin. 0.318 mM of 4-MUNANAwas added to the cells in order to
detect sialidase activity. Fluorescent images were taken at 1-min intervals using epifluorescent
microscopy (x40 objective).
B. The mean fluorescence surrounding the cells after adding substrate for each of the images was
measured using ImageJ software. mean±Error bars, S.E.. The data are a representation of one out
of three independent experiments showing similar results. Significant differences at 99.9%
confidence using the Dunnett multiple comparison test was used to compare inhibition with the
insulin control in each group for n=50 replicates.
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Figure 3.14 MMP-9 specific inhibitor was able to block insulin receptor phosphorylation in
HTC-IR cell line
A. HTC-IR cell lysates were prepared from control cells (unstimulated cells), 100nM insulin
stimulated cells in conjunction with 50nM PPP, or (50 or 100 µg/ml) of specific MMP-9
inhibitor treated cells for 35 minutes followed by100nM insulin stimulation for 5
minutes. Unstimulated cells were performed as control in this experiment. For each
sample, 60 µg proteins were loaded into 8% Bis-Tris gel. Then, the blot was incubated
with rabbit anti-human pIRS antibody overnight at 4°C. The blot was incubated with
secondary HRP conjugated goat anti-rabbit IgG antibody for 60 minutes at room
temperature and Western Lightning Chemiluminescence Reagent Plus. The
chemiluminescence reaction was analyzed with x-ray film. The blot was re-probed with
β-actin as loading control.
B. Quantitative analysis was done by assessing the density of a band corrected for
background in each lane using Corel Photo Paint 8.0 software. Each bar in the graph
represents the mean ratio of pIRS1 to β-actin of band density±S.E. (error bars) for 5–10
replicate measurements. The data are a representation of one out of three independent
experiments showing similar results.
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3.13 MMP9 colocalizes with insulin receptor β in HTC-IR cells

Next, we asked whether MMP9 would colocalize with the insulin receptors.
Confocal microscopy revealed the cell surface colocalization of IRβ and MMP9 in naive
and insulin treated HTC-IR cells (see Figure 3.15). Cells were fixed, permabilized,
blocked and incubated with 4 μg/mL rabbit anti-human IRβ antibody and 4 μg/mL goat
anti-human MMP9 antibody. Cells were then washed and incubated with 4 μg/mL of
AlexaFluor 594 and AlexaFluor 488 combination of secondary antibodies. To account for
background non-specific fluorescence, control cells with only secondary antibody (Alexa
Flur 488 or Alexa Flur 594) were used. Images were taken under two different channels;
a red channel and a green channel. Overlay and co-localization visualization was done by
using Photoshop software and Image J software. We observed from this experiment that
there was a colocalization between IRβ and MMP9 Figure 3.15. To confirm the
interaction between IR and MMP9 we performed co-immunoprecipitation assay.
3.14 Co-immunoprecipitation of IRβ and MMP-9 in naïve and insulin-stimulated
HTC-IR cells.

The results from the previous colocalization assay (section 3.13) suggested that
MMP9 forms a complex with IR. To confirm these results, a co-immunoprecipitation
experiment was performed to determine whether or not MMP-9 and the IR form a
complex. Cell lysates were performed from HTC-IR cells which were left untreated as a
control or stimulated with 100nM insulin for 5, 10 or 15 minutes. Proteins in the cell
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Figure 3.15 MMP9 colocalization with IRβ in naïve HTC-IR cells
HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in conditioned
medium as described. Cells were fixed, permabilized and blocked with 4 % bovine serum
albumin (BSA) in 0.1% tween-TBS. Cells were incubated with 4 μg/mL of rabbit anti-IRβ
antibody and goat anti-MMP9 antibody for 60 min at 37°C. Cells were washed and incubated
with 4 μg/mL of AlexaFluor 594 conjugated donkey anti-goat IgG and Alexa 488 conjugated
donkey anti-rabbit IgG for 60 min at 37°C. To account for background non-specific fluorescence,
control cells with only secondary antibody (Alexa Flur 488 or Alexa Fluor 594) were used.
Stained cells were visualized using epi-fluorescence microscopy with 40x objective. Images were
taken under two different channels; a red channel and a green channel. RGB overlay and
colocalization visualization was done by using Photoshop software and Image J software. The
data are a representation of one out of three independent experiments showing similar results.
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lysates were immunoprecipitated with 1µg of anti-MMP9 antibody. Protein samples were
resolved on SDS-PAGE gels, and transferred onto the PVDF membrane blots. The blot
was incubated with goat anti-human IRβ antibody overnight at 4°C followed with CleanBlot IP Detection Reagent for immunoprecipitation/Western blots and Western Lightning
Chemiluminescence Reagent Plus. The chemiluminescence reaction was analyzed with xray film. HTC-IR cell lysate that was not incubated with the anti-MMP9 antibody prior to
the immunoprecipitation step was used as a negative control in the co-IP experiments.
The data indicated that MMP9 and insulin IRβ co-immunoprecipitate in naïve and
insulin-stimulated cells, (see Figure 3.16).
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Figure 3.16 Insulin receptors and MMP9 co-immunoprecipitate in naïve and insulinstimulated HTC-IR cells
HTC-IR cells were left unstimulated as a control or stimulated with 100nM insulin for 5, 10 or 15 minutes.
Cell lysates were prepared as previously described.100µg of each cell lysates was immunoprecipitate with
1µg of goat MMP9 antibody overnight at 4 °C. Then, samples were incubated with Protein A magnetic
beads for 90 minutes at 4°C. Samples were washed in a magnetic rack and loaded to 8% Bis-Tris gel. The
blot was incubated with rabbit anti-human IRβ antibody overnight at 4°C. The next day, the blot was
incubated with a CleanBlot HRP-conjugated secondary antibody for 60 minutes at room temperature and
Western Lightning Chemiluminescence Reagent Plus. The chemiluminescence reaction was analyzed with
x-ray film. HTC-IR cell lysates that was not incubated with the MMP9 antibody prior to the
immunoprecipitation step was used as a negative control in the co-IP experiments. Blot was stripped and
reprobed with anti-MPP9 antibody in order to determine equal loading. The data are a representation of one
out of three independent experiments showing similar results.
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Chapter 4
Discussion
2B

The molecular mechanism(s) by which insulin receptors (IR) become activated or even
inhibited are not well understood. The data presented in this thesis provide evidence that
Neu1 sialidase is an important intermediate link in the initial process of insulin-induced
receptor activation. They indicate an initial rapid activation of Neu1 activity which is
only induced by insulin binding to the receptor. Central to this process is that Neu1 and
not the other three mammalian sialidases, Neu-2, -3 and -4, forms a complex with IRβ
subunit of the insulin receptor in naïve and insulin-stimulated IR-expressing cells. This
would actually make Neu1 complexed with IR receptors readily available to be induced
upon insulin binding. Our data support this premise because the sialidase activity induced
by insulin-treated live cells occurs within a minute. The findings in this thesis also
provide evidence for the involvement of matrix metalloproteinase-9 (MMP-9) activation
in inducing Neu1 sialidase on the cell surface. Neu1 and MMP-9 form a complex with
IRβ subunit of the insulin receptor on the cell surface of IR-expressing cells. This
tripartite alliance would make Neu1 readily available to be induced by insulin binding to
the receptor. My data support this premise. How Neu1 sialidase is rapidly induced by
MMP-9 at the ectodomain of IRβ subunit of IR receptors remains unknown.
It can be speculated that insulin binding to the receptor on the cell surface initiates
GPCR-signaling via GPCR Gαi subunit proteins to activate MMP. It has been
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documented that agonist-bound GPCRs have been shown to activate many MMPs (117),
including MMP-3 (118), MMPs 2 and 9 (119,120), as well as members of the ADAM
family of metalloproteases (121,122). This signaling paradigm would predict a
conformational change following insulin binding. Others have reported that upon
association of nerve growth factor (NGF) with TrkA, a minor conformational change can
occur to form a complex (123). Other studies have determined that p75NTR binds along
the homodimeric interface of NGF, which disables NGF's symmetry-related second p75
binding site through an allosteric conformational change (124). For the insulin receptor,
several studies have indicated that the insulin receptor might have the ability to induce
changes in the conformational state of Gαi proteins (125,126). They have considered Gαi
proteins to function downstream of IR receptors (127). There are other indications for the
possible involvement of GPCR signaling in tyrosine kinase receptors (RTKs). For an
example, there is an association between β-arrestins (clathrin adaptor proteins that
function as regulators of GPCR-dependent signaling) with several RTKs such as TrkA,
PDGFRb, IGF-1R, EGFR and insulin receptor (128-131). The data in this thesis show
that insulin binding to IR in HTC cells stably expressing IR receptors induces Neu1
sialidase activity which is inhibited by Tamiflu, anti-Neu1 antibodies and MMP
inhibitors galardin and piperazine . Therefore, it appears that Neu1 is an intermediate link
in the initial process of insulin induced IR activation, which has not been previously
observed. In addition, this receptor signaling paradigm in my studies would also predict
that insulin receptors are in alliance with a functional GPCR signaling complex.
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To support this hypothesis, other reports (93,132,133) show that ligand binding to
their respective receptors induces Neu1 sialidase activity within a minute, and that this
activity is completely blocked by Gαi-sensitive pertussis toxin. The rapidity of the ligandinduced Neu1 sialidase activity mediated by the ligand-bound receptor proposes that
glycosylated receptors like NGF TrkA, brain-derived neurotrophin factor (BDNF) TrkB,
and TOLL-like receptors (93,132) are forming a functional signaling complex with Gαi
proteins of GPCRs. Moreover, others have provided important evidence to show that
first, the glycosylated platelet-derived growth factor-β (PDGFβ) receptor is tethered to an
endogenous GPCR(s) and to a recombinant endothelial differentiation gene-1 protein
(EDG1) in HEK 293 cells (128), second, the constitutively active lysophosphatidic acid
(LPA) GPCR receptor enables Gβγ subunit proteins for use by the TrkA receptor (134).
It has documented that Gβγ subunits enhance the ability of NGF to promote TrkA
signaling and subsequently regulate p42/p44 MAPK signaling pathway in PC12 cells
(135). Indeed, LPA1 GPCR was found to co-immunoprecipitate with naïve and NGFtreated TrkA receptors in cell lysates, which implys that LPA1 GPCR are forming a
complex with TrkA (134), and (c) the G protein-coupled receptor kinase 2 (GRK2) is
constitutively bound with the TrkA receptor, and that NGF stimulates the pertussis toxinsensitive binding of β-arrestin I to the TrkA-GRK2 complex (129). Taken all together,
these findings provide evidence for the first time that TrkA receptors utilize a classical
GPCR signaling pathway to promote differentiation of neuronal cells, and thus
establishes a molecular organizational platform of a novel tyrosine kinase receptor and
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GPCR cross-talk in mammalian cells. It is still unknown whether this same GPCR
signaling platform plays a role in insulin-induced activation of insulin receptors.
It is well known that the insulin receptors are heavily glycosylated receptors.
They have 18 asparagine residues (glycosylation sites) that have the ability to accept Nlinked glycosylation and some serine/threonine amino acids which are involved in Olinked glycosylation (55). Furthermore, the insulin receptors exist as preformed naïve
signaling dimers. It is proposed that insulin binding to the ectodomain of the IRα subunits
of the receptor induce conformational changes which enable subsequent signaling.
However, the precise mechanism(s) of insulin activation of the receptor is unknown.
Here, we hypothesize that the IR receptor signaling paradigm in my studies signifies a
putative GPCR-signaling and MMP-9 activation in inducing Neu1 sialidase, all of which
form a tripartite complex with IRβ subunits of the IR receptor on the cell surface. It is
unknown whether this tripartite signaling complex is involved with the IRα subunits of
IR receptors. However, it is proposed that active Neu1 in complex with IRβ hydrolyzes
α-2,3-sialyl residues enabling in removing a steric hindrance to IRβ receptor association
for IR activation and cellular signaling, the process of which was previously observed for
the NGF TrkA (9,93) and TOLL-like receptors (93). The premise for ligand activation
of PDGF, TrkA and insulin receptors is that the dimerization is a prerequisite for the
activation of the kinase. In conjunction with the dimerization and kinase activation, the
IR receptor subunits undergo conformational changes following ligand binding, these
conformational changes allow a basal kinase activity to phosphorylate the critical
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tyrosine residue, thereby leading to full enzymatic activity directed toward other tyrosine
residues in the receptor subunits as well as other substrates for the kinase. In this and our
other report (9), it is proposed that an alternate molecular signaling platform exists at the
cell surface receptor level in order to facilitate the initial IR subunit receptor dimerization
process. These results in this thesis are consistent with other previous reports (9,12,93) in
the laboratory supporting the glycosylation model in corroborating the importance of
sialyl α-2,3-linked β-galactosyl residues of IRβ subunits of IR receptors in the initial
stages of insulin induced receptor activation.
In this thesis, Tamiflu (oseltamivir phosphate) which is the ethyl ester pro-drug of
oseltamivir carboxylate was found to be highly potent (IC50 6.1 μM) in inhibiting Neu1
activity induced by insulin treatment of live HTC-IR cells. The explanation for this
inhibitory potency of Tamiflu on Neu1 sialidase activity is unrecognized. One possible
explanation might be the unique orientation of Neu1 with the molecular multi-enzymatic
complex that contains β-galactosidase and cathepsin A (136) and elastin-binding protein
(EBP) (137), the complex of which would be associated within the ectodomain of IR
receptors. Nan et al,. have reported that the cell surface Neu1 is tightly associated with a
subunit of cathepsin A and the resulting complex influences cell surface sialic acid in
activated cells and the production of IFNγ (138). Another possible explanation is that
Tamiflu’s may have direct effect on Neu1 sialidase with specificity for sialyl α-2,3-linked
β-galactosyl residues of IR receptors. In another report, Neu1 desialylation of α-2,3-sialyl
residues of TOLL-like receptors enables receptor dimerization (93). The report showed
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that TLR ligand-induced NFκB responses were not observed in TLR deficient HEK293
cells, but were re-established in HEK293 cells stably transfected with TLR4/MD2, and
were significantly inhibited by α-2,3-sialyl specific Maackia amurensis (MAL-2) lectin,
α-2,3-sialyl specific galectin-1 and neuraminidase inhibitor Tamiflu but not by α-2,6sialyl specific Sambucus nigra lectin (SNA). Also, Tamiflu were able to inhibit LPSinduced sialidase activity in live BMC-2 macrophage cells with an IC50 of 1.2μM
compared to an IC50 of 1015μM for its hydrolytic metabolite oseltamivir carboxylate
(132). Tamiflu blockage of LPS-induced Neu1 sialidase activity was not affected in
BMC-2 macrophage cells pretreated with anticarboxylesterase agent, clopidogrel.
Moreover, Neu1 was found to have the ability of negatively regulate lysosomal
exocytosis in hematopoietic cells where it processes the sialic acids on the lysosomal
membrane protein LAMP-1 on the cell surface (139). Seyrantepe et al. have shown that
Neu1 have the ability of activating phagocytosis in macrophages and dendritic cells
through the desialylation of surface receptors, including Fc receptors for immunoglobulin
G (FcγR) (93).
The data presented in this thesis further signifies an important role of Neu1
sialidase as an intermediate link in the initial process of ligand induced insulin tyrosine
kinase receptor activation and subsequent cellular signaling. The premise is that Neu1
forms a complex with glycosylated IRβ receptors within the ectodomain, which is
consistent with other previous reports with Trk (93) and TLR receptors (132). Secondly,
Neu1 may be a requisite intermediate in regulating IR activation following insulin
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binding to the receptor. Thirdly, activated Neu1 by insulin binding to the receptor
predicts a rapid removal of

α-2,3-sialyl residues

linked to β-galactosides on IRβ

ectodomain to generate a functional IR receptor. Although there are four identified
mammalian sialidases, cytosolic sialidase (Neu2), plasma membrane bound sialidase
(Neu3) (140-142) and Neu4 (94,101) are not involved in the sialidase activity associated
with insulin treated live IR-expressing cells. Fourthly, the potentiation of GPCRsignaling and matrix metalloproteinase-9 activation by insulin binding to the IR receptor
is involved in the activation process of Neu1 sialidase on the cell surface. Using
colocalization microscopy on permeabilized naïve and insulin-treated cells and coimmunoprecipitation experiments, the additional intracellular and cell surface colocalization of Neu1, MMP-9 and IR receptors validated the predicted association of
MMP-9 with Neu1 in alliance with IR receptors.
In conclusion, the data presented in this thesis suggest that at least for IRβ
subunits of IR receptors the initial mechanism(s) for receptor activation and subsequent
cellular signaling is dependent on Neu1 sialidase activity. Colocalization microscopy and
co-immunoprecipitation data indicate that Neu1/IRβ complexes are already formed on the
cell membrane in naïve IR-expressing cells. Secondly, insulin binding to its receptor may
induce allosteric conformational changes in the receptor, which in turn potentiates
GPCR-signaling and MMP-9 activation to induce Neu1 sialidase. Several studies have
suggested that the insulin receptor might have the ability to induce changes in the
conformational state of Gαi (125,126). GPCRs have been found to be in close proximity
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to the receptor tyrosine kinases (RTKs) including the insulin receptors, and they can form
a signaling platform (127). The functions of these signaling platforms are to share the
protein signaling components for each receptor and to facilitate the production of an
integrated response upon engagement to the ligands (127). Several studies have
demonstrated that there is an overlapping signaling pathway between GPCRs and RTKs.
This overlapping of GPCRs and RTKs is a result of the binding between GPCRs and
their ligands and the binding between the growth factors and RTKs. This crosstalk
between GPCRs and RTKs results in the tyrosine phosphorylation of the RTKs and the
phospho-tyrosines function as adaptor sites for the recruitment of signaling molecules
that contain SH2 domains (143,144). In this thesis, central to this process is that
Neu1/MMP-9 complex in alliance with IR receptors is expressed on the cell surface of
IR-expressing cells. This tripartite alliance would actually make Neu1 readily available to
be induced by insulin binding to the receptor. The findings in this thesis suggest that
Neu1 sialidase and MMP-9 cross-talk may be the key regulators of insulin-induced IR
activation to generate a functional receptor.
Based on my findings in this thesis, the proposed model for insulin receptor
activation is depicted in (see Figure 4.1). Firstly, insulin binding to the insulin receptor
initiates the IR signaling cascade. This insulin binding to IRβs triggers the activation of
GPCR, which in turn cause conformational changes in the GPCR receptor. This
conformational change in the GPCR in alliance with IR and MMP9 activates MMP9.
Activated MMP9 in complex with IR induces Neu1 sialidase activity.
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Figure 4.1 Proposed model for IR activation.
The figure represents the proposed model for IR activation. Insulin binds to IR results in a
proposed conformational change that activates the GPCR signaling cascade at the receptor level
to induce MMP9. Neu1 and MMP-9 have been found to form a complex with IR. Activated
MMP-9 is proposed to remove the elastin binding protein (EBP) from the Neu1/cathepsin A/EBP
complex and catalytically induces Neu1 sialidase. Activation of Neu1 sialidase leads to the
clevage of α-2,3-linked sialic acid to facilitate the receptor phosphorylation and activation.
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Neu1 sialidase in complex with IR exists as a multimeric partnership with elastin binding
protein (EBP) and protective protein/cathepsin A (PPCA facilitates its recruitment from
the lysosome to the cell membrane). In order to activate Neu1 sialidase, elastin binding
protein has to be removed. Activated MMP9 with elastin substrate properties is proposed
to remove the EBP to facilitate the activation of Neu1 sialidase. Activated Neu1
hydrolyzes α-2,3-linked sialic acids at the ectodomain of IRβ subunits of IR receptors on
the cell surface in removing steric hindrance to IRβ receptor association and allowing
subsequent auto- phosphorylation of IRβ subunits.
4.1 The Significance of the Project.
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The main physiological function of insulin receptor (IR) is involved in metabolic
regulation. IR regulates glucose metabolism homeostasis (31). Failure to maintain the
metabolic homeostasis is responsible for different metabolic disorders such as diabetes
mellitus.
IR signaling pathways are triggered by the binding of the insulin to the
extracellular portion of the IR α subunits which is followed with the association of the β
subunits with the ATP domain (6). This process leads to a cascade of
autophosphorylation,

which

in

turn

stimulates

two

signaling

pathways:

the

phosphatidylinositol 3 kinase pathway, PI3K, and the mitogen activated protein kinase
pathway, MAPK, through the insulin receptor substrates, IRS (6). The activation of the
PI3K signaling pathway plays important roles in glucose metabolism, glycogen, lipid and
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protein synthesis (21). On the other hand, MAPK controls a major intracellular signaling
network that affects several cellular functions such as proliferation, migration, survival,
differentiation, senescence and gene expression (24,64).
Several studies have implicated insulin receptor over-expression with different
cancers, such as breast cancer (145). Moreover, IR and IGF-1R are overexpressed in
leukemia cells. It has been reported that the induction of PI3K/Akt pathways via the
activation of IR, IGF-1R, or the hybrid form of IGF-1R can lead to the proliferation of
leukemia cells (146).
A complete understanding of IR structure, activation and the role of sialic acids in
the signaling pathways may provide therapeutic strategies in the prevention of different
diseases such as diabetes mellitus and cancer.
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