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Abstract 

 

The association between inflammation and cancer has been recognized for almost 150 

years.  The processes of migration of cancer cells to metastatic sites and leukocyte 

recruitment to sites of inflammation have much in common.  Both cell types display 

specialized carbohydrates modified with sialyl Lewis X (sLex) epitopes on their cell 

surfaces.  These sLex epitopes are highly expressed on leukocytes and are ligands for 

selectin adhesion molecules present on activated vascular endothelium at sites of 

inflammation.  The binding interactions between sLex ligands on leukocytes with 

endothelial selectins are well characterized and promote leukocyte trafficking to 

lymphoid tissues and sites of inflammation.   Similarly, malignancy is associated with 

expression of sLex structures on cancer cells that aid tumor invasion and metastasis.   

High expression of sLex in many types of human carcinomas is associated with an 

advanced stage of disease and poor patient prognosis.  Synthesis of sLex is dependent 

on activity of the glycosyltransferase enzymes 2,3-sialyltransferase and α1,3-

fucosyltransferase-III (FucT-III).   Exposure to the pro-inflammatory cytokine tumor 

necrosis factor alpha (TNF-) has been described to up-regulate FucT-III resulting in 

increased sLex in the airways of patients with respiratory disease, however, little is 

known about the molecular mechanisms involved in the regulation of sLex expression in 

the inflammatory lung tumor microenvironment.   The overall objectives of this study are: 

1) to investigate the role of cytokines and inflammatory cells in regulation of sLex 

expression on non small cell lung cancer cells, 2) to evaluate the role of FucT-III, sLex 

expression, and inflammatory cells in the acquisition of metastatic properties by lung 

cancer cells, and 3) to characterize the backbone protein and carbohydrate structures 

that display sLex on lung and colon cancer cells.  Our major findings are presented in 
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Chapters 2 and 3 and the conclusions drawn from this study are highlighted in Chapter 

4.   Our results suggest that FucT-III activity in non small cell lung cancers recruit 

neutrophils in the tumor microenvironment and enhance the metastatic potential of lung 

tumor cells through the promotion of sLex expression and acquisition of invasive and 

anchorage independent qualities.  Thus, inhibition of FucT-III enzyme activity and sLex 

expression may represent promising therapeutic targets for the control of lung cancer 

metastasis. 
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Chapter 1:  Literature Review 

 

Introduction 

The following review focuses largely on the pathogenesis of human lung cancer but 

includes research data from other types of cancer as well.  It aims primarily to discuss 

the scientific findings on two currently distinct tumor progression and metastasis 

promoting processes: inflammation, in terms of microenvironmental cytokines and 

inflammatory cell populations, and aberrant tumor cell expression of glycosyltransferase 

enzymes which results in the presentation of the carbohydrate selectin ligand sialyl 

Lewis X (sLex) which facilitates metastasis through adhesion to endothelial selectins.  

Inflammation has been recognized to be associated with cancer development and 

progression for almost 150 years.  However, cancer cell expression of the sLex epitope, 

which is normally expressed by leukocytes, is a more recent discovery.  Expression of 

sLex has been demonstrated in most types of solid tumors and shown to predict tumor 

metastasis and poor patient prognosis.  Here we detail the process of selectin – sLex 

mediated leukocyte and cancer cell attachment to endothelium and tissue extravasation, 

review the cascade of glycosyltransferase enzymes that mediates the formation of the 

sLex structure, and present the proteins known to be modified by sLex in leukocytes.  

Finally, we propose the hypothesis that tumor associated inflammation and expression 

of the selectin ligand sLex do not coincidentally promote tumor progression and 

metastasis but rather, are linked as the inflammatory microenvironment at a primary 

tumor may work to augment metastatic potential by increasing tumor cell sLex 

expression. 
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Pathogenesis of Lung Inflammation and Cancer 

Each year in the United States, lung cancer accounts for 15% of newly diagnosed 

cancer cases in both men and women.  Furthermore, it is responsible for 31% and 26% 

of cancer related deaths in men and women respectively; this is a greater proportion 

than the number of deaths attributed to prostate or breast, colon and rectum, and 

pancreatic cancers combined.  The 5 year survival expectancy for people diagnosed 

with early stage lung cancer is 49.3%, however, only 16% of lung cancer cases are 

diagnosed at an early stage.  The survival expectancy drops to 15.5% if the cancer has 

metastasized to other parts of the lung or to a regional lymph node and to only 2.1% 

after the development of distant metastases [1].   

Patient death may be caused by the growth of the primary lung tumor which results in 

mechanical disruption of lung function.  Shortness of breath and/or pneumonia can result 

from pleural effusion or collapse of part of the lung due to blockage of an airway.  If the 

tumor grows into the mid chest, it can directly affect cardiac function by compressing the 

superior vena cava, interfering with blood flow through the heart, or by causing irregular 

heart beat rhythms.  The spread of tumor cells throughout the lungs may result in 

reduced lung function leading to low blood oxygen levels, shortness of breath, and 

eventual heart failure.  As lung tumor cells most commonly spread to the adrenal glands, 

bones, brain, liver, and spinal cord, death may also be caused by metastatic lung tumors 

which interfere with other vital physiological processes [2]. 

Cigarette smoking has been attributed to 85% of lung cancer cases and 10% of people 

who have smoked at some point in their life will eventually develop lung cancer.  

Additionally, the risk of developing lung cancer has been positively correlated to the 

number of years as well as the number of cigarettes a person has smoked.  Non-
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smokers may develop lung cancer as a result of chronic inhalation of second hand 

smoke or other carcinogens [2].   

Because of the abundant evidence that cigarette smoking causes lung disease, 

researchers have extensively examined the molecular changes that occur in the lungs 

due to smoking.  In a study by van der Vaart et. al. on the acute effects of smoking, it 

was found that in the 0 – 3 hour period after smoking just two cigarettes, the amount of 

the neutrophil chemoattractant interleukin (IL)-8 secreted by whole blood cells was 

significantly elevated, and after 3 – 12 hours, the number of neutrophils in sputum 

increased significantly as well [3].  It has also been shown that nicotine directly affects 

lung neutrophils in a concentration dependent manner, causing them to synthesize more 

reactive oxygen species (ROS) and secrete more IL-8 thus increasing neutrophil influx to 

the lungs resulting in neutrophilia [4].  These findings are especially interesting as 

increased expression of IL-8 has been implicated in the pathogenesis of many 

inflammatory conditions [5-11].  This is most likely due to its ability to attract and activate 

neutrophils causing them to secrete tissue damaging ROS [12].  Although neutrophils 

are of great importance for the clearance of invading pathogens by the innate immune 

system [13- 14], excessive neutrophil infiltration has been implicated as a causative 

factor in multiple chronic inflammatory disorders including those affecting the lungs, liver, 

digestive tract, and oral cavity [14-18]. 

In corroboration with the results published by van der Vaart et. al., studies investigating 

the molecular changes induced by chronic cigarette smoking have also found that 

smoking promotes a pro-inflammatory pulmonary environment.  Expression of the pro-

inflammatory cytokines IL-1β, IL-6, IL-8, and monocyte chemoattractant protein-1 (MCP-

1), as well as the number of neutrophils and monocytes in bronchoalveolar lavage fluid 

were all found to be significantly elevated in samples from chronic smokers.  The levels 
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of these inflammatory markers were also seen to positively correlate with the number of 

cigarettes smoked per day [19].  In a study by Takizawa et. al., small airway epithelial 

cells excised from current smokers showed significantly higher IL-8 mRNA expression 

and spontaneous secretion than cells excised from healthy tissue donors.  The 

magnitude of IL-8 mRNA expression also correlated with the estimated number of 

cigarettes the person had smoked over their life time [20].   These, along with numerous 

other studies [21-23] have shown that cigarette smoking leads to chronic pulmonary 

inflammation characterized by excessive neutrophil  and monocyte infiltration and 

chemokine production which increases with the frequency of smoking. 

The Role of Inflammation in Cancer Progression   

As previously noted, the risk of developing lung cancer, like the severity of smoking 

related inflammation, increases with the frequency of smoking; this similarity is most 

likely not a coincidence.  Although at least 50 known carcinogenic chemicals are present 

in cigarette smoke [24], the development and progression of lung cancer is likely to be 

promoted by the smoke induced inflammatory environment.  The link between chronic 

inflammation and cancer development has been hypothesized since 1863 when it was 

proposed by Rudolf Virchow [25].   

The acute inflammatory response is necessary for proper immune function and 

protection from infection and is usually a short lived event [13-14].  However, when an 

inflammatory response is inadequately resolved or sustained by persistent exposure to 

an inflammatory stimulus (such as in the case of repetitive cigarette smoking), the 

chronic presence of inflammatory mediators results in inflammation related tissue 

damage and disease that has been linked to cancer development [14, 25-27].  Cancer 

has been shown to arise from chronic inflammation induced by gastric infections with 

Helicobacter pylori, infections with the hepatitis B or C virus, autoimmune inflammatory 
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disorders such as inflammatory bowel diseases, and other inflammatory conditions such 

as prostatitis [25, 28-30].   

