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ABSTRACT 

The abnormal expression of cell surface sialic acid has recently been identified as an 

important trait of cancer cells. The main sialylation-modifying enzyme in mammalian cells, 

neuraminidase-1 (Neu1), has been shown to positively regulate several receptors and their 

activation, including the epidermal growth factor receptor (EGFR), insulin receptor (IR), and a 

number of TOLL-like receptors (TLR). Notably, these receptors each play unique and profound 

roles in tumor development and progression via promotion of cell proliferation and survival 

pathways, cell growth and metabolism, and immune-mediated tumorigenesis, respectively. Here, 

we further characterize the role of Neu1 in cancer cell signaling, as well as tumor growth, 

neovascularization and metastasis. Furthermore, the molecular targeting of Neu1 using 

competitive inhibitor and sialic acid analog oseltamivir phosphate (OP) has been evaluated for its 

therapeutic role in suppressing tumor progression.  

This report uncovers the molecular mechanisms that regulate the role of Neu1 sialidase in 

insulin receptor activation. Specifically, we show that GPCR agonists bombesin, bradykinin, 

angiotensin I and angiotensin II can stimulate Neu1 sialidase activity to induce IR activation 

(phosphorylation) in the absence of insulin. Furthermore, this effect can be blocked by GPCR 

inhibitor BIM-23127 as well as OP.  

The studies in this report also investigated the effect of OP in murine models of human 

triple-negative breast cancer (MDA-MB-231), ovarian endometrial cancer (A2780), and 

pancreatic ductal adenocarcinoma (PANC1) tumor xenografts growing in RAGxCγ mice. In 

comparison to untreated groups, OP treatment resulted in a significant reduction in tumor volume, 

metastatic spread to the mouse liver and lungs, as well as a reduction in tumor-associated 

neovascularization and recruitment of host endothelial cells. In conclusion, these findings provide 

insight into the novel targeting of tumor-promoting pathways via Neu1 sialidase and implicate 

OP as a novel agent in cancer therapy.  
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Chapter 1  

GENERAL INTRODUCTION 

 

The findings in this thesis represent a novel intersection between cancer cell 

glycobiology, neuraminidase signaling, and immune-mediated tumorigenesis. In order to fully 

appreciate how these ideas are linked, we must first gain a deeper understanding of the past and 

present knowledge of these individual research areas. Furthermore, it is necessary to explore 

previous studies pertaining to neuraminidase-1 (Neu1)-mediated receptor activation and its 

therapeutic targeting in human disease, as these findings represent the foundation upon which this 

body of work is built. Specifically, we will discuss the essential regulatory functions of Neu1 and 

its link to disease states, particularly inflammation and cancer. Finally, we will review the current 

understanding of how Neu1 regulates cancer cell signaling and malignant progression and 

propose important applications for how this work might benefit future cancer research. 

 

1.1 Perspectives on Cancer Glycobiology 

The field of glycobiology has gained momentum in cancer research. Cell and protein 

glycosylation, as well as transient glycan modifications, can act as major regulatory signals that 

drive malignant processes during tumorigenesis. Our ability to firmly understand the mechanisms 

that regulate the often aberrant glycobiology of cancer cells may equip us with a novel set of tools 

and molecular targets with significant diagnostic and therapeutic potential1-6. The remarkable 

diversity of glycan structures and cell glycosylation patterns, as well as their transient 

modifications, indicate that the mammalian glycome contains an astonishing amount of biological 

information that we have yet to fully explore and take advantage of7.  
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Thus far, our improved understanding of the functions of glycans and glycan-binding 

proteins has made important contributions to cancer research2,4-6. We now know that several 

genetic and environmental signals are able to modify the glycosylation patterns of normal cells 

and consequently drive malignant phenotypes. Glycans and glycoproteins are centrally involved 

in cancer cell signaling and transformation, tumor cell dissemination and invasion, intercellular 

and cell–matrix interactions, tumor angiogenesis, immune modulation and metastasis (extensively 

reviewed by Pinho and Reis8). The future knowledge we expect to gain from studying cancer 

glycobiology, coupled with big data contributions from glycomics, glycoproteomics and 

metabolomics, will have a major positive impact on the discovery of novel glycan targets and 

biomarkers to improve early detection, drug development and overall treatment outcomes. 

 

1.2 Overview of Cell Glycosylation 

1.2.1 Classification of Glycans and Glycoconjugates  

Glycosylation is a well characterized post-translational modification to membrane-

anchored or secreted proteins, as well as glycolipids and proteoglycans in eukaryotic cells. 

Generally, different classes of glycoproteins are categorized by their core glycan structures 

proximally linked to polypeptides. Two major classes include N-linked glycoproteins, where 

glycans are linked to nitrogen atoms of asparagine residues, as well as O-linked glycans linked to 

oxygen atoms of serine and threonine residues9,10. In addition, other forms of glycosylation exist 

that occur only in specific types of proteins, such as the Notch receptor, shown to play critical 

roles in cancer cell biology11. Other proteins can also be linked to the cell membrane through a 

glycosylphosphatidylinositol (GPI) anchor, thus known as GPI‐anchored proteins12. Additional 

classes of glycoconjugates include the proteoglycans and glycosphingolipids. Proteoglycans are 
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glycoconjugates that have one or more glycosaminoglycan (GAG), whereas glycosphingolipids 

are composed of a glycan linked to a lipid ceramide12. The structural and functional 

classifications of glycosphingolipids have traditionally been based on their glycan component12. 

The first sugars linked to ceramide in higher animals are typically β-linked galactose 

(galactosylceramide) or glucose (glucosylceramide). Glycosphingolipids also comprise of core 

structures and gangliosides that may carry one or more neuraminic (sialic) acid residues and have 

been shown to regulate receptor tyrosine kinase (RTK) signaling13. This diversity of glycan 

structures and their functions is further enhanced by variations in glycan monosaccharide 

composition and substitutions, differential glycosidic linkages to other sugars or to an aglycone 

component, as well as unique assortments of branching structures12. This report will focus on the 

regulatory roles of N-glycosylation linked to glycoproteins and glycosylated receptors. 

Specifically, the terminal sialylation of these glycoconjugates will be discussed, as these terminal 

linkages serve as substrates for the hydrolytic activity of mammalian glycosidase neuraminidase-

1 sialidase. 

1.2.2 Biosynthesis of N-Linked Glycoproteins 

The biosynthesis of N-linked glycans can simply be described as three sequential steps12 

(Figure 1.1, 1.2). Firstly, N-glycosylation starts with the formation of dolichol-linked N-

acetylglucosamine (GlcNAc) sugar in the endoplasmic reticulum (ER). Dolichol is an ER 

membrane-bound lipid molecule composed of repeating isoprene units. This dolichol-linked 

GlcNAc can then be extended through the addition of other sugar moieties to form the precursor 

oligosaccharide, a process that occurs in two phases. Phase I glycan assembly occurs on the 

cytoplasmic side of the ER, whereas phase II occurs on the luminal side of the ER. The resultant 

oligosaccharide is composed of two GlcNAc, nine mannose and three glucose residues. Secondly, 

this precursor oligosaccharide is then transferred to select asparagine residues of a nascent  
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Figure 1.1. Overview of N-glycosylation in the endoplasmic reticulum.  

N-glycosylation starts with the formation of dolichol-linked N-acetylglucosamine (GlcNAc) 
sugar in the endoplasmic reticulum (ER). This dolichol-linked GlcNAc can then be extended 
through the addition of other sugar moieties to form the precursor oligosaccharide, composed of 
two GlcNAc, nine mannose and three glucose residues. This precursor oligosaccharide is then 
transferred to select asparagine residues of a nascent polypeptide in the lumen of the ER. 
Oligosaccharyltransferases are responsible for the recognition of the consensus sequence and the 
transfer of the precursor glycan to a polypeptide acceptor being concomitantly translated in the 
ER lumen. Figure adapted from Essentials of Glycobiology by Ajit Varki (2009). 
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Figure 1.2. Modification of N-glycosylation in the ER and Golgi body.  

N-linked glycoproteins undergo oligosaccharide trimming and glycan processing. Initial glycan 
trimming occurs in the ER where three glucose residues are cleaved by glycosidase I and II. 
These enzymes are able to hydrolyze specific glycosidic linkages at the non-reducing end of a 
glycan chain. Removal of the final glucose residue signals that the glycoprotein is ready for 
transit to the cis-Golgi for further processing. In the Golgi, glycoproteins are modified by the 
removal and addition of specifically linked monosaccharides, a process catalyzed by the activities 
of glycosidases and glycosyltransferases, respectively. Glycoproteins continue to undergo glycan 
modification in the medial- and trans-Golgi as shown, giving rise to diverse N-glycosylated 
proteins. Figure adapted from Essentials of Glycobiology by Ajit Varki (2009).  
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polypeptide in the lumen of the ER. Oligosaccharyltransferases are responsible for the 

recognition of the consensus sequence and the transfer of the precursor glycan to a polypeptide 

acceptor being concomitantly translated in the ER lumen. Thirdly, N-linked glycoproteins 

undergo oligosaccharide trimming and glycan processing. Initial trimming occurs in the ER and is 

believed to function as a quality control step to monitor proper protein folding. Subsequently, 

three glucose residues are cleaved off by glycosidase I and II, enzymes that are able to hydrolyze 

specific glycosidic linkages at the non-reducing end of a glycan chain. Removal of the final 

glucose residue signals that the glycoprotein is ready for transit to the cis-Golgi for further 

processing. In the Golgi, glycoproteins are modified by the removal and addition of specifically 

linked monosaccharides, a process catalyzed by the activities of glycosidases and 

glycosyltransferases, respectively. Glycoproteins continue to undergo glycan modification in the 

medial- and trans-Golgi (Figure 1.2), giving rise to diverse N-glycosylated proteins12.  

1.2.3 Biosynthesis of Sialylated Glycoconjugates 

Sialic acids (SA) are a family of nine-carbon α-keto acids found primarily at the non-

reducing end of glycan chains, normally linked to the 3rd or 6th hydroxyl group of galactose (Gal), 

and the 6th hydroxyl group of GlcNAc or GalNAc. SA can also exist as a α2,8-linked 

homopolysaccharide in gangliosides and glycoproteins. In mammals, the synthesis of 

sialoglycoconjugates (SGC) is performed by specific glycosyltransferases called 

sialyltransferases (ST) that catalyze the transfer of SA to an acceptor carbohydrate14. Twenty 

mammalian STs identified to date demonstrate high substrate and linkage specificity, as well as 

unique expression profiles and induction in cells and tissues14.  

SGCs are found in abundance on cell surfaces forming a diverse array of sialoglycans, 

often called the sialome15. The majority of secreted and lysosomal proteins also contain 

terminally sialylated glycan chains. Inner compartments of the cell, including the inner surface of 
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the lysosomal and endosomal membranes, are similarly sialylated16. Notably, SGCs are not 

evenly distributed on membranes but can instead form SGC clusters termed ‘glycosynapses’17-20, 

known to mediate cell signaling, adhesion, motility and growth. Therefore, the sialylation state of 

cells and glycoproteins has been established as a critical factor modulating molecular recognitions 

within cells, between cells, between cells and the extracellular matrix (ECM), and between cells 

and pathogens. SA expression is also associated with the masking and recognition of cells, a 

process that regulates cell differentiation, immune detection and metastasis21-23. Furthermore, SA 

is one of the most common ligands (or receptors) for the recognition and binding of viruses, 

bacteria and other pathogens, and binding to SA can impact the ability of pathogens to infect and 

propagate within cells21-23.  

Sialyltransferases linking terminal SA to glycan chains during their initial synthesis were 

believed to be primarily responsible for the production and upkeep of sialylated glycoproteins. 

However, the transient temporal and spatial expression of sialylated moieties on the cell surface 

could not be explained by the action of these enzymes alone23. It was proposed that an equally 

important role belongs to a subgroup of mammalian exoglycosidases called the neuraminidases 

(sialidases), responsible for the catabolism of SGCs and the cleavage of terminal SA23 (Figure 

1.3). Neuraminidases are located on the cell surface and in intracellular compartments, thereby 

contributing to the highly dynamic expression, distribution and diversity of sialylated structures. 

 

1.3 Neuraminidase-1 Sialidase 

1.3.1 The Mammalian Neuraminidases  

Four mammalian neuraminidases have been identified to date, Neu1, -2, -3 and -4, each 

demonstrating unique, yet partially overlapping tissue expression, cellular localization and 

substrate specificity. Neu1 is found in the lysosomal and plasma membranes24,25, Neu2 in the  
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Figure 1.3. Linkage specificity of neuraminidase.  

Neuraminidase sialidase cleaves terminal sialic acids linked to galactose in N-glycoproteins. 
Adapted from Essentials of Glycobiology by Ajit Varki (2009). 
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cytosol26-28 and Neu3 in caveolae microdomains of plasma membranes29, and endosomal and 

lysosomal membranes30. Neu4 has two isoforms: the truncated isoform is predominantly found in 

the ER31,32, whereas the longer isoform is targeted to mitochondria31 and/or lysosomes33.  

In contrast to Neu2, -3 and -4, which show tissue-specific expression patterns34, Neu1 is 

ubiquitously expressed in all tissues with the highest expression in the kidneys, pancreas, skeletal 

muscle, liver, lungs, placenta and brain25. In these tissues, Neu1 is expressed 10–20 fold higher 

than Neu3 and Neu4, and 100 fold higher than Neu231.  

A genetic deficiency in Neu1 is known to cause a lethal lysosomal storage disease called 

sialidosis, described below. However, a partial or complete genetic deficiency in the other three 

neuraminidases has not been linked to any known human disease35. It is believed that the 

increased and ubiquitous expression of Neu1 in tissues, as well as its dual intracellular and cell 

surface activity, allows Neu1 to compensate for any deficiencies in Neu2, -3, or -4 sialidase 

activity.  

1.3.2 Neu1 Functional Assembly and Localization 

The human Neu1 gene is located on chromosome 6, the single splice product of which is 

then translated into a 46–48 kDa Neu124,25. In many tissues Neu1 was reported to be membrane-

bound, requiring high detergent concentrations for its solubilization36. It was later suggested that 

Neu1 may be an integral membrane protein, consisting of a C-terminal transmembrane region and 

an internalization signal for targeting to the lysosomal membrane36. However, biochemical 

analysis of the tertiary structure of Neu1 did not predict the existence of transmembrane domains, 

and it was then postulated that Neu1 perhaps links to membranes via lipid anchors or other 

membrane protein(s)34. Indeed, it was later discovered that, unlike the other three neuraminidases, 

Neu1 activity is dependent on its binding to protective protein/cathepsin A (PPCA) and β-
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galactosidase (βGal) on lysosomal membranes34,36. Neu1, PPCA and βGal associate to form a 

trimeric complex, within which Neu1 acquires a highly stable conformation. 

Vinogradova et al. later demonstrated that Neu1 sialidase localized to the plasma 

membrane, as well as exocytic and endocytic vesicles in Neu1-overexpressing human 

fibroblasts37. Subsequent studies determined that Neu1 could also be detected on the plasma 

membranes of distinct immune cell types, including activated lymphocytes, neutrophils and 

monocytes37-39. This Neu1 localization was attributed to the transient fusion of lysosomal and 

plasma membranes during exocytosis.  

 

1.3.3 Neu1 Deficiency and Disease 

A genetic deficiency in Neu1 sialidase results in a lysosomal storage disorder called 

sialidosis. Normally, Neu1 is responsible for the catabolism of sialylated glycoconjugates in 

lysosomes, primarily oligosaccharides and glycoproteins24,25. In sialidosis, Neu1 deficiency 

results in the accumulation of these complex macromolecules within lysosomes, ultimately 

disabling cellular and tissue function and affecting multiple organs simultaneously40. Secondary 

functional deficiencies of both Neu1 and βGal can occur as a result of PPCA deficiency, also 

manifesting as a lysosomal storage disease called galactosialidosis, or Goldberg syndrome41. Both 

sialidosis and galactosialidosis clinically present with skeletal and gait abnormalities, impaired 

vision, bilateral macular cherry-red spots, ataxia, seizures and myoclonus syndrome. Severe 

early-onset forms of these diseases also present with a dysmorphic phenotype, dysostosis 

multiplex, mental retardation and enlargement of the spleen and liver40,41. Currently, there is no 

cure or life-prolonging treatment for congenital sialidosis and most babies are stillborn or die 

soon after birth. 
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1.4 Neuraminidase-1 Mediated Regulation of Cellular Signaling Pathways 

The previously described catabolic role of Neu1 has been known for decades. More 

recently, it has been shown that Neu1, through desialylation of protein targets, is also directly 

involved in several cellular signaling mechanisms. Neu1 has now emerged as an essential enzyme 

regulating glycoprotein function during exocytosis, carcinogenesis, the immune response, ECM 

composition, cell proliferation, differentiation and more (Figure 1.4). 

1.4.1 Lysosomal Exocytosis 

Proper lysosomal exocytosis and the regulation of lysosomal secretions are essential for 

cell and tissue function. Interestingly, Neu1 has been shown to act as an important regulator of 

lysosomal exocytosis. Yogalingam et al. found that Neu1-/- neutrophils significantly upregulate 

lysosomal exocytosis, as demonstrated by enhanced secretion of lysosomal proteases and 

glycosidases, as well as increased expression of heavily sialylated lysosome associated membrane 

protein 1 (LAMP1) on the cell surface42. It was proposed that the increased sialylation of LAMP1 

prolongs its retention and half-life on the plasma membrane, consequently resulting in the 

upregulation of lysosomal exocytosis.  

Yogalingam et al. also found that by downregulating Neu1 and promoting the 

accumulation of oversialylated LAMP1, tumor cells exacerbate lysosomal exocytosis of soluble 

hydrolases and exosomes43. This facilitates matrix invasion and propagation of invasive signals, 

and purging of lysosomotropic chemotherapeutics. In Arf-/- mice, Neu1 haploinsufficiency 

fostered the development of invasive, pleomorphic sarcomas, expressing epithelial and 

mesenchymal markers, and lysosomal exocytosis effectors, LAMP1 and Myosin-11. The authors 

proposed that inhibition of lysosomal exocytosis reversed invasiveness and chemoresistance in 

aggressive sarcoma cells, implicating an important role for lysosomal exocytosis and Neu1 in 

tumor progression and chemoresistance. 
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Figure 1.4. Role of Neu1 in the functional modifications of glycosylated receptors and 
regulation of cell signaling.  

The multi-enzyme lysosomal complex, Neu1, protective protein/cathepsin A (PPCA) and β-
galactosidase (Gal), are sorted from the trans-Golgi network to the endosomal pathway where 
they participate in the lysosomal catabolism of glycoconjugates. Neu1-PPCA-Gal complex is also 
sorted to the vesicles destined to the cell membrane. The splice variant of β-galactosidase S-
Gal/EBP, Neu1 and CathA form the elastin receptor targeted to the plasma membrane. Activated 
Neu1 desialylates and activates receptors for phagocytosis (FcRγ), inflammation (TOLL-like 
receptors; see below) and cell proliferation and metabolism (insulin receptor). It also desialylates 
and inhibits IGF-1R, Integrin β4 and LAMP1 (see text). Figure adapted from Pshezhetsky et al. 
Glycoconj J (2011) 28:441–452 
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1.4.2 The Immune Response and Inflammation 

The important role of sialic acids and neuraminidase in the function of immune cells has 

been well documented. Members of the siglec (sialic acid binding immunoglobulin-like lectins) 

superfamily contribute in the scavenging function of macrophages, pathogen uptake and antigen 

presentation20. Similarly, the sialylation level of the cell surface substantially affects the capacity 

of resting B cells to stimulate the proliferation of allogeneic and antigen specific syngeneic T 

cells44-48, and increases the phagocytosis capacity of influenza virus-infected HeLa cells49. 

Moreover, neuraminidase function on the surface of activated murine T cells was shown to be 

essential for the early production of interleukin 4 (IL-4) and the interaction of T cells with antigen 

presenting cells (APC)50-52. It has also been reported that neuraminidase present on the surface of 

T cells is able to convert the group specific component (Gc) protein into a factor necessary for the 

inflammation-primed activation of macrophages53,54. T cells derived from Neu1-deficient SM/J or 

B10.SM mice failed to convert Gc and synthesized IL-4, whereas B cells from these mice 

produced decreased levels of IgG1 and IgE52,53,55. Furthermore, induction of Neu1 on the surface 

of activated T lymphocytes was found to directly enhance the production of interferon (IFN)-γ56. 

1.4.2.1 Regulation of Phagocytosis and Antigen Presentation by Neu1 

Recent evidence also implicates an important role for Neu1 during monocyte 

differentiation into tissue macrophages. During this process, Neu1 expression is found to increase 

over 10-fold, predominantly on the plasma membrane38,57. In contrast to the other three 

mammalian neuraminidases which are downregulated during this process, Neu1 expression and 

sialidase activity is significantly increased during monocyte differentiation, mediated by the 

transcriptional activation of the Neu1 gene promoter38. Neu1 and its molecular co-activator PPCA 

are first targeted to the lysosome and then sorted into major histocompatibility complex (MHC) 

class II vesicles, which later fuse with the plasma membrane38. It is believed that cell surface 
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Neu1 sialidase activity is required for the desialylation of receptors essential for the phagocytic 

activity of APCs, including macrophages and dendritic cells58. It has been shown that 

macrophages and immature dendritic cells from Neu1-deficient mice demonstrate increased cell 

surface sialylation and significantly compromised cell function, including a reduced ability to 

engulf both Gram-positive and Gram-negative bacteria, IgG-opsonized and non-opsonized 

particles, as well as IgG-coated red blood cells59. It was believed that impaired immune cell 

function was a direct consequence of Neu1 deficiency and absent sialidase activity. Consistent 

with this hypothesis, treatment with exogenous murine neuraminidase was able to lower cell 

surface levels of sialylation and consequently restore immune cell phagocytosis59. Furthermore, 

Fc receptor γ (FcRγ) phosphorylation and signal transduction in response to IgG stimulation were 

significantly impeded in macrophages from Neu1-deficient mice, concomitant with markedly 

reduced phosphorylation of serine-tyrosine kinase (SYK) in response to treatment with IgG-

opsonized beads.  

1.4.2.2 TOLL-Like Receptor Activation and Cytokine Production 

In additional to desialylation and subsequent structural activation of FcRγ, it has been 

reported that Neu1 sialidase activity mediates the activation of pattern recognition receptors 

(PRR), specifically TOLL-like receptors (TLR). Studies by Amith et al. demonstrate that 

desialylation of TLR2, -3 and -4 by Neu1 is a prerequisite structural modification of TLR that 

initiates pathogen-associated molecular pattern (PAMP)-induced receptor activation and signal 

transduction in bone marrow-derived macrophages, as well as in macrophage and dendritic cell 

lines60. Specifically, lipopolysaccharide (LPS)-stimulated macrophages and dendritic cell lines 

induced Neu1 activity and subsequent TLR4 desialylation and receptor signaling mediated by 

signal transducer protein MyD88 and NF-κB activation (Figure 1.5)60. Authors found that LPS-

induced TLR4 signaling and subsequent NF-κB activation was significantly impaired in Neu1- 
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Figure 1.5. LPS-stimulated macrophages initiate Neu1 sialidase activity to activate TLR4.  

LPS-binding TLR4 induces GPCR-signaling via pertussis toxin-sensitive Gα-proteins to induce 
MMP9. Activated MMP9 is proposed to remove elastin-binding protein (EBP) to activate Neu1 
in complex with protective protein cathepsin A (PPCA). Activated Neu1 hydrolyzes α2,3-sialic 
acid residues at the ectodomain of the TLR4 receptor to facilitate receptor dimerization, MyD88 
recruitment and subsequent NF-κB activation. Figure adapted from Abdulkhalek et al. Research 
and Reports in Biochemistry (2013) 3:17-30. 

Abbreviations: GTP, guanine triphosphate; MyD88, myeloid differentiation primary response 
gene 88; MAL, MyD88-adaptor-like; TRAM, TOLL/IL-1 receptor (TIR) domain-containing 
adaptor-inducing interferon-β  (TRIF)-related adaptor molecule; TRIF, TIR-domain-containing 
adapter-inducing interferon-β; IRAK2, interleukin-1 receptor-associated kinase-like 2; RIP1, 
receptor interacting protein 1; TRAF6, tumor necrosis factor-receptor associated factor 6; Lys63; 
lysine 63-linked polyubiquitin chains; A20; ubiquitin-modifying enzyme by removing ubiquitin 
moieties from the signaling molecule TRAF6; TAK1, transforming growth factor β (TGFβ)-
activated kinase 1; Ubc13, ubiquitin conjugating enzyme 13; Uev1A, ubiquitin conjugating 
enzyme; NEMO/IKKγ, nuclear factor-κB (NF-κB) essential modulator/inhibitor of κB (IκB) 
protein kinase γ; IKKγ, IκB kinase γ; IκB, nuclear factor of κ light polypeptide gene enhancer in 
B-cell inhibitor; NF-κB, nuclear factor κ light-chain enhancer of activated B cells.  
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deficient immune cells58. Logically, the same report indicated that LPS-induced Neu1 activity and 

TLR signaling could be blocked by neuraminidase inhibitor oseltamivir phosphate (OP) at IC50 

1.2 µmol (commonly known as antiviral drug Tamiflu©, herein called OP). OP was also found to 

be highly potent (IC50 3.9 µM) in inhibiting Neu1 activity induced on the surface of live TrkA 

receptor-expressing rat adrenal pheochromocytoma (PC12) cells by treatment with nerve growth 

factor (NGF)61. Further studies remain necessary to determine whether this effect of OP is caused 

by its direct inhibitory action on Neu1 or by its indirect action on other cellular proteins. 

The role of neuraminidase activity on LPS-induced cytokine production by monocyte-

derived dendritic cells was also reported by Stamatos et al.62. LPS-stimulated dendritic cells 

pretreated with broad neuraminidase inhibitor 2,3-dehydro-2-deoxy-N-acetylneuraminic acid 

(ddNeuAc) were found to secrete significantly lower levels of IL-6, IL-12p40, and TNF-α. In 

contrast to the study by Amith et al., the authors speculated that Neu3, and not Neu1, is involved 

during this process. They found that secretion of IL-6 and TNF-α was reduced when dendritic 

cells were pretreated with 1 mM of Neu3 inhibitor zanamivir, however cytokine secretion was not 

affected in dendritic cells isolated from Neu1-deficient mice62. However, the report lacked the 

necessary controls to assess cytokine production in cells from Neu3 deficient mice or whether 

zanamivir, at least partially, is also able to inhibit Neu1 sialidase activity.  

1.4.2.3 Desialylation of CD44 in CD4+ T Cells  

Neu1 sialidase activity has also been reported to regulate the function of the hyaluronic 

acid (HA) receptor CD44, a highly glycosylated cell surface adhesion molecule that is involved in 

lymphocyte infiltration during inflammation. A report by Katoh and colleagues indicates that HA 

binding to CD44 on splenic CD4+ T cells promotes a pro-inflammatory response and results in 

the accumulation of Th2 cells in the airway of a murine model of acute asthma63. However, the 

terminal sialic acid linked to CD44 glycosylation prevents its ability to bind HA, and Neu1 
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activity is thus required for CD44 desialylation and subsequent ligand binding. The report 

disclosed that splenic CD4+ T cells from asthmatic mice displayed increased HA-induced CD44 

activation upon treatment with mite antigen, concomitant with a parallel upregulation of Neu1 on 

the cell surface. This HA-dependent CD44 induction was suppressed in splenic T cells treated 

with Neu1 sialidase inhibitor, as well as cells isolated from Neu1-deficient SM/J mice. 

Furthermore, it was determined that the total number of Th2 cells, as well as cytokine production 

during Th2-mediated asthmatic responses and airway inflammation, were significantly reduced in 

SM/J mice in comparison to wild-type (WT) mice. Thus, Neu1-mediated HA-CD44 signaling 

during acute inflammatory responses and Th2-mediated asthmatic reactions implicates Neu1 as a 

potential enzyme target for the treatment of asthma. 

Collectively, these reports highlight the multifaceted roles of Neu1 during immunity and 

inflammation: Neu1 sialidase activity is required for immune cell receptor activation, pro-

inflammatory signaling pathways and cytokine production, as well as its canonical role in 

mediating cell-pathogen recognition and interaction during infection. 

1.4.3 Insulin, IGF and PDGF-Mediated Cell Growth and Proliferation 

More recently, Neu1 has been implicated as an important regulator of mitogenic cellular 

signaling pathways via its ability to desialylate growth factor receptors. It has been shown that 

Neu1 expressed on the surface of arterial smooth muscle cells (SMC) negatively regulates 

cellular proliferation by desialylation of platelet-derived growth factor β receptor (PDGFβR) as 

well as insulin-like growth factor-II receptor (IGF-IIR)64. Inhibition of endogenous Neu1 with 

ddNeuAc or anti-Neu1 antibody in arterial SMC cultures and normal dermal fibroblasts was 

found to induce cell proliferation, whereas treatment with exogenous neuraminidase from 

Clostridium perfringens with similar substrate specificity as mammalian Neu1 resulted in reduced 

phosphorylation (activation) of PDGFβR and IGF-IIR and decreased cell proliferation. In 
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comparison to WT fibroblasts, fibroblasts derived from sialidosis patients exhibited an enhanced 

mitogenic response upon treatment with PDGF-BB or IGF-II, suggesting that Neu1 deficiency 

results in the hypersialylation of these receptors, thereby enhancing their responsiveness to ligand 

stimulation and consequently upregulating cell proliferation64. Similarly, stimulation of L6 

myoblasts with a high dose of insulin (100 nM) induced cell proliferation via IGF-IR activation, a 

process that could be blocked by treatment with exogenous neuraminidase, ddNeuAc, anti-Neu1 

antibody and/or Neu1 siRNA65. 

In contrast to the reported role of Neu1 in the negative regulation of IGF receptor 

signaling, Neu1 has been found to differentially regulate the homologous human insulin receptor 

(IR). A report by Arabkhari et al. demonstrated that both physiological (0.5–1 nM) and 

therapeutic (10 nM) doses of insulin were able to induce IR activation and enhance the 

proliferation of L6 WT skeletal muscle progenitor cells in vitro65. Interestingly, this insulin-

induced and IR-mediated cell proliferation was significantly increased when L6 WT cells were 

co-treated with exogenous Neu1 or with neuraminidase from C. perfringens. Specifically, L6 

cells treated with both exogenous neuraminidase and insulin demonstrated significantly greater 

phosphorylation of transmembrane IRβ subunits and downstream activation of Akt, in 

comparison to L6 cells treated with insulin alone. Consistent with these findings, it was shown 

that the inhibition of endogenous Neu1 with ddNeuAc, anti-Neu1 antibody or Neu1 siRNA 

abolished insulin-induced proliferation in L6 myoblasts in vitro65.  

The differential regulatory role of Neu1 sialidase on IR vs. IGFR signaling prompted the 

hypothesis that, in response to oversaturated insulin concentrations, preferential activation of IGF 

receptors may act to suppress the overzealous proliferative response of myoblasts. It is postulated 

that Neu1-mediated desialylation of these receptors directly affected their ability to undergo 

prerequisite autophosphorylation in a manner that either potentiates or attenuates insulin-induced 

receptor activation of IR or IGFR, respectively65. 
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1.5 Role of Neu1 in Epidermal Growth Factor Signaling and Cancer Development 

1.5.1 Overview of EGFR Signaling in Cancer 

Several of the growth factors and their tyrosine kinase receptors (RTK) are overexpressed 

or constitutively active on the surface of human cancer cells. Indeed, upregulated epidermal 

growth factor receptor (EGFR) signaling as a result of receptor overexpression and/or ligand-

independent receptor activation have been identified in a variety of human tumors, including 

lung, breast, head and neck, ovarian and pancreatic cancers66,67. Deregulated EGFR signaling has 

been shown to directly promote cancer cell survival and proliferation, invasion and metastasis via 

induction of various signaling cascades, including Janus kinase/signal transducers and activators 

of transcription (JAK/STAT), phosphoinositol 3-kinase/protein kinase B (PI3K/Akt), and Ras-

mitogen activated protein kinase (MAPK) pathways67-69. Logically, a number of EGFR-targeting 

interventions, including receptor-neutralizing antibodies as well as tyrosine kinase inhibitors 

(TKI), have become first-line therapies for many cancers. Unfortunately, treatment outcomes are 

suboptimal in patients, many of whom develop resistance to these therapies.  

1.5.2 Drug Resistance to EGFR-Targeted Therapy 

Several molecular mechanisms have been implicated during the acquisition of drug 

resistance, the majority of which are driven by the highly adaptive cancer cell circuitry. For 

example, TKI-treated tumors may lose responsiveness to treatment by undergoing a specific Thr-

Met substitution mutation (T790M) in the ATP binding pocket of the EGFR kinase domain, 

thereby effectively blocking the inhibitory binding of TKI70. Cancer cells may also increase their 

cell surface expression of other compensatory growth factor receptors, such as the hepatocyte 

growth factor (HGF) receptor Met, well characterized for its role in the amplification of 

mitogenic signaling pathways and induction of cell proliferation and invasion71,72. Alternatively, 

PI3K/Akt-driven tumor progression may be further enhanced by inactivating mutations of tumor 
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suppressor gene PTEN, resulting in continuous cell growth and proliferation despite treatment 

with EGFR-targeting agents73. Other structural and functional mutations of RTKs may also confer 

drug resistance, such as the aberrant dimerization between IGF-IR/EGFR forming constitutively 

active and treatment-resistant heterodimeric receptors that dually promote cancer cell survival as 

well as resistance to apoptosis74.  

Unfortunately, the mechanisms of drug resistance outlined above are only a few 

examples of the several adaptive programmes that cancer cells may utilize. It is now clear that 

effective anticancer therapies must simultaneously target and inhibit this diverse repertoire of 

characteristics that not only promote cancer progression but also enable evasion to treatment.  

1.5.3 Neu1 Positively Regulates EGFR Activation and Signaling 

It is known that dimerization of EGFR is required for ligand-induced receptor 

activation75-82. However, the structural modifications of EGFR controlling ligand-induced 

conformational changes and subsequent receptor dimerization and activation are not clear. It has 

been proposed that glycan modifications linked to EGFR may be centrally involved during this 

process. Importantly, identifying the specific glycan modifications responsible for regulating 

EGFR activity may reveal a novel platform for targeting aberrant EGFR signaling in cancer cells. 

Human EGFR, similar to most RTKs, is a heavily glycosylated receptor. Specifically, the 

extracellular domain of each EGFR monomer consists of 12 asparagine residues that function as 

N-linked glycosylation sites, 9 of which become glycosylated in the Golgi apparatus prior to the 

transport of EGFR to the plasma membrane83,84. Notably, EGFR N-linked glycans are also 

extended with 1-2 sialic acids on the terminal, non-reducing ends of the oligosaccharide chains, 

which may later serve as substrates for Neu1 or Neu3 sialidase83,85. Indeed, Gilmour et al. 

reported that EGF stimulation significantly induced Neu1 sialidase activity (and not Neu3) on the 

surface of human pancreatic cancer cell lines MiaPaca2 and PANC1. The report also disclosed 
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that EGF-induced Neu1 activity and subsequent EGFR desialylation and activation 

(phosphorylation) was dependent on matrix metalloproteinase-9 (MMP9) elastase activity85. The 

same study indicated that EGF-induced sialidase activity, as well as EGFR desialylation, was 

completely abrogated in Neu1-deficient fibroblast cell lines 1140F01 and WG0544 derived from 

patients with type 1 sialidosis and mucolipidosis-185,86. 

Other studies have also reported a similar regulatory function for Neu1 sialidase activity 

in EGFR activation and receptor signaling. Goldblum and colleagues found that Neu1 associates 

with EGFR and mucin-1 (MUC1) on the cell surface of respiratory airway epithelial cells, and 

that this association of the Neu1-EGFR-MUC1 complex is induced by EGF stimulation87. 

Additionally, they found that EGFR glycosylation sites act as substrates for Neu1 sialidase in 

vivo, and that Neu1-mediated desialylation of EGFR promotes epithelial cell proliferation and 

enhances airway epithelial repair and wound healing. Authors also indicated that upregulated 

Neu1 sialidase activity coincided with enhanced EGFR signaling and associated tumorigenesis in 

vivo.  

1.5.4 Neu1 and MMP9 Crosstalk Regulates EGFR Activation 

The ability of Neu1 to directly target and desialylate EGFR was based on previous 

findings demonstrating that Neu1 is complexed to naïve (unstimulated) EGFR on the surface of 

NIH3T3 cells85. Activated Neu1, in close proximity to the transmembrane domains of EGFR, is 

then able to specifically hydrolyze α2,3-sialyl residues linked to β-galactosides of the receptor. 

Thus, Neu1-mediated cleavage of highly negatively charged sialic acid from EGFR N-

glycosylation results in the reduction of electrostatic repulsion between EGFR monomers and 

removal of steric hindrance via N-glycan shortening. Collectively, these structural modifications 

of EGFR glycosylation greatly facilitate receptor dimerization and RTK trans-

autophosphorylation85, consistent with previous reports58,60,88-90. These findings also suggest an 
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important role for MMP9 activity, which liberates the catalytic (sialidase) domain of Neu1 via 

removal of the elastin binding protein (EBP) from the Neu1/EBP/PPCA complex as previously 

described. Indeed, inhibition of MMP9 using galardin attenuated Neu1 sialidase activity in live 

NIH3T3 cells and consequently reduced EGFR activation and tyrosine kinase phosphorylation 

even in the presence of abundant EGF. However, the observed induction of MMP9 activity upon 

EGF stimulation was surprising. A report by Moody et al. suggested that neuromedin B GPCR 

(NMBR) signaling induced by agonist bombesin was found to induce EGF-independent EGFR 

activation via Src and matrix metalloproteinase activity91. These studies were an extension of 

previous work by Rozengurt et al. who demonstrate the regulatory role of MMPs in the 

transactivation of human EGFR induced by GPCR agonists92. Thus, the work by Gilmour et al. 

was essential in uncovering the role of Neu1 desialylation in EGFR activation, the missing 

mechanistic link in the previously described EGFR-NMBR-MMP axis91,92. Interestingly, another 

report by Abdulkhalek et al. has since shown that GPCR agonists bradykinin, lysophosphatidic 

acid (LPA), cholesterol, angiotensin-1 and -2, as well as bombesin, are able to directly activate 

Neu1 through intermediary MMP9 activity in macrophage cell lines90. Stimulation with GPCR 

agonists was found to induce ligand-independent TLR4 activation in primary bone marrow-

derived macrophages from WT mice, but not in macrophages from Neu1-deficient mice90. 

 

1.6 Therapeutic Targeting of Neu1 Using Oseltamivir Phosphate in Mouse Models 

of Pancreatic Cancer 

In mouse models of pancreatic cancer, the efficacy of varying concentrations of OP was 

analyzed in eGFP-labelled MiaPaca2 heterotopic tumor xenografts growing in immunodeficient 

RAGxCγ double mutant mice85. These studies showed that OP monotherapy administered at a 

dose of 100 mg/kg/daily intraperitoneally (IP) significantly impeded MiaPaca2 tumor growth, in 
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comparison to untreated tumor xenografts. Importantly, when OP treatment was ceased, there was 

no observable increase in tumor growth in OP-treated mice, in contrast to the untreated group that 

exhibited continuous tumor growth until the endpoint of the study. Consistent with these findings, 

the report indicated that following necropsy (day 47 post-implantation of MiaPaca2 cancer cells), 

there was a significant reduction in tumor size and tumor weight measurements in mice treated 

with OP, in comparison to untreated mice. Notably, the therapeutic dose of OP used in these 

studies did not cause any harmful adverse effects and animals retained body weight and body 

condition scoring throughout the study. 

In contrast to untreated mice, it was found that OP-treated mice did not harbor any 

metastases to the liver and lungs, as indicated by biophotonic imaging of eGFP-positive tissues85. 

It was reasoned that the lack of metastatic spread to these organs might be due to the reduced 

neovascularization of OP-treated primary MiaPaca2 tumor xenografts. Furthermore, hematoxylin 

and eosin (H&E) staining of liver and lung sections were consistent with the biophotonic imaging 

results, indicating that OP-treated mice did not develop any detectable densely-stained metastatic 

clusters within these tissues.  

The same study also investigated the effect of OP on the expression levels of various 

phosphoproteins from MiaPaca2 tumor lysates, as measured by both western blot and multiplexed 

immunoassays85. It was found that OP-treated tumors demonstrated significantly reduced 

phosphorylation of EGFR-Y1173, STAT1-Y701, and NF-κBp65-S311 compared to untreated 

tumors, suggesting that OP treatment downregulated proliferative signaling in tumor cells that is 

normally associated with these molecules. It was also found that OP-treated tumors demonstrated 

a reduction in the phosphorylation of Akt-T305 and PDGFR-Y754, also implicated in mitogenic 

signaling and cancer cell proliferation. In comparison to untreated controls, OP-treated tumor 

xenografts also showed an increase in phospho-Smad2-S465/467 as well as phospho-VEGFR2-

Y1175. Interestingly, Smad2 has been reported to function as a tumor suppressor of prostate93 and 
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breast epithelial cancer cells94, as well as a negative regulator of epithelial-to-mesenchymal 

transition (EMT) preventing the malignant progression of skin cancer95,96. In contrast, Pasula et 

al. reported that an increase in phospho-VEGFR2-Y1175 is associated with prolonged VEGF 

signaling, normally as a result of a deficiency or absence of endothelial epsins-1 and -297. It has 

been reported that epsins-1/2 deficiency results in the upregulation of VEGFR2 signaling and the 

consequent formation of leaky and defective tumor vasculature that impedes tumor growth97. The 

same report indicated that epsins-1/2 knockdown (KD) mice exhibited highly disorganized 

vascular structures characterized by increased VEGFR2 and enhanced, albeit non-productive, 

vascular permeability in tumors and defective tumor-associated angiogenesis97. Collectively, the 

phosphoprotein expression levels analyzed from untreated vs. OP-treated tumor lysates seem to 

suggest that OP treatment may have other, previously unknown anticancer effects in vivo85. In 

addition to inhibiting tumor growth and preventing metastasis, OP treatment also resulted in the 

simultaneous suppression of pro-proliferative and inflammatory mediators EGFR-Y1173, 

STAT1-Y701, and NF-κBp65-S311, concomitant with the upregulated expression and activity of 

tumor suppressor Smad2 and vasculature-disrupting signals such as phospho-VEGFR2-Y1175. 

 

1.7 Role of Neu1 in Cancer and Research Significance 

In summary of these reports, neuraminidase-1 has emerged as an essential enzymatic 

regulator of glycoproteins and glycosylated receptors. In addition to its catabolic role in the 

turnover of sialoglycoconjugates, Neu1 sialidase activity is now known to transiently regulate 

several other signaling pathways implicated in disease. We have learned that Neu1 serves an 

important role in immune function, including pathogen recognition and immunosurveillance, 

regulation of phagocytosis in immune cells and antigen presentation, PAMP-induced TLR 

activation and NF-κB signaling, pro-inflammatory cytokine production and more. Neu1 has also 
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been shown to regulate several RTK signaling pathways via receptor desialylation – a structural 

modification that may either increase or decrease receptor activation. Specifically, Neu1 has been 

shown to negatively regulate PDGF and IGF receptor activation and attenuate signaling 

downstream of these receptors. In contrast, Neu1-mediated desialylation of NGF TrkA, EGFR 

and insulin receptors is known to promote the activation of these receptors by facilitating RTK 

dimerization and autophosphorylation.  

 

1.7.1 Research Hypothesis and Objectives 

The ability of Neu1 to specifically target and modulate these immunologic and growth-

stimulatory pathways, coupled to its ubiquitous and highly conserved expression on mammalian 

cells, implicates Neu1 as a promising molecular target in cancer therapy. Indeed, the studies 

previously described provide evidence to support the notion that inhibition of Neu1 using 

oseltamivir phosphate may be a worthwhile consideration in future cancer treatment strategies. 

Thus, the main aim of this research project is to further explore the therapeutic potential of OP in 

murine models of human cancer and its clinical implications. 

 
CENTRAL HYPOTHESIS:  

Neu1 sialidase regulates growth factor receptor signaling, cancer cell proliferation and in vivo 

tumor progression. Thus, inhibition of Neu1 using oseltamivir phosphate can effectively suppress 

tumor growth, vascularization and metastasis in murine tumor xenografts of human cancer. 

 
To investigate this hypothesis, the following research objectives will be addressed: 

1. Determine the role of G protein-coupled receptor agonists on Neu1 sialidase activity and 

subsequent insulin receptor activation. 

The molecular mechanisms regulating Neu1-mediated EGFR activation have been 

described in detail by our group and others. However, the mechanisms governing Neu1-mediated 
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insulin receptor activation are less clear. Due to the major roles of IR and insulin signaling in 

cancer cell growth and proliferation, it is imperative to investigate the precise link between IR 

function and Neu1 sialidase, particularly if OP treatment intervenes with this process. 

Specifically, we hypothesize that prerequisite GPCR activation and Gα protein signaling is 

essential for Neu1-mediated IR activation. The studies in Chapter 2 investigate this hypothesis. 

 

2. Investigate the effect of oseltamivir phosphate in tumor xenograft models of human 

breast, ovarian and pancreatic cancer. 

Previous studies show that OP effectively suppressed tumor growth and metastasis in 

mouse models of pancreatic cancer. Here, we will provide an extension of previous work by 

assessing the effect of OP on mouse models of breast and ovarian cancer, as well as optimizing 

the delivery of OP to the heterotopic implantation site of pancreatic tumor xenografts. These 

studies are described in detail in Chapters 3 and 4. Furthermore, if OP targeting of Neu1 offers 

therapeutic benefit, our analysis of the perioperative serum profile of surgical cancer patients (see 

APPENDIX) may facilitate the design and timing of adjuvant treatment strategies.  
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Chapter 2 

 

Activation of Human Insulin Receptors Is Regulated by G Protein-

Coupled Receptor Signaling and Neuraminidase-1 Sialidase 
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2.1 ABSTRACT 

It has been shown that neuraminidase-1 (Neu1)-mediated desialylation of insulin 

receptors is critical for ligand-induced receptor activation and cellular signaling. Specifically, 

insulin binding to IR initiates neuromedin B G protein-coupled receptor (NMBR) signaling and 

subsequent matrix metalloprotease-9 (MMP9) elastase activity, enabling sialidase activity of 

Neu1 associated with transmembrane IRβ subunits. Activated Neu1 sialidase subsequently 

hydrolyzes terminally linked α2,3-sialic acid residues from IRβ N-linked glycosylation, a process 

required for receptor activation and tyrosine kinase phosphorylation. Interestingly, the NMBR 

agonist bombesin was found to induce Neu1 sialidase activity and subsequent IR transactivation 

in hepatoma cells (HTC), independent of insulin. This suggests that the transactivation of IR by 

NMBR agonists may be mediated by Neu1 desialylation of IRβ. Since NMBR appears to regulate 

Neu1 sialidase and consequent IR desialylation, we postulated that alternate GPCR complexes 

implicated in crosstalk with IR may also induce similar effects to promote IR activation. Indeed, 

GPCR agonists bradykinin, angiotensin I and angiotensin II each induced Neu1 sialidase activity 

in IR-expressing cells (HTC-WT) and IR-overexpressing cells (HTC-IR) in a dose-dependent 

manner, a process which could be blocked by NMBR inhibitor BIM-23127 and Neu1 inhibitor 

oseltamivir phosphate (OP). Protein expression analyses showed that these GPCR agonists 

significantly induced phosphorylation of IRβ and insulin receptor substrate-1 (IRS-1) in vitro. 

Among these, angiotensin II was the most potent GPCR agonist capable of promoting IRβ 

phosphorylation in HTC-IR cells. Co-localization and co-immunoprecipitation analyses indicate 

that angiotensin II receptor (type I) exists in a multimeric receptor complex with Neu1, IRβ and 

NMBR in naïve HTC-IR cells.  BIM-23127 and OP were able to inhibit GPCR agonist-induced 

IRβ phosphorylation. These findings uncover a novel GPCR agonist-induced IR transactivation 

axis, mediated by Neu1 and desialylation of insulin receptor glycosylation. 
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2.2 INTRODUCTION 

The insulin receptor (IR) is a transmembrane receptor tyrosine kinase (RTK) that is 

activated by insulin and insulin growth factors-I and -II. Metabolically, insulin-induced IR 

tyrosine kinase activation is essential for the initiation of downstream insulin signaling and 

glucose homeostasis. A deregulated process of insulin-induced IR activation may manifest in a 

range of clinical disease including insulin resistance98, type 2 diabetes mellitus, obesity, 

hypertension and cardiovascular disorders, and cancer99-101. Specifically, insulin resistance occurs 

when insulin-sensitive tissues, including skeletal muscle, adipose tissue and liver, do not have the 

ability to respond to insulin and/or elicit insulin signaling pathways102,103 and, as a consequence, 

may develop several of these metabolic diseases104-106.  

The precise molecular mechanisms involved in insulin resistance are not well understood. 

Accumulating evidence demonstrate a link between insulin resistance and aberrant cell membrane 

glycosylation. The sialylation state of glycans, modulated by sialyltransferases and sialidases 

(neuraminidases), is a critical factor modulating molecular recognitions, cell adhesion, interaction 

and signal transduction inside the cell, between cells, between cells and the extracellular matrix, 

and between cells and exogenous pathogens107-110. Four mammalian neuraminidases (Neu1–4) 

have been discovered to date, each varying in cellular localization and affinity for specific 

glycosidic linkages111. Of the four, Neu1 is the only sialidase in which a genetic deficiency and/or 

functional mutation manifests clinically in humans. It has been suggested that the higher 

expression levels of Neu1, both inside the cell and on the plasma membrane, allows Neu1 to 

compensate for any deficiencies in Neu2-4 sialidase activity. Furthermore, although Neu1 has 

greater specificity for α2,3-linked sialic acid-galactose (Neu5Ac-Gal), it can also hydrolyze α2,6-

linkages primarily cleaved by other neuraminidases35,111. Sialic acid is a highly negatively 

charged molecule and its cleavage from glycoproteins can dually reduce steric hindrance and 

induce electrostatic interaction between desialylated structures. Consequently, these types of 
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structural modifications are involved in the conformational changes of proteins and receptors that 

initiate their activation and signaling pathways. Indeed, Neu1-mediated desialylation has been 

identified as a critical mechanism regulating the conformational changes that precede receptor 

activation and signaling. These include the nerve growth factor (NGF) TrkA receptor88,112,113, 

IR114,115, insulin-like growth factor receptor-type 1 (IGF-IR)65, TOLL-like receptors (TLR)89,90,116-

120, epidermal growth factor receptor (EGFR)85 and others35,111. An extensive review by Pszhetsky 

and colleagues summarizes the key pathways in which desialylation of surface receptors provides 

a new dimension for cellular signaling and molecular targeting35.  

Yamaguchi et al. were one of the first groups to show that the removal of sialic acid from 

purified insulin receptors by neuraminidase resulted in enhanced insulin binding and intracellular 

kinase activity121. In 2013, Dridi et al. determined that Neu1 was the specific sialidase involved in 

this receptor regulation, and not Neu3, the only other membrane-localized sialidase115. They 

demonstrated that Neu1 activity is essential for the positive regulation of insulin-induced IR 

activation, and showed that Neu1 blockers dose-dependently inhibit IR tyrosine kinase 

phosphorylation in vitro, despite high extracellular insulin levels. The same study showed that 

Neu1-deficient cells from sialidosis patients demonstrate significantly decreased sensitivity to 

insulin, a phenotype characteristic of type 2 diabetes mellitus and insulin resistance. Sialidosis is 

an inherited lysosomal storage disease and presents as a complex and severe metabolic disorder in 

patients. It is suggested that the aberrant metabolic processes in these patients may be attributed 

to their genetic deficiency in Neu1 and deregulated Neu1-mediated IR signaling122.  

For several receptors, reports have suggested that receptor glycosylation modification 

may in fact be the connecting link between ligand-binding and subsequent conformational 

changes that lead to receptor dimerization and activation85,123-126. Recently, insulin binding to its 

receptor was reported to rapidly induce the interaction of the insulin receptor with Neu1 sialidase, 

the activity of which hydrolyzes sialic acid residues of IR and consequently induces receptor 
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activation115. The report also disclosed that Neu1-deficient mice, expressing approximately 10% 

of the normal Neu1 activity, developed hyperglycemia and insulin resistance twice as fast as their 

wild-type counterparts when exposed to a high-fat diet, a process attributed to the role of 

endogenous Neu1 sialidase in IR glycosylation modification. A study by Blaise et al. provided 

additional confirmation to support the notion that Neu1 interacts with IRβ and desialylates the 

receptor127. Another report disclosed that pretreatment of rat adipocytes with neuraminidase 

resulted in an extracellular release of sialic acid, accompanied by an increase in basal glucose 

transport128. These findings suggested that the sialylation state of adipocytes may regulate their 

glucose-transport activity. It has also been shown that the treatment of rat skeletal L6 myoblasts 

with either mouse-derived mammalian Neu1 sialidase or Clostridium perfringens neuraminidase 

resulted in desialylation of IR, concomitant with a significant increase of cell proliferation in 

response to 1 and 10 nM insulin65. In addition, the inhibition of endogenous Neu1 prevented this 

increase in L6 myoblast cell proliferation, but amplified the proliferative effect of a higher 

concentration of insulin (100 nM). Another study demonstrated that treatment with 

sialyltransferase substrate cytidine 5’-monophospho-N-acetylneuraminic acid (CMP-NANA) in 

vivo enhanced insulin responsiveness in the liver by approximately 40%, implicating a role for 

cell surface sialic acid residues in hepatic insulin action with a concomitant contribution to insulin 

resistance129.  

In addition to Neu1, other signaling molecules have also been identified as key players in 

the regulation of insulin-induced IR activation. Among these, a number of G protein-coupled 

receptors (GPCR) have been implicated in intracellular crosstalk pathways with insulin 

receptors130-133. The integration of GPCR and RTK signaling (including IR) upon ligand 

stimulation is eloquently reviewed by Pyne and colleagues134-137 and Abdulkhalek et al.138. Other 

reports have also shown that insulin receptors can interact with Gαi subunits upon receptor 

activation139-141. Using human embryonic kidney (HEK) 293 cells, Alderton et al. found that the 
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platelet-derived growth factor β receptor (PDGFβR) forms a complex with a GPCR called Myc-

tagged endothelial differentiation gene-1 in cells co-transfected with these receptors142. PDGF 

was shown to stimulate tyrosine phosphorylation of the inhibitory Gαi subunit to increase 

p42/p44 mitogen activated protein kinase (MAPK) activation and consequent induction of cell 

proliferation. Notably, GPCR kinase 2 and β-arrestin-1 are each able to form a complex with 

PDGFβR and regulate its endocytosis – a requirement for the activation of p42/p44 MAPK. Thus, 

it is proposed that PDGFβR signaling is initiated by GPCR kinase 2/β-arrestin-1 complexes that 

have been recruited to the PDGFβR via tethering to a GPCR(s). These observations elucidate a 

novel molecular axis for the signal integration by these receptors that may explain the co-

mitogenic effect observed by certain GPCR agonists and PDGF on cell proliferation. For insulin 

receptors specifically, Rozengurt et al. have shown that an upregulation of IR expression and/or 

activation is significantly associated with higher levels of downstream G protein signaling 

cascades132. Alternatively, others have shown that GPCR activation mutations are correlated with 

increased downstream insulin signaling in the absence of insulin131. Collectively, these findings 

uncover an unprecedented mode of control for insulin receptor activation and present an 

innovative approach to targeting insulin signaling via GPCR complexes and Neu1 sialidase. The 

molecular mechanism that links Neu1- and GPCR-mediated IR regulation, however, has not been 

explored until recently. In 2014, Alghamdi et al. found that the neuromedin B GPCR exists in a 

protein complex with IRβ subunits on the cell membrane114,143. They showed that IRβ subunits 

co-localize with Neu1, matrix metalloproteinase-9 (MMP9), and the neuromedin B GPCR 

(NMBR) in HTC-IR cells, independent of insulin stimulation. Upon insulin binding to 

extracellular IRα subunits, neuromedin B G protein signaling occurs, a process that activates 

matrix metalloproteinase-9 (MMP9). MMP9 elastase activity cleaves the elastin binding protein 

(EBP) linked to Neu1, thereby exposing the catalytic sialidase domain of Neu1. Neu1 then 

specifically hydrolyzes the terminal α2,3-sialic acid from IR N-linked glycosylation. As 
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mentioned, Neu1-mediated cleavage of highly negatively charged sialic acid residues promotes 

the association and interaction of IR monomers, allowing them to closely dimerize, trans-

autophosphorylate, and initiate downstream signal transduction114. Although other groups have 

previously shown that Neu1 is responsible for the positive regulation of IR activation65,115, it was 

only recently demonstrated that Neu1 inhibitor oseltamivir phosphate (OP) downregulates 

insulin-induced IRβ phosphorylation and subsequent signal transduction in HTC-IR cells114. In 

the present report, we show that Neu1 can be targeted and blocked using OP in order to inhibit 

both IRβ- and insulin receptor substrate-1 (IRS-1) phosphorylation in vitro. The effect of OP on 

blocking insulin-induced phosphorylation of IRS-1 indicates a potent inhibitory effect on several 

downstream signaling pathways, as phospho-IRS-1 is critical for the initiation of cellular 

signaling involved in cell growth, proliferation, metabolism and survival. 

Based on these reports, there are several important questions that remain to be answered 

regarding the molecular mechanism(s) regulating GPCR-Neu1-IR signaling. It has been shown 

that Neu1 modulates insulin-induced IR activation, and that Neu1 inhibitors are able to block this 

effect114,115. Although it is known that insulin binding to IR induces Gαi protein signaling and cell 

surface MMP9 activity to induce Neu1, the role of GPCR agonists in modulating Neu1 sialidase 

and/or IR activation has not been previously studied. Here, we asked the question: if insulin 

receptor function is positively regulated by Neu1 sialidase activity, and if Neu1 activation is 

dependent on G protein signaling, is it possible to indirectly transactivate IR signaling using 

GPCR agonists to stimulate Neu1 and subsequently IR? Indeed, this report demonstrates for the 

first time that GPCR agonists bombesin, bradykinin, angiotensin I and angiotensin II each 

potently induced insulin signaling in the absence of insulin ligand in vitro. Furthermore, this 

process is mediated by Neu1 sialidase activity and desialylation of IRβ required for receptor 

activation. Among these GPCR agonists, angiotensin II was found to be the most potent inducer 

of IRβ phosphorylation and downstream signal transduction involving phosphorylation of IRS-1. 
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These findings are supported by multiple lines of evidence describing GPCR-IR transactivation 

and crosstalk signaling mechanisms130-133. Our previous studies also showed that the same GPCR 

agonists induced sialidase activity on the cell surface of primary bone marrow macrophages, 

resulting in TLR4 receptor desialylation, dimerization and transactivation90. In this study, GPCR 

agonist-induced TLR4 transactivation occurred in the absence of pathogen-associated molecular 

patterns (PAMP) ligand, specifically lipopolysaccharide (LPS). Similarly, we found that GPCR 

agonist-induced IRβ phosphorylation is an insulin-independent process, yet relies on cell surface 

Neu1 sialidase activity and GPCR-MMP9-Neu1 crosstalk essential for receptor activation and 

downstream signaling. Furthermore, GPCR complexes are the most widely targeted proteins in 

drug development, signifying the importance of future work investigating the ability of these 

receptors to transactivate other signaling molecules, including insulin receptors. These findings 

have significant implications for our ability to understand and therapeutically target the aberrant 

signaling processes involved in metabolism and cell growth implicated in various disease states.  

 

2.3 MATERIALS AND METHODS 

2.3.1 Cell Lines 

Two cell lines were used in these studies: wild-type human IR-expressing rat hepatoma 

cell line (HTC-WT) and IR-overexpressing cells (HTC-IR)144 (kindly provided by Dr. Leda 

Raptis of this department). Cells were grown in 1X Dulbecco's Modified Eagle Medium (DMEM, 

Gibco, Rockville, MD) containing 10% fetal calf serum (FCS) (HyClone, Logan, Utah, USA) and 

5 µg/mL plasmocin, and were maintained at 5% CO2 and 37°C. For HTC-IR cells, culture 

medium was supplemented with 400 µg/mL geneticin aminoglycoside antibiotic (G418) as a 

selection marker for IR overexpression. 
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2.3.2 Reagents 

The active substance in Novolin®ge Insulin (Human Biosynthetic, Toronto) is a 

polypeptide that is structurally identical to endogenous human insulin produced by recombinant 

DNA technology in Saccharomyces cerevisiae. Human insulin is stored at 4°C and is an 

injectable solution of 3.5 mg (100 IU) of the natural ligand. The injectable insulin solution was 

used in our experiments at a concentration range of 10–100 nM, or as otherwise indicated. 

Incubation times vary between experiments and are indicated. Bombesin acetate salt hydrate, 

bradykinin acetate salt, angiotensin I and angiogensin II human acetate salt (all purchased from 

Sigma-Aldrich) diluted in Tris-buffered saline (TBS, pH 7.4) were used at indicated 

concentrations. In the live cell sialidase assay experiments, 2-(4-methylumbelliferyl)-α-D-N-

acetylneuraminic acid (98% pure 4-MUNANA; Biosynth International Inc., Itasca, IL, USA) is a 

sialidase substrate used at a pre-determined concentration of 0.318 mM diluted in TBS102-104. 

2.3.3 Inhibitors 

Neuraminidase inhibitor oseltamivir phosphate (99% pure OP, Tamiflu® Hoffmann-La 

Roche Ltd.), a broad-range sialidase inhibitor was used at 200–300 µg/mL unless otherwise 

indicated. DANA (2-deoxy-2,3-dehydro-D-N-acetylneuraminic acid) (Sigma-Aldrich) were used 

at indicated concentrations. Cyclolignan picropodophyllin (PPP; Calbiochem) is a non-

competitive IGF-IR inhibitor and was used at a concentration of 20 nM to discriminate between 

IR and IGF-IR receptor phosphorylation and activation. NMBR inhibitor BIM-23127 was 

purchased from Tocris Bioscience, IO Centre Moorend Farm Avenue, Bristol, BS11 0QL, UK).  

2.3.4 Primary Antibodies 

The expression of insulin receptors was determined using rabbit anti-human IRβ-specific 

antibody raised against a peptide mapping at the C-terminus (C-19) of IRβ (Santa Cruz 
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Biotechnology). Insulin receptor activation and tyrosine kinase phosphorylation was determined 

using two antibodies: rabbit anti-human phosphorylated IRβ antibody (α-pIRβ; MBL 

International, Woburn, MA 01801) raised against a chemically synthesized phospho-peptide 

derived from the phospho-Tyr-972 region of the human insulin receptor, as well as the rabbit anti-

human phosphorylated insulin receptor substrate-1 antibody (α-pIRS-1; Cell Signaling 

Technology, Inc.). In western blot experiments, anti-β-Actin antibody (Santa Cruz) was used to 

control for protein loading. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG 

antibody (Sigma Aldrich) was used as a secondary antibody. In the co-immunoprecipitation 

experiments, CleanBlot IP Detection Reagent (Cell Signaling Inc.) was used. CleanBlot reagent is 

a conjugated HRP antibody that has the ability to bind to the native antibody and not the 

denatured antibody fragments from the immunoprecipitation processing step.  

In the immunocytochemistry and the co-localization experiments, donkey anti-rabbit 

AlexaFluor 488 or donkey anti-rabbit AlexaFluor 594 antibodies (Molecular Probes, Life 

Technologies, Carlsbad, CA, 92008. United States) were used as secondary antibodies. Three 

other antibodies, rabbit anti-human Neu1 IgG (Santa Cruz), goat anti-human MMP9 IgG (Santa 

Cruz) and rabbit anti-human IgG against the type I angiotensin II receptor (AbCam), were used in 

the co-localization and co-immunoprecipitation experiments. 

2.3.5 Sialidase Assay in Live Cells 

HTC-IR and HTC-WT cells were grown overnight on 12 mm circular glass slides in 

conditioned medium in a sterile 24-well tissue culture plate until they reached approximately 70% 

confluence and subsequently serum-starved for at least 4 hours112,117. After serum starvation, 

media was removed from each well and cells were pretreated with PPP, and subsequently with 

insulin or GPCR agonists at indicated concentrations, or left unstimulated (control). To determine 

the effect of Neu1 and/or NMBR on sialidase activity, cells were also pretreated with 



 

 

 

37 

neuraminidase inhibitor oseltamivir phosphate or NMBR inhibitor BIM-23127 at indicated 

concentrations. Immediately prior to detection of sialidase activity, 0.318 mM 4-MUNANA was 

added to each well. The sialidase substrate 4-MUNANA is hydrolyzed by sialidase to give free 4-

methylumbelliferone (4-MU), which has a fluorescence emission at 450 nm (blue color) 

following excitation at 365 nm. Fluorescent images were taken after 2–3 min using epi-

fluorescent microscopy (Zeiss Imager M2, 40x objective). Sialidase activity of live HTC-WT and 

HTC-IR cells was indicated by the blue fluorescence surrounding the periphery of the cells. The 

mean fluorescence was calculated using Image J software. 

2.3.6 Fluorometric Assay for Sialidase Activity 

HTC-WT and HTC-IR cells were grown to approximately 90% confluence in T25 flasks 

and seeded in a black 96-well optical plate at a density of 20,000 cells/well. Cells were incubated 

overnight at 37oC in a humidified chamber. After removing media, 50 µL of 1X PBS was added 

to each of well. 0.318 mM 4-MUNANA substrate was then added to cells alone (control) or with 

ligands ± inhibitors at indicated concentrations. Similar to the live cell sialidase assay, 4-

MUNANA is hydrolyzed by cell surface membrane sialidase to produce free 4-MU with a 

fluorescence emission of 450 nm. Quantified fluorescence intensity readings were measured after 

1, 5 and 15 min using Varioskan Fluorescence Spectrophotometer (Type 3001, Microplate 

Instrument, Thermo Electron Corp., Vantaa, Finland). To determine the inhibitory effect of OP on 

sialidase activity, cells were exposed to OP (400 µg/mL in DMEM) for 24 hours at 37oC in a 

humidified incubator. After removing the media, 50 µL of 1X PBS was added to each of the wells 

followed by treatment with increasing concentrations of insulin for up to 15 minutes. Lastly, 

0.318 mM 4-MUNANA and 400 µg/mL OP was added to each of the wells. Similarly, 

fluorescence intensity readings were measured within 1-2 min using the Varioskan Fluorescence 

Spectrophotometer at emission 450 nm. GraphPad Prism was used to analyze the results.  
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2.3.7 Immunocytochemistry for Phosphorylation of IRβ and IRS-1 

HTC-IR cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in 

conditional medium as previously described. Once cells reached approximately 70% confluence, 

cells were serum starved for 4 h. Cells were then non-treated (control) or ligand stimulated at 

indicated concentrations. Cells were fixed with 4 µg/mL paraformaldehyde (PFA) for 30 min and 

subsequently permeabilized with 0.2% Triton-X for 5 min. Cells were blocked with 4% bovine 

serum albumin (BSA; Sigma Aldrich) in 0.1% Tween-TBS (T-TBS) for 40 min on ice. The fixed 

cells were immunostained with 4 µg/mL rabbit anti-human pIRβ antibody for 1 h at 37°C, 

followed with AlexaFluor-594 conjugated donkey anti-rabbit IgG antibody for 1 h at 37°C. To 

control for non-specific background fluorescence, cells were incubated with secondary antibody 

only. Stained cells were viewed by fluorescence microscopy (40x magnification). The density of 

the cell staining (red fluorescence) was measured by Corel Photo Paint 8.0 software and analyzed 

using GraphPad Prism. 

2.3.8 Preparation of Cell Lysates 

HTC-IR cells were cultured in 75 cm2 flasks at 37°C until confluent. Cells were 

pretreated with OP or BIM-23127 inhibitors followed with ligand stimulation, or left untreated 

(control). Cells were removed and re-suspended in 100 µL of RIPA lysis buffer cocktail (BioRad 

Technologies) which contains 1X RIPA buffer, 1 mM PMSF, 0.2 mg/mL leuptin, 1% β-

mercaptoethanol and 1 µL protease inhibitor cocktail on ice for 30 min. Cell lysates were then 

transferred into microcentrifuge tubes and stored at −80°C. 

2.3.9 Bradford Protein Assay 

Protein concentrations of cell lysate samples were determined by performing a Bradford 

Assay. A standard curve was prepared using known concentrations of BSA diluted in double-

distilled water. Protein samples (2 µl of a 1:10 dilution) were then diluted in 798 µl double-
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distilled water. 200 µl of Bradford Reagent (Sigma) was added to each tube and the tubes were 

incubated at room temperature for 30 min. Absorbance was measured on a spectrophotometer 

(595 nm). The protein sample values were determined via linear fitting to the standard curve.  

2.3.10 Western blot to detect human insulin receptor β (IRβ) and phosphorylated IRβ  

Cell lysate proteins were resolved by 8% Bis-Tris SDS-PAGE (Invitrogen) for 90 min at 

150 V. Protein was then transferred onto a PVDF membrane blot using the BioRad wet transfer 

technique, run for 75 min at 100 mA. The membrane blot was incubated with 5% BSA in T-TBS 

for 2 h at room temperature to block non-specific antibody binding. The blot was probed with 

primary rabbit anti-human insulin receptor β (IRβ), anti-pIRβ and anti-β-actin antibodies and 

incubated overnight at 4°C. Probing for IRβ and β-actin served as two internal controls for 

protein loading of cell lysates and total IR. After primary antibody incubation, the blot was 

washed 3X with T-TBS, followed by incubation with horseradish peroxidase (HRP)-conjugated 

goat anti-rabbit IgG secondary antibody for 60 min at room temperature with gentle agitation. 

The blot was then washed 3X with T-TBS and Western Lightning Chemiluminescence Reagent 

Plus (Thermo Fisher) was added for 5 min. The chemiluminescence reaction was visualized with 

the ProXPRESS™ 2D proteomic imager (PerkinElmer Life and Analytical Sciences) and 

analyzed using ProFinder. The data are a representation of three independent experiments 

showing similar results. Quantitative analysis was performed using ImageJ by calculating the 

corrected band density in each lane. Error bars in the graphs represent the mean ratio of pIRβ to 

β-actin as well as to total IRβ of band density ± S.E.M. for replicate measurements. 

2.3.11 Co-immunoprecipitation 

HTC-IR cells were left cultured in DMEM media (naïve, unstimulated) or media 

supplemented with insulin or GPCR agonists at indicated concentrations and 1x107 cells were 
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pelleted and lysed in lysis buffer. 100 µg of cell lysates were then immunoprecipitated for IRβ, 

angiotensin II receptor type I (AngIIR1) or NMBR using either 1 µg of rabbit anti-human IRβ, 

anti-AngIIR1 and anti-NMBR antibody overnight at 4°C. Following immunoprecipitation, 

complexes were isolated using protein A/G magnetic beads for 90 min, washed 3X in buffer (10 

mM Tris, pH 8, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100, and 0.2 mM 

sodium orthovanadate) and resolved by SDS-PAGE for 90 min at 150 V. The proteins were 

transferred onto a PVDF transfer membrane blot for 75 min at 100 mA and subsequently protein 

blocked with 5% BSA in T-TBS. The blot was incubated with rabbit anti-human AngIIR1 

primary antibody overnight at 4°C followed by addition of Clean-Blot IP Detection Reagent for 

60 min at room temperature and Western Lightning Chemiluminescence Reagent Plus. The 

chemiluminescence reaction was visualized and analyzed using the ProFinder system. HTC-IR 

cell lysates that were not incubated with primary antibody prior to the immunoprecipitation step 

were used as a negative control in the co-IP experiments. Blot was washed, stripped and re-

probed with anti-IRβ antibody as a loading control. The data are a representation of three 

independent experiments showing similar results.  

2.3.12 Co-localization 

HTC-IR cells were cultured on 12 mm circular glass coverslips in a sterile 24-well plate 

in conditional medium until approximately 70% confluent. Cells were then serum-starved for 4 

hours, subsequently fixed with 4 µg/mL PFA, permeabilized with Triton-X and blocked with 4% 

BSA in 0.1% Tween-TBS for 40 min on ice. Cells were then immunostained with rabbit anti-

AngIIR1 and goat-anti-Neu1 antibodies for 60 min at 37°C. Co-localization procedure is 

dependent on the primary antibody combination with respect to animal species. Thus, cells were 

then washed and incubated with donkey anti-rabbit AlexaFluor-488, and donkey anti-goat 

Dylight-594 for 60 min at 37°C. To correct for non-specific background fluorescence, cells 
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incubated with only AlexaFluor-488 or AlexaFluor-594-conjugated secondary antibody were 

analyzed. Stained cells on covers slips were mounted on microscope slides using 3 µL of DAKO 

fluorescent mounting medium. Slides were visualized using Zeiss M2 epi-fluorescent microscopy 

(40x objective). Images were taken under two different channels: red (488 nm) and green (594 

nm) channels. To calculate protein co-localization (overlay) in the captured images, the Pearson 

correlation coefficient was measured using AxioVision software and expressed as a percentage.  

2.3.13 Statistical Analyses 

Statistical analysis was performed using GraphPad Prism 5.0. Comparisons between two 

groups were made using an unpaired t-test. Comparisons between more than two groups were 

made by one-way analysis of variance (ANOVA) at 95% confidence using Bonferroni's or 

Dunnett’s multiple comparison test. 

  

2.4 RESULTS 

2.4.1 Insulin-induced sialidase activity in HTC cells is associated with the expression levels 

of IR, and can be blocked by Neu1 inhibitor oseltamivir phosphate. 

Insulin binding to its receptor has been reported to rapidly induce the interaction of the IR 

with Neu1115. Activated Neu1 hydrolyzes sialic acid residues of the receptor and, consequently, 

induces IR activation. Due to the fact that terminally sialylated insulin receptors are substrates for 

Neu1 sialidase, we suspected that HTC-IR cells would exhibit greater sialidase activity in 

response to insulin stimulation, when compared to HTC-WT cells. To investigate this, we 

performed a live cell fluorometric assay for sialidase activity on both cell lines, each treated with 

indicated concentrations of insulin (Figure 2.1A). Indeed, HTC-WT cells demonstrated a 
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remarkable dose-dependent induction of sialidase activity in response to insulin, whereas HTC-IR 

cells exhibited saturated levels of sialidase activity.  

To show the effect of Neu1 inhibition on insulin-induced sialidase activity, we performed 

a fluorometric assay on HTC-IR cells treated with indicated concentrations of insulin ± OP 

(Figure 2.1B). We show that OP had a significant effect on inhibiting sialidase activity on insulin-

stimulated cells, despite treatment with high concentrations of insulin. 

2.4.2 G protein-coupled receptor agonists dose-dependently induce Neu1 sialidase activity in 

hepatoma cells.  

GPCR agonists bombesin, bradykinin, angiotensin I and angiotensin II were used at 

indicated concentrations to stimulate live HTC-IR cells and were found to significantly and dose-

dependently induce sialidase activity in these cells (Figure 2.2). Negligible differences in 

sialidase activity were observed when GPCR agonist concentrations exceeded 1-10 µg/mL, 

indicating a saturation of agonist-induced sialidase activity. It is noteworthy that the emission of 

fluorescent 4-MU, the Neu1-catalyzed product of 4-MUNANA by Neu1, occurred within minutes 

and attenuated shortly after. To substantiate these findings, we also performed a fluorometric 

assay on HTC-WT cells similarly treated (Figure 2.3). Fluorescence intensity readings were 

measured after 1, 5 and 15 minutes of 4-MUNANA stimulation. Similar to the sialidase assay, 

fluorometric analyses of unstimulated (control) and stimulated (insulin- or GPCR agonist-treated) 

HTC-WT cells indicated a dose-dependent response. Each GPCR agonist significantly induced 

sialidase activity in HTC-WT cells within 1 minute. Interestingly, with the exception of insulin-

stimulated cells, measurements demonstrated a downward trend in fluorescence emission 

intensity after 5 and 15 minutes. This may suggest that ligand-induced sialidase activity is a rapid 

and quickly attenuated process, or perhaps that the fluorescent product of Neu1-hydrolyzed 4-

MUNANA is quickly internalized or degraded upon cleavage. 
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2.4.3 Sialidase activity induced by insulin and GPCR agonist stimulation is blocked by 

neuromedin B receptor antagonist BIM-23127. 

BIM-23127 is a potent inhibitor of the neuromedin B (bombesin-like) GPCR (NMBR). 

Due to the role of NMBR is inducing MMP9 elastase activity and subsequent Neu1 enzymatic 

activity, we hypothesized that NMBR inhibition using BIM-23127 would suppress Neu1 sialidase 

activity in GPCR agonist-stimulated and insulin-stimulated HTC-IR and HTC-WT cells. As 

shown in Figure 2.4, BIM-23127 significantly inhibited Neu1 sialidase activity induced by 

insulin, bombesin, bradykinin, angiotensin I and angiotensin II in HTC-IR and HTC-WT cells. 

Insulin and GPCR agonists were used at a concentration of 10 µg/mL and BIM-23127 was used 

at a concentration of 50 µg/mL. The chemical structure of BIM-23127 is shown (Figure 2.4). It is 

important to note that other studies have reported that sialidase activity associated with insulin 

stimulation in HTC cell lines is attributed to Neu1 and not the other three mammalian 

neuraminidases. These studies found that only anti-Neu1 antibody blocked the sialidase activity 

associated with insulin-treated cells comparable to the untreated controls114. In contrast, 

antibodies against the other three enzymes, Neu2, -3 or -4, had no inhibitory effect on sialidase 

activity associated with insulin stimulation114. The same study also used human WG544 or 

1140F01 type 1 sialidosis fibroblast cell lines, genetically deficient in Neu1, and showed that 

there was no significant induction of Neu1 sialidase activity in insulin-stimulated Neu1-deficient 

cells, as compared to the WT human fibroblast cells114. Another study used similar GPCR 

agonists to induce Neu1 sialidase activity in primary bone marrow macrophages derived from the 

hypomorphic cathepsin A mice with 90% reduction of the Neu1 activity (Neu1–CathA KD)90. 

Similarly, GPCR agonist-stimulation of Neu1-deficient macrophages did not result in a 

significant induction of Neu1 sialidase activity in vitro. These data suggest that Neu1 sialidase is 

primarily activated in the presence of stimulatory ligands such as RTK substrates (i.e. insulin) and 

GPCR agonists, consistent with previous reports89,90,114,116,138.  
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2.4.4 GPCR agonists induce phosphorylation of IRβ subunits and IRS-1 in hepatoma cells. 

To determine if GPCR signaling is involved in IR activation, HTC-IR cells were treated 

with GPCR agonists or left untreated (control) and subsequently analyzed for expression of 

phosphorylated IRβ subunits and/or IRS-1 using immunocytochemistry and western blot.  

For immunocytochemistry, cells were stimulated for 15 minutes with 100 nM insulin 

(positive control), GPCR agonists, or left untreated (negative control). We found that treatment 

with GPCR agonists significantly induced phosphorylation of both IRβ and IRS-1 in HTC-IR 

cells, comparable to insulin-stimulated cells (Figure 2.5). It is noteworthy that GPCR agonists 

were found to promote downstream phosphorylation of IRS-1 in HTC-IR cells. This suggests that 

GPCR-mediated transactivation of IR may initiate downstream cell signaling regulated by 

phospho-IRS-1, including PI3K/Akt and Ras/MAPK pathways, among others. Western blot 

analyses showed similar findings. HTC-IR cells stimulated with insulin or GPCR agonists 

demonstrated a significant increase in expression levels of phospho-IRβ, in comparison to 

untreated cells (Figure 2.6A). Total protein levels of β-actin, as well as total IRβ (non-

phosphorylated monomeric receptor and precursor), were used as loading controls. Interestingly, 

angiotensin II was found to be the most potent GPCR agonist responsible for the transactivation 

and consequent phosphorylation of IRβ subunits. Furthermore, angiotensin II-induced IRβ 

phosphorylation was determined to be a fast, yet a linearly time-dependent process (Figure 2.6B), 

demonstrating the highest levels of phospho-IRβ after 15 minutes of agonist stimulation.  

2.4.5 BIM-23127 and oseltamivir phosphate inhibit GPCR agonist-induced phosphorylation 

of IRβ . 

To determine if insulin- or GPCR agonist-induced insulin receptor activation is regulated 

by Neu1 and neuromedin B receptor signaling as previously proposed, we investigated the effect 

of Neu1 inhibitor OP and NMBR antagonist BIM-23127 on HTC-IR cells. Indeed, we found that 
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both BIM-23127 (Figure 2.7, 2.8) and OP (Figure 2.8) were able to suppress IR activation in 

HTC-IR cells, demonstrated by a significant decrease in the expression of phosphorylated IRβ 

subunits. BIM-23127 also significantly reduced the expression of phosphorylated IRS1 in GPCR 

agonist-stimulated cells (Figure 2.7). Other reports have also found that OP treatment of these 

cells suppresses insulin-induced IRS1 phosphorylation in vitro114. In our studies, both inhibitors 

significantly attenuated the stimulatory effect of insulin, bombesin, bradykinin, angiotensin I and 

angiotensin II on insulin receptor activation and downstream signaling in HTC-IR cells in vitro.  

2.4.6 Angiotensin II receptor (type 1) co-localizes with IRβ  subunits, NMBR and Neu1 on 

the cell surface of HTC-IR cells. 

Due to our observation that angiotensin II was the most potent GPCR agonist capable of 

transactivating IR in hepatoma cells, we decided to further investigate the molecular link between 

angiotensin II receptor type 1 (AngIIR1), the most common angiotensin II-binding GPCR, and 

our proposed NMBR-Neu1-IR signaling axis. It was previously shown that NMBR, Neu1 and IR 

co-localize on the cell surface of naïve (unstimulated) HTC-IR cells, and that any component of 

this tripartite complex can immunoprecipitate with each signaling partner114,143. However, due to 

emerging evidence implicating the role of GPCR heterodimerization in RTK signal 

transduction135-137,145, we wanted to investigate whether AngIIR1 may be involved in this process 

– a potential molecular mechanism for the identified role of angiotensin II on IR transactivation. 

Indeed, we show that AngIIR1 is able to co-localize with Neu1 (Figure 2.9) as well as MMP9 

(data not shown) in naïve HTC-IR cells. Co-immunoprecipitation analyses also indicated that 

AngIIR1 forms a complex with IRβ, as well as NMBR, in stimulated HTC-IR cells (Figure 2.9), 

providing strong evidence for the ligand-induced molecular association and subsequent signaling 

between these receptors.  
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2.5 DISCUSSION 

It has been shown that Neu1 sialidase activity positively regulates human insulin receptor 

(IR) activation, and that aberrant or deficient Neu1 sialidase can impede IR activation in the 

presence of insulin ligand. Early evidence in support of this showed that the removal of sialic acid 

from purified human insulin receptors by an unknown neuraminidase resulted in enhanced insulin 

ligand binding and intracellular tyrosine kinase activity31. It was later determined that Neu1, and 

not Neu3, was responsible for this regulatory effect115. The report demonstrated that Neu1 

sialidase activity is essential for the positive regulation of insulin-induced IR activation. 

Furthermore, it was determined that inhibition of Neu1 dose-dependently attenuated IR tyrosine 

kinase phosphorylation in vitro, despite the addition of high insulin ligand concentrations114,115. 

Cell lines derived from patients with sialidosis, characterized by a genetic deficiency in Neu1 

sialidase, demonstrate significantly lower sensitivity to insulin, a phenotype characteristic of type 

2 diabetes mellitus and insulin resistance. Although sialidosis is known to be a severe metabolic 

and lysosomal storage disorder, the molecular mechanisms regulating the aberrant insulin 

signaling and metabolic dysfunction characteristic of the disease are not well understood. Reports 

elucidating the involvement of Neu1-mediated desialylation of insulin receptors critical to their 

consequent ligand-induced activation may partially explain the important role of Neu1 in 

regulating metabolic pathways114,115. Later studies investigating site-directed mutagenesis of 

terminally sialylated N-linked glycosylation sites on IR revealed that a specific Asn-X-Ser/Thr 

site mutation on the IRβ subunit (IR-βN1234) resulted in a major disruption of IR tyrosine kinase 

activation and signaling, despite unaffected IR expression and ligand binding affinity146. Thus, it 

is postulated that functional IRα subunits capable of binding insulin ligand and initiating receptor 

activation are unable to do so if the transmembrane-spanning IRβ subunits carry terminally 

sialylated N-glycosylation mutations that impede tyrosine kinase activation. Alghamdi et al. 
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found that Neu1 forms a complex with IRβ subunits on the cell surface of insulin-stimulated and 

naïve HTC-IR cells, a molecular association that further substantiates the regulatory role of Neu1 

sialidase on prerequisite IR desialylation and subsequent receptor activation. Furthermore, 

inhibition of Neu1 using oseltamivir phosphate resulted in a significant downregulation of insulin 

receptor substrate-1 (IRS1) phosphorylation in insulin-stimulated cells, suggesting a blockade of 

downstream insulin signaling114. This work also showed that insulin binding to its receptor 

induces Neu1 and MMP9 crosstalk in alliance with neuromedin B GPCR, forming a multi-unit 

complex at the ectodomain of IR monomers on the cell surface of HTC-IR cells. This signaling 

axis proposes that insulin binding to IR on the cell surface induces a conformational change of the 

receptor to initiate associated GPCR Gαi-signaling and MMP9 activation to induce Neu1. 

Activated Neu1 sialidase cleaves α2,3-sialyl residues linked to β-galactosides, distant from the 

insulin binding sites. These findings are consistent with another report that predicts a prerequisite 

desialylation process by activated Neu1 enabling the removal of steric hindrance to promote IRβ 

subunit association and the activation of tyrosine kinases115,146.  

Thus, if Neu1 sialidase activity is required for IR activation in a mechanism dependent on 

GPCR Gαi signaling and subsequent MMP9 activation, this led us to hypothesize that GPCR 

agonists may indirectly transactivate insulin receptors via Neu1-mediated desialylation of IRβ 

subunits. Indeed, we show that GPCR agonists bombesin, bradykinin, angiotensin I and 

angiotensin II each significantly and dose-dependently induced sialidase activity in live HTC 

cells in vitro. Furthermore, GPCR agonist-induced sialidase activity in these cells resulted in 

insulin-independent phosphorylation of IRβ and IRS1, a process blocked by Neu1 inhibitor OP 

and neuromedin B GPCR (NMBR) inhibitor BIM-23127. These findings are consistent with our 

previous report describing the regulatory role of NMBR on inducing Neu1 sialidase and MMP9 

crosstalk required for IRβ desialylation and receptor activation114.  
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The capability of GPCR agonists to positively regulate insulin receptor signaling in the 

absence of hormone ligand presents important clinical implications. Isami et al. have shown that 

bradykinin is able to stimulate insulin signaling in primary adipocytes via enhancing IR tyrosine 

kinase activity and consequent GLUT4 translocation147. The same group later showed that in 32D 

cells expressing bradykinin B2 receptors (BK2R) and insulin receptors, bradykinin alone had no 

effect on IR phosphorylation, but it enhanced insulin-stimulated intracellular tyrosine kinase 

phosphorylation, as well as phosphorylation of IRS1148. In our studies, angiotensin II 

demonstrated the most potent stimulatory effect on IR activation. Interestingly, we found that 

angiotensin II-induced IRβ phosphorylation on HTC-IR cells was a fast but time-dependent 

process, detectable within one minute and demonstrating the strongest expression levels of pIRβ 

after 15 minutes of stimulation. This led us to further investigate the role of the angiotensin II 

receptor, the most common of which is the type 1 GPCR isoform (AngIIR1).  Interestingly, co-

immunoprecipitation analyses indicated that angiotensin II-stimulated HTC-IR cells formed 

protein complexes between immunoprecipitated IRβ and AngIIR1, as well as NMBR and 

AngIIR1. Furthermore, we found that Neu1 co-localized with AngIIR1 in naïve HTC-IR cells, 

and that co-localization was enhanced in angiotensin II-stimulated cells. Interestingly, angiotensin 

I and II receptors have also been implicated in insulin signaling and are significantly associated 

with the development of insulin resistance and diabetes. Studies have shown that AngIIR1 

receptor activation triggers persistent insulin resistance and hypertension149-151. To explain this 

phenomena, it has been shown that insulin resistance can be induced in rat skeletal muscle by 

chronic stimulatory angiotensin II treatment, a process that can be blocked by angiotensin II 

receptor inhibitor Azilsartan Medoxomil which can ameliorate the effects of angiotensin II-

induced insulin resistance152.  

The transactivation of RTKs by GPCR complexes (and vice versa) is a well-characterized 

phenomena153-159. As previously described, similar crosstalk signaling pathways have been 
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identified for insulin and IGF-IR receptors in alliance with GPCRs130-133,160.  Multiple lines of 

evidence support the notion that crosstalk between IR and GPCR signaling systems regulate 

several cellular processes and that dysfunctional signal integration between the two receptors may 

result in a variety of disease states such as cardiovascular and renal disorders, obesity, metabolic 

syndrome, type 2 diabetes mellitus and cancer. It has been shown that insulin dramatically 

synergizes with GPCR agonists in inducing mitogenic signaling161. Other reports show that 

IR/IGF-IR and GPCR signaling systems converge at the intracellular level to enhance DNA 

synthesis, proliferation and anchorage-independent growth131,132. Rozengurt et al. have 

demonstrated that this crosstalk is dependent on mammalian target of rapamycin (mTOR) 

complex 1 (mTORC1), and that the antidiabetic drug metformin is able to induce AMP kinase 

(AMPK) activation, which negatively regulates mTORC1132,133. Metformin-induced mTORC1 

inhibition disrupts the crosstalk between IR/IGF-1R and GPCR signaling and is able to suppress 

the growth of pancreatic cancer cells and xenograft tumor models. The authors suggest that a 

similar IR/IGF-IR-GPCR crosstalk may be operating in other cancer cell types. Interestingly, 

GPCR agonists neurotensin, bradykinin and angiotensin II have been shown to significantly 

enhance mitogenic signaling in PANC1, MiaPaca2 and BxPC-3 cells treated with insulin132. 

Conversely, the same study also showed that insulin enhanced GPCR agonist-induced growth, as 

measured by DNA synthesis and cell proliferation. Both synergistic cellular effects were blocked 

by low doses of metformin, which sustained elevated levels of phosphorylated AMPK and 

resulted in inhibited anchorage-dependent and independent growth induced by insulin and GPCR 

agonists. Thus, it is not surprising that the same GPCR agonists, in addition to angiotensin I, 

induced IR transactivation in hepatoma cells in our studies. However, the immediate effects of 

GPCR agonists on Neu1 sialidase activity and IR transactivation may not be simply explained by 

downstream integration between GPCR and IR signaling networks. We found that GPCR 

agonists stimulate Neu1 sialidase activity in live HTC cells within minutes and are able to 
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maintain heightened enzymatic activity for up to 15 minutes. GPCR agonists, especially 

angiotensin II, induce the phosphorylation of IRβ subunits within the same time frame. This 

timely transactivation process may perhaps be explained by the rapid induction of sialidase 

activity observed in GPCR agonist-stimulated cells, an event required for IRβ activation and 

tyrosine kinase phosphorylation65,114,115,129,162. The ability of GPCR agonists to induce Neu1 

sialidase activity and subsequent IR activation is consistent with another previous report 

indicating that similar agonists, including bombesin, bradykinin, angiotensin I and -II, as well as 

oleoyl-L-α-lysophosphatidic acid (LPA), were able to induce Neu1 sialidase activity in BMC-2 

and BMA macrophages, resulting in the transactivation of TLR490. These findings lead us to 

propose a conceptual model of GPCR agonist-induced IR transactivation, mediated by MMP9 

and Neu1 crosstalk on the cell surface (Figure 2.10). 

In conclusion, we identified a novel cell surface signaling axis that positively regulates 

insulin receptor activation in a manner dependent on G protein-coupled receptor signaling and 

cell membrane sialidase activity. We show that GPCR agonists are able to transactivate human IR 

in the absence of insulin ligand, a process controlled by Neu1 and neuromedin B GPCR. The 

functional ability of GPCR systems to indirectly activate IR presents a novel strategy for targeting 

aberrant insulin signaling and its translation to human disease. 
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Figure 2.1. Fluorometric analysis of sialidase activity in HTC-WT and HTC-IR cells.  

Insulin dose-dependently induces sialidase activity in live HTC cells, a process blocked by Neu1 
inhibitor oseltamivir phosphate (OP). Top graph: HTC-IR cells demonstrate significantly 
increased sialidase activity in response to insulin stimulation in comparison to HTC-WT cells 
(*p<0.05), indicative of greater Neu1 sialidase activity associated with IR expression. HTC-WT 
cells demonstrate a dose-dependent response whereas HTC-IR cells exhibit saturated levels of 
sialidase activity. Bottom graph: OP significantly inhibits insulin-induced sialidase activity in 
HTC-IR cells despite increasing ligand concentrations (**p<0.001). 20,000 cells/well were 
seeded in a 96-well optical plate and incubated overnight at 37oC. 0.318 mM 4-MUNANA was 
then added to each well alone (control) or in the presence of insulin at indicated concentrations ± 
OP (400 µg/mL). Error bars represent data from two independent experiments ± standard error of 
the mean (S.E.M.), each performed in triplicate and analyzed using GraphPad Prism.  

* 

** ** ** ** ** ** 
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Figure 2.2. GPCR agonists dose-dependently induce sialidase activity in live HTC-IR cells.  

GPCR agonists bombesin, bradykinin, angiotensin I and angiotensin II dose-dependently and 
significantly induced Neu1 sialidase activity in vitro (*p<0.01). Sialidase substrate 4-MUNANA 
(0.318 mM) was added to live HTC-IR cells alone (control) or in the presence of GPCR agonists 
at indicated concentrations. As previously described, the hydrolyzed product (4-MU) has a 
fluorescence emission at 450 nm (blue color) following excitation at 365 nm. Fluorescent images 
were captured after 2 minutes of substrate stimulation using epi-fluorescent microscopy (40x 
objective). The mean fluorescence of 50 multi-point replicates surrounding the periphery of cells 
was quantified using ImageJ. All assays were conducted concurrently allowing use of the same 
control sample for all treatments. Error bars represent mean fluorescence ± S.E.M. The data are a 
representation of three independent experiments showing similar results.  

  

* 

* 
* 

* 

* 
* 

* 
* 
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Figure 2.3. GPCR agonists stimulate sialidase activity in HTC-WT cells in vitro.  

In comparison to untreated cells, treatment with GPCR agonists bombesin, bradykinin, 
angiotensin I or angiotensin II dose-dependently and significantly induce sialidase activity in 
HTC-WT cells (*p<0.05), as measured by fluorometric spectrophotometry. As previously 
described, 4-MUNANA substrate was added to cells alone (control) or with angiotensin I, 
angiotensin II, bradykinin or bombesin at indicated concentrations (0.01, 0.1, 1, 10 and 100 
µg/mL). Fluorescence intensity readings were immediately taken within 1-2 minutes using the 
Varioskan Fluorescence Spectrophotometer at emission 450 nm following an excitation at 365 
nm. Error bars represent data from two independent experiments ± S.E.M., each performed in 
triplicate and analyzed using GraphPad Prism.  

* 

* * 
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Figure 2.4. Sialidase activity induced by GPCR agonists can be blocked using neuromedin B 
GPCR antagonist BIM23127.  

BIM-23127 significantly inhibits sialidase activity in HTC cells induced by GPCR agonists 
bombesin, bradykinin, angiotensin I and angiotensin II (*p<0.01). Sialidase assays were 
performed as previously described. Images were captured after 2 minutes upon addition of 4-
MUNANA substrate using epi-fluorescent microscopy and the mean fluorescence of 50 multi-
point replicates was quantified using ImageJ. Error bars represent mean fluorescence ± S.E.M. 
The data are a representation of three independent experiments showing similar results and 
analyzed using GraphPad Prism. 

  

* 
* 

* 
* 
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Figure 2.5. GPCR agonists induced phosphorylation of IRβ subunits (pIRβ) and insulin 
receptor substrate-1 (pIRS1) in HTC-IR cells, similar to insulin-induced cells.  

GPCR agonists bombesin, bradykinin, angiotensin I and angiotensin II significantly stimulated IR 
activation and resulted in phosphorylation of IRβ and IRS1 in vitro (*p<0.05). For 
immunocytochemistry, cells were cultured on 12 mm glass coverslips in a sterile 24 well plate in 
conditioned medium. Cells were stimulated with 100 nM insulin or GPCR agonists, or left 
untreated as controls. Cells were fixed, permeabilized, blocked and immunostained with 4 µg/mL 
rabbit anti-human phospho-IRβ or anti-phospho-IRS1 antibody overnight at 4°C followed with 
Dylight 594 donkey anti-rabbit IgG secondary antibody for 1 h at 37°C. In order to detect non-
specific background fluorescence, control cells were incubated with secondary antibody only. 
Stained cells were visualized by epi-fluorescence microscopy (40x objective). Quantitative 
analysis was performed by quantifying the density of cell staining corrected for background 
fluorescence using Corel Photo Paint 8.0. Each bar in the figure represents the mean corrected 
density of culture cell staining ± S.E.M. for equal cell density (5×105 cells) within the analyzed 
images. P values represent significant differences at 95% confidence using the Dunnett's multiple 
comparison test compared to untreated cells. 
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Figure 2.6. Western blot analyses of insulin- and GPCR agonist-stimulated phosphorylation 
of IRβ in HTC-IR cell lysates.  

(A) Cells were either untreated (control) or pre-treated with 100 nM insulin, bombesin, 
bradykinin, angiotensin I and angiotensin II. Treatment with insulin or GPCR agonists 
significantly stimulated IR activation and resulted in phosphorylation of IRβ in vitro (*p<0.05). 
(B) Angiotensin II-stimulation of HTC-IR cells time-dependently induces IRβ phosphorylation. 
In all experiments, cell lysates were resolved by SDS-PAGE. The blot was probed with 4 µg/mL 
rabbit anti-phospho-tyr960 IRβ antibody, as well as anti-IRβ and anti-β-actin antibodies as 
loading controls and incubated overnight at 4°C.  The blot was then washed and incubated with 
40 ng/mL HRP-labeled goat anti-rabbit antibody for 1 h at room temperature, and subsequently 
with Western Lightning Chemiluminescence Reagent Plus for 5 min. The chemiluminescence 
reaction was analyzed with ProFinder. Quantitative analysis was done by calculating the density 
of a band corrected for total protein loading in each lane using ImageJ. The data are a 
representation of three independent experiments showing similar results. 

A 
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Figure 2.7. GPCR-agonist induced phosphorylation of IRβ subunits and IRS1 can be 
blocked by neuromedin B GPCR antagonist BIM-23127 in HTC-IR cells.  

Immunocytochemistry was used to analyze the expression of pIRβ (top image panel) and pIRS1 
(bottom panel), performed as previously described above. GPCR agonists bombesin, bradykinin, 
angiotensin I and angiotensin II induced phosphorylation of IRβ and IRS1 in vitro, a process 
significantly inhibited by BIM-23127 (*p<0.01, **p<0.001, ***p<0.0001). Cells were stimulated 
with 100 nM GPCR agonists, or left untreated as controls, in the presence or absence of BIM-
23127. Cells were immunostained with anti-human phospho-IRβ or anti-phospho-IRS1 antibody 
followed by Dylight594-conjugated secondary IgG antibody. Stained cells were visualized by 
fluorescence microscopy and quantified using Corel Photo Paint 8.0. Each bar in the figure 
represents the mean corrected density of cell staining ± S.E.M. for equal cell density (5×105 cells) 
within the analyzed images. P values represent significant differences at 95% confidence using 
the Dunnett's multiple comparison test compared to untreated cells. 
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Figure 2.8. NMBR antagonist BIM-23127 and Neu1 inhibitor oseltamivir phosphate inhibit 
insulin- and GPCR agonist-stimulated phosphorylation of IRβ in HTC-IR cells.  

Cells were either untreated or pre-treated with 100 nM insulin, bombesin, bradykinin, angiotensin 
I, angiotensin II, in the presence or absence of BIM-23127 or OP. Cells were pelleted, lysed in 
lysis buffer and the cell lysates were resolved by SDS-PAGE. The blot was probed with 4 µg/mL 
rabbit anti-phospho-tyr960 IRβ antibody, and with anti-IRβ antibody and anti-β-actin, both as 
loading controls, and incubated overnight at 4°C followed with 40 ng/mL HRP-labeled goat anti-
rabbit antibody for 1 h at room temperature and Western Lightning Chemiluminescence Reagent 
Plus for 5 min. The chemiluminescence reaction was analyzed with ProFinder. The data are a 
representation of three independent experiments showing similar results. 
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Figure 2.9. Angiotensin II (type 1) receptor (AngIIR1) is co-localized with Neu1 and co-
immunoprecipitates with both NMBR and IRβ in HTC-IR cells.  

For co-localization analysis, cells were fixed, permeabilized, and immunostained with rabbit anti-
AngIIR1 with goat-anti-Neu1 for 60 min at 37°C. Cells were then washed and incubated with 
donkey anti-rabbit Alexa-488, and donkey anti-goat Dylight-594 for 60 min at 37°C. Co-
localization was calculated using the Pearson correlation coefficient acquired using AxioVision 
imaging software. For co-immunoprecipitation experiments, HTC-IR cells were stimulated with 
100 nM insulin, 250 µg/mL angiotensin II, and 250 µg/mL bombesin for 15 min. Cell lysates 
were immunoprecipitated with 1 µg of anti-NMBR, anti-IRβ antibody or an IgG isotype (control) 
overnight at 4°C. Immunocomplexes were isolated using protein G magnetic beads, resolved by 
SDS-PAGE and then probed with anti-AngIIR1 antibody overnight at 4°C followed by HRP-
labeled secondary antibody for 1 h at room temperature. Chemiluminescence reaction was 
analyzed with ProFinder. The data are a representation of three independent experiments showing 
similar results. 
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Figure 2.10. Conceptual model of GPCR-Neu1 regulation of IR signaling.  

Proposed signaling model for GPCR agonist-induced Neu1 sialidase and subsequent insulin 
receptor β-subunit desialylation, dimerization, intracellular tyrosine kinase phosphorylation, and 
downstream insulin signaling. GPCR agonist-binding to respective cell surface receptors induces 
neuromedin B GPCR G protein signaling and subsequent MMP9 elastase activity. MMP9 
elastase activates Neu1 via removal of elastin binding protein (EBP) from EBP-PPCA-Neu1 
membrane complex. Activated Neu1 desialylates each IRβ monomer to facilitate receptor 
dimerization and tyrosine kinase trans-phosphorylation. Activated phospho-IRβ subunits then 
phosphorylates insulin receptor substrate-1 (pIRS1), which initiates intracellular insulin signaling 
via the Ras-MAPK and/or the PI3K-Akt pathway, among others. 
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Chapter 3 

 

Oseltamivir Phosphate Ablates Tumor Neovascularization, Growth and 

Metastasis in Mouse Model of Triple-Negative Breast Adenocarcinoma 
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3.1 ABSTRACT 

Background: Triple-negative breast cancers (TNBCs) lack the estrogen, progesterone, and 

epidermal growth factor (EGF) receptor-2 (HER2/neu) receptors. Patients with TNBC have 

typical high grading, more frequent relapses, and exhibit poorer outcomes or prognosis compared 

with the other subtypes of breast cancers. Currently, there are no targeted therapies that are 

effective for TNBC. Preclinical antitumor activity of oseltamivir phosphate (OP) therapy was 

investigated to identify its role in tumor neovascularization, growth, invasiveness, and long-term 

survival in a mouse model of human TNBC. 

Methods: Live cell sialidase, water soluble tetrazolium, WST-1 cell viability, and 

immunohistochemistry assays were used to evaluate sialidase activity, cell survival, and the 

expression levels of tumor E-cadherin, N-cadherin, and host endothelial CD31+/PECAM-1 cells 

in archived paraffin-embedded TNBC MDA-MB-231 tumors grown in RAGxCγ double mutant 

mice.  

Results: OP, anti-Neu1 antibodies, and matrix metalloproteinase-9-specific inhibitor blocked 

Neu1 activity associated with EGF-stimulated TNBC MDA-MB-231 cells. OP treatment of 

MDA-MB-231 and MCF-7 cells and their long-term tamoxifen-resistant clones reproducibly and 

dose-dependently reduced the sialidase activity associated with EGF-stimulated live cells and the 

cell viability after 72 hours of incubation. Combination of 1 µM cisplatin, 5-FU, paclitaxel, 

gemcitabine, or tamoxifen with OP dosages ≥300 µg/mL significantly reduced cell viability at 24, 

48, and 72 hours when compared to the chemo-drug alone. Heterotopic xenografts of MDA-MB-

231 tumors developed robust and bloody tumor vascularization in RAG2xCγ double mutant mice. 

OP treatment at 30 mg/kg daily intraperitoneally reduced tumor vascularization and growth rate 

as well as significantly reduced tumor weight and spread to the lungs compared with the 

untreated cohorts. OP treatment at 50 mg/kg completely ablated tumor vascularization, tumor 
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growth and spread to the lungs, with significant long-term survival at day 180 post-implantation, 

tumor shrinking, and no relapses after 56 days off-drug. OP 30 mg/kg cohort tumors expressed 

significantly reduced levels of human N-cadherins and host CD31+ endothelial cells with 

concomitant significant expression of E-cadherins compared to the untreated cohorts. 

 

3.2 INTRODUCTION 

Breast cancers that are basal-like tumors constitute 75% of triple-negative breast cancer 

(TNBC) classification, with unique clinical (eg, premenopausal age onset, high parity, prevalence 

in African-American and Hispanic women, visceral and brain metastases) and histological 

features (eg, grade 3, high proliferative rate, apoptotic cells, central necrosis, lymphocytic 

response, and glomeruloid microvascular proliferation)163. Unfortunately, this classification of 

TNBC includes ~25% of breast cancer tumors that are not basal-like. Thus, patients incorrectly 

labeled as having estrogen receptor (ER) and progesterone receptor negative invasive disease are 

at risk of an incomplete diagnosis for an effective and possible life-saving therapy. Clinically, the 

therapy for TNBC is to use standard chemotherapeutics, but these treatments are associated with 

a high rate of relapse at local and systemic regions. This “good chemosensitivity–bad prognosis”, 

often referred to as the triple-negative paradox, is the clinical feature of this type of breast 

cancer163. To date, there are no targeted therapies that are effective for TNBC. The current state of 

the art for TNBC is eloquently reviewed by Rastelli et al.163. 

In the clinical setting, targeted therapies based on single agents like specific antibodies or 

small molecule inhibitors against receptor tyrosine kinase have failed because they do not meet 

the primary endpoint of improvement for overall survival of the patients164. For TNBCs, there are 

no current data that can predict a significant correlation between the receptor tyrosine kinase 

status and the response rates to tyrosine kinase inhibitors. For example, targeted therapies 
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include: 1) zaltrap (aflibercept) as an angiogenesis inhibitor for prostate cancer; 2) torisel 

(temsirolimus or CCI-779) as a rapamycin (mTOR) inhibitor for first-line renal cell carcinoma in 

combination with avastin (bevacizumab) and a second-line renal cell carcinoma following 

therapy with sutent (sunitinib); and 3) avastin (bevacizumab) as an angiogenesis inhibitor in 

addition to chemotherapy following surgery for triple-negative adjuvant breast cancer. 

Here, we describe an alternate therapeutic approach for breast cancers classified as 

TNBC, which is based on our newly discovered signaling axis that regulates epidermal growth 

factor (EGF) receptors (EGFRs)85. EGF binding to its receptor induces a G protein-coupled 

receptor signaling process to activate matrix metalloproteinase-9 (MMP9) and Neu1 sialidase. 

The report discloses a novel complex of neuromedin B G protein-coupled receptor, MMP9, and 

Neu1 associated with EGFR at the ectodomain of the receptor on the cell surface. Activated Neu1 

specifically hydrolyzes α2,3-sialyl residues of the receptors, which facilitates the removal of 

steric hindrance between receptors, allowing subsequent kinase activation and cellular signaling. 

We have previously reported that an identical signaling paradigm is used by nerve growth factor 

TrkA receptors88, insulin receptors114, cell surface TOLL-like receptor-458,89,90,117,118, and 

intracellular TOLL-like receptor-7 and -9138; all of these receptors are known to play major roles 

in tumorigenesis. In addition, we have found that oseltamivir phosphate (OP) targeted and 

inhibited the induction of Neu1 activity associated with these receptor activations88,118,138. 

Furthermore, we have reported a new therapeutic approach using OP as an anti-cancer agent85. 

Since Neu1 is involved as one of the key central players for EGFR signaling, preclinical 

molecular-targeting studies provide the proof-of-evidence for an effective OP therapy in the 

treatment of human pancreatic cancer growth and metastatic spread in heterotopic xenograft of 

tumors growing in RAGxCγ double mutant mice85. In addition, OP overcame the 

chemoresistance of pancreatic PANC1 cancer cells to cisplatin and gemcitabine alone or in 

combination in a dose-dependent manner, and disabled the cancer cell survival mechanism(s) 
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against the chemotherapeutic drugs165. Interestingly, the data in the report also provided 

additional confirmation for OP therapy in reversing epithelial–mesenchymal transition (EMT) 

associated with resistance to standard, clinical chemotherapeutics. Recently, we reported that 

silencing transcriptional factor snail in ovarian carcinoma cells ablated the abnormal robust and 

bloody tumor vascularization in RAGxCγ double mutant mice with a concomitant abolishment of 

tumor growth and metastatic spread to the lungs166. Collectively, the data suggest another 

molecular level of a novel organizational signaling platform connecting the Snail–MMP9 

signaling axis in amplifying the Neu1 sialidase and MMP9 crosstalk in regulating EGFRs, tumor 

neovascularization, growth and invasiveness. 

The present report describes an alternate therapeutic approach for the treatment of TNBC. 

OP monotherapy ablates in a dose-dependent manner tumor neovascularization, growth, and 

metastasis in mouse model of human triple-negative breast adenocarcinoma. 

 

3.3 MATERIALS AND METHODS 

3.3.1 Cell Lines 

MCF-7 (ATCC® HTB-22TM) and MDA-MB-231 (ATCC® HTB-26TM) are adherent 

epithelial adenocarcinomas obtained from the mammary gland, breast, which are derived from the 

metastatic pleural effusion site. MDA-MB-231 is a triple-negative, basal B subtype, 

mesenchymal stem-like, invasive ductal carcinoma with BRAF, CDKN2A, KRAS, NF2, TP53, and 

PDGFRA mutations167. MCF-7 is a non-triple negative (ER+) human breast adenocarcinoma cell 

line. The cells were grown in culture media containing 1× Dulbecco’s Modified Eagle’s Medium 

(DMEM; Gibco, Rockville, MD, USA), conditioned medium, supplemented with 10% fetal calf 

serum (FCS; HyClone, Logan, UT, USA), and 5 µg/mL plasmocinTM (InvivoGen, San Diego, 
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CA, USA) in a 5% CO2 incubator at 37°C. At ∼80% confluence, the cells were passaged at least 

five times before use in the experiments. 

MCF-7 and MDA-MB-231 cell lines resistant against 5 µM and 10 µM tamoxifen were 

established in culture to gradual increases in concentrations of the indicated drugs in 1×DMEM 

conditioned medium. After removing dead cells, the viable cells were maintained in culture at the 

indicated chemo-drug concentration. At ∼80% confluence, cells were passaged in the same 

concentration of the chemotherapeutic agent for over 1 year. Stable MCF-7 and MDA-MB-231 

resistant clones against 5 µM and 10 µM tamoxifen were used for the in vitro experiments. 

3.3.2 Reagents 

EGF (Sigma-Aldrich, St. Louis, MO, USA), the natural ligand of the EGFR, was 

reconstituted in sterile 1× phosphate-buffered saline (PBS) at a stock concentration of 1 mg/mL 

and stored at −20°C. EGF concentrations to stimulate cells were 30–100 ng/mL. Incubation times 

varied between experiments and thus are indicated. 

cis-Diamineplatinum(II) dichloride (P4394; Sigma-Aldrich) was reconstituted in 

dimethyl sulfoxide (DMSO) to make a 27.7 mM stock solution. Gemcitabine hydrochloride 

(G6423; Sigma-Aldrich) was reconstituted in 1×PBS to make a 133.5 mM stock solution. 5-

fluorouracil (5-FU) (F6627; Sigma-Aldrich) was reconstituted in a mixture of 1 mL DMSO and 9 

mL 1×PBS to make 2.31 mM 5-FU stock. Paclitaxel from Taxus brevifolia, (T7402, Sigma-

Aldrich) was reconstituted in DMSO to make 1.17 mM stock. These stocks were further diluted 

in 1×DMEM conditioned medium to make various dosages of the chemotherapeutic agents to be 

used in in vitro experiments. 
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3.3.3 Inhibitors 

75 mg capsules of OP were reconstituted in sterile 1×PBS and centrifuged at 1,000 rpm 

for 10 minutes to obtain OP in the supernatant as previously reported165. The stock-extracted OP 

solution had a concentration of 15 mg/mL. OP (∼98% purity) was obtained from Hangzhou 

DayangChem Co, Ltd (Hangzhou City, People’s Republic of China).  

Cell culture in 1×DMEM conditioned medium containing different concentrations of OP 

(200–800 µg/mL) were used for the in vitro and in vivo experiments. MMP9 inhibitor 

(CAS1177749-58-4) was obtained from Calbiochem-EMD Chemicals Inc. (half maximal 

inhibitory concentration = 5 nM). 

3.3.4 Antibodies 

Neutralizing antibodies were used to inhibit sialidase function: rabbit anti-human Neu1 

immunoglobulin G (IgG) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Rabbit 

monoclonal anti-human E-cadherin antibody (Cell Signaling Technology, Inc., Danvers, MA, 

USA) was used at 1:400 dilution for immunohistochemistry according to the manufacturer’s 

instructions. Rabbit monoclonal anti-human N-cadherin (Cell Signaling Technology, Inc.) was 

used at 1:200 dilution according to the manufacturer’s instructions. 

DyLightTM 488 donkey anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology, 

Inc.) was used at 40 µg/mL to detect primary antibodies against human E- and N-cadherins in 

archived paraffin-embedded xenografts of human MDA-MB-231 tumors. DyLightTM 488 rat 

monoclonal anti-mouse CD31/PECAM-1 antibody (Novus Biologicals Canada ULC, Oakville, 

ON, Canada) was used at a 1:300 dilution according to the manufacturer’s instructions to detect 

mouse CD31+/PECAM-1 endothelial cells in the archived paraffin-embedded xenografts of 

MDA-MB-231 tumors. 



 

 

 

70 

3.3.5 Sialidase Assay in Live Cells 

Cells were grown on 12 mm circular glass slides in 1× DMEM conditioned medium in 

sterile 24-well tissue plates for 24 hours or until they reached ∼70% confluence as previously 

optimized in the live cell sialidase assay117,118. After removing medium, 2′-(4-

methylumbelliferyl)-α-D-N-acetylneuraminic acid (4-MUNANA; Biosynth Intl.) substrate at 

0.318 mM in Tris-buffered saline, pH 7.4, was added to each well alone (control), with EGF (30 

ng/mL), or in combinations of EGF and inhibitors or neutralizing antibodies at the indicated 

concentrations. 4-MUNANA substrate is hydrolyzed by sialidase activity to give free 4-

methylumbelliferone at fluorescence emission of 450 nm, followed with an excitation at 365 nm. 

Fluorescent images were taken after 1–2 minutes using Zeiss M2 Imager epi-fluorescent 

microscopy (EC PLnN 20×/0.5 DICII objective, 200× total magnification). The mean 

fluorescence surrounding the cells was quantified using Image J. 

3.3.6 Mouse Model of Human TNBC 

A mouse model of human TNBC that has a double mutation in the combining 

recombinase activating gene (RAG1) and common cytokine receptor γ chain (Cγ) (RAG1xCy) 

was used as previously described for human pancreatic cancer85. The RAG1xCγ double mutant 

mice on a non-obese diabetic (NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ; The Jackson 

Laboratory) genetic background are completely deficient in T-, B-, and natural killer cells, show 

no spontaneous tumor formation and exhibit normal hematopoietic parameters168. A breeding 

colony of mice were generated by intercrossing and were maintained in specific pathogen-free 

isolators in the Animal Care Facility, Queen’s University, Kingston, ON, Canada. All mice were 

kept under sterile conditions in micro-isolators equipped with autoclaved food and water. 

Experimental protocols using mice in these studies received approval from the Animal Care 

Committee, Queen’s University. Mice between 6 and 8 weeks of age were used. 
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3.3.7 Cancer Cell Implantation in RAGxCγ  Double Mutant Xenograft Mice 

MDA-MB-231 cells grown in 75 cm2 cell culture flasks at 80% confluence were 

resuspended into solution using TrypLE Express (Gibco) and washed in sterile saline. The cells in 

suspension were centrifuged for 3 minutes at 900 rpm, and the cell pellet suspended in sterile 

saline at a concentration of 5–10×106 cells/mL for 0.5×106 cell implantation cutaneously into the 

right back flank of the mouse. There were four mice in each cohort of untreated, 30 mg/kg OP, 

and 50 mg/kg OP. Treatment with 30 mg/kg and 50 mg/kg of soluble OP in sterile saline were 

injected daily intraperitoneally starting at day 10 post-implantation, when the tumor volumes 

reached 10–20 mm3. For the 50 mg/kg OP cohort, the daily treatment regimen continued to day 

111, then once a week until day 124, when the mice were taken off the drug treatment. The 

treatment regimen with OP was based on previously reported results on pancreatic85 and 

ovarian166 cancer cells. Tumor volumes were measured twice a week and determined as 

(width2/2) × length. At the endpoints at day 180 or earlier due to skin lesions, mice were weighed 

and euthanized by cervical dislocation, and live necropsy tumor, liver, lung, pancreas, heart, and 

spleen were weighed. Archived paraffin-embedded tumor, liver, and lung necropsy tissues were 

used for hematoxylin and eosin staining and immunostaining for CD31+/PECAM-1 cells in 

tumor tissues, followed by microscopic analysis using a Zeiss Imager M2 fluorescence 

microscope. 

3.3.8 Immunohistochemistry 

The presence of the characteristic human epithelial marker, E-cadherin, and human 

mesenchymal marker, N-cadherin, in human MDA-MB-231 tumors was detected using 

immunohistochemistry and specific antibodies. Processed tumors were embedded in paraffin 

blocks following necropsy in each experiment. 5 µm microtome tumor sections were 

deparaffinized, heated for 8 minutes in citrate buffer, and rinsed three times in 1×PBS, followed 
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by blocking with 1% bovine serum albumin (Thermo Fisher Scientific) in 1×PBS overnight at 

4°C. Deparaffinized and processed tumor sections (5 µm) were immunostained with primary 

antibody for either 2 µg/mL rabbit anti-E- or anti-N-cadherin followed by AlexaFluor® 488 

secondary donkey anti-rabbit IgG antibody. The stained cells were covered with Entellan® rapid 

mounting medium, and images were observed using a Zeiss Imager M2 fluorescence microscope 

at 200× magnification. Additional 5 µm microtome sections of tumors were analyzed for mouse 

endothelial marker CD31/PECAM-1 using a 1:300 dilution of a 1 mg/mL stock of rat monoclonal 

antibody conjugated with DyLight-488 fluorochrome against mouse CD31/PECAM-1 (Novus 

Biologicals Canada ULC) and a Zeiss Imager M2 fluorescence microscope. 

3.3.9 WST-1 Assay 

The WST-1 assay is a standard measure of cell viability based on the reduction of a 

tetrazolium compound to a soluble derivative169. The absorbance of the reaction at 420 nm is 

proportional to the number of living cells in culture. Cells at 80%–90% confluence were added to 

96-well microtiter plates at a density of 5,000 cells/well for 24 hours. They were treated with 

different concentrations of OP, chemo-drugs, or left untreated as controls for 24, 48, and 72 

hours. Absorbance readings were taken at 0, 24, 48, and 72 hours by adding 10% WST-1 reagent 

(Roche Diagnostics, Laval-des-Rapides, QC, Canada) in 1×PBS to each well, followed by an 

incubation at 37°C for 2 hours before taking readings at the indicated time points. Cell viability as 

a percentage of control was illustrated as a bar graph using GraphPad Prism software (GraphPad 

Software, La Jolla, CA, USA).  The 0 hours refers to the sum of plated cells and the WST-1 assay 

reagent and readings taken after 2 hours. 

3.3.10 Statistical Analyses 

Data were analyzed using GraphPad Prism. Comparisons of results were made by one-

way ANOVA at 95% confidence using Bonferroni’s multiple comparisons test or unpaired t-test. 
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3.4 RESULTS 

3.4.1 NEU1 sialidase activity is associated with EGF stimulation of triple-negative MDA-

MB-231 breast cancer cells 

Since the co-expression of EGFR and MMP9 has prognostic value in cancer170,171, and 

Neu1 and MMP9 crosstalk regulates EGFRs in pancreatic85 and ovarian166 cancer cells, we 

investigated the molecular targeting potential of the Neu1–MMP9 crosstalk platform in a TNBC 

MDA-MB- 231 cell line in vitro. We initially performed the sialidase assay on EGF-stimulated 

live cells as previously described by our group112,117,118. It is well known and characterized that 

MDA-MB-231 and MCF-7 breast cancer cells express the EGFRs172,173. As shown in Figure 3.1, 

EGF stimulation of live MDA-MB-231 cells induced sialidase activity as revealed in the 

periphery surrounding the cells using the fluorogenic sialidase-specific substrate, 4-MUNANA, 

which fluoresces at 450 nm due to the emission of 4-methylumbelliferone. The mean 

fluorescence of 50 multipoint replicates was quantified using the Image J software and is depicted 

in the bar graph. We also used specific neutralizing antibodies against the human Neu1 as well as 

the neuraminidase inhibitor OP and a specific inhibitor of MMP9, all of which blocked the 

sialidase activity associated with EGF-treated live MDA-MB-231 cells comparable to the levels 

of untreated controls. The anti-Neu1 antibody used is specific for the epitope corresponding to 

amino acids 116–415 mapping at the C-terminus of Neu1 of human origin. It also detects Neu1 of 

mouse, rat, and human origin. The data depicted in Figure 3.1 are consistent with our previous 

reports for EGFRs in pancreatic85 and ovarian166 cancer cells. 

In addition, we generated long-term (1 year) resistant clones of MDA-MB-231 and MCF-

7 cell lines against 5 µM and 10 µM of tamoxifen. With TNBC survival mechanisms against 

chemotherapeutics, the effects may be in large part manifested by the compensatory action of 

other downstream signaling molecules as described for the AXL and EGFR inhibitors174. Martin 
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et al. have described in detail the current state of multidrug resistance in breast cancer, including 

the molecular mechanisms that contribute to tamoxifen resistance175. Here, we hypothesized that 

5 µM and 10 µM tamoxifen-resistant MDA-MB-231 and MCF-7 clones may have a 

compensatory action(s) on other signaling pathways. In the presence of OP, the cancer cell 

survival mechanism(s) against the chemotherapeutic agents may be disabled and become more 

sensitive to the chemo-drugs, as we have previously reported165. EGF stimulation of live 

tamoxifen-resistant MDA-MB-231 (Figure 3.2) and MCF-7 (Figure 3.3) cells induced sialidase 

activity. OP monotherapy dose-dependently blocked the sialidase activity associated with EGF-

treated live cells comparable to the levels of untreated controls. It is noteworthy that the 10 µM 

tamoxifen-resistant MDA-MB-231 cells required a higher dosage of OP to block sialidase activity 

associated with EGF-stimulated cells compared to the 5 µM tamoxifen and to the parental cells. 

To explain these latter data, it is proposed that long-term resistance against tamoxifen may have 

upregulated in a stoichiometric manner several other signaling pathways to compensate for the 

level of tamoxifen in the growth medium. 

3.4.2 Viability of MCF-7 and MDA-MB-231 and their tamoxifen-resistant clones when 

treated with OP at different doses using the WST-1 assay 

To test the in vitro effects of OP treatment on the cell viability of MCF-7 and MDA-MB-

231 and their corresponding tamoxifen-resistant clones, we performed the WST-1 cell 

proliferation assay169 using various concentrations of tamoxifen or OP for 24, 48, and 72 hours as 

optimally predetermined. 

Cell viability as a percentage of control ± standard error of the mean of triplicate values 

was determined based on the reduction of a tetrazolium compound to the soluble form. Treatment 

of MCF-7 (Figure 3.4A) and MDA-MB-231 (Figure 3.5A) cells with tamoxifen dose-dependently 

decreased the cell viability (as a percentage of untreated control), with a lethal dose to kill 50% of 
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viable cells of 9 µM for MCF-7 and 15 µM for MDA-MB-231 after 72 hours of incubation. We 

also tested the in vitro effects of OP treatment on cell viability using the tamoxifen-resistant 

MCF-7 (Figure 3.4B) and MDA-MB-231 (Figure 3.5B) cell clones. Data indicate that OP 

treatment reproducibly and dose-dependently decreased the cell viability (as a percentage of 

untreated control) for the tamoxifen-resistant clones when compared to the parental MCF-7 and 

MDA-MB-231 cell lines. 

The viability of MDA-MB-231 cells following treatment with different dosages of OP in 

combination with 1 µM of either cisplatin, 5-FU, paclitaxel, gemcitabine or tamoxifen was 

compared with that of the chemo-drug alone (Figure 3.6). Data show that for the combination of 

cisplatin, 5-FU, paclitaxel, gemcitabine with OP dosages ≥300 µg/mL significantly reduced cell 

viability at 24, 48, and 72 hours when compared to the cell viability after single chemo-drug 

treatment. In contrast, the combination of tamoxifen with OP at 800 µg/mL significantly reduced 

cell viability at 24, 48, and 72 hours. 

3.4.3 OP monotherapy dose-dependently ablates tumor vascularization, growth and 

invasion in heterotopic xenografts of TNBC MDA-MB-231 cells in RAGxCγ  mice 

The preclinical in vivo anti-tumor activity of OP was investigated in the RAGxCγ double 

mutant mouse model of human TNBC MDA-MB-231 cells. The RAGxCγ double mutant mouse 

lacks mature T- and B-cells, functional natural killer cells, and is deficient in cytokine signaling, 

leading to better engraftment of human cells than any other published mouse strain85. As 

previously demonstrated for pancreatic epithelial carcinoma cell line85, the hypothesis is that OP 

monotherapy prevents the in vivo growth and spread of tumors in the heterotopic xenograft mouse 

model of human TNBC. MDA-MB-231 cells at 0.5×106 cells in 0.2 mL were implanted 

cutaneously in the right back flank of these mice. Twice a week, following implantation of the 

cancer cells, each mouse was monitored for tumor volume growth at the site of implantation, and 
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body weight and condition were scored. All of the experimental mice showed no loss of body 

weight, and body condition scoring was normal until they developed skin lesions. Scoring the 

body condition of rodents is a non-invasive method for assessing health and establishing 

endpoints for adults where body weight is not a viable monitoring tool. For heterotopic 

implantation of MDA-MB-231 cells, mice developed skin lesions due to the abnormal tumor 

vascularization, which was the end point for body condition scoring. The data in Figure 3.7 show 

live tumors with skin lesions for each mouse (labeled A1, A2, and A4 for untreated control, B1–4 

for OP 30 mg/kg, and C1 and C3 for OP 50 mg/kg) and live necropsy tumors with an unexpected, 

abnormal, robust, and bloody tumor vasculature at day 42 or earlier post-implantation of MDA- 

MB-231 cells. Due to the abnormal tumor vasculature, we also immunostained paraffin-

embedded tumors from each mouse for host endothelial cell marker CD31/PECAM-1. There was 

an extensive migration of host CD31+ cells to the tumors for the untreated cohort but markedly 

reduced levels for the 30 mg/kg OP-treated cohort (Figure 3.7B). For the 50 mg/kg OP cohort, 

there were no tumors at day 180 post-implantation. As expected, the necropsy tumors from the 30 

mg/kg OP-treated cohort revealed significantly high levels of tumor E-cadherin with concomitant 

significantly reduced N-cadherin levels (Figure 3.7B). 

Treatment with 30 mg/kg and 50 mg/kg of soluble OP in sterile saline with daily 

injections intraperitoneally at day 10 post-implantation when the tumor volume reached 10–20 

mm3 attenuated the aggressive tumor vascularization with skin lesions (Figure 3.7C) and the 

tumor growth (Figure 3.7D). The treatment regimen with OP was based on previously reported 

results on pancreatic85 and ovarian166 cancer cells. It is proposed that OP treatment regimen for 

cancers with robust tumor vascularization requires higher doses for attenuating tumor growth. 

For the 50 mg/kg OP cohort, daily injections of OP continued to day 111 post-

implantation, followed by weekly injections, and off OP treatment at day 124 until the endpoint 
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of the experiment at day 180. The data revealed tumor shrinking with no relapse. Live tumor 

weight per mouse body weight indicated a significant reduction for the OP 30 mg/kg cohort at 

days 32–42 (Figure 3.7E) compared to the untreated cohort. There were no visible tumors for the 

50 mg/kg OP cohort at day 180. In addition, the survival rate of the 50 mg/kg OP-treated cohort 

was significant compared to the untreated control group (Figure 3.8A). The daily dosage of OP 

injections had no effect on the weights of the pancreas, heart, and liver per mouse body weight, 

but there was a marked decrease in the weight of the spleen per mouse body weight for the 50 

mg/kg OP treatment (Figure 3.8B). These latter data are consistent with other reported results 

with patients with breast cancer where a reduction in spleen size was prognostic indicator176-179. It 

is noteworthy that women in the weight category of less than 60 kg at diagnosis compared with 

those having the highest category of 79 kg revealed a 2.5-fold increased risk of dying from breast 

cancer (hazard ratio, 2.54 [95% confidence interval, 1.08–6.00]; trend P = 0.02)180. 

Live necropsy lungs (Figure 3.9A) showed no visible tumor nodules. There were no 

tumor nodules nor metastatic clusters of MDA-MB-231 cancer cells in the liver for each of the 

cohorts (data not shown). The daily dosage of 30 mg/kg and 50 mg/kg OP treatment 

intraperitoneally significantly attenuated the metastatic spread of MDA-MB-231 breast cancer 

cells to the lungs (Figure 3.9B) compared to the extensive metastatic clusters of cancer cells in 

the lungs for the untreated cohort. OP treatment had no adverse effects on the lungs as indicated 

by lung weight per mouse body weight (Figure 3.9C). This lack of metastatic spread of the MDA-

MB-231 cancer cells to the lung following OP treatment is dose-dependent on the treatment 

regimen. The lack of invasiveness due to OP treatment may be due in part to a disruptive tumor 

vasculature development (eg. reduced host CD31+ endothelial cell migration) or a decreased 

expression of N-cadherin with a concomitant increase in E-cadherin (Figure 3.7B). 
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3.5 DISCUSSION 

Clinically, TNBC is insensitive to most of the effective therapies available for breast 

cancer treatments181,182. For example, they include the HER2-targeted therapy such as Herceptin 

(trastuzumab) as well as tamoxifen or the aromatase inhibitors. These findings suggest that the 

growth of the cancer is not supported by the hormones estrogen and progesterone, nor by the 

presence of HER2 receptors. Combination chemotherapy using a metronomic dosage schedule is 

the standard therapy for early-stage TNBC182. A prospective analysis of 1,118 patients who 

received neoadjuvant chemotherapy, of whom 255 (23%) had TNBC, indicated that patients with 

TNBC had higher pathologic complete response rates compared with non-TNBC patients (22% 

versus 11%; P = 0.034)181. 

In our studies, the data indicate that both MDA-MB-231 and non-TNBC MCF-7 cells 

developed resistance against 5 µM and 10 µM of tamoxifen for over 1 year. At least for the non-

TNBC cells, it has been reported that crosstalk between ER, HER-2, p38, and ERK may 

contribute to tamoxifen resistance183. In another report, tamoxifen was shown to behave as an 

estrogen agonist in breast cancer cells that express high levels of AIB1 (amplified in breast 

cancer-1) and HER2, resulting in de novo resistance against tamoxifen184. In addition, the study 

had demonstrated that gefitinib, an inhibitor of EGFR tyrosine kinase, by binding to the 

adenosine triphosphate-binding site of the enzyme, eliminated tamoxifen’s agonist effects and 

restored its antitumor activity both in vitro and in vivo in MCF-7/HER2-18 cells184. 

Unfortunately, in another study, 25%–30% of patients with EGFR-activating mutations acquired 

resistance to gefitinib185. The data in the report also showed that hepatocyte growth factor (HGF), 

a ligand of the MET oncoprotein, facilitated the process of gefitinib resistance of lung 

adenocarcinoma cells with EGFR-activating mutations by restoring the PI3K/Akt signaling 

pathway via phosphorylation of MET, but not with EGFR or ErbB3186. HGF was also shown to 
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induce resistance to the anti-EGFR antibody cetuximab in lung cancer cells, regardless of EGFR 

gene status186. 

Insight into the mechanism of EGF-induced receptor activation came from our recent 

report on Neu1 sialidase and MMP9 crosstalk in regulating the EGFR85. The findings in the 

report on EGFRs also propose an alternative therapeutic approach using OP as a new anti-cancer 

agent targeting Neu1 as the key central enzyme regulating this Neu1-MMP9 crosstalk within the 

EGFR signaling platform85. Preclinical molecular targeting studies provide the proof-of-

mechanism for OP as an effective treatment to inhibit growth and spread of human pancreatic 

cancer in heterotopic tumor xenografts growing in RAG2xCγ double mutant mice85. It is 

noteworthy that alternate agents without cross-resistance to platinum or taxanes has been shown 

to improve the prognosis of platinum-resistant patients187,188. Despite improvements using 

carboplatin/paclitaxel-based chemotherapy, 30% of patients with ovarian cancer fail to respond to 

primary therapy, with a high percentage of the responders relapsing within 1–2 years from the 

end of primary treatment, and dying of the disease within 5 years from their initial diagnosis189. 

Gemcitabine, on the other hand, has been shown to be an active agent, single and/or in 

combination with carboplatin and paclitaxel, in the treatment of patients with recurrent ovarian 

cancer189. Unfortunately, other reports have observed complications to the chemotherapeutics, 

including hypersensitivity pneumonitis-like patterns in gemcitabine-induced cases190 and 

hypersensitivity reactions to oxaliplatin191.  

Based on our present results, it is proposed that treatment regimens for triple-negative 

breast adenocarcinoma could follow a combination therapy of OP at a high dosage with low 

doses of either cisplatin, 5-FU, paclitaxel, gemcitabine, or tamoxifen. The data in Figure 3.6 show 

that for the combination with paclitaxel, OP dosage ≥300 µg/mL caused ∼95% reduction in cell 

viability compared to combination with the other chemo-drugs. Based on the fact that 



 

 

 

80 

hypersensitivity reactions to standard clinical chemotherapeutics are noted complications in 

cancer patients190,191, it is proposed from our studies that combination therapy of OP and standard 

clinical chemotherapeutics may have a beneficial effect. Indeed, we have reported that OP 

significantly inhibited endotoxin lipopolysaccharide (LPS)-induced NF-κB activation and the 

production of nitric oxide and pro-inflammatory IL-6 and TNF-α cytokines in primary and 

macrophage cell lines118. In another report, we have shown that OP disables the chemoresistance 

of PANC1 pancreatic cancer cells against cisplatin and gemcitabine alone or in combination in a 

dose-dependent manner165. The report also showed that OP treatment of PANC1 cells reversed 

the EMT associated with resistance to drug therapy. 

The findings in the current report also reveal an unusual robust and bloody tumor 

vascularization in heterotopic xenografts of MDA-MB-231 TNBC tumors in RAGxCγ double 

mutant mice (Figure 3.7C). We recently reported that when Snail small hairpin RNA (shRNA) 

A2780 ovarian cancer cells were injected cutaneously, the xenografts of tumors showed no robust 

bloody tumor vascularization compared with A2780 and A2780 shRNA Slug tumors, and the 

mice were completely devoid of tumor growth and spread to the lungs166. These observations 

together with another report have shown that the knockdown of Snail expression not only 

suppresses ovarian cancer metastasis but also inhibits primary tumor growth192. Snail not only 

plays a dual role in controlling the growth and metastasis of ovarian cancer but also functions as a 

mediator of tumor neovascularization166. 

It is noteworthy that the transcriptional factor Slug is expressed at high levels in normal 

breast, which may play a role in tubulogenesis193. As an anti-apoptotic agent, it could also protect 

epithelial cells from programmed cell death during ductal lumen formation and breast involution. 

In breast carcinomas, Snail has been linked to tumor progression and invasiveness193, the 

mechanism(s) which may cause repression of the E-cadherin gene. However, it is unclear how 
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this transcriptional activity by these factors is regulated in vivo. For tumor neovascularization, we 

have reported that silencing Slug in ovarian A2780 cells did not prevent the robust 

vascularization in RAGxCγ double mutant mice, whereas silencing Snail in the A2780 cohort had 

a profound, complete inhibitory effect166. Collectively, the signaling factors in the pathways that 

regulate the expression of the Snail and Slug proteins during different developmental processes 

have been reported to be tissue- and organism-dependent194. Other reports have shown that Snail 

is associated with cancer invasion and prognosis195, and the overexpression of Snail in epithelial 

Madin–Darby canine kidney (MDCK) cells promotes the EMT toward the invasive phenotype196. 

Snail expression in MDCK cells had also induced the promoter activity and expression of MMP9 

through the PI3K/MAPK signaling pathway. For A2780 ovarian and TNBC MDA-MB-231 cells, 

it is proposed in our studies that Snail may play an essential role in tumor neovascularization, the 

mechanism(s) which may involve the Snail–MMP9 signaling axis in facilitating the signaling 

paradigm for the activation of growth factor tyrosine kinase receptors to induce Neu1138,166. If 

MMP9 is playing a major role in the activation of Neu1 in complex with EGFR as our data 

suggest, logistically, Snail in inducing MMP9 in either ovarian A278013 or TNBC MDA-MB-

231 cells in this report may be the molecular mechanism(s) by which the Snail–MMP9 signaling 

axis functions in tumor neovascularization. Our data have shown that OP, anti-Neu1 antibody, 

and specific MMP9 inhibitor treatments of the MDA-MB-231 breast cancer cell line blocked 

Neu1 activity associated with EGF-stimulation of the live cells. Based on these observations, we 

propose here that Neu1 might be an intermediate candidate connecting the Snail–MMP9 signaling 

axis in tumor neovascularization and in promoting the growth and invasiveness of human TNBC.  
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3.6 CONCLUSION 

Collectively, the Snail–MMP9 signaling axis involvement in tumor neovascularization 

suggests that the modification of glycosylation on growth factor receptors involves the activation 

of Neu1. It follows that the molecular-targeting with OP treatment of Neu1 associated with these 

receptors would be critically dose-dependent. Given the ability of OP to increase E-cadherin 

expression and decrease N-cadherin expression in TNBC MDA-MB-231 tumors and in ovarian 

tumors165, TNBC treated with OP may become more adherent to the surrounding tissue and not 

metastasize as our data indicate. OP treatment strategies are proposed here to take the form of a 

horizontal approach, of which different oncogenic signaling pathways as well as macrophage-

mediated tumorigenesis are targeted with promising therapeutic intent. 
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Figure 3.1. EGF induces sialidase activity in live MDA-MB-231 cells.  

Cells were allowed to adhere on 12 mm circular glass slides in media containing 10% FCS for 24 
hours. After removing media, 0.318 mM 4-MUNANA substrate was added to live cells alone 
(control) or with EGF alone and in combination with OP, anti-Neu1 neutralizing antibodies, and 
specific inhibitor of MMP9 at the indicated dosage. Fluorescent images were taken at 1–2 
minutes after adding substrate using Zeiss Imager M2 epi-fluorescence microscopy (20× 
objective). The mean fluorescence of 50 multipoint replicates was quantified using Image J 
software. Error bars represent data from three independent experiments ± S.E.M., each performed 
in triplicate and analyzed using GraphPad Prism. Figure adapted from its original publication 
(Haxho et al. Breast Cancer: Targets & Therapy. 2014:6, p. 195, Figure 1A). 
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Figure 3.2. EGF induces sialidase activity in live MDA-MB-231 cells and its resistant clones 
against 5 µM and 10 µM tamoxifen.  

Cells were allowed to adhere on 12 mm circular glass slides in media containing 10% FCS for 24 
hours. After removing media, 0.318 mM 4-MUNANA substrate was added to live cells alone 
(control) or with EGF alone or in combination with OP at the indicated dosage. Fluorescent 
images captured and analyzed as previously described above. Error bars represent data from three 
independent experiments ± S.E.M., each performed in triplicate and analyzed using ImageJ and 
GraphPad Prism. Figure adapted from its original publication (Haxho et al. Breast Cancer: 
Targets & Therapy. 2014:6, p. 195, Figure 1B).  
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Figure 3.3. EGF induces sialidase activity in live MCF-7 cells and its resistant clones against 
5 µM and 10 µM tamoxifen.  

Cells were allowed to adhere on 12 mm circular glass slides in media containing 10% FCS for 24 
hours. After removing media, 0.318 mM 4-MUNANA substrate was added to live cells alone 
(control) or with EGF alone or in combination with OP at the indicated dosage. Fluorescent 
images were captured and analyzed as previously described above. Error bars represent data from 
three independent experiments ± S.E.M., each performed in triplicate and analyzed using 
GraphPad Prism. Figure adapted from its original publication (Haxho et al. Breast Cancer: 
Targets & Therapy. 2014:6, p. 195, Figure 1C). 
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Figure 3.4. Cell viability of MCF-7 cells treated with tamoxifen at indicated doses (A), and 
MCF-7 cells and their resistant clones against 5 µM and 10 µM tamoxifen treated with OP 
at indicated doses using the WST-1 assay (B).  

Cells were incubated in 96-well plates (5,000 cells/well) and allowed to adhere for 24 hours in 
1×DMEM containing 10% FCS. The media were replaced with fresh DMEM media containing 
5% FCS with or without various concentrations of tamoxifen or OP for indicated time periods. 
Cell viability was expressed as a percent of control ± S.E.M. of triplicate values. The data are a 
representation of one out of three independent experiments showing similar results. lC50 value is 
represented as µM of drug concentration as determined by WST-1 assay after 72 hours for the 
indicated cell lines. Figure adapted from its original publication (Haxho et al. Breast Cancer: 
Targets & Therapy. 2014:6, p. 197, Figure 2A, 2B). 
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Figure 3.5. Cell viability of MDA-MB-231 cells treated with tamoxifen at indicated doses 
(A), and MDA-MB-231 cells and their resistant clones against 5 µM and 10 µM tamoxifen 
treated with OP at indicated doses using the WST-1 assay (B).  

Cells were incubated and treated as previously described above. Cell viability was expressed as a 
percent of control ± S.E.M. of triplicate values. The data are a representation of one out of three 
independent experiments showing similar results. lC50 value is represented as µM of drug 
concentration as determined by WST-1 assay after 72 hours for the indicated cell lines. Figure 
adapted from its original publication (Haxho et al. Breast Cancer: Targets & Therapy. 2014:6, p. 
197, Figure 2C, 2D). 
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Figure 3.6. Cell viability of MDA-MB-231 cells treated with OP at indicated doses in 
combination with 1 µM of either cisplatin, 5-FU, paclitaxel, gemcitabine, or tamoxifen using 
the WST-1 assay.  

Cells were incubated in 96-well plates (5,000 cells/well) and allowed to adhere for 24 hours in 
1×DMEM media containing 10% FCS. The media were replaced with fresh DMEM media 
containing 5% FCS with or without various concentrations of tamoxifen or OP for indicated time 
periods. Cell viability was expressed as a percent of control ± S.E.M. of triplicate values. The 
data are a representation of one out of three independent experiments showing similar results. lC50 
value is represented as µM of drug concentration as determined by WST-1 assay after 72 hours 
for the indicated cell lines. Figure adapted from its original publication (Haxho et al. Breast 
Cancer: Targets & Therapy. 2014:6, p. 197, Figure 3). 
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Figure 3.7. OP treatment of RAGxCγ double mutant mice bearing heterotopic xenograft of 
MDA-MB-231 tumors.  

Cells at 0.5×106 in 0.2 mL were implanted cutaneously in the right back flank of mice. Twice a 
week following implantation of the cancer cells, each mouse was monitored for tumor volume 
([width2 /2] × length) at the site of implantation. Mice were treated with 30 mg/kg and 50 mg/kg 
of OP in sterile saline IP daily at day 10 post-implantation, when the tumor volume reached ~10–
20 mm3. (A) Necropsy tumors, H&E staining of tumors, paraffin-embedded tumor sections (5 
µm) on glass slides were processed for immunohistochemistry using primary DyLight® 488-
conjugated rat monoclonal anti-mouse CD31/PECAM-1 antibody, primary anti-E-cadherin, and 
N-cadherin antibodies, followed with polyclonal goat anti-rabbit Alexa Fluor® 488 secondary 
antibody in 1% BSA in PBS blocking solution and Entellan® rapid mounting medium. 
Background control sections were prepared without the primary antibodies. Stained tissue 
sections were photographed using an AxioCam-MRm3-2 fluorescence camera attached to a Zeiss 
Imager M2 fluorescence microscope at 200× magnification. Images are representative of at least 
five fields of view from two tumor sections. (B) Quantitative analysis was done by assessing the 
density of tumor staining corrected for background in each panel using Corel Photo Paint 8.0 
software. Each bar in the figure represents the mean (± S.E.M.) corrected density of tumor 
staining within the respective images; (C) enlarged visualized image of live necropsy tumors; (D) 
Tumor growth rates for individual mice (mouse label A1-4 for the control cohort; B1–4, 30 
mg/kg OP cohort; and C1-4, 50 mg/kg cohort); (E) Mean ± S.E.M. of live necropsy tumor weight 
per mouse body weight. Statistical analysis was carried out using GraphPad Prism. Figure 
adapted from its original publication (Haxho et al. Breast Cancer: Targets & Therapy. 2014:6, p. 
198, Figure 4A-E). 
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Figure 3.8. Percent survival and live necropsy organ weight from indicated cohorts of mice. 

(A) Percent survival of indicated cohorts of mice taken from Figure 3.7. (B) Mean ± S.E.M. of 
live necropsy spleen, pancreas, heart, and liver weight per mouse body weight for each of the 
cohorts in Figure 3.7. Statistical analysis was performed using the log-rank (Mantel–Cox) test. 
Figure adapted from its original publication (Haxho et al. Breast Cancer: Targets & Therapy. 
2014:6, p. 199, Figure 5A, 5B). 

 

 

 

 

 

 

 

 



 

 

 

97  



 

 

 

98 

Figure 3.9. H&E staining of necropsy lung for number of metastatic clusters per lung in 
paraffin-embedded tissues taken from xenograft tumor-bearing RAGxCγ double mutant 
mice.  

Mice were implanted with 0.5×106 MDA-MB-231 TNBC cells cutaneously on the rear back 
flank, and OP treatment began daily (IP) 10 days post-implantation, when tumors reached 10–20 
mm3. (A) Paraffin-embedded tissue sections were processed for H&E staining for each mouse 
necropsied at indicated day post-implantation. Stained tissue sections were photographed using 
AxioCam digital color camera (Zeiss Imager M2 fluorescence microscope, 400×). Images are 
representative of at least five fields of view from two tissue sections. (B) Metastatic lung clusters 
were microscopically counted per tissues sections (5 µm) and plotted in the graph. Statistical 
analysis was carried out using GraphPad Prism using an unpaired t-test. (C) Mean ± S.E.M. of 
live necropsy lung weight per mouse body weight for each of the cohorts. Figure adapted from its 
original publication (Haxho et al. Breast Cancer: Targets & Therapy. 2014:6, p. 200, Figure 6). 
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Chapter 4 

 

Therapeutic Targeting of Neuraminiase-1 Sialidase in Mouse Models of 

Human Ovarian And Pancreatic Carcinoma 
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4.1 ABSTRACT 

We have previously shown that oseltamivir phosphate (OP) directly targets Neu1 

desialylation of epidermal growth factor receptors (EGFR) and is able to block receptor 

activation, phosphorylation, and downstream mitogenic signaling in mouse models of pancreatic 

and breast cancer. In the present study, OP treatment of ovarian A2780 and PANC1 pancreatic 

cancer cell lines and tumor xenografts was studied. Overall outcomes were improved in OP-

treated mice, as indicated by a decrease in tumor volumes and vascularization, and reduced rates 

of metastasis to the liver and lungs.  

OP treatment alone inhibits cell proliferation and reduces cell viability in A2780 ovarian 

cancer cell lines. Treatment with OP is also able to re-sensitize drug resistant A2780 cells to 

various chemotherapeutics in vitro, consistent with our previous report showing that OP reverses 

gemcitabine resistance in chemoresistant pancreatic cancer cells. OP treatment did not 

significantly affect tumor volume in mice bearing ovarian A2780 tumor xenografts, although 

A2780 tumor vascularization was attenuated in OP-treated mice, as indicated by decreased 

expression of murine endothelial marker CD31/PECAM-1 in primary tumors. In comparison to 

untreated mice, A2780 tumor xenografts treated with 50 mg/kg OP harbored no metastasis to the 

lungs. 

Due to the essential role of matrix metalloproteinase-9 (MMP9) elastase in the activation 

of Neu1, we also investigated the effect of Slug and Snail transcriptional regulators of MMP9 

expression on A2780 tumor progression. We found that mice inoculated with A2780 Snail 

shRNA KD cells did not develop palpable tumors. However, A2780 Slug KD tumor xenografts 

were comparable in size to A2780 wild-type tumors, although exhibited reduced vascularization 

and CD31+/PECAM-1 murine endothelial cell migration, as well as reduced metastasis to the 

lungs. Our data suggest that Snail, and not Slug, plays a more predominant role in A2780 ovarian 

tumor progression in vivo. 
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OP treatment of PANC1 pancreatic tumor xenografts was also investigated. In these 

studies, once PANC1 tumor volumes were palpable, slow release OP-encapsulating poly-lactic-

co-glycolic acid (PLGA) cylinders were implanted proximal to the tumor site in vivo. In 

comparison to untreated mice, PANC1 tumor vascularization was significantly attenuated in mice 

implanted with slow releasing OP-loaded PLGA cylinders. Expression of host CD31+/PECAM-1 

in primary tumor xenografts was reduced, and the expression of E-cadherin was elevated in OP-

treated mice, with a concomitant downregulation of N-cadherin. These findings suggest that OP 

may be a multi-modal agent that is able to target and suppress PANC1 tumor growth, 

vascularization and metastasis in vivo.  

Collectively, these findings implicate an important role for Neu1 in the regulation of 

tumorigenesis and metastasis. Future studies should build upon these findings and explore the 

value of OP-based treatment regimens for cancer therapy. 

 

4.2 INTRODUCTION 

It is estimated that 2 in 5 Canadians will develop cancer in their lifetimes, and that 

approximately 200,000 new cases are diagnosed in Canada each year197. These statistics are 

projected to increase and signify the importance of developing effective treatment options. 

Mammalian neuraminidase-1 (Neu1) sialidase has recently emerged as an important target in 

cancer development198. Neu1-mediated desialylation of cell membrane receptor glycosylation has 

been shown to regulate the activation of receptor tyrosine kinases (RTK), including epidermal 

growth factor receptors (EGFR)85, nerve growth factor receptors (TrkA)88,112,113 and insulin 

receptors (IR)114,115,162, as well as TOLL-like receptors (TLR)116,117,120.  Notably, the atypical 

expression, activation and/or function of these receptors are highly associated with mitogenic 

signaling and cancer development.  
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The present studies are an extension of our previous work indicating that Neu1 and 

MMP9 crosstalk regulates growth factor signaling, specifically EGFR activation, in pancreatic85 

and breast cancer199 in vivo. If MMP9 is playing a major role in the activation of Neu1 sialidase in 

complex with EGFR as our data suggest, logistically transcriptional regulation of MMP9 by zinc-

finger factors Snail1 (Snail)196,200-203 and/or Snail2 (Slug)204-206 may be implicated in this process. 

Snail and Slug have been shown to regulate major processes involved in mitogenic signaling, 

cancer cell invasion and metastasis in several cancer types. An important process central to 

malignant progression is the induction of epithelial-to-mesenchymal transition (EMT). Initiation 

of EMT is associated with the loss of E-cadherin expression, a cell–cell adhesion molecule that 

participates in homotypic, calcium-dependent interactions to form epithelial adherens 

junctions207. Indeed, loss of E-cadherin is highly correlated with tumor grade and cancer stage in 

various human cancers208-210. Transcriptional regulation of E-cadherin expression by Snail and 

Slug, such as hypermethylation of the E-cadherin promoter, have emerged as one of the major 

mechanisms responsible for E-cadherin downregulation in most carcinomas195,211-214.  

The present report describes an important role for the transcriptional regulation of MMP9 

expression by Snail, and to a lesser extent Slug, in the regulation of tumor progression in mouse 

models of A2780 ovarian carcinoma. Specifically, the Snail-MMP9 signaling axis is proposed to 

amplify the Neu1 sialidase and MMP9 crosstalk in regulating EGF receptors, tumor 

neovascularization, growth and invasiveness of ovarian A2780 tumor xenografts. Previously, we 

have shown that oseltamivir phosphate can specifically target and inhibit Neu1-MMP9 crosstalk 

associated with these ligand-induced EGF receptor activations88,118,138. Hudson and colleagues 

have shown that EGFR activation promotes a phosphatidylinositol 3-kinase (PI3K)-dependent 

induction of a cell surface pro-MMP9 binding component that facilitates gelatinase-mediated 

cellular invasion215. EGFR activation was shown to promote disruption of adherens junctions 

through induction of MMP9. Stable overexpression of MMP9 led to a loss of E-cadherin and 



 

 

 

103 

junctional integrity, and promoted a migratory and invasive phenotype in ovarian cancer. Others 

have reported that the expression of Snail is associated with an increase in the promoter activity 

and expression of MMP9, and that the induced transcription of MMP9 by Snail is driven by a 

mechanism dependent on mitogen-activated protein kinase (MAPK) and PI3K signaling 

pathways196. Collectively, these findings indicate that MMP9 transcription is activated in 

response to Snail expression and that it might explain, in part, the invasive properties of Snail-

expressing cells. New insights into the therapeutic targeting of the MMP-Snail signaling axis and 

its functional role in tumor progression have been recently reviewed212. 

We also investigated the effect of controlled drug delivery of OP from a biodegradable 

poly-lactic-co-glycolic acid (PLGA) cylinder implanted at the tumor site of RAGxCγ mice 

bearing PANC1 tumor xenografts. Here, we used a novel design to encapsulate OP into PLGA 

cylinders. PLGA cylinders offer a delivery approach that can provide sustained, controlled release 

of a drug for up to several weeks, and can be implanted at the tumor site without the need for 

repeated drug administration216. Once PANC1 tumors were palpable, OP-loaded PLGA cylinders, 

as well as blank (empty) PLGA cylinders, were surgically implanted at the tumor site. PANC1 

tumor progression was evaluated by analyzing tumor volume, neovascularization and metastasis 

in RAGxCγ mice with or without PLGA implants. Our data indicate that implanted OP-loaded 

PLGA cylinders at the tumor site were found to impede tumor neovascularization, growth and 

metastasis in heterotopic xenografts of PANC1 tumors in vivo.  
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4.3 MATERIALS AND METHODS 

4.3.1 Cell Lines 

For the ovarian cancer studies, the A2780 (human ovarian epithelial carcinoma, Sigma-

Aldrich) cell line was used. A2780 cells were established from tumor tissue from an untreated 

patient. A2780 is the parent line to the cisplatin resistant cell line, A2780cis (Sigma-Aldrich). The 

cells were grown in a 5% CO2 incubator at 37°C in culture containing DMEM (Gibco, Rockville, 

MD, USA) supplemented with 10% fetal calf serum (FCS; HyClone, Logan, UT, USA) and 5 

µg/mL PlasmocinTM (InvivoGen, San Diego, CA, USA). GIPZ lentiviral shRNA transfection 

particles were used to silence Snail and Slug mRNA in A2780 cells (Thermo Scientific, Open 

Biosystems). Human Snail (gene symbol SNAIL1, V3LHS-32872 at 1.7 × 108 transducing unit 

(TU)/mL) and Slug (gene symbol SNAI2, V3LHS-390965 at 3.98 × 108 TU/mL) pGIPZ lentiviral 

shRNA ready-to-use particles (based on miR-30 for gene knockdown) were used. Selection 

media was added every 40h to expand puromycin-resistant Snail shRNA and Slug shRNA 

transduced A2780 cell clones. The transfection efficiency was determined to be 99% knockdown 

for both Snail and Slug using RT-PCR analyses of total RNAs from parental A2780, Snail 

shRNA and Slug shRNA knockdown cells.  

For the pancreatic cancer studies, PANC1 human pancreatic adenocarcinoma cell lines 

were used (ATCC® CRL-1469TM, Manassas, VA, USA). These cells were also grown in a 5% 

CO2 incubator at 37°C in culture medium containing 1×DMEM supplemented with 10% FCS and 

5 µg/mL PlasmocinTM. When the cells reached 80% confluence, they were passaged at least five 

times for use in the experiments. 

4.3.2 Mouse Models of Human Ovarian and Pancreatic Carcinoma 

An immunodeficient mouse with a double mutation combining recombinase activating 

gene (RAG) and common cytokine receptor γ chain (Cγ) was used as the xenograft model, as 
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previously reported by us85. RAGxCγ double mutant mice on a NOD genetic background are 

completely alymphoid (deficient in T cells, B cells, and NK cells), show no spontaneous tumor 

formation, and exhibit normal hematopoietic parameters. These mice were generated by 

intercrossing and were maintained in specific pathogen-free isolators in the animal care facility at 

Queen’s University, Kingston, ON, Canada. A colony was established in the animal facility. All 

mice were kept under sterile conditions in micro-isolators or air-filtered cages, and were provided 

with autoclaved food and water. Mice were used when aged 6–8 weeks, following protocols 

approved by the animal care committee at Queen’s University. 

For the ovarian cancer experiments, parental A2780 and Snail and Slug shRNA 

knockdown (KD) A2780 cells under puromycin-resistance selection clones were grown in 75 cm2 

cell culture flask at 80% confluence. The cells were resuspended into solution using TrypLE 

Express (Gibco) and washed with sterile saline. The cell suspension was centrifuged for 3 min at 

900 rpm, and the cell pellet suspended in sterile saline at a concentration of 5–10×106 cells/mL 

for 0.5×106 cell implantation subcutaneously into the right back flank of the mouse. Mice 

received various treatments (30 and 50 mg/kg oseltamivir phosphate (OP), Slug shRNA KD cells, 

Snail shRNA KD cells, or untreated). At the end of the experiments, tumors were resected and 

embedded in paraffin blocks following necropsy in each experiment. 

For the pancreatic cancer studies, mice were injected subcutaneously into the right back 

flank, with 0.5×106 PANC1 cells. PANC1 tumor xenografts were permitted to grow for 35 days 

prior to implantation of PLGA and PLGA-OP cylinders. Tumor measurements were taken twice a 

week. Tumor volumes were determined by (width2/2)×length. At the endpoint of the experiments, 

or earlier due to skin lesions or >15% body weight loss, mice were euthanized by cervical 

dislocation and live necropsy tumor, liver and lung were weighed, and paraffin embedded for 

hematoxylin and eosin (H&E) staining and immunostaining for E- and N-cadherin and CD31+ 
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(PECAM-1) cells in tumor tissues followed with microscopic analysis using a Zeiss M2 

Fluorescence microscope. 

4.3.3 Reagents and Inhibitors 

Oseltamivir phosphate (Hoffmann-La Roche Ltd, Mississauga, ON, Canada) was used at 

the concentrations indicated. OP capsules (75 mg) were dissolved in sterile PBS and centrifuged 

at 1,000 rpm for 10 minutes to remove the filler as previously reported165. The stock-extracted OP 

solution had a concentration of 15 mg/mL. Cell culture medium containing 1×DMEM, 10% FCS, 

and 5 µg/mL PlasmocinTM with different concentrations of OP (200–800 µg/mL) were used for 

the in vitro experiments. OP was used at predetermined indicated doses for in vivo experiments. 

For the pancreatic cancer studies, PLGA cylinders were fabricated by dissolving 80 mg PLGA in 

400 µL acetone and adding 4–6 mg of Span-80 followed by 10 mg OP, 20 mg OP, or blank 

PLGA (without OP). 

cis-Diamineplatinum(II) dichloride (P4394, Sigma-Aldrich Canada Ltd) was dissolved in 

dimethyl sulfoxide (DMSO) to create a 27.7 mM cisplatin stock. Gemcitabine hydrochloride 

(G6423, Sigma-Aldrich Canada Ltd) was dissolved in PBS to create a 133.5 mM gemcitabine 

stock. 5-Fluorouracil (5-FU) (F6627, Sigma-Aldrich Canada Ltd) was dissolved in 10% DMSO 

in PBS to create a 2.31 mM 5-FU stock. Paclitaxel from Taxus brevifolia, ≥95% (HPLC) (T7402, 

Sigma-Aldrich Canada Ltd) was dissolved in DMSO to create a 1.17 mM paclitaxel stock. These 

stocks were diluted in media to prepare various dosages of the chemotherapeutic agents to be 

used in the in vitro experiments.  

Maackia amurensis lectin II (MAL II) was purchased from Sigma-Aldrich. Sambucus 

nigra lectin (SNA), Peanut Agglutinin (PNA) and Wheat Germ Agglutinin (WGA) was bought 

from Vector Laboratories.  
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4.3.4 Antibodies 

AlexaFluor/DyLightTM 488-conjugated donkey anti-rabbit IgG secondary antibody (Santa 

Cruz Biotechnology, Inc, Santa Cruz, CA, USA) was used at a final concentration of 4 µg/mL for 

immunohistochemistry to detect primary antibodies against human E-cadherin and N-cadherin in 

paraffin-embedded xenografts of human PANC1 tumor xenografts. DyLightTM 488-conjugated 

rat monoclonal anti-mouse CD31 (PECAM-1) antibody (Novus Biologicals Canada ULC, 

Oakville ON L6M 2V5, Canada) was used at a 1:300 dilution according to the manufacturer’s 

instructions to detect mouse CD31+ endothelial cells in the paraffin-embedded A2780 ovarian 

and PANC1 primary tumor xenografts.  

4.3.5 Immunohistochemistry and Lectin Histochemistry of Tumor Xenografts 

For the pancreatic cancer studies, immunohistochemistry of necropsy tumors was used to 

determine the presence of the characteristic human epithelial marker E-cadherin and 

mesenchymal marker N-cadherin in human PANC1 tumors from RAG2xCγ double mutant mice. 

At the end of the experiments, tumors were resected and embedded in paraffin blocks following 

necropsy in each experiment. Tumor sections (5 µm) were deparaffinized, heated for 8 minutes in 

citrate buffer for antigen retrieval, placed in 0.03% H2O2 for 30 minutes to block endogenous 

peroxidases, rinsed three times in PBS, and blocked in 1-5% BSA (Fisher Scientific Company) 

overnight at 4°C. Tumor sections were then immunostained with primary and secondary antibody 

over one-hour periods. Ovarian A2780 and PANC1 tumor sections were also analyzed for mouse 

endothelial marker, CD31/PECAM-1. The primary antibody contained 2 µg/mL rabbit anti-E-

cadherin or anti-N-cadherin, followed with donkey anti-rabbit IgG AlexaFluor/DylightTM 488-

conjugated secondary antibody. Stained cells were then covered with Entellan® rapid mounting 

media and were observed using a Zeiss M2 fluorescence microscope. Background control 

sections were prepared without primary antibodies. Images are representative of at least five 
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fields of view from 2-3 tumor sections. Quantitative analysis was done by assessing the density of 

tumor staining corrected for background in each panel using Corel PhotoPaint 8.0 software. Each 

graphical figure represents the mean ± S.E.M. corrected density of tumor staining within the 

respective images.  

Lectin histochemistry staining was used to determine the presence of the characteristic 

α2,3-SA and α2,6-SA expression in human pancreatic PANC1 and triple negative breast MDA-

MB231 tumors removed at necropsy from tumor-bearing RAG2xCγ double mutant mice, which 

had received various treatments (50 mg/kg OP for PANC1 and 30 mg/kg OP for MDA-MB231 or 

untreated). The RAG2xCγ double mutant mice were implanted cutaneously with 1×106 cells and 

OP treatment was started 10 days post-implantation for MDA-MB231199 and 16 days for PANC1 

tumor xenografts. Tumor sections were deparaffinized, heated for 10 minutes in citrate buffer for 

antigen retrieval, rinsed three times in PBS, and blocked in 1% BSA for 2 hours. Sections were 

then incubated with biotinylated MAL-II or biotinylated SNA overnight, followed by incubation 

with avidin fluorescein for 2 hours. Coverslips were added using DAKO fluorescent mounting 

medium. Background fluorescence control sections were prepared without biotinylated lectins. 

Tissue sections were visualized and photographed using a Zeiss Image M2 microscope at 200× 

magnification. 

4.3.6 WST-1 Assay 

The WST-1 assay was performed as previously described (Chapter 3, Materials and 

Methods). Briefly, the WST-1 assay is a measure of cell viability based on the reduction of a 

tetrazolium compound to a soluble derivative. The absorbance recorded at 450 nm is directly 

proportional to the number of living cells in culture. At 80%–90% confluence, cells were added 

to 96-well plates at a density of 5,000 cells/well and incubated overnight. They were then 

exposed to increasing concentrations of OP or left untreated as controls for 24, 48, and 72 hours. 
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Absorbance readings were taken at 0, 24, 48, and 72 hours by adding WST-1 as a cell 

proliferation reagent to each well (10% WST-1 in DMEM) followed by incubation at 37°C for 2 

hours before reading at the indicated time points. Cell viability was presented as a percentage of 

control and illustrated as a bar graph using GraphPad Prism software. 

4.3.7 Statistical Analyses 

Graphing and statistical analysis were carried out using GraphPad Prism. Results were 

compared by a one-way ANOVA at 95% confidence using Bonferroni’s multiple comparison test 

or unpaired t-test. 

 

4.4 RESULTS 

4.4.1 Viability of A2780, cisplatin-resistant A2780cis, A2780 shRNA Snail and A2780 

shRNA Slug cells treated with oseltamivir phosphate using the WST-1 assay. 

To test the effects of OP on the cell viability of A2780 and cisplatin-resistant A2780cis 

cells in vitro, cells were incubated in 96-well plates (5,000 cells/well) and allowed to adhere for 

24 hours in DMEM containing 10% FCS. The medium was replaced with fresh media containing 

indicated concentrations of pure OP for 24 and 48 hours. Cell viability as a percentage of control 

± S.E.M. of triplicate values was determined using the WST-1 cell proliferation assay.  

Results indicate that treatment of these ovarian cancer cell lines with OP reproducibly 

and dose-dependently decreased the cell viability (as a percentage of untreated control) with an 

LD50 of 7 µM for A2780 cells (Figure 4.1A) and 4 µM for A2780cis cells (Figure 4.1B) after 48 h 

of incubation. We also tested the in vitro effects of OP therapy on cell viability using the A2780 

shRNA Snail and shRNA Slug cell clones. Our data indicate that OP treatment reproducibly 

decreased the cell viability with an LD50 of >488 µM for both A2780 shRNA Slug cells (Figure 
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4.1C) and A2780 shRNA Snail cells (Figure 4.1D) after 48 h of incubation. It is noteworthy that 

the OP LD50 value of 4 µM for the cisplatin-resistant A2780cis cells was approximately 2-fold 

lower than that for the parental A2780 cell line, suggesting that A2780cis cells in the presence of 

OP may become more sensitive to the chemotherapeutic agent, resulting in decreased viability.  

4.4.2 Cell viability of A2780 cells treated with OP at indicated doses in combination with 

chemotherapeutic agents. 

Using the WST-1 assay, the cell viability of A2780 cells treated with different dosages of 

OP in combination with 1 µM of cisplatin, 5-FU, gemcitabine and paclitaxel was compared with 

that of the monotherapy of the chemotherapeutics alone. The data in Figure 4.2 show that for the 

combination with cisplatin and 5-FU, only OP dosage ≥600 µg/mL reduced cell viability after 72 

hours compared to monotherapy, while OP does not significantly affect the activity of either 

gemcitabine or paclitaxel, when compared to the cell viability after single chemo-drug treatment. 

4.4.3 Targeting Neu1 with OP attenuates host CD31+ but does not suppress tumor growth 

or vascularization in heterotopic xenografts of A2780 cells in RAGxCγ double mutant 

mice. 

Due to the abnormal tumor vasculature, we also immunostained paraffin-embedded 

tumors from each mouse for host endothelial cell marker CD31/PECAM-1. The data in Figure 

4.3A show extensive migration of host CD31+ cells in the tumors for the untreated and 30 mg/kg 

OP-treated cohorts. In cohorts treated with 50 mg/kg OP, we observed markedly decreased host 

CD31+ cells in the tumor tissues. Treatment with 30 and 50 mg/kg of soluble OP in sterile saline 

with daily injections intraperitoneally at day 7 post-implantation when the tumor volume reached 

50 mm3 did not attenuate the aggressive tumor vascularization with skin lesions (Figure 4.4), nor 

the tumor growth (data not shown). The treatment regimen with OP was based on previously 

reported results on pancreatic cancer85 and breast epithelial triple negative carcinoma199 (see 
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Chapter 3). It is proposed that OP treatment regimen for cancers with robust tumor 

vascularization requires higher doses for attenuating tumor growth as shown by results for 

pancreatic cancer85. 

4.4.4 Slow-release OP-encapsulated PLGA cylinders impede tumor vascularization, growth, 

and invasiveness in heterotopic xenografts of PANC1 tumors in RAGxCγ mice. 

At necropsy, it was observed that the treatment of tumor-bearing mice with PLGA-OP 

cylinders at day 35 attenuated tumor vascularization (Figure 4.5C) compared with the untreated 

control cohort (Figure 4.5A). Paraffin-embedded tumors were immunostained for host endothelial 

cell marker CD31/PECAM-1, as well as human E- and N-cadherin expression. Immunostained 

images (Figure 4.5A–C) and results from image analysis (Figure 4.5D) show an increased 

migration of host CD31+ cells to the tumors with the untreated control cohort, but significantly 

reduced host CD31+ cells for the blank PLGA and PLGA-OP treated cohorts.  

Significantly high levels of tumor human E-cadherin expressions were observed with 

PLGA and PLGA-OP cohorts, with concomitant reduced N-cadherin levels for the PLGA-OP 

compared with the untreated cohort. Because blank PLGA had no effect on cell viability in vitro 

(data not shown), it is suggested that PLGA cylinders implanted proximal to the tumor site may 

have physically impeded PANC1 tumor growth. However, further work is needed to corroborate 

these findings. 

4.4.5 OP treatment encapsulated in PLGA cylinders reduces metastasis to the liver and 

lungs in heterotopic xenografts of PANC1 tumors in RAGxCγ mice. 

Necropsy live livers (Figure 4.6A) and lungs (Figure 4.6B) were lacking visible tumor 

nodules for the blank PLGA and PLGA-OP treated cohorts compared with extensive visible 

tumors for the untreated controls. There were neither tumor nodules nor metastatic clusters of 

cancer cells found in the livers nor lungs in PLGA-OP treated mice. Thus, both blank PLGA and 
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PLGA-OP treatments markedly attenuated the metastatic spread of PANC1 cancer cells to the 

lungs and liver compared with extensive evidence of metastatic spread in the untreated cohort. 

Lack of metastatic spread to the lung and liver following PLGA treatment may be due in part to a 

disrupted tumor vasculature development and reduced host CD31+ endothelial cell migration. 

4.4.6 Sialylation of cell surface glycoproteins in PANC1 and MDA-MB231 tumor xenografts 

in RAGxCγ mice. 

Levels of α2,6-linked sialic acid (SA) and α2,3-SA expression were analyzed in tumor-

derived sections of PANC1 (Figure 4.7A-C) and MDA-MB-231 (Figure 4.7D-F) tumor 

xenografts growing in RAGxCγ double mutant mice. Cohorts were treated with 50 mg/kg OP and 

were analyzed in comparison to their respective, untreated cohorts. Since OP has been shown to 

affect α2,3-SA expression in PANC1 and MCF-7 cell lines, paraffin-embedded tumor sections 

were investigated for differences in α2,6-SA and α2,3-SA expression levels. Using fluorescence 

histochemical staining, tumors from OP-treated mice bearing both PANC1 (Figure 4.7B) and 

MDA-MB-231 (Figure 4.7E) tumor xenografts demonstrated significantly elevated expression of 

α2,3-SA compared with the untreated control (Figure 4.7A, 4.7D). Sections with no primary 

antibody added (background fluorescence control) demonstrated minimal non-specific staining. 

These findings are consistent with the role of OP on the inhibition of Neu1 sialidase-mediated 

cleavage of terminally linked α2,3-SA on glycoproteins. Thus, Neu1 blockade results in a 

retention of α2,3-SA residues linked to cell surface glycosylation on PANC1 and MDA-MB231 

cancer cells in vivo. 
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4.5 DISCUSSION 

Findings in this report demonstrate that inhibition of Neu1 using oseltamivir phosphate 

can target and suppress mitogenic signaling in models of human cancer, and that the 

transcriptional regulation of MMP9 expression by Snail is implicated in this process. In ovarian 

cancer cell lines, OP treatment dose-dependently decreased the cell viability of A2780 cells as 

well as cisplatin-resistant cells. It is noteworthy that the OP LD50 value for A2780cis cells was 

approximately 2-fold lower than that for the parental A2780 cell line. This is consistent with our 

previous report indicating that OP treatment of cisplatin-resistant PANC1 cells (PANC1-CisR, 80 

µM cisplatin resistance) caused a significant and dose-dependent reduction of cell viability in 

vitro165, suggesting that OP treatment may re-sensitize these cells to cisplatin. We also tested the 

effects of OP on the cell viability of A2780 shRNA Snail KD and shRNA Slug KD cell clones 

and found that OP treatment dose-dependently decreased the cell viability of both cell lines after 

48 hours of incubation. The high concentrations of OP required to induce cell death in these 

A2780 Snail/Slug KD cells is surprising. These findings may be partly explained by the fact that 

MMP9 activity is required for Neu1 sialidase61,116,217,218, and that the transcriptional repression of 

MMP9 in Slug/Snail KD cells may be limiting the effects of OP on Neu1. When used in 

combination with gemcitabine or paclitaxel, OP did not significantly enhance the efficacy of 

either drug, in comparison to the effect of each drug alone. Interestingly, OP (≥ 600µg/mL), in 

combination with cisplatin or 5-FU, significantly reduced cell viability in A2780 cells after 72 

hours in vitro, in comparison to the effect of each drug alone.  

The anti-tumor activity of OP was also investigated in RAGxCγ mice bearing ovarian 

A2780 tumor xenografts. In comparison to untreated mice, tumor growth was not significantly 

reduced by 30 or 50 mg/kg OP treatment. However, 50 mg/kg OP-treated A2780 tumors were 

significantly hypovascularized in comparison to untreated tumors, apparent in the live necropsy 
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of tumors as well as by the decreased expression of CD31+ murine endothelial cells present in the 

primary tumor. We also examined tumor progression in mice inoculated with ovarian A2780 WT 

(no shRNA KD), Snail shRNA KD and Slug shRNA KD cancer cells. Remarkably, 3 out of 4 

mice inoculated with Snail KD cells did not develop detectable tumors, and the single palpable 

Snail KD tumor was distinctly smaller in size and hypovascularized in comparison to WT and 

Slug KD tumors. Furthermore, all four mice inoculated with Snail KD cells were devoid of 

metastases to the lungs. We did not observe similar findings in A2780 Slug shRNA KD tumor 

xenografts. Although Slug KD tumors were also hypovascularized as indicated by the low 

expression of CD31+ murine endothelial cells, tumor volumes were substantial and comparable 

to A2780 WT tumors. Slug KD tumors also contributed to metastatic spread to the lungs, similar 

to WT tumors.  

Collectively, these findings suggest that Snail, and not Slug, plays a more dominant and 

multifunctional role in regulating the growth, metastasis and vascularization of ovarian A2780 

tumor progression in vivo. Indeed, clinical studies report a significant correlation between Snail 

expression and cancer prognosis in patients203,219-222. Others demonstrate an important role for 

Snail in the repression of E-cadherin and consequent potentiation of EMT192,196. Alternatively, the 

less prominent role of Slug may be due to the fact that it is a highly unstable transcriptional 

repressor. Reports indicate that partner-of-paired (Ppa) can bind to Slug and promote its 

degradation223,224. Other lines of evidence suggest that Slug requires the expression of Snail in 

order to downregulate E-cadherin and trigger EMT223. In renal cell carcinomas, siRNA silencing 

of Snail led to the downregulation of MMP2 and MMP9, upregulation of E-cadherin, and 

inhibition of cell invasion in vitro, whereas siRNA for Slug did not show similar effects195. The 

relationship between Snail and MMP9 expression has also been described. Jorda et al. suggest 

that Snail regulates the promoter activity and expression of MMP9 through PI3K/MAPK 

signaling in epithelial MDCK cells196. Jin et al. showed that Snail may also control the proteolytic 
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activity of the MMPs that contribute to the phenotypic changes associated with EMT and 

invasion192. Knockdown of Snail not only reduced MMP2 expression, but it also suppressed the 

gelatinolytic activity of MMP2 and MMP9 in vitro, and inhibited the activity of MMP2 in vivo192. 

Our findings provide additional evidence for the Snail-MMP9 signaling axis that facilitates tumor 

progression, particularly in the regulation of ovarian cancer cell proliferation, tumor growth, 

vascularization and metastasis of A2780 ovarian carcinoma.  

We also explored the metronomic controlled release of OP from a biodegradable PLGA 

cylinder implanted at the tumor site of RAGxCγ mice bearing PANC1 tumor xenografts. Here, 

we used a novel design to encapsulate water soluble, low molecular weight OP into PLGA 

cylinders. The benefit of this fabrication process is essentially full encapsulation efficiency of the 

drug, stable preparations, and extended term, sustained release profiles. When 20 mg OP 

cylinders were surgically implanted near the tumor site, tumor growth was blocked over a 30-day 

period, corresponding to the period of OP release observed in vitro. Beyond 30 days post-

implantation, tumor volume began to increase for 12 days, then stabilized until the end of the 

experiment. For blank (empty) PLGA cylinders, there was a sharp increase in tumor volume, 

directly paralleling the no-treatment control in the 20 days post-implantation. After 30 days, 

tumor volumes of no-treatment controls continued to increase, while tumor volumes for the blank 

PLGA cohort remained stagnant for the remainder of the experiment to day 86, 52 days post-

implantation. While it is clear that released OP is arresting tumor growth, it is apparent that blank 

PLGA is also to some extent impacting tumor progression, yet to a much lesser extent than 

observed with PLGA-OP. Differences between PLGA blank and no-treatment controls became 

apparent at 30 days post-implantation, at the same point when PLGA-OP cylinders could be 

expected to have depleted their content of OP. Due to the fact that blank PLGA cylinders have no 

direct effect on PANC1 cell viability in culture, the reasons for its effect on impacting tumor 

development in vivo are unclear. It is proposed that PLGA may have an effect on the tumor-
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associated vasculature. Evidence to support this hypothesis is shown in Figure 4.5B where tumor-

associated vasculature is visibly reduced or negligible, or diverted toward the PLGA polymer in 

one tumor necropsy.  

Due to the strong differences in tumor vasculature observed between the different test 

cohorts, paraffin-embedded tumors were immunostained for murine endothelial cell marker 

CD31/ PECAM-1 for angiogenesis. There was a migration of host CD31+ cells to the untreated 

tumors consistent with the vasculature and extensive tumor growth, but reduced levels were 

observed for the blank PLGA and PLGA-OP treated cohorts, consistent with the absence of 

tumor vasculature, and considerable reduction in tumor growth. The necropsy tumors from the 

PLGA-OP and blank PLGA cylinder-treated cohorts revealed significantly higher levels of 

human tumor E-cadherin compared with the untreated group, with concomitant reduction of N-

cadherin expression levels compared with the untreated group (Figure 4.5).  

Since the implanted PLGA and PLGA-OP had an inhibitory effect on tumor 

neovascularization and tumor E- and N-cadherin expressions, we also examined metastatic spread 

to the lung and liver (Figure 4.6). Necropsy liver and lung showed extensive visible tumor 

nodules for the untreated cohort. In contrast, there were few or no lung or liver, visible tumor 

nodules for the PLGA and PLGA-OP cohorts, respectively. H&E staining of necropsy liver and 

lung sections from treated and untreated mice were examined to quantify the number of 

metastatic clusters per 5 µm sections. For the blank PLGA and PLGA-OP treated cohorts, a 

significant reduction in metastatic clusters in the liver and lung was observed relative to the 

untreated cohort. The lack of metastases observed with blank PLGA and further reduced with the 

PLGA-OP treatments may be due in part to a disruption of surrounding tumor vasculature, 

reduced host CD31+ endothelial cell migration, or a decreased expression of N-cadherin with 

concomitant increase in E-cadherin expression. 
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Due to the fact that cadherins are terminally sialylated and may act as Neu1 substrates, 

these findings suggest that OP treatment may be exerting its effects by modulating the expression 

of cell surface adhesion molecules. These findings are consistent with the known regulatory role 

of Neu1 on integrin signaling225-230, as well as our previous reports showing that OP-treatment can 

similarly modulate the expression of E- vs. N-cadherin in various cancer cell lines in vitro165. To 

elucidate these regulatory mechanisms in vivo, tumor sections from PANC1 and MDA-MB231 

tumor xenografts were analyzed for the expression of terminal α2,3 sialic acid (SA), the substrate 

for Neu1 sialidase. Indeed, in comparison to untreated PANC1 and MDA-MB231 tumors, OP-

treated tumors expressed significantly higher levels of α2,3 SA, indicating its retention and thus 

the inhibition of Neu1-mediated cleavage of terminally linked α2,3 SA from cell surface 

glycoproteins.   

The findings with the PLGA-OP cylinders impacting tumor neovascularization are 

consistent with our previous reports on molecular-targeting studies. As previously indicated, 

untreated RAGxCγ mice inoculated with A2780 ovarian166 and MDA-MB-231 triple-negative 

breast cancer cells199 demonstrated enhanced vascularization of the primary tumor. In MDA-MB-

231 tumor xenografts, OP monotherapy ablated tumor neovascularization with a concomitant 

reduction in host CD31+ endothelial cells199. These findings strongly implicate an important link 

between Snail-MMP9 signaling and the induction of Neu1 sialidase in regulating EGFR 

activation and tumor progression in vivo (proposed signaling mechanism depicted in Figure 4.8). 

In the present study, we propose that this signaling platform also regulates tumor progression in 

ovarian A2780, as well as PANC1 tumor xenografts, and implicates Neu1 as an important target 

for the treatment of cancer. 
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4.6 CONCLUSION 

The results of this study implicate a crucial role for transcriptional factor Snail in the 

regulation of ovarian tumor progression. Silencing Snail in A2780 ovarian carcinoma cells 

prevented their growth in vivo, and RAGxCγ mice inoculated with Snail KD cells did not develop 

palpable tumors nor harbor metastases. Moreover, it is known that Snail governs both the 

expression and enzymatic activity of MMP9, and that the transcriptional regulation of MMP9 by 

Snail is highly implicated in tumorigenesis and EMT. We propose here a conceptual model 

illustrating the Snail-MMP9 axis and its role in supporting mitogenic signaling, a process 

dependent on Neu1-mediated desialylation and subsequent activation of growth factor receptors 

and downstream cellular signaling (Figure 4.8).  

Furthermore, the therapeutic targeting of Neu1 with OP can be enhanced using 

implantable PLGA polymers for drug delivery. The controlled and metronomic release of OP 

using PLGA cylinders implanted at the primary tumor site represents an effective strategy for the 

treatment of pancreatic cancer in vivo. Here, we show that slow releasing OP-loaded PLGA 

cylinders can impede tumor progression. Implantation of OP-loaded cylinders resulted in the 

suppressed growth of PANC1 tumors in RAGxCγ mice, reduced vascularization and migration of 

CD31+ murine endothelial cells, and prevented the metastatic spread of pancreatic cancer cells.  
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Figure 4.1. Cell viability of (A) A2780, (B) A2780cis cells, (C) A2780 shRNA Slug and (D) 
A2780 shRNA Snail treated with OP at different doses using the WST-1 assay.  

Cells were incubated in 96 well plates (5000 cells/well) and allowed to adhere for 24 h in 1× 
DMEM media containing 10% FCS. The media were replaced with fresh DMEM media 
containing 5% FCS without or with various concentrations of OP for indicated time periods. Cell 
viability was expressed as a percent of control ± S.E.M. of triplicate values. The data are a 
representation of one out of three independent experiments showing similar results. LD50 value is 
given as µM of drug concentration as determined by WST-1 assay after 48h for each of the cell 
lines. Figure adapted from its original publication (Abdulkhalek et al. Clinical and Translational 
Medicine. 2014:3:28, p. 6, Figure 2A-D).  
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Figure 4.2. Cell viability of A2780 cells treated with OP at indicated doses in combination 
with 1 µM of cisplatin, 5-FU, gemcitabine and paclitaxel using the WST-1 assay.  

Cells were incubated in 96 well plates (5000 cells/well) and allowed to adhere for 24 h in 1× 
DMEM media containing 10% FCS. The media were replaced with fresh DMEM media 
containing 5% FCS without or with various concentrations of OP for 24, 48 and 72 hr as 
predetermined optimally. Cell viability was expressed as a percent of control ± S.E.M. of three 
independent experiments. Figure adapted from its original publication (Abdulkhalek et al. 
Clinical and Translational Medicine. 2014:3:28, p. 7, Figure 3).  
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Figure 4.3. OP treatment of RAGxCγ mice bearing heterotopic xenograft of A2780 tumors.  

A2780 cells at 0.5 × 106 in 0.2 mL were implanted cutaneously in the right back flank of these 
mice. Twice a week following implantation of the cancer cells each mouse was monitored for 
tumor volume ((width square/2) × length) at the site of implantation. Mice were treated with 30 
and 50 mg/kg of OP in sterile saline i.p. daily at day 7 post-implantation when the tumor volume 
reached approximately 50 mm3. (A) Tumor growth rates for individual mice (mouse label A1-4 
for the control cohort; B1-4, 50 mg/kg OP cohort and C1-4, 30 mg/kg cohort). Figure adapted 
from its original publication (Abdulkhalek et al. Clinical and Translational Medicine. 2014:3:28, 
p. 8, Figure 4A). 
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Figure 4.4. A2780, A2780 shRNA Snail and A2780 shRNA Slug ovarian cancer cells in 
heterotopic xenograft of tumors growing in RAGxCγ double mutant mice.  

(A) Cells at 0.5×106 in 0.2 mL were implanted cutaneously in the right back flank of these mice. 
Twice a week following implantation of the cancer cells each mouse was monitored for tumor 
volume ((width squared/2) × length) at the site of implantation. Mice were sacrificed at day 24 
post-implantation. (B) Representative tumors on the right flank of the animal, necropsy tumors 
and H&E staining of tumors; N/A, not available due to lack of tumor. (C) Paraffin-embedded 
tumor sections (5µm) on glass slides were processed for immunohistochemistry using primary 
DyLight 488 conjugated rat monoclonal anti-mouse CD31+ (PECAM-1) antibody in 1% BSA in 
PBS blocking solution and Entellan® rapid mounting media. Stained tissue sections were 
photographed using an AxioCamMRm3-2 fluorescence camera attached to a Zeiss Imager M2 
fluorescence microscope at 400× magnification. Images are representative of at least five fields of 
view from two tumor sections. Figure adapted from its original publication (Abdulkhalek et al. 
Clinical and Translational Medicine. 2014:3:28, p. 10, Figure 6B, 6C). 
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Figure 4.5. (A) Untreated control, (B) PLGA-empty, and (C) PLGA-OP (20 mg) treated 
cohorts.  

Necropsy tumors, H&E staining of tumors, and paraffin-embedded tumor sections (5 µm) on 
glass slides were processed for immunohistochemistry using primary DyLight 488-conjugated rat 
monoclonal anti-mouse CD31+ (PECAM-1) antibody, primary anti-E-cadherin, and N-cadherin 
antibodies followed with polyclonal goat anti-rabbit Alexa Fluor® 488 secondary antibody and 
Entellan® rapid mounting media. Background control (not shown) sections were prepared 
without the primary antibodies and relative staining density was 2–4×105. The bar on the stained 
tissue sections represents 200 µm. Images are representative of at least five fields of view from 
two tumor sections. (D) Quantitative analysis was done by assessing the density of tumor staining 
corrected for background in each panel using Corel Photo Paint 8.0 software. Each symbol in the 
figure represents the mean ± S.E.M. corrected density of tumor staining within the respective 
images. Statistical analysis using unpaired t-test was carried out using GraphPad Prism and 
results were compared with the untreated cohort. Figure adapted from its original publication 
(Hrynyk et al. Drug Design, Development and Therapy. 2015:9, p. 4581, Figure 4A-D). 
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Figure 4.6. Necropsy liver (A) and lung (B).  

RAGxCγ double mutant mice were implanted with 0.5×106 PANC1 pancreatic cancer cells 
subcutaneously on the rear flank and PLGA-empty and PLGA-OP (20 mg)-loaded cylinders were 
surgically implanted at day 35 post-implantation when tumors reached 100–120 mm3. Paraffin-
embedded tissue sections (5 µm) on glass slides were processed for he staining for each mouse 
necropsied at end point of the study. Stained tissue sections were photographed using a Zeiss 
Imager M2 fluorescence microscope at 400× magnification. Images are representative of at least 
five fields of view from two tissue sections. Metastatic tissue clusters were microscopically 
counted per tissue sections (5 µm) and average count per treatment group was plotted in the graph 
± S.E.M. and analyzed using GraphPad Prism. Figure adapted from its original publication 
(Hrynyk et al. Drug Design, Development and Therapy. 2015:9, p. 4583, Figure 6A, 6B). 
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Figure 4.7. Fluorescence histochemical detection of α-2,3 SA and α-2,6 SA expressions in 
PANC 1 and MDA-MB231 tumor xenografts growing in RAGxCγ double mutant mice.  

Mice were implanted with 1 × 106 PANC1 or MDA-MB231 cells cutaneously on the rear flank 
and OP treatment at indicated dosages began at 22–23 days post implantation when tumors 
reached 100–200 mm3. Paraffin-embedded tumor sections (5 µm) on glass slides were processed 
for lectin histochemistry using biotinylated MAL II and SNA followed with avidin fluorescein 
and fluorescence mounting media. Tissue sections were visualized and photographed using a 
Zeiss Imager M2 fluorescence microscope at 200× magnification. Images are representative of at 
least five fields of view from two tumor sections and fluorescence intensity ± S.E.M. was 
quantified using Corel PhotoPaint and analyzed with GraphPad Prism. Figure adapted from its 
original publication (Akasov et al. Oncotarget. 2016:7:40, p. 66128, Figure 8). 
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Figure 4.8. Graphical abstract of the Snail and MMP-9 signaling axis in facilitating a 
neuraminidase-1 (Neu1) and matrix metalloproteinase-9 (MMP-9) crosstalk in regulating 
receptor tyrosine kinases (RTKs) in cancer cells to promote tumor neovascularization.  

For ovarian cancers, Snail and MMP-9 expressions are closely connected in similar invasive 
tumor processes. Snail induces MMP-9 secretion via multiple signaling pathways, but particularly 
in cooperation with oncogenic H-Ras (RasV12), Snail leads to the transcriptional up-regulation of 
MMP-9. This Snail-MMP-9 signaling axis is the connecting link in promoting growth factor 
receptor glycosylation modification involving the subsequent receptor-signaling platform of a 
Neu1-MMP-9 crosstalk at the ectodomain of RTKs. Activated MMP-9 is proposed to remove the 
elastin-binding protein (EBP) as part of the molecular multi-enzymatic complex that contains β-
galactosidase/Neu1 and protective protein cathepsin A (PPCA). Activated Neu1 hydrolyzes α-
2,3-sialic acid residues of RTKs at the ectodomain to remove steric hindrance to receptor 
association and activation. This process sets the stage for Snail’s role in tumor 
neovascularization. Abbreviations: GPCR, G-protein coupled receptor; PI3K, 
phosphatidylinositol 3-kinase; GTP, guanine triphosphate; EBP, elastin binding protein; PPCA, 
protective protein cathepsin A. Figure modified from its original publication (Abdulkhalek et al. 
Clinical and Translational Medicine. 2014:3:28, p. 14, Figure 9). 
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Chapter 5  

GENERAL DISCUSSION 

 

Summary of Research Findings and Significance 

5.1 Molecular Mechanisms Regulating Insulin Receptors 

This report is the first to show the important regulatory role of GPCR Gα protein 

signaling in the induction of Neu1 sialidase activity, and consequent activation of human insulin 

receptors in vitro. Previous studies have described the requirement of receptor desialylation for 

the ligand-induced activation of insulin receptors, specifically for downstream tyrosine kinase 

phosphorylation. Others studies have also described a GPCR-IR crosstalk that regulates the 

functions of these receptors, reporting that GPCR agonists are able to transactivate IR and vice 

versa. However, the precise molecular mechanisms regulating these transactivation events 

remained unclear. Here, we postulated that GPCR complexes implicated in crosstalk with IR may 

induce Neu1 sialidase activity prerequisite for IR desialylation. Indeed, we show that GPCR 

agonists bradykinin, angiotensin I and angiotensin II are able to dose-dependently induce Neu1 

sialidase activity in IR-expressing hepatoma cell lines. Importantly, this effect was blocked by 

neuromedin B GPCR inhibitor BIM-23127 as well as Neu1 inhibitor OP. Downstream of Neu1, 

western blot and immunofluorescence analyses indicated that these GPCR agonists significantly 

induced phosphorylation of IRβ and insulin receptor substrate-1 (IRS-1) in vitro. Among these, 

angiotensin II was found to be the most potent GPCR agonist capable of promoting IRβ 

phosphorylation in HTC-IR cells, consistent with several other reports describing the role of the 

angiogensin II (type 1) GPCR on the transactivation of insulin receptors. Thus, we identify an 
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important cell surface-signaling axis regulating IR activation, characterized by GPCR-induced 

Neu1 sialidase activity and subsequent IR desialylation potentiating its TK phosphorylation. 

 

5.2 Therapeutic Targeting of Neu1 in Cancer 

5.2.1 Triple-Negative Breast Adenocarcinoma 

TNBCs lack several growth factor receptors and cannot be treated by receptor-targeted 

therapies used in other breast cancers. Currently, there are no targeted treatments available for 

TNBC. Here, we investigated the effect of OP on the viability of MDA-MB-231 and MCF-7 

breast cancer cell lines, as well as the efficacy of OP monotherapy in RAGxCγ mice bearing 

MDA-MD-231 tumor xenografts.  

Consistent with previous reports, OP, anti-Neu1 antibodies, and MMP9 inhibitors were 

able to block Neu1 activity associated with EGF-stimulated cells. OP treatment on TNBC cell 

lines cells, as well as their tamoxifen-resistant counterparts, dose-dependently reduced Neu1 

sialidase activity associated with EGF-stimulation. Common chemotherapeutics including 

cisplatin, 5-FU, paclitaxel, gemcitabine or tamoxifen used in combination with OP was found to 

significantly reduce cell viability in vitro in comparison to each agent alone. Heterotopic 

xenografts of MDA-MB-231 tumors treated with OP (30 mg/kg/day IP) demonstrated 

significantly reduced tumor volumes and final tumor weight, and prevented metastasis to the 

lungs, compared with the untreated cohorts. OP treatment at 50 mg/kg was found to completely 

ablate tumor vascularization, tumor growth and spread to the lungs, with significant long-term 

survival at day 180 post-implantation and no detectable relapse after 56 days when OP treatment 

was ceased. Finally, OP-treated tumors expressed significantly reduced levels of N-cadherin and 

host CD31+ endothelial cells with concomitant significant expression of E-cadherins compared to 

the untreated cohorts, implicating the effect of OP on suppressing EMT and tumor angiogenesis. 
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5.2.2 OP Treatment in A2780 Ovarian Carcinoma and PANC1 Tumor Xenografts 

We have also investigated the effect of OP treatment on A2780 ovarian carcinoma and 

PANC1 pancreatic cancer cell lines as well as tumor xenografts in RAGxCγ mice. Our findings 

indicate that overall outcomes were improved in OP-treated mice, indicated by a decrease in 

tumor volumes and vascularization, and reduced rates of metastasis to the liver and lungs. 

However, important differences were noted between OP-treated A2780 vs. PANC1 tumor 

xenografts, in comparison to untreated controls.  

OP treatment alone was found to inhibit cancer cell proliferation and reduce cell viability. 

Notably, OP treatment re-sensitized drug resistant A2780 cells to various chemotherapeutics in 

vitro, consistent with a previous report by O’Shea et al. showing that OP-treated PANC1 cells 

initially resistant to gemcitabine (PANC1-GemR) became chemosensitive to gemcitabine. OP 

treatment was also found to attenuate A2780 tumor vascularization, indicated by decreased 

expression of murine endothelial marker CD31/PECAM-1 in primary tumors. In comparison to 

untreated mice, A2780 tumor xenografts treated with 50 mg/kg OP harbored no metastasis to the 

lungs. Due to the essential role of MMP9 elastase in the activation of Neu1, we also investigated 

the effect of Slug and Snail transcriptional regulators of MMP9 on A2780 tumor progression. We 

found that mice inoculated with A2780 Snail shRNA KD cells did not develop palpable tumors. 

However, A2780 Slug KD tumor xenografts were comparable in size to A2780 WT tumors, 

although exhibited reduced expression of CD31+ murine endothelial cells within the primary 

tumor, as well as reduced pulmonary metastases.  

OP treatment of PANC1 pancreatic tumor xenografts was also investigated. Here, we 

employed PLGA polymers as OP-encapsulating drug-delivery systems that were implanted at the 

primary tumor site in mice once PANC1 tumors were palpable. In comparison to untreated mice, 

PANC1 tumor volume and vascularization were reduced in OP-treated mice. Expression of E-

cadherin was elevated in OP-treated mice, with a concomitant downregulation of N-cadherin. 
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5.3 OP Modulates the Host Pro-Inflammatory and Angiogenic Cytokine Profile 

Important research findings pertinent to the regulatory role of Neu1 have not been 

included in this thesis but can help explain some of the effects of OP treatment. Specifically, we 

have shown that the inhibitory targeting of Neu1 using OP is able to significantly modulate the 

host pro-inflammatory and angiogenic cytokine response in RAG2xCγ mice bearing MiaPaca2 

tumor xenografts. Using multi-plexed bead based immunoassays, we analyzed the circulating 

levels of serum molecules from mice pre- and post-implantation of tumor xenografts.  

Notably, we found that OP treatment resulted in a significant reduction in the circulating 

serum levels of host pro-inflammatory cytokines, specifically IL-1β, IL-10, GM-CSF, IFN-γ, and 

TNF-α. Circulating levels of IL-2, IL-4 and IL-5 were negligible, and analyzed as confirmatory 

negative controls for immunodeficiency in the RAG mouse model. OP treatment also modulated 

the circulating concentration of serum angiogenic signaling molecules IL-15, IL-18, FGF, LIF, 

M-CSF, MIG, MIP-2, PDGF-BB and VEGF.  

 

5.4 Future Directions 

To build our understanding of the role of Neu1 and oseltamivir phosphate in cancer cell 

signaling, tumor development and immune-mediated tumorigenesis, a number of future studies 

are proposed. The effect of OP has not yet been studied using cellular migration/invasion assays 

in vitro. Although several groups investigate the sialosignaling of cancer cells, these studies focus 

on ER-localized sialyltransferase enzymes, but not sialidases. Future work may be benefit from 

analyzing the effect of OP on cancer cell lines and their ability to migrate through a plate scratch 

wound. It would also be interesting to detect potential differences in sialic acid linkages 

expressed on the cell surface of pancreatic cancer cell lines and compare the expression of these 

specific glycans among various cancer cell lines, including drug-resistant cell lines (eg. parental 
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PANC1 vs. gemcitabine resistant PANC1-GemR cells). More specifically, it may be important to 

assess whether cancer cells preferentially express α2,6- or α2,3-linked sialic acid on their cell 

surface, as the relative levels of these linkages has been associated with differential cancer cell 

functions, including drug resistance. This analysis can be done using biotinylated glycan-binding 

lectins, specific for distinct SA linkages. These studies would significantly improve our 

understanding of the SA-expression levels and linkage profile of cancer cells that may serve as 

substrates for plasma membrane-localized Neu1 sialidase. 

O’Shea et al. have previously shown that PANC1-GemR cells can become re-sensitized 

to gemcitabine upon treatment with low concentrations of OP in vitro. Based on the other reports, 

acquired resistance to gemcitabine by cancer cells is induced by the decreased expression of cell 

surface drug transporter, human equilibrative nucleoside transporter-1 (hENT1). hENT1 is a 

membrane facilitative transporter responsible for the direct entry of the hydrophilic drug into 

cancer cells. Indeed, it would be beneficial to investigate the expression of hENT1 on pancreatic 

cancer cell lines and compare relative differences among PANC1- and –GemR cells, and 

subsequently determine if OP treatment is able to modulate hENT1 expression.  

5.4.1 Future Clinical Studies 

As previously mentioned, we have previously found that OP treatment is able to 

modulate the host pro-inflammatory and angiogenic cytokine profile in RAGxCγ mice bearing 

tumor xenografts. Thus, it would be interesting to conduct future experiments to characterize the 

immune serum cytokine levels of cancer patients and better understand its relevance to disease 

progression and response to therapy. Our preliminary work has begun to analyze and characterize 

serum samples collected from patients pre- and post-surgical resection of primary tumors, with 

the aim of understanding the effects of surgery on cancer progression and tumor immunology.  

The data in Figures A.3.-A.21. illustrate some of these preliminary findings and future work is 
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necessary to better understand the role of growth factors, chemokines and cytokines that 

orchestrate surgical wound healing and may promote residual disease progression, tumor growth, 

angiogenesis and/or metastasis. These factors include serum MMP9 (Figure A.3.), placental 

growth factor (PLGF) (Figure A.4.), hepatocyte growth factor (HGF) (Figure A.5.), epidermal 

growth factor (EGF) (Figure A.6.), insulin-like growth factor I (IGF-I) (Figure A.7.), IL-6 (Figure 

A.8.), IL-1α (Figure A.9.), IL-1β (Figure A.10.), tumor necrosis factor (TNF)-α (Figure A.11.), 

leukemia inhibitory factor (LIF) (Figure A.12.), transforming growth factor (TGF)-β1 (Figure 

A.13.), stromal cell-derived factor (SDF)-1αβ (Figure A.14.), monocyte chemoattractant protein 

(MCP)-2 (Figure A.15.), MCP-1 (Figure A.16.), IL-8/CXCL8 (Figure A.17.), VEGF (Figure 

A.18.), FGF-2 (Figure A.19.), PDGF-AA (Figure A.20.) and PDGF-BB (Figure A.21.). 

Our preliminary results suggest a transient shift in distinct serum cytokine levels during 

the perioperative period. Insight into the effects of primary tumor removal and surgical wound 

healing on the behaviour of residual disease may uncover a better approach to the timing, 

duration and design of perioperative or adjuvant therapies. Despite the need for further work to 

substantiate these findings, these data pave the way for future studies that may implement OP in a 

timely way to effectively target immune-mediated tumor growth and angiogenesis. 

 

5.5 Concluding Remarks 

In conclusion, the findings in this report demonstrate the important regulatory role for 

Neu1 in cancer cell signaling and proliferation. Previous reports, as well as emerging evidence 

from our group, also implicate Neu1 in propagating pro-inflammatory pathways known to drive 

immune-mediated tumorigenesis and tumor-associated inflammation. Collectively, this research 

provides important insight into the novel targeting of tumor-promoting pathways via Neu1 

sialidase, and allow us to better understand complex cancer development. 
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Figure A.1.  96-well plate map for multi-plex immunoassay. 

Whole blood was centrifuged at 2490 RCF for 10 minutes to isolate serum. Serum was then 
pipetted into 8-10 microcentrifuge tubes and was assayed immediately or aliquotted and stored at 
-20°C. Samples with multiple (>2) freeze/thaw cycles were not assayed. Thawed samples were 
vortexed and centrifuged prior to the assay to remove particulates. Briefly, a 96-well optical plate 
was washed with 200 µL of Wash Buffer (provided) into each well of the plate, sealed and mixed 
on a plate shaker for 10 minutes at room temperature. Wash buffer was then decanted and 
residual buffer was removed by inverting the plate onto absorbent paper towel. 25 µL of each 
Standard or Quality Control was added into the appropriate wells. 25 µL of assay buffer was 
added to all the serum sample wells. 25 µL of appropriate serum matrix solution was added to the 
background, standards, and control wells. 25 µL of serum sample was then added into the 
appropriate wells. Magnetic beads were vortexed and 25 µL of the mixed beads were added to 
each well. The plate was then sealed, covered in foil and incubated with agitation on a plate 
shaker overnight at 4°C. The next day, the plate was magnetized for 1 minute, well contents were 
gently decanted and plate was washed with wash buffer. Detection antibodies were then warmed 
to room temperature and 25 µL was added into each well and the plate was then incubated for 1 
hour at room temperature. 25 µL of streptavidin-phycoerythrin was then added to each well 
containing the 25 µL of detection antibodies, and the plate was incubated for 30 minutes at room 
temperature with agitation on a plate shaker. The plate was then magnetized for 1 minute and 
washed. 150 µL of Sheath Fluid was added to all wells and beads were resuspended on a plate 
shaker for 5 minutes prior to plate reading.  
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Figure A.2. Preparation of human cytokine standards and quality controls. 

Prior to use, the provided Human Cytokine Standard was reconstituted with 250 µL deionized 
water to give a 10,000 pg/mL standard concentration for each analyte. The vial was inverted and 
vortexed for 30 seconds and allowed to sit for 5-10 minutes and then transferred to a microfuge 
tube. The 10,000 pg/mL standard was serially diluted in assay buffer to prepare working 
standards at 2,000, 400, 80, 16, and 3.2 pg/mL used to generate a standard curve for each analyte. 
Assay buffer alone was used for the 0 pg/mL standard. Serum samples were run neat (no dilution 
required) or diluted with provided serum matrix as the diluent. Dilution factor varied per analyte. 
To prepare antibody-immunobilized beads, bead bottles were sonicated for 30 seconds and 
vortexed for 1 minute before use. 60-70 µL from each antibody bead vial was diluted with bead 
diluent in a mixing bottle as per manufacturer’s instructions and brought to a final volume of 3.0 
mL and vortexed for 1 min. Quality Controls (QC) were prepared by reconstituting QC-1 and 
QC-2 vials provided with 250 µL deionized water. Each vial was inverted several times to mix 
and vortexed. The vial was then left for 5-10 minutes to completely dissolve and then transferred 
to the appropriately labeled bottles. 10X wash buffer provided was brought to room temperature 
and diluted in deionized water for use as 1X wash buffer. 1.0 mL deionized water was added to 
lyophilized serum matrix and left to sit for at least 10 minutes for complete reconstitution.  

EMD Millipore’s MILLIPLEX MAP Human Cytokine/Chemokine (Cat: HCYTOMAG-60K), 
and the Human Angiogenesis/ Growth Factor (Cat: HAGP1MAG-12K) magnetic bead panel kits 
and Human Cytokine Standards provided were used for generating each standard curve. The plate 
was assayed using Luminex 200™ with xPONENT software. The Median Fluorescent Intensity 
(MFI) data was analyzed and recorded using a linear or 5-parameter logistic best-fitting curve for 
calculating analyte concentrations in each well. For diluted serum samples, the calculated 
concentration was multiplied by the dilution factor. 
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Figure A.3. Serum levels of matrix metalloproteinase-9 (MMP9) in surgical cancer patients 
during the perioperative period.  

Breast cancer patients demonstrate significantly elevated overall MMP9 levels in comparison to 
prostate cancer patients (p<0.02). In colorectal cancer, patients exhibited a significant increase in 
serum MMP9 two hours after surgery in comparison to pre-surgery levels (p<0.017, n=12). 
Although not significant, there also appears to be a post-operative increase in MMP9 serum levels 
in breast (n=14) and prostate cancer patients (n=9). Combined patient analysis (not shown) also 
shows a significant increase in serum MMP9 two hours after surgery in comparison to pre-
surgery levels (n=35, p<0.008), however, MMP9 levels quickly returned to baseline within 24-48 
hours after surgery. All patient samples were assayed in duplicate and mean serum analyte levels 
were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.4. Serum levels of placental growth factor (PLGF) in surgical cancer patients 
during the perioperative period.  

Breast cancer patients (n=14) demonstrate significantly attenuated overall PLGF levels in 
comparison to prostate cancer patients (n=10, p<0.0001), as well as colorectal cancer patients 
(n=12, p<0.0001). There is no discernable trend in PLGF levels in breast or colorectal cancer 
patients. Prostate cancer patients exhibited a significant increase in PLGF levels 24 hours 
(p=0.0005) and 48 hours (p=0.0008) after surgery in comparison to pre-surgery levels. Combined 
patient analysis (n=36) indicates a significant increase in serum PLGF 24 hours (p<0.04) and 48 
hours (p<0.03) after surgery in comparison to pre-surgery levels (not shown). All patient samples 
were assayed in duplicate and mean serum analyte levels were graphed in pg/mL ± S.E.M. 
Results were analyzed using GraphPad Prism. 
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Figure A.5. Serum levels of hepatocyte growth factor (HGF) in surgical cancer patients 
during the perioperative period. 

Colorectal cancer patients exhibit higher levels of serum HGF in comparison to breast cancer 
patients (p=0.036). There is a trending but non-significant increase in serum HGF in breast 
(n=28) and prostate cancer patients (n=13) after surgery. Colorectal cancer patients (n=27) also 
demonstrated the greatest post-operative increase in serum HGF 24 hours after surgery 
(p<0.0001). Combined patient analysis (not shown) shows a significant increase in serum HGF 
levels 24 hours after surgery in comparison to pre-surgery levels (n=68, p<0.0001). HGF levels 
remained significantly elevated 48 hours (p=0.0137) and 72 hours (p=0.039) after surgery and 
returned to baseline approximately 1 week after surgery. All patient samples were assayed in 
duplicate and mean serum analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed 
using GraphPad Prism. 
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Figure A.6. Serum levels of epidermal growth factor (EGF) in surgical cancer patients 
during the perioperative period. 

There is no significant difference in serum EGF levels measured between breast (n=13), 
colorectal (n=11) or prostate cancer patients (n=5). Combined patient analysis (not shown) 
indicates a noteworthy but non-significant decrease in serum EGF levels approximately 24 hours 
after surgery (n=29), and EGF levels appeared to return to baseline approximately 72 hours after 
surgery. All patient samples were assayed in duplicate and mean serum analyte levels were 
graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.7. Serum levels of insulin-like growth factor-I (IGF-1) in surgical cancer patients 
during the perioperative period. 

Breast cancer patients demonstrated significantly higher overall IGF-1 serum levels in 
comparison to prostate (p<0.0001) and colorectal cancer patients (p<0.0001). Despite an apparent 
post-operative decrease, there was no significant trend in serum levels of IGF-1 noted in breast 
cancer patients (n=13), nor prostate cancer patients (n=5). Among each cancer type, colorectal 
cancer patients demonstrated the most significant post-operative decrease in serum IGF-1, 
particularly 72 hours after surgery (n=12, p<0.0001). Combined patient analysis (not shown) 
indicates a significant decrease in serum IGF-1 approximately 72 hours after surgery in 
comparison to pre-surgery levels (n=30, p=0.0392), quickly returning to baseline 2-4 weeks after 
surgery. All patient samples were assayed in duplicate and mean serum analyte levels were 
graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.8. Serum levels of IL-6 in surgical cancer patients during the perioperative period. 

Colorectal cancer patients demonstrated significantly higher overall IL-6 serum levels in 
comparison to breast (p=0.0006) and prostate cancer patients (p=0.0007). Despite an apparent 
post-operative increase, there was no significant trend in serum levels of IL-6 noted in breast 
cancer patients (n=31), nor prostate cancer patients (n=10). Among each cancer type, colorectal 
cancer patients demonstrated the most significant post-operative increase in serum IL-6, 
particularly 24 hours after surgery (n=25, p=0.0024). Combined patient analysis (not shown) 
indicates a significant increase in serum IL-6 approximately 24 hours after surgery in comparison 
to pre-surgery levels (n=66, p<0.0001). After this time, IL-6 levels steadily returned to baseline 
within 72 hours after surgery. All patient samples were assayed in duplicate and mean serum 
analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.9. Serum levels of IL-1α  in surgical cancer patients during the perioperative 
period. 

Colorectal cancer patients demonstrated significantly higher overall IL-1α serum levels in 
comparison to breast (p<0.0001) and prostate cancer patients (p=0.0002). Despite an apparent 
post-operative decrease in the combined serum analysis, there was no significant trend in serum 
levels of IL-1α noted in breast cancer patients (n=28), nor prostate cancer patients (n=3). 
Colorectal cancer patients (n=22) demonstrated the most significant post-operative decrease in 
serum IL-1α, particularly 24 hours (p=0.0228) and 48 hours (p=0.0211) after surgery. Combined 
patient analysis (not shown) indicates a trending but non-significant decrease in serum IL-1α 
approximately 24-48 hours after surgery in comparison to pre-surgery levels (n=53). After this 
time, IL-1α levels steadily returned to baseline within 4 weeks after surgery. All patient samples 
were assayed in duplicate and mean serum analyte levels were graphed in pg/mL ± S.E.M. 
Results were analyzed using GraphPad Prism. 
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Figure A.10. Serum levels of IL-1β  in surgical cancer patients during the perioperative 
period. 

Overall serum analysis of IL-1β levels demonstrated variation among individual patients and 
cancer type. Colorectal cancer patients demonstrated significantly higher overall IL-1β serum 
levels in comparison to breast (p=0.0217) and prostate cancer patients (p=0.0191). There was no 
significant difference in serum levels of IL-1β during the perioperative period noted in breast 
(n=30), colorectal (n=25), nor prostate cancer patients (n=10). Combined patient analysis (not 
shown) indicates a trending but non-significant decrease in serum IL-1β approximately 24-48 
hours after surgery in comparison to pre-surgery levels (n=65). After this time, IL-1β levels 
returned to baseline approximately 2 weeks after surgery. All patient samples were assayed in 
duplicate and mean serum analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed 
using GraphPad Prism. 
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Figure A.11. Serum levels of tumor necrosis factor (TNF)-α  in surgical cancer patients 
during the perioperative period. 

Colorectal cancer patients demonstrated significantly higher overall TNFα serum levels in 
comparison to breast (p<0.0001) and prostate cancer patients (p<0.0001). There also appears to 
be a significant difference between breast and prostate cancer patients (p=0.0064). Despite an 
apparent post-operative decrease in the combined serum analysis, there was no significant trend 
in serum levels of TNFα noted in breast (n=13) or colorectal cancer patients (n=11). However, 
there was a significant post-operative decrease in serum TNFα observed in prostate cancer 
patients (n=5), approximately 24 hours (p=0.0011) and 48 hours after surgery (p=0.0008), in 
comparison to baseline levels. Combined patient analysis (not shown) indicates high variation 
among each timepoint analyzed. There is also a trending but non-significant decrease in serum 
TNFα approximately 24 hours after surgery in comparison to pre-surgery levels (n=29). All 
patient samples were assayed in duplicate and mean serum analyte levels were graphed in pg/mL 
± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.12. Serum levels of leukemia inhibitory factor (LIF) in surgical cancer patients 
during the perioperative period. 

Breast cancer patients demonstrated significantly higher overall LIF serum levels in comparison 
to colorectal (p<0.0001) and prostate cancer patients (p<0.0001). Despite an apparent post-
operative decrease, there was no significant trend in serum levels of LIF noted in breast cancer 
patients (n=9), nor prostate cancer patients (n=3). Colorectal cancer patients (n=7) demonstrated 
the most significant post-operative increase in serum LIF measured between 24 and 72 hours after 
surgery (p<0.01). Combined patient analysis (not shown) indicates a significant decrease in 
serum LIF approximately 24 hours after surgery in comparison to pre-surgery levels (n=19, 
p=0.0186). After this time, LIF levels steadily returned to baseline within 4 weeks after surgery. 
All patient samples were assayed in duplicate and mean serum analyte levels were graphed in 
pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.13. Serum levels of transforming growth factor (TGF)-β1 in surgical cancer 
patients during the perioperative period. 

Breast cancer patients exhibit significantly elevated overall TGF-β1 levels in comparison to 
prostate cancer patients (p=0.0013). In breast cancer patients (n=13), there is a significant decline 
in serum TGF-β1 measured between 2 and 24 hours after surgery. In colorectal cancer (n=12), 
there is no significant difference in serum TGF-β1 measured between pre- and post-surgery. 
However, there is a significant increase in serum TGF-β1 measured between 24 hours and 1 week 
(p=0.0025), and 24 hours and 2 weeks (p=0.0002) post-surgery. In prostate cancer patients (n=4), 
there is no significant change in serum TGF-β1 levels measured during the perioperative period, 
although similar trends are noted. Combined patient analysis (not shown) indicates a significant 
decrease in serum TGF-β1 measured between 2 and 24 hours after surgery (n=29, p=0.0013), 
which quickly returned to baseline within 1 week after surgery.  All patient samples were assayed 
in duplicate and mean serum analyte levels were graphed in pg/mL ± S.E.M. Results were 
analyzed using GraphPad Prism. 
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Figure A.14. Serum levels of stromal cell-derived factor (SDF)-1α /β  in surgical cancer 
patients during the perioperative period.  

Breast cancer patients demonstrate significantly elevated overall SDF-1αβ levels in comparison 
to prostate (p<0.0001) and colorectal cancer patients (p=0.0003). There is no significant 
difference in SDF-1αβ serum levels observed during the perioperative period in individual cancer 
types: breast (n=13), colorectal (n=12), and prostate cancer patients (n=4). Combined patient 
analysis (not shown) indicates a non-significant drop in serum SDF-1αβ approximately 24 hours 
after surgery in comparison to pre-surgery levels (n=29). SDF-1αβ levels quickly returned to 
baseline within 48 hours after surgery. All patient samples were assayed in duplicate and mean 
serum analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad 
Prism. 
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Figure A.15. Serum levels of monocyte chemoattractant protein (MCP)-2 in surgical cancer 
patients during the perioperative period.  

Breast cancer patients demonstrate significantly elevated overall MCP-2 levels in comparison to 
prostate cancer patients (p=0.0041). There is no significant difference in MCP-2 serum levels 
observed during the perioperative period in breast (n=13) or prostate cancer patients (n=4), 
although a decreasing trend is observed. Colorectal cancer patients (n=12) exhibit a significant 
decrease in serum MCP-2 approximately 24 hours (p=0.0398) and 48 hours (p=0.0254) after 
surgery, in comparison to pre-operative values. Combined patient analysis (not shown) indicates a 
significant decrease in serum MCP-2 24 hours (p=0.0013) and 48 hours (p=0.009) after surgery 
in comparison to pre-surgery levels (n=29) and MCP-2 levels quickly returned to baseline within 
1-2 weeks after surgery. All patient samples were assayed in duplicate and mean serum analyte 
levels were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.16. Serum levels of monocyte chemoattractant protein (MCP)-1 in surgical cancer 
patients during the perioperative period.  

Colorectal cancer patients demonstrate significantly elevated overall MCP-1 levels in comparison 
to prostate cancer patients (p<0.0001). There is no significant difference in MCP-1 serum levels 
observed during the perioperative period in breast (n=13), colorectal (n=11), or prostate cancer 
patients (n=5). Combined patient analysis (not shown) indicates no discernable trend in serum 
MCP-1 levels during the perioperative period and high variation is apparent among individual 
patients and cancer types (n=29). All patient samples were assayed in duplicate and mean serum 
analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.17. Serum levels of IL-8 (CXCL8) in surgical cancer patients during the 
perioperative period.  

Colorectal cancer patients demonstrate significantly elevated overall IL-8 levels in comparison to 
breast (p<0.0001) and prostate cancer patients (p<0.0001). There is no significant difference in 
IL-8 serum levels observed during the perioperative period in breast (n=30), colorectal (n=25), or 
prostate cancer patients (n=10). Combined patient analysis (not shown) indicates no discernable 
trend in serum IL-8 levels during the perioperative period and high variation is apparent among 
individual patients and cancer types (n=65). All patient samples were assayed in duplicate and 
mean serum analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed using 
GraphPad Prism. 
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Figure A.18. Serum levels of vascular endothelial growth factor (VEGF) in surgical cancer 
patients during the perioperative period.  

Colorectal cancer patients demonstrate significantly elevated overall VEGF levels in comparison 
to breast (p<0.0001) and prostate cancer patients (p<0.0001). Despite a decreasing trend in post-
operative serum levels of VEGF, there is no significant difference in serum levels observed 
during the perioperative period in breast (n=27), colorectal (n=20), or prostate cancer patients 
(n=9). Combined patient analysis (not shown) indicates a modest decrease in post-operative 
serum VEGF levels (n=56). All patient samples were assayed in duplicate and mean serum 
analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 

 

 

 

Pre-Surgery 2 h 24 h 48 h 72 h 1 week 2 weeks 4 weeks
0

100

200

300

400

500

600

700

800

900
V

E
G

F 
(p

g/
m

L)
Vascular Endothelial Growth Factor (VEGF)

Breast (n = 27)
Colorectal (n = 20)
Prostate (n = 9)



 

 

 

176 

 

 

Figure A.19. Serum levels of fibroblast growth factor (FGF)-2 in surgical cancer patients 
during the perioperative period. 

Colorectal cancer patients demonstrate significantly elevated overall FGF-2 levels in comparison 
to prostate cancer patients (p<0.0001). Despite a decreasing trend in post-operative serum levels 
of FGF-2, there is no significant difference observed during the perioperative period in breast 
(n=13) or prostate cancer patients (n=5). In colorectal cancer patients (n=11), there appears to be 
a significant increase in serum FGF-2 compared between 24 hours and 4 weeks after surgery 
(p=0.0262). Combined patient analysis (not shown) indicates a decreasing trend in serum FGF-2 
levels approximately 24 hours after surgery (n=29), quickly returning to baseline levels after 1 
week post-surgery. All patient samples were assayed in duplicate and mean serum analyte levels 
were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad Prism. 
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Figure A.20. Serum levels of platelet-derived growth factor (PDGF)-AA in surgical cancer 
patients during the perioperative period.  

Breast cancer patients exhibit significantly elevated overall PDGF-AA levels in comparison to 
prostate cancer patients (p=0.0055). Despite a decreasing trend in post-operative serum levels of 
PDGF-AA, there is no significant difference in serum levels observed during the perioperative 
period in breast (n=28) or prostate cancer patients (n=11). In colorectal cancer patients (n=23), 
there is a significant increase in PDGF-AA levels noted between 24 hours and 1 week post-
surgery (p=0.0007). Combined patient analysis (not shown) indicates a significant decrease in 
serum PDGF-AA measured approximately 24 hours after surgery (n=62), in comparison to pre-
surgery levels (p=0.0429) as well as 2 hours post-operatively (p=0.0119). PDGF-AA levels 
quickly returned to baseline within 1 week after surgery. All patient samples were assayed in 
duplicate and mean serum analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed 
using GraphPad Prism. 

 

 

 

 

Pre-Surgery 2 h 24 h 48 h 72 h 1 week 2 weeks 4 weeks
0

100

200

300

400

500

600

700

800

900

1000
P

D
G

F-
A

A
 (p

g/
m

L)
Platelet Derived Growth Factor-AA (PDGF-AA)

Breast (n = 28)
Colorectal (n = 23)
Prostate (n = 11)



 

 

 

178 

 

 

Figure A.21. Serum levels of platelet-derived growth factor (PDGF)-BB in surgical cancer 
patients during the perioperative period.  

Breast cancer patients exhibit significantly elevated overall PDGF-BB levels in comparison to 
prostate cancer patients (p=0.0009). Despite a decreasing trend in post-operative serum levels of 
PDGF-BB, there is no significant difference in serum levels observed during the perioperative 
period in individual cancer types: breast (n=28), colorectal (n=23), or prostate cancer patients 
(n=11). Combined patient analysis (not shown) indicates a significant decrease in serum PDGF-
BB measured approximately 24 hours after surgery (n=62), in comparison to pre-surgery levels 
(p=0.0164) as well as 2 hours post-operatively (p=0.0057). PDGF-BB levels quickly returned to 
baseline within 1 week after surgery. All patient samples were assayed in duplicate and mean 
serum analyte levels were graphed in pg/mL ± S.E.M. Results were analyzed using GraphPad 
Prism. 
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