Pre-existing chronic inflammation may predispose tissue to cancer development.  This 

process is referred to as the “extrinsic inflammatory pathway”.   Conversely, tumors that 

arise as a result of genetic alterations, in the absence of chronic inflammation, are 

generally found to have a “smouldering” inflammatory environment at the tumor site that 

promotes tumor progression.  This process is referred to as the “intrinsic inflammatory 

pathway” [25, 28-29].  

Infiltration of inflammatory cells at the tumor site has been shown to be necessary for 

cancer progression and metastasis.  Schwetfeger et. al. used a mouse model of early 

mammary tumor development to show that epithelial cell hyperplasia and angiogenesis 

are dependent on the presence of recruited macrophages [30].  Similarly, in a study by 

Tazawa et. al., a non metastatic murine fibrosarcoma cell line was shown to become 

metastatic when tumor cells were inoculated into mice along with a gelatin sponge that 

caused an inflammatory response consisting of mostly infiltrated neutrophils.  When 

neutrophils were depleted by treatment with an anti-granulocyte monoclonal antibody 

(mAb), the tumor cells were unable to acquire a metastatic phenotype; thus indicating 

neutrophils as the necessary agents for metastatic progression [31].  Tumor associated 

macrophages and especially neutrophils have also been implicated as crucial mediators 

of pancreatic islet cell tumor angiogenesis [32].  These studies highlight the importance 

of the presence of inflammatory cells in tumor progression.  

Figure 1 graphically depicts the cancer promoting role of inflammatory cells and the 

above described extrinsic and intrinsic inflammatory processes. 
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FIGURE 1 

 

Figure 1 

Figure 1:  Graphical depiction of the proposed link between inflammation and cancer 

progression.  Adapted from Porta et. al [25].  Genetic mutations may lead to inflammation 

(“intrinsic pathways”) or inflammation may lead to genetic mutations (“extrinsic pathways”).  In 

either situation, the inflammatory environment provides signals (described in greater detail below) 

that promote cell proliferation, evasion of apoptosis, angiogenesis, invasion, and acquisition of 

metastatic properties which all support the progression of tumor cells. 

                

The stimulatory interactions between tumor cells and infiltrating leukocytes are largely a 

result of chemokines secreted by tumor cells and cytokines secreted by the infiltrating 

leukocytes.  It is hypothesized that the genetic alterations present in tumor cells may 

lead to aberrant chemoattractive signaling [25, 29].  For example, it has been shown that 

induced activation of fibroblast growth factor receptor (FGFR) (a gene known to be 

aberrantly expressed in human breast cancer) in mouse mammary tissue leads to 

increased transcription of the macrophage chemoattractants chemokine ligand 5 

(RANTES), chemokine ligand 2 (CCL2), and osteopontin and results in increased 

macrophage recruitment [30].  Additionally, progressed estrogen receptor (ER)-negative 

breast cancer cells show increased expression of IL-8 due to loss of ER expression 
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which, in normal tissue, downregulates the IL-8 promoter.  Transfection with interfering 

RNA was used to knockdown IL-8 expression in an ER-negative breast cancer cell line, 

and when transplanted into mice the metastatic potential of tumors derived from 

transfected cells was significantly decreased.  The authors hypothesized that the 

reduced rate of metastasis may have been attributed to the reduction in neutrophil 

infiltration at the primary tumor site which was due to reduced IL-8 signaling [33].  

Finally, MCP-1 was found to be aberrantly expressed in approximately 55% of 

esophageal squamous cell carcinomas and correlated with macrophage infiltration, 

angiogenesis, and poor prognosis [34]. 

Once recruited to the tumor site by chemokines, leukocytes stimulate cancer 

progression through secretion of cytokines that promote angiogenesis and tumor cell 

growth, migration, and metastatic properties.  Tumor necrosis factor alpha (TNF-α) is a 

pro-inflammatory cytokine normally secreted by innate immune cells in response to 

invading pathogens.  At high doses, it induces cancer cell apoptosis; however, at low 

doses it promotes tumor cell growth, migration, and metastasis [35].  Interestingly, it has 

been reported that neutrophils isolated from human blood spontaneously secrete 25 – 

50 pg/ml TNF-α (a relatively low concentration) in the absence of bacterial stimulation 

[36-37], as would be the case for neutrophils recruited to a tumor site.   Therefore, it is 

likely that tumor associated neutrophils play a supportive role in tumor progression, at 

least in part, due to constitutive secretion of small amounts of TNF-α.  Further support 

for the role of TNF-α in tumor progression is gained from clinical trials that have shown 

disease stabilization in patients with advanced stage solid tumors upon treatment with 

TNF-α inhibitors [29].  In a study on the efficacy of infliximab, a mAb against TNF-α, 

treatment resulted in disease stabilization for 7 out of 41 patients as well as decreased 
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blood plasma levels of another inflammatory cytokine, IL-6, and the macrophage 

chemoattractant CCL2 [38]. 

The presence of the macrophage derived inflammatory cytokine IL-1β in the tumor 

microenvironment has been shown to be crucial for metastasis of melanoma cells as 

well as for angiogenesis and growth of both melanoma and mammary cell tumors.  IL-1β 

was also found to be partially responsible for secretion of TNF-α in macrophage – 

melanoma cell co-cultures [39].  The critical role IL-1β in angiogenesis was recently 

confirmed by Carmi et. al., and its mechanism of action was determined to be through 

stimulation of other infiltrated inflammatory cells which in turn produce endothelial cell 

growth and activating factors [40]. 

IL-6 is another inflammatory cytokine secreted by macrophages in response to invading 

pathogens and has been found to be important for tumor growth, angiogenesis, and anti-

apoptotic signaling [41-43].      

Further support for the role of inflammation in cancer development and progression has 

been found through epidemiological studies on the use of non-steroidal anti-

inflammatory drugs (NSAIDs) which have demonstrated that consistent use of NSAIDs 

correlate with reduced cancer incidence [25,29,44].  In a long term randomized study, it 

was found that consumption of 300 mg or more of NSAIDs per day, for at least 5 years, 

prevented the development of primary colon cancer [45].  Additionally, in a study of 

chemically induced lung cancer in rats, in which the tumors were characterized by an 

inflammatory environment consisting of infiltrated neutrophils and macrophages, 

treatment with herbal anti-inflammatory substances or NSAIDs and antibiotics inhibited 

lung cancer progression [46]. 
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The innate inflammatory response associated with tumors has also been demonstrated 

to inhibit anti-cancer adaptive immunity [25, 29].  As discussed earlier, genetic changes 

in tumor cells may lead to secretion of macrophage chemoattractants such as MCP-1 or 

CCL2 thus increasing macrophage presence in the tumor microenvironment.  

Macrophages may adopt different “polarizations” (classified as M1 or M2) causing them 

to function differently in terms of the cytokines they secrete and their effect on adaptive 

immune cells.  M1 polarized macrophages exert cytotoxicity towards intracellular 

microbial invaders and express high levels of ROS and TNF-α, have an enhanced 

antigen presentation capacity, and promote a cytotoxic Th1 T-cell response.  Therefore, 

M1 polarized macrophages tend to interfere with cancer progression.  M2 polarized 

macrophages however, dampen M1 mediated inflammation and are active during 

extracellular and parasitic infections.  M2 macrophages induce a Th2 T-cell response, 

secrete high levels of the immunosuppressive cytokine IL-10 as well as low levels of the 

inflammatory cytokines IL-1β, IL-6, and TNF-α [47-49], and promote angiogenesis and 

tissue repair resulting in promotion of tumor cell growth [25,47,49].  The signals that 

dictate macrophage polarization are not fully understood [25], however, macrophages 

associated with established tumors are generally found to exhibit the M2 polarization 

[49-50].  Accordingly, in a mouse model of prostate cancer growth and metastasis, tumor 

growth was significantly slowed when treatment with docetaxel (an anti-mitotic 

chemotherapy medication [51]) was supplemented with a mAb against CCL2 to reduce 

macrophage recruitment [52].   

Additionally, it has been demonstrated that IL-6 and IL-10 present in the tumor 

microenvironment prevent maturation of dendritic cells, and therefore, inhibit efficient 

tumor antigen presentation to adaptive immune cells [53].  Other mechanisms of 
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suppression of anti-tumor T-cell immunity by myeloid – derived suppressor cells have 

also been described [54].                     

Leukocyte Attachment to Endothelium is mediated by 

Interactions between Sialyl Lewis X (sLex) and Endothelial 

Selectins 

Sialyl Lewis X (sLex) is a terminal carbohydrate modification expressed on membrane 

bound proteins on the surface of predominantly neutrophils, however, it may also be 

expressed on monocytes/macrophages, immature dendritic cells, and T-cells found at 

sites of inflammation [55-56].  In recent decades sLex has been shown to be aberrantly 

expressed on a variety of different cancer cells.   Expression of sLex guides leukocytes 

to sites of inflammation by adhering to endothelial expressed selectins.  The selectins 

play a critical role in the early events of leukocyte adhesion to the walls of post-capillary 

venules.  They are involved in the recruitment of leukocytes and lymphocytes into sites 

of inflammation and their emigration into lymphoid organs.  Three selectins have been 

described: L-selectin (CD62L) is expressed on all circulating leukocytes and 

subpopulations of lymphocytes; P-selectin (CD62P) is expressed on activated platelets 

and endothelial cells; and E-selectin (CD62E) is expressed on activated endothelial cells 

[57].  sLex acts as a ligand for E- and P-selectin expressed on activated endothelial cells 

in the blood vessels of inflamed tissue [58-59].  The interactions between sLex and 

selectins facilitate the characteristic rolling of leukocytes and lymphocytes over 

endothelial cells [60] before firm, integrin mediated, arrest and extravasation into 

inflamed tissue [61] (Figure 2).  Leukocytes may adhere to endothelium directly through 

interactions with P- and/or E- selectin (primary capture) or may adhere initially to 

primarily bound leukocytes through interactions mediated by L-selectin before directly 

binding to endothelium (secondary capture) (Figure 3).  Both the primary and secondary 
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processes of endothelial attachment are common physiological events known to occur 

when leukocytes are being recruited to sites of inflammation [62].  These processes of 

leukocyte recruitment to sites of inflammation have been well established and supported 

as an efficacious mechanism of permitting circulating cells to extravasate into tissue. 

FIGURE 2a 

 

FIGURE 2b 

 

Figure 2 

Figure 2: Graphical depiction of leukocyte rolling and attachment on inflamed 

endothelium.  Adapted from Immunobiology, 7
th

 edition [63].  Figure 2a:  During the initial 

step of cell attachment to inflamed/activated endothelium, leukocytes roll along endothelium via 

weak, transient interactions between leukocyte expressed sLe
x
 and endothelial expressed E-

selectin.  Figure 2b:  After slowing by rolling on the endothelium (figure 2a and 2b – 1), firm, static 

adhesion is mediated by integrins (2).  Cells then extravasate through endothelial cells into the 

underlying tissue (3), and migrate through tissue toward a chemoattractant gradient (4).       
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FIGURE 3 

 

Figure 3 

Figure 3:  Graphical depiction of primary and secondary leukocyte capture on 

endothelium.  Adapted from Jadhav et. al. [64].  Leukocytes may directly attach to 

endothelium (primary capture) or may secondarily attach to other leukocytes already attached to 

the endothelium before they themselves become directly attached to the endothelium (secondary 

capture).  

 

Cancer Cell Metastasis 

Formation of metastases requires tumor cells that have escaped into the circulation from 

a primary tumor, to travel from the circulation back into tissue at a distant site (Figure 4).  

Two hypotheses on the mechanism of metastasis predominate:  First, metastasis may 

result from mechanical entrapment of circulating tumor cells due to their relatively large 

size in comparison to the small diameter of microvessels [65].  Second, a growing 

accumulation of experimental evidence suggests that tumor cells aberrantly express cell 

surface adhesion molecules and may be able to disseminate into new tissue through 

attachment to vascular endothelium via a series of molecular adhesion steps similar to 

the process used by leukocytes and lymphocytes to travel to lymphoid tissues and sites 

of inflammation.  
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sLex expression has been identified on numerous types of carcinoma cells and may be a 

crucial molecule involved in metastasis as it facilitates the initial step in primary 

endothelial attachment.  Accordingly, primary attachment of cancer cells to endothelium 

has been demonstrated to be facilitated mainly through an sLex – E-selectin mediated 

mechanism [66].  Secondary interactions with endothelium bound neutrophils have also 

been shown to mediate metastasis via an L-selectin dependent mechanism [64].   

FIGURE 4 

 

Figure 4 

Figure 4: Graphical depiction of the steps involved in cancer cell metastasis.  Adapted 

from The Biology of Cancer [67].  In order to form tumors at distant sites, cells must migrate 

away from the primary tumor mass (1), travel into the vasculature (2), circulate in the blood 

stream (3), adhere to endothelium (4), migrate through endothelial cells and subsequent tissue 

(5), and proliferate at the new site (6).  The yellow box highlights a crucial step in the metastatic 

process as cancer cells must escape the circulation in order to seed new tumors in distant 

tissues.   

Emphasizing the importance of the sLex epitope in general tumor biology and the 

metastatic process, sLex has been shown to be present on 55-90% of lung, gastric, liver, 

gallbladder, bladder, colorectal, head and neck, ovarian, breast, and prostate 

carcinomas as well as lymph node and other metastases of these tumors [68-78].  

Strikingly, the 10 year survival rate of patients with colorectal tumors that expressed high 
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amounts of sLex versus tumors with low or no sLex expression was shown to be 35.1% 

versus 85.7% respectively [79].  

Takada et. al demonstrated in 12 different epithelial cancer cell lines representing colon, 

digestive tract, lung, and testicular teratocarcinomas, that the majority of cellular 

adhesion to endothelial cells was dependent upon cancer cell expression of sLex and 

mediated by endothelial expressed E-selectin rather than other known cell adhesion 

molecules [66].  sLex dependent carcinoma cell attachment to endothelial cells has also 

been directly demonstrated in head and neck squamous cell and bladder carcinoma cell 

lines [80-81].  In a comparative study between two human gastric carcinoma cell lines, 

one sLex positive and one sLex negative, the sLex positive cell line exhibited stronger E-

selectin mediated adhesion to endothelial cells, and the in vivo metastatic ability of sLex 

positive cells in nude mice was found to be markedly reduced upon treatment with an 

anti-sLex antibody [82].  Increased selectin dependent binding to activated endothelium 

by highly sLex positive cells has also been confirmed in colon cancer cells [83].     

Clinical studies have supported E-selectin dependent cancer cell – endothelium 

adhesion as an important mode of metastasis.  Kobayashi et. al. determined that the 

effectiveness of cimetidine, a drug shown to increase the survival of colorectal cancer 

patients, may be due to its ability to inhibit endothelial E-selectin expression.  In patients 

with colorectal tumors expressing high levels of sLex, treatment with cimetidine 

increased the 10 year survival rate by 60.4% while treatment of patients whose tumors 

expressed low or no sLex was shown to have no effect on the survival rate [79, 84].        

Enzymatic Synthesis of Carbohydrates Containing sLex  

Expression of the carbohydrate selectin ligand sLex is the result of post-translational 

protein modification by the sequential activity of specific glycosyltransferase enzymes 
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located in the golgi of the cell [85].  While the sLex epitope may be found on nitrogen (N)-

linked glycans [86-87] and glycolipids [88], high affinity binding between sLex and E- and 

P-selectin results when sLex is located on an oxygen (O)-linked glycan [89-90].  

Formation of the O-linked, selectin ligand carbohydrate chain is initiated by the activity of 

N-acetyl galactosaminyltransferase, an enzyme that adds N-acetylgalactosamine 

(GalNAc) to an exposed serine or threonine residue in a fully folded protein.  The O-

glycan chain is then elongated by enzymes that synthesize the growing chain‟s core 

structure.  Importantly, although 8 core structures have been observed [91], high affinity 

binding between sLex and selectins results only when sLex sits on a core 2 O-linked 

glycan (this structure referred to as C2-O-sLex) [92-96].  Initially, a core 1 structure is 

formed by the β1-3 addition of galactose to the GalNAc residue by the enzyme core 1 β-

1,3 galactosyltransferase.  An N-acetylglucosamine (GlcNAc) molecule is then β1-6 

linked to the GalNAc by the branching enzyme core 2 β-1,6-N-

acetylglucosaminyltransferase (C2GnT1), resulting in a doubly branched, core 2 

structure.   Next, the GlcNAc is β1-4 linked to a galactose molecule by the enzyme β1-

4Gal-T.  α2,3-sialtransferase then catalyzes the addition of a sialic acid group to the β1-

4 linked galactose through an α2-3 linkage.  Finally, formation of the terminal sLex 

epitope results when a fucose monosaccharide is α1-3 linked to the GlcNAc; this 

reaction is catalyzed by the last enzyme in the cascade, α1,3-fucosyltransferase [58, 94].  

This enzyme has several different isotypes however, this discussion will focus only on 

α1,3-fucosyltransferase-III (FucT-III).  The final C2-O-sLex structure consists of the 

grouped components of the core 2 branched structure, the GlcNAc – galactose – sialic 

acid chain, and the GlcNAc bound fucose [97] (Figure 5). 
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FIGURE 5a 

 

FIGURE 5b 

 

Figure 5 
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Figure 5:  Graphical depiction of the enzymatic cascade and monosaccharide linkages 

resulting in post- translational sLe
x
 and C2-O-sLe

x
 carbohydrate modifications of proteins 

in the golgi.  Figure 5a:  O-linked glycosylation is initiated by the addition of a GalNAc to an 

exposed serine or threonine residue (ser/thr) (1), a core 1 structure is made with a β1-3 linkage of 

a galactose (2), the core 2 structure is formed by the β1-6 addition of a GlcNAc to the GalNAc (3), 

another galactose is then β1-4 linked to the GlcNAc (4), a sialic acid is α2-3 linked to the 

previously added galactose (5), finally a fucose is added to the GlcNAc with an α1-3 linkage (6).  

Figure 5b:  Graphical distinction between the sLe
x
 and C2-O-sLe

x
 epitopes.  The red dashed box 

indicates the sLe
x
 structure which can be found on O- or N-linked glycoproteins or glycolipids.  

The dark blue dashed circle indicates the C2-O-sle
x
 structure which necessarily includes all of the 

monosaccharide components.        

 

The carbohydrate modification plus the protein backbone to which it is attached 

collectively create the complete, high affinity selectin ligand.  Neutrophils, monocytes, 

dendritic cells, and subsets of T-cells display the C2-O-sLex epitope on the membrane 

bound, extracellular glycoprotein, P-selectin glycoprotein ligand-1 (PSGL-1) [56, 98-100].  

Expression of PSGL-1 is necessary for P-selectin binding and the post-translational 

glycosylation of PSGL1 allows it to act as both a high affinity ligand for P-selectin as well 

as a lower affinity ligand for E-selectin [89, 100-101].  In contrast to P-selectin, multiple 

sLex modified protein backbones including CD43 [95], ESL-1, and CD44 [102-104] have 

been shown to support immune cell attachment to E-selectin.   

The Significance of FucT-III Expression in the Metastatic Potential of 

Cancer Cells   

Cancer cells have been shown to express sLex [68-78] and posses E-selectin binding 

and metastatic ability [66, 80-83].  Concurrently, aberrant expression of the 

glycosyltransferase enzymes responsible for the synthesis of sLex has been 

demonstrated in tumor cells and positively correlated with an increased metastatic 

potential.  Togayachi et. al. assessed the expression of 5 different fucosyltransferases in 

non-small cell lung carcinomas (NSCLC) and FucT-III was the only enzyme found to be 

greatly increased in all of the lung tumor samples when compared to normal tissue [105].  
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Assessment of two lung adenocarcinoma cell lines, one known to be metastatic and one 

known to be non-metastatic, revealed up-regulation of FucT-III expression as well as 

sLex dependent E-selectin binding ability only in the metastatic cells [106].  Similarly, 

metastatic prostate cancer cells were seen to express 31 fold more FucT-III mRNA than 

normal prostate tissue [107].    

Further supporting FucT-III‟s role in metastasis promotion, when FucT-III mRNA was 

assessed from metastatic, primary, and normal liver samples, expression was found to 

be the highest in tissue from the metastatic lesions [108].  This implies that high levels of 

sLex were expressed on the circulating cancer cells that were able to successfully 

metastasize.  Additionally, expression of a metastasis suppressor gene in primary liver 

tumors was shown to negatively correlate with expression of FucT-III and sLex and 

metastatic potential.  The authors hypothesized that one of the mechanisms by which 

the metastasis suppressor gene worked was by interfering with FucT-III expression 

[109].  Finally, in further support of the promotion of metastasis by aberrant expression 

of FucT-III, inhibition of FucT-III by transfection with an antisense sequence has been 

demonstrated to deprive previously metastatic cells of their E-selectin binding and 

metastatic abilities [110-111]. 

The Significance of C2GnT1 Expression in Selectin Binding and the 

Metastatic Potential of Cancer Cells   

It has been well established in leukocytes that glycoprotein binding to P- and E- selectin 

is dependent upon the activity of C2GnT1 and the presence of the C2-O-sLex structure.  

The role of C2GnT1 and C2-O-sLex in cancer cell metastasis, however, is not fully 

elucidated and warrants further research.  The importance of C2GnT1 function in 

selectin – ligand interactions has been notably highlighted in several studies utilizing 

different experimental methods.   
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Kumar et. al. illustrated the significance of core 2 branching in P-selectin binding by 

transfecting Chinese hamster ovary (CHO) cells with PSGL-1 and either FucT-III alone 

or FucT-III and C2GnT1.  Although both sets of transfectants expressed equal amounts 

of sLex, only the CHO cells transfected with both enzymes bound to P-selectin.  The 

absence of C2GnT1 had no effect on binding to E-selectin as both sets of transfectants 

bound equally well [90].  In contrast, when the CHO cell model was used by Li et. al., 

binding to P-selectin as well as E-selectin was completely eliminated in the absence of 

C2GnT1 [94].  However, these results were refuted by Snapp et. al. in a study that 

compared the selectin binding and rolling capabilities of neutrophils and T-cells from wild 

type (WT) versus C2GnT1 knockout (KO) mice.  In both neutrophils and activated T-

cells, P-selectin dependant rolling was abolished in KO mice while rolling on E-selectin 

remained unchanged.  Concurrently, dual flow cytometric staining of activated T- cells 

showed that only cells from WT mice, expressing C2-O-sLex, bound to P-selectin.  E-

selectin was shown to bind to cells expressing both low and high amounts of C2-O-sLex 

indicating that the core 2 structure neither enhanced nor interfered with E-selectin 

binding [93].   

The in vivo importance of C2-O-sLex in leukocyte adhesion to vascular P- and E-selectin 

was assessed by Sperandio et. al..  In support of other findings, leukocytes from 

C2GnT1 knockout mice showed an 85% reduction in P-selectin dependent rolling 

accompanied by a 2 fold increase in rolling velocity.  Interestingly, C2-O-sLex expression 

was also shown to be important in E-selectin binding.  In venules induced to express E-

selectin by stimulation with TNF-α, E-selectin dependant leukocyte rolling in KO mice 

was decreased by 70% and significantly reduced binding to E-selectin was observed at 

moderate wall shear stress rates.   A smaller reduction in E-selectin binding was 

observed at lower wall shear stress rates indicating that sLex attached to core 2 O-linked 
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glycans may confer stronger binding to E-selectin than when sLex is attached to other 

glycan structures [94].  Finally, Matsumoto et. al. demonstrated that the exclusive E-

selectin ligand CD43 bound to E-selectin only when it was modified by both C2GnT1 and 

FucT-III, thus emphasizing the necessity of the core 2 sLex epitope in E-selectin binding 

[95].     

These data taken together lead to the conclusion that C2-O-sLex attached to PSGL-1 is 

necessary for P-selectin binding and E-selectin is less restrictive in its binding 

preferences; however, E-selectin may bind more tightly to proteins modified with the C2-

O-sLex epitope (although this concept is supported by conflicting data).  Since binding to 

E-selectin has been shown to play a pivotal role in cancer cell metastasis, determination 

of the level of C2GnT1 expression may provide insight to a particular cancer‟s metastatic 

potential.   

Even though a consensus about the importance of C2GnT1 in immune cell attachment 

to E-selectin has yet to be reached, there is evidence that aberrant expression of 

C2GnT1 and C2-O-sLex in cancer cells may promote E-selectin mediated metastasis.  

First, C2-O-sLex expressing colon cancer cells have been shown to bind to E-selectin 

under shear flow conditions [112].  Additionally, C2GnT1 mRNA was present in 63% and 

73.2% of colorectal and lung tumors respectively and positively correlated with malignant 

transformation, the amount of vascular invasion, depth of tumor invasion, and lymph 

node metastasis [113-114].  C2-O-sLex has also been shown to be present on 

carcinoma tissue samples and correlated with metastasis.  The mAb CHO-131 that 

specifically recognizes the C2-O-sLex epitope [115] was used for immunohistochemical 

analysis of the expression of C2-O-sLex on primary colorectal carcinomas, adenomas, 

metastatic liver tumors, normal colorectal tissue, and normal liver tissue.  The normal 

tissues and adenomas showed no reactivity with CHO-131, however, 70% of primary 
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colorectal carcinomas and 87% liver metastases did react with CHO-131 indicating the 

presence of C2-O-sLex.  C2GnT1 mRNA from colorectal carcinomas was also observed 

to be 15 fold higher than in normal tissue [116].  Since more metastatic tumors showed 

C2-O-sLex expression than primary tumors,  the notion of C2-O-sLex mediated 

metastasis is supported and leads to the hypothesis that tumor cells „armed‟ with C2-O-

sLex are better able to adhere to endothelium, migrate into new tissues, and seed a new 

tumor.   

The Relationship between Cancer Associated Inflammation and 

Cancer Cell Expression of Metastasis Promoting Selectin Ligands 

The preceding discussion introduced two relatively unrelated fields of research on 

cancer progression: first, the relationship between cancer progression and inflammation 

and second, the promotion of metastasis through binding of cancer cell expressed 

carbohydrate selectin ligands sLex and/or C2-O-sLex to endothelial E-selectin.  Although 

these aspects of tumor progression have yet to be definitively scientifically linked, taken 

together, these data indicate that the rate of metastasis is increased when either 

inflammation is associated with a primary tumor or when tumor cells aberrantly express 

glycosyltransferase enzymes and sLex epitopes.  This common finding is most likely not 

a coincidence but rather, is due to cytokine mediated signaling between cancer cells and 

infiltrating inflammatory cells which ultimately promotes an increase in sLex expression 

and the metastatic properties of tumor cells.  

Currently, investigation of the link between these two fields of research has been 

minimal.  In an attempt to characterize the effect of surgical trauma induced 

inflammation on cancer cell surface markers, Kuninaka et. al. stimulated lung cancer cell 

lines with the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α.  TNF-α was the only 

cytokine seen to affect sLex expression and caused it to be up-regulated [117].  
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Accordingly, small biopsies of bronchial mucosa were shown to increase FucT-III mRNA 

upon stimulation with TNF-α [118].  TNF-α stimulation of colon cancer cells was 

demonstrated to result in increased FucT-III activity, sLex expression, and E-selectin 

binding ability [119].  All of these studies support the hypothesis that an inflammatory 

environment (at least where TNF-α is present) leads to increased cancer cell expression 

of sLex and resulting metastatic properties.  However, a more physiologically realistic 

approach, involving more than a single cytokine, to simulate an inflammatory tumor 

microenvironment and determine the effect on sLex and tumor cell metastatic properties 

has yet to be described.   

Research Objectives 

As the existence of a mechanistic link between cancer associated inflammation and sLex 

expression is currently under explored, the following investigation aims to shed light on: 

the influence of lung cancer cell FucT-III expression on chemokine secretion, the 

dependence of TNF-α induced sLex up-regulation on concentration and duration of 

exposure, the effect of, and correlation between neutrophil presence and cancer cell 

sLex expression, and the role of neutrophil derived TNF-α in lung cancer cell metastatic 

potential. 

Additionally, although the protein that is decorated by the high affinity selectin ligand C2-

O-sLex has been identified as PSGL-1 in leukocytes, the cancer cell protein/s to which 

C2-O-sLex is attached is/are currently unknown.  With the ultimate goal of attaining a 

better understanding of cancer cell – E-selectin binding properties, the following 

research also aims to use Western blotting techniques with the CHO-131 mAb to identify 

the proteins in colon and lung carcinoma cell lines to which C2-O-sLex is attached. 
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Chapter 2:  Overexpression of 1,3 fucosyltransferase-III in lung 

tumor cells leads to increased secretion of neutrophil 

chemoattractants and enhancement of metastasis promoting 

properties. 

  

Summary 

Both tumor associated inflammation and tumor cell expression of the carbohydrate E-

selectin ligand sialyl Lewis X (sLex) have been demonstrated to promote tumor 

progression and increase metastatic potential.  However, the relationship between these 

processes has yet to be thoroughly investigated.  Thus far, only the pro-inflammatory 

cytokine TNF-α has consistently been shown to increase cancer cell sLex and mRNA 

expression of α1,3 fucosyltransferase-III (FucT-III), the rate limiting enzyme responsible 

for the formation of sLex.  In this study we stably transfected FucT-III into H1299 NSCLC 

cells which naturally don‟t express cell surface sLex and express very low levels of FucT-

III mRNA.  We assessed the influence of FucT-III expression on the secretion of tumor 

microenvironmental chemokines and examined the effect of culture in neutrophil 

conditioned media (NCM) or co-culture with freshly isolated neutrophils on tumor cell 

sLex expression.  Immunohistochemical staining of a 96 sample lung tissue array, 

consisting of normal, inflamed, and cancerous tissue was used to assess the association 

between lung tumor sLex expression and neutrophil infiltration in a physiologically 

relevant system.  Here we report that recombinant (r)TNF-α induced sLex up-regulation 

was concentration dependent.  We also determined that FucT-III overexpression may 

promote tumor cell progression and metastasis through mechanisms independent of 

sLex.  FucT-III transfected cells were shown to secrete increased amounts of the pro-

inflammatory chemokines IL-8, GROα, and MCP-1 and observed to invade matrigel 

faster than untransfected or mock transfected cells.  Culture in NCM and co-culture with 
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neutrophils resulted in increased sLex expression in FucT-III transfected cells, the 

magnitude of which was shown to be dependent on the neutrophil: cancer cell ratio.  A 

positive association between sLex expression and neutrophil infiltration was also 

confirmed in 71% of sLex positive lung tumors.  Unexpectedly, neutrophil induced sLex 

up-regulation was found to be independent of TNF-α and was not the result of increased 

FucT-III transcription.  We also report the observation that neutrophils induced H1299 

cell anchorage independence and increased invasion; this result was shown to be 

dependent on TNF-α and independent of FucT-III.  From these results, we hypothesize 

that FucT-III overexpression and recruited neutrophils collectively act to increase the 

metastatic potential of lung tumor cells through both sLex dependent and independent 

mechanisms.    

Introduction  

Aberrant expression of glycosyltransferase enzymes and the resulting carbohydrate E-

selectin ligand sialyl Lewis X (sLex), has been described in most types of carcinomas 

[68-78].  sLex expression has been demonstrated to greatly increase tumor cell 

metastatic ability by facilitating adhesion to endothelium through a process similar to that 

used by leukocytes to adhere to inflamed and activated endothelium [64, 66, 79-84].  

Cancer associated inflammation has been extensively linked to the promotion of tumor 

progression and metastasis [25, 28-29].  So far, the influence of tumor 

microenvironmental inflammation on cancer cell sLex expression and metastatic 

potential has not been thoroughly investigated.   

Current research on the interactions between inflammation and aberrant tumor cell 

expression of the glycosyltrasferase enzyme α1,3 fucosyltransferase-III (FucT-III) and its 

carbohydrate product sLex has been limited to experiments in which cancer tissue 

samples or cell lines were stimulated with a single pro-inflammatory cytokine and the 
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effects on sLex expression were reported.  TNF-α is the pro-inflammatory cytokine most 

commonly demonstrated to up-regulate cancer cell sLex expression and has been 

shown to increase FucT-III mRNA expression levels and sLex mediated E-selectin 

binding ability [117-120].  These reports however, used only a single, extremely high 

[121-124] dose of TNF-α (20 and 40 ng/ml) and did not present data on the magnitude of 

sLex up-regulation with lower doses of TNF-α.  These studies also did not investigate the 

interactions between inflammatory cells and cancer cells which would necessarily occur 

in the microenvironment of an inflamed tumor.   

Genetic changes resulting from malignant transformation in breast and esophageal 

carcinomas have been shown to augment tumor associated inflammation by increasing 

the secretion of chemokines by tumor cells which results in innate immune cell infiltration 

and an inflammatory tumor microenvironment [30, 33-34].  Thus far, the effects of 

overexpression of the FucT-III gene on chemokine secretion by lung carcinoma cells 

have not been investigated. 

We transfected the human FucT-III gene into FucT-III mRNA and sLex negative NSCLC 

cell lines (H1299 and A549) and showed that overexpression of FucT-III lead to a 

moderate amount of cell surface sLex expression which was subject to concentration 

dependent, rTNF-α induced up-regulation.  We present the novel finding that 

overexpression of FucT-III lead to increased secretion of the neutrophil chemoattractants 

IL-8 and GROα and the monocyte chemoattractant MCP-1.  Additionally, co-culture of 

FucT-III and sLex expressing cancer cells with freshly isolated neutrophils resulted in 

increased cancer cell sLex expression, the magnitude of which was dependent on the 

ratio of neutrophils: cancer cells.  Finally, we observed that neutrophil derived TNF-α 

caused cancer cells to adopt an anchorage independent morphology and acquire an 

increased invasive ability.  Importantly, these results have been associated with an 
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increased probability of metastasis and indicate that neutrophils increase the metastatic 

potential of lung carcinoma cells.  

Materials and Methods  

General Reagents 

Dulbecco‟s phosphate buffered saline (DPBS) and all cell culture reagents, unless 

otherwise noted, were purchased from Mediatech, Manassas, VA.  Sodium Bicarbonate, 

trypsin, EDTA, and goat serum were purchased from Invitrogen, Carlsbad, CA.  Fetal 

bovine serum (FBS) was purchased from Atlas Biologicals, Fort Collins, CO.  The mouse 

IgM mAb CSLEX-1 that recognizes the sLeX carbohydrate antigen was generously 

provided by Dr. Bruce Walcheck, University of Minnesota. 

Cell Culture 

All cells were cultured under standard conditions in a humidified incubator at 37oC with 

5% CO2.  H1299 cells derived from a lymph node metastasis of a NSCLC and A549 

primary lung carcinoma cells were obtained from American Type Culture Collection 

(Manassas, VA).  H1299 cells were cultured in RPMI 1640 with 2 mM L-glutamine, 10% 

FBS, 100 U/ml penicillin/100 μg/ml streptomycin (P/S), 1 mM sodium pyruvate, 10 mM 

HEPES buffer, and 1.5 g/L sodium bicarbonate.  A549 cells were cultured in Ham‟s F-12 

with 2 mM L-glutamine, 10% FBS, P/S, and 1.5 g/L sodium bicarbonate.  To maintain 

actively dividing cells, every 3 to 4 days, culture media was removed, cells were washed 

with DPBS with 1 mM EDTA, and trypsinized with 0.25% trypsin/EDTA.  Once lifted from 

the flask bottom, cells were resuspended in media and pipetted up and down with a 

serological pipette to break up cell clumps.  The cells were stained with 0.04% trypan 

blue (Mediatech, Inc.) and counted with a hemocytometer; dead cells were excluded 
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from the count.  2x106 cells were added to a standard T75 tissue culture flask and 

placed back in the incubator for further propagation. 

Construction of the FucT-III/pcDNA 3.1 neo(+) Plasmid   

The human FucT-III gene cloned in the pRc/RSV vector was a generous gift from Dr. 

Rodger P. McEver, Oklahoma Medical Research Foundation, Oklahoma City, OK.  The 

FucT-III gene was excised out of the pRc/RSV vector by restriction enzyme digestion 

with HindIII and XbaI (New England Biolabs, Ipswich, MA) and cloned into a pcDNA3.1 

(+)neo expression vector (Invitrogen).  DH5α E-coli cells (Invitrogen) were transformed 

with either the empty pcDNA3.1 (+)neo vector or the vector containing FucT-III and 

grown in Luria-Bertani broth with 200 μg/ml ampicillin (Fischer Scientific, Fair Lawn, NJ) 

to select for successfully transformed cells.  Plasmids were isolated from bacterial cells 

with the QIAprep Spin Miniprep Kit (QIAGEN Sciences, MA) and DNA concentration was 

determined with a spectrophotometer (Eppendorf, Hamburg, Germany).  The empty, 

control pcDNA 3.1 (+)neo vector and the vector containing FucT-III were linearized by 

digestion with the restriction enzyme Mfe I (New England BioLabs).  Five μg plasmid 

DNA was combined with 5 μl NEB buffer 4, 40 units Mfe I, and water to a final volume of 

50 μl.  The mixture was incubated at 37oC for 3 hours followed by 65oC for 20 minutes to 

inactivate the enzyme.  The digested sample was run on a 1.5% agarose gel 

(ISCBioExpress, Kaysville, UT) with 0.5 μg/ml ethidium bromide (Fischer Scientific) at 

110 volts for 1.5 hours.  The resulting band was visualized on an Eagle Eye II machine 

(Stratagene, La Jolla, CA) using Alphaimager IS-2200 software (Alpha Innotech, San 

Leandro, CA).  The band was cut from the gel and the linearized DNA was purified with 

the PureLink Quick Gel Extraction Kit (Invitrogen).  The DNA concentration was 

determined by spectrophotometry. 
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Stable Transfection of Lung Cancer Cells with FucT-III 

 H1299 or A549 cells, which endogenously express very low levels of FucT-III mRNA, 

were cultured in a 6 well tissue culture plate at a density of 0.35x106 cells per well for 24 

hours.  Stable transfections with the FucT-III/pcDNA 3.1 neo(+) plasmid were performed 

with the Lipofectamine 2000 reagent (Invitrogen).  Cells transfected with the empty 

pcDNA 3.1 neo(+) plasmid (mock-transfected cells) served as controls. Linearized 

plasmid DNA (4 μg) was diluted in opti-MEM to a final volume of 250 μl.  Five μl of 

Lipofectamine 2000 was added to 245 μl opti-MEM and incubated at room temperature 

for 5 minutes.  The diluted DNA and Lipofectamine mixtures were then added together 

for a final volume of 500 μl, gently mixed, and incubated at room temperature for 20 

minutes.  The culture media was removed from the cells and replaced with 2 ml opti-

MEM with P/S.  Five hundred μl of the DNA/Lipofectamine mixture was then added to 

the cells.  The plate was rocked back and forth briefly to mix the contents and incubated 

for 24 hours.  The media was then replaced with fresh media and the cells were allowed 

to grow to 90% confluency.  The cells were then trypsinized and moved to a standard 

T25 tissue culture flask.  After 24 hours, 1 mg/ml G418 (Sigma-Aldrich, St. Louis, MO) 

was added to the media to select for stably transfected clones.  Transfected cells were 

treated with G418 for at least 2 weeks before use in experiments and treatment was 

maintained for all subsequent culture.  The expression of FucT-III was verified by 

assessment of FucT-III gene mRNA expression using reverse transcriptase polymerase 

chain reaction (RT-PCR).   Flow activated cell sorting (FACS) analysis was used to 

assess the reactivity of FucT-III and mock-transfected cells with the mAb CSLEX-1 that 

detects the sLex epitope.  (The RT-PCR and FACS methods are described below). 
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RNA Isolation and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

RNA was isolated from the cells by adding 1 ml Trizol reagent (Invitrogen) per well and 

incubating for 5 minutes at room temperature.  The solution was pipetted up and down to 

mix, transferred to a 1.5 ml tube, and let set for 3 more minutes.  Two hundred μl of 

Chloroform (Sigma-Aldrich) was then added, the samples were shaken vigorously to 

mix, and left to incubate for 3 minutes at room temperature.  The samples were 

centrifuged at 12,000 X g for 15 minutes at 4oC.  The top clear layer was placed into a 

new tube and 0.5 ml 100% isopropanol was added, mixed slowly, and incubated for 20 

minutes at room temperature.  The samples were centrifuged at 12,000 X g for 15 

minutes at 4oC.  The supernatant was removed and the RNA pellets were washed in 

70% ethanol in DEPC treated water and centrifuged at 12,000 X g for 15 minutes at 4oC.  

The supernatant was again removed and the RNA pellets were resuspended in 15 μl 

DEPC treated water.  The RNA concentration was measured with a spectrophotometer 

and samples were stored at -80oC until use.   

The First-Strand Synthesis System (Invitrogen) was used according to the 

manufacturer‟s instructions to prepare cDNA from 5 μg of total RNA.  Twenty μl of DEPC 

treated water was added to the finished cDNA samples and the cDNA was stored at -

20oC until use.  Each polymerase chain reaction (PCR) used 3 μl of the cDNA sample.  

Paq 5000 polymerase (Invitrogen) was used according to the manufacturer‟s instructions 

with the appropriate oligonucleotide primers shown in Table 1 to amplify the cDNA gene 

copies of the glycosyltransferase enzyme FucT-III and β-actin as a control gene.  The 

cDNA was amplified in an icycler thermocycler (Bio-Rad Laboratories, Hercules, CA) 

with one cycle at 94oC for 1 minute followed by 35 cycles of denaturation at 94oC, 

annealing at 58oC, and extension at 72oC for 50 seconds each, and finishing with 72oC 

for 10 minutes.  Samples were kept at 4oC until use.  The PCR samples were run on a 
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1.5% agarose gel with 0.5 μg/ml ethidium bromide at 110 volts for 1.5 hours and the 

DNA bands were visualized on an Eagle Eye II machine using Alphaimager IS-2200 

software. 

TABLE 1: PRIMER SEQUENCES USED IN RT-PCR 

 Gene GenBank Accession 
Number 

Primer Sequences 

β-actin NM_001101 Sense: 5'-GCT CGT CGT CGA CAA CGG CT-3' 
Antisense: 5'-CAA ACA TGA TCT GGG TCA TCT TCT C -3' 

FucT-III NM_000149 Sense: 5‟-CCT CCT GAT CCT GCT ATG GA-3‟ 
Antisense: 5‟-GCG GTA GGA CAT GGT GAG AT-3' 

Table 1 

 

Flow Cytometric Analysis 

Cells were trypsinized and resuspended in culture media.  Approximately 0.25x106 cells 

were added to 5 ml round-bottom tubes (BD Biosciences Discovery Labware, Bedford, 

MA).  The cells were washed with FACS wash buffer (1X DPBS, 1% goat serum, and 5 

mM NaN3) and centrifuged at 402 X g for 5 minutes at 23oC.  The wash buffer was 

decanted from the tubes and the tube openings were blotted on paper towels to remove 

excess liquid.  Primary antibodies CSLEX-1 or IgM isotype control (Caltag Laboratories, 

Burlingame, CA) were diluted to 10 μg/ml with FACS wash buffer.  One hundred μl of the 

diluted primary antibody was added to the necessary tubes.  The tubes were vortexed, 

incubated on ice for 20 minutes, and vortexed again.  The samples were washed with 

FACS buffer as mentioned above.  Phycoerythrin (PE) conjugated F(ab‟)2 goat anti-

mouse IgM (Jackson Immunoresearch Laboratories, West Grove, PA), was used to 

detect bound CSLEX-1.  The secondary antibody was diluted 1:200 with FACS wash 

buffer and 100 μl was added to each tube.  Tubes were vortexed, incubated on ice in the 

dark for 20 minutes, and vortexed again.  The samples were washed and the labeled 

cells were resuspended in 200 μl FACS wash buffer.  Approximately 10,000 cells were 
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examined per sample.  Data was collected by flow cytometry on a FACSCanto 

instrument using BD FACSDiva software (Becton-Dickinson Biosciences, San Jose, 

CA). 

Cytokine Detection 

H1299 cells were cultured in a 6 well tissue culture plate at a density of 0.15x106 cells 

per well for 24 hours.  The media was replaced with 2 ml serum free media (SFM) and 

the cells were allowed to grow for an additional 72 hours.  The conditioned media was 

collected and stored at -80oC until use.  Cytokines were detected with the Human 

Cytokine Antibody Array 1 (Ray Biotech, Inc., Norcross, GA) according to the 

manufacturer‟s instructions.  After the addition of a chemiluminescent reagent, the 

detection membranes were exposed to Amersham Hyperfilm ECL, high performance 

chemiluminescence film (GE Healthcare Limited, Buckinghamshire, UK) and developed 

with a AGFA CP 1000 film processor (Pacesetter Medical, Inc., St. Paul, MN).  The data 

was quantified by densitometry using Image J software (National Institutes of Health, 

Bethesda, MD).    

IL-8 Enzyme-Linked Immunosorbent Assay (ELISA) 

H1299 cells were cultured as described above for the cytokine detection assays.  The 

conditioned media was collected and stored at -80oC until use.  The human IL-8 ELISA 

kit (Ray Biotech, Inc.) was used according to the manufacturer‟s instructions to detect 

secreted IL-8.  The optical density at 450nm was assessed with a SpectraMax Plus 385 

microplate reader and SoftMax Pro 3.1.1 software (Molecular Devices, Sunnyvale, CA ).  

Each sample and standard was run in duplicate.  The concentration of IL-8 in samples 

was determined by comparison with the standard curve (Figure 6) and the equation:  

Y = -0.00005X2 + 0.0205X + 0.1498 
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FIGURE 6 

 

Figure 6:  Human IL-8 ELISA standard concentration curve graph. 

Stimulation with rTNF-α 

Unmanipulated, mock, or FucT-III transfected H1299 or A549 cells were cultured in a 6 

well plate at a density of 0.25x106 cells per well for 24 hours.  The media was replaced 

with 2 ml SFM and the cells were cultured for an additional 24 hours.  Carrier-Free rTNF-

α (R&D Systems, Minneapolis, MN) was diluted to the necessary concentration (per 

experiment) in 2 ml fresh SFM and added to separate wells of the cells.  Control wells 

received fresh SFM without rTNF-α.  The cells were cultured for up to 72 hours before 

analysis. 

E-selectin Binding Assay 

Cells were trypsinized and resuspended in cell culture media.  Approximately 0.25x106 

cells were added to 5 ml round-bottom tubes and washed as described above for flow 

cytometric analysis.  Recombinant mouse E-selectin/Fc chimera (R&D Systems) was 

diluted to 10 μg/ml in binding buffer (1X HBSS without Ca2+ and Mg2+, 3% FBS, and 2 

mM CaCl2).  To verify the specificity binding interactions, E-selectin chimera was also 

diluted in EDTA buffer (1X HBSS without Ca2+ or Mg2+, 3% FBS, and 10 mM EDTA).  
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Each cell sample received 100 μl of either the binding or EDTA buffer containing the 

diluted E-selectin chimera.  The tubes were vortexed, incubated on ice for 30 minutes, 

and vortexed again.  The cells were washed as described above.  PE conjugated F(ab‟)2 

goat anti-human IgG (Jackson Immunoresearch Laboratories), diluted 1:200 with FACS 

wash buffer, was used to detect bound E-selectin chimera.  One hundred μl of the 

diluted secondary antibody was added to each tube.  The tubes were vortexed, 

incubated on ice in the dark for 30 minutes, and vortexed again.  To further verify the 

specificity binding interactions, 50 μl of each sample from the tubes containing the 

binding buffer was then transferred to new tubes.  All tubes were washed as described 

above.  Labeled cells in the original binding and EDTA buffers were resuspended in 200 

μl FACS wash buffer and kept on ice.  Five hundred μl of EDTA buffer was added to the 

tubes containing the transferred binding buffer samples and incubated at room 

temperature, in the dark, for 1 hour with vortexing every 10 minutes.  The samples were 

then washed as described above and resuspended in 200 ul FACS wash buffer.  

Approximately 10,000 cells were examined per sample.  Data was collected on a 

FACSCanto instrument using BD FACSDiva software.                           

Human Neutrophil Isolation 

Between 40 and 60 ml of blood was drawn from a healthy donor into sodium heparin 

Vacutainers (Becton-Dickinson, Franklin Lakes, NJ).  Approximately 20 ml of blood was 

then pooled in 50 ml conical tubes.  An equal volume of 3% dextran (Fischer Scientific, 

Pittsburgh, PA) in DPBS without Ca2+ or Mg2+ was added to the blood and mixed gently.  

The tubes were incubated for 30 minutes at room temperature to allow erythrocytes to 

settle to the bottom.  The clear supernatant was transferred to 50 ml conical tubes, 

centrifuged at 402 X g for 5 minutes at 23oC, and the supernatant was discarded.  Four 

ml of room temperature nanopure water was added to the cell pellets and swirled gently 
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to mix.  DPBS without Ca2+ or Mg2+ was added to the tubes to a final volume of 40 ml, 

mixed gently, and centrifuged at 402 X g for 5 minutes at 23oC.  The supernatant was 

discarded and the cell pellets were resuspended and mixed gently in 10 ml of DPBS 

without Ca2+ or Mg2+.  The cells were then filtered into a single 50 ml conical tube 

through a 40 μm cell strainer to remove clumps.  Using a serological pipette, an equal 

volume of Ficoll lymphocyte separation media (Mediatech, Inc.) was added beneath the 

cell suspension.  The solution was centrifuged at 1118 X g for 10 minutes at room 

temperature.  The supernatant was aspirated off of the resulting neutrophil pellet and the 

sides of the tube were carefully wiped with a sterile cotton swab to remove residual 

monocytes and lymphocytes.  The neutrophils were then resuspended in approximately 

10 ml of opti-MEM with P/S and stained with 0.04% trypan blue, counted with a 

hemocytometer, and assessed for viability. 

Cancer Cell Treatment with Neutrophil Conditioned Media (NCM) 

H1299 cells were prepared as for rTNF-α stimulation experiments.  Neutrophils were 

cultured in opti-MEM with P/S in a 6 well plate at a density of 1.25x106 cells per ml for 2 

hours.  After the incubation the resulting conditioned media was collected from the wells, 

combined, and centrifuged at 402 X g for 5 minutes at 23oC to remove the residual 

neutrophils.  The SFM was removed from the H1299 cells and replaced with 2 ml per 

well of NCM.  Control wells received only opti-MEM with P/S.  The treated H1299 cells 

were incubated for 48 hours. 

Co-Culture of Human Neutrophils with Cancer Cells  

H1299 cells were prepared as for rTNF-α stimulation experiments.  The serum free 

media was removed from the H1299 cells and replaced with 2 ml opti-MEM with P/S.  

Neutrophils were added to the H1299 cells in the following neutrophil: cancer cell ratios: 
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1.25 million neutrophils for 5:1, 250,000 neutrophils for 1:1, and 50,000 neutrophils for 

1:5.  The cells were incubated for 48 hours. 

Histopathology 

Human lung tissue sections used for immunohistochemical staining were of 4 m 

thickness, fixed in 10% neutral buffered formalin, and embedded in paraffin.  A human 

lung cancer tissue array was obtained from Pantomics, Inc., San Francisco, CA., and 

archived samples of normal lung and lung carcinoma tissues were from the Tissue 

Procurement Facility, University of Minnesota.  The lung tissue array consisted of 

duplicate samples from 48 individual specimens removed from patients undergoing 

surgical resection of lung tumors (a total of 96 core samples) and was composed of: 4 

normal tissues (8 cores), 6 inflamed tissues (12 cores), a granuloma (2 cores), a 

granuloma mixed with squamous cell carcinoma (2 cores), 12 squamous cell carcinomas 

(24 cores), 12 adenocarcinomas (24 cores), 3 adenosquamous carcinomas (6 cores), 3 

small cell carcinomas (6 cores), a bronchioloalveolar carcinoma (2 cores), a large cell 

carcinoma (2 cores), and 4 papillary carcinomas (8 cores). We performed 

immunohistochemical staining on serial sections of each tissue sample.  Tissue samples 

were stained with hematoxylin & eosin (H&E) by the University of Minnesota‟s 

Comparative Pathology Core Resource facility. 

Antibodies 

The primary antibodies for the immunohistochemistry experiments were as follows: 

CSLEX-1 mAb (15 μg/ml) was used to detect the sLex epitope, rabbit polyclonal 

Neutrophil Elastase antibody (0.5 μg/ml) (Abcam, Cambridge, MA) was used to detect 

the presence of neutrophils, and Keratin, Pan Ab-3 (Ck-Lu5) mAb (1:50) (NeoMarkers, 

Fremont, Ca) which stains for a broad spectrum of cytokeratin molecules was used as a 

positive control to detect epithelial cells.  Serum from the species in which the primary 
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antibody was derived was diluted 1:10,000 in DPBS without Ca2+ or Mg2+ and was used 

as a negative control.  Secondary antibodies were: horseradish peroxidase (HRP)-

conjugated μ chain specific goat anti-mouse IgM (Chemicon, Temecula, CA) was used 

at a 1:24 dilution to detect bound CSLEX-1, HRP-conjugated donkey anti-rabbit IgG 

(BioFX Laboratories, Owings Mills, MD) was used at a 1:500 dilution to detect bound 

Neutrophil Elastase antibody, and HRP-conjugated goat anti-mouse IgG (Invitrogen) 

was used at a 1:50 dilution to detect bound Ck-Lu5 mAb.  All antibodies were diluted in 

antibody diluent (Dako, Denmark). 

Immunohistochemistry 

Tissue slides, all reagents, and diluted antibodies were warmed to 30oC before use and 

all incubation periods were conducted in a humidifier chamber at 30oC unless otherwise 

noted.  Tissues were de-paraffinized by 3 minute incubations in three changes of 100% 

xylene, re-hydrated through 30 second incubations in each of 3 changes of 100% and 1 

change each of 95% and 75% ethanol.  Tissue slides were washed in running distilled 

water for 1 minute.  Staining with Neutrophil Elastase and Ck-Lu5 required an antigen 

retrieval step.  When staining with Neutrophil Elastase, slides were incubated for 10 

minutes with Pepsin Solution Digest-All 3 ready to use antigen retrieval reagent 

(Invitrogen).  When staining with Ck-Lu5, slides were incubated for 5 minutes with 

Protenase K enzyme (Dako) diluted 1:5 in 0.05 M Tris-HCL, pH 7.6.  The slides were 

washed in running distilled water for 10 minutes.  Staining with all primary antibodies 

continued with the following steps.  Tissues were washed in 1X TBS buffer (1X 

Tris/Tween 20 Tris buffered saline (TBS), pH 7.6) for 2 minutes, incubated in 3% 

hydrogen peroxide (diluted from a 30% stock solution in DPBS) for 15 minutes to block 

endogenous peroxidase activity, and washed 3 times for 2 minutes in 1X TBS buffer.  

Non-specific binding sites in tissues were blocked by incubating the slides for 10 minutes 
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with serum-free, ready to use Protein Block (Dako).  Excess protein block was removed 

and diluted primary antibody or serum control was applied to each tissue without 

washing.  Tissues were incubated for 2 hours with CSLEX-1 and Neutrophil Elastase 

antibodies and for 1 hour with the Ck-Lu5 antibody.  Tissues were washed 3 times as 

above and the appropriate diluted secondary antibody was added.  Tissues were 

incubated for 1 hour to detect CSLEX-1 and for 30 minutes to detect Neutrophil Elastase 

and Ck-Lu5.  Tissues were washed 3 times as above and bound HRP was detected with 

the peroxidase substrate chromogen 3,3‟-diaminobenzidine tetrachloride (DAB) (Vector 

Laboratories, Inc., Burlingame, CA).  Tissues were protected from light and incubated 

with the DAB reagent for 10 minutes at room temperature and washed in running 

distilled water for 5 minutes.  Tissues were counterstained with Myer‟s Hematoxylin 

(Dako) and washed in running distilled water for 5 minutes.  Tissues were dehydrated 

through 30 second incubations in 70%, 95%, three separate changes of 100% ethanol, 

and three changes of xylene.  The tissue slides were cover slipped with Permount 

(Fischer Scientific) and evaluated by light microscopy. 

Histologic Grading System for Lung Tissues 

The presence of staining with CSLEX-1 and Neutrophil Elastase antibodies in lung 

tissues was evaluated in a semi-quantitative manner.  The entire tissue core of each 

sample on the array was assessed at 100X magnification for distribution of sLex 

expression (as indicated by reactivity with CSLEX-1 mAb) and the number of neutrophils 

present (as indicated by reactivity with Neutrophil Elastase polyclonal antibody).  

Positive staining was defined as cells in which cytoplasmic and/or cell membrane 

labeling with the relevant antibody was detected, regardless of the intensity of staining. 

For both antibodies, the presence of staining was scored from 0 – 3.  For CSLEX-1 

reactivity, score 0, no visible immunostaining; score 1, less than 25% of the total tissue 
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area was positive; score 2, 26 – 50% of the total tissue area was positive; and score 3, 

greater than 50% of the total tissue area was positive.  For reactivity with neutrophil 

elastase, score 0, cells were not visibly immunostained; score 1,  1-10 cells in the total 

tissue area were positive; score 2, 11-35 cells in the total tissue area were positive; 

score 3, more than 35 cells in the total tissue area were positive.  Since duplicate 

samples were provided on the tissue array, redundancy was avoided by averaging and 

rounding up (if necessary) the individual CSLEX-1 and Neutrophil Elastase staining 

scores from each core of a tissue specimen to give an overall score for that tissue.  

TNF-α neutralization 

Ten μg/ml LEAF purified TNF-α blocking antibody (BioLegend, San Diego, CA) was 

added to either NCM or opti-MEM with P/S containing 5 ng/ml  rTNF-α.  The media with 

blocking antibody was incubated on a rocker at room temperature for 1 hour and used in 

subsequent experiments.     

Microscopic Cell Culture Photographs 

Cells were digitally photographed at 100X in tissue culture plates with a Zeiss Axiovert 

200 inverted microscope and an AxioCam MRc camera using AxioVision 4.1 software 

(Carl Zeiss, Inc., Germany). 

Cell Invasion Assay 

Invasions assays were performed using BioCoat™ Matrigel™ Invasion Chamber system 

(Becton-Dickinson, Bedford, MA, USA) in 24 well tissue culture plates according to the 

manufacturer‟s instructions.  To create a chemoattractant gradient, 0.5 ml H1299 cell 

media (for rTNF-α stimulation assays) or opti-MEM with P/S (for NCM assays) 

containing 10% FBS was added to a 24 well plate.  Twenty five thousand H1299 cells 

were resuspended in 0.5 ml media containing 2% FBS and 5 ng/ml rTNF-α, NCM, NCM 
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that had been incubated with a TNF-α blocking antibody (described above), or simply 

2% FBS or opti-MEM with P/S for control samples.  Resuspended cells were added to 

the top side of the matrigel inserts and incubated for 24 hours.  Culture media was 

aspirated from the chamber and non-invaded cells were wiped off of the membrane with 

a cotton swab.  The invaded cells in the matrigel membranes were stained in Diff-Quik 

(Jorgensen Laboratories, Inc., CO.), mounted on Superfrost microscope slides (Fisher 

Scientific) with Fluoromount-G (SouthernBiotech, Birmingham, AL), and 3 or 5 fields at 

50 or 100X magnification respectively were digitally photographed with a Zeiss Axiovert 

200 inverted microscope and an AxioCam MRc camera using AxioVision 4.1 software.   

The number of invaded cells/field were counted and averaged to obtain numerical data.     

Statistical Analysis 

Numerical significance between arrays of experimental data, with the exception of the 

immunohistochemical staining, was determined by application of a 2-tailed Student‟s t-

Test.  P-values below 0.05 were considered significant. 

Results                  

Stable transfection of H1299 cells with FucT-III induces cell surface sLex 

expression 

H1299 cells, which were derived from a lymph node metastasis of a NSCLC, were used 

to investigate the influence of the FucT-III enzyme and sLex epitope on cytokines and 

chemokines secreted into the tumor microenvironment and tumor cell metastatic 

potential.  H1299 cells were decidedly a good tumor cell line in which to examine the 

effect of FucT-III expression as they endogenously expressed very low levels of FucT-III 

mRNA.  These cells therefore also didn‟t express sLex (the enzymatic product of FucT-

III) on their surface as determined by flow cytometry.  The FucT-III gene was inserted 

into the pcDNA 1.3 neo(+) plasmid vector and stably transfected into H1299 cells.  
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(Control cells transfected with only the empty vector will be further referred to as mock- 

transfected cells and cells transfected with the gene will be referred to as FucT-III 

transfected cells).  H1299 cells stably transfected with the FucT-III gene displayed high 

expression of FucT-III mRNA compared to unmanipulated (parent) or mock-transfected 

cells as determined by RT-PCR.  The mRNA expression of the housekeeping gene β-

actin was used as an internal control (Figure 7a). 

Cell surface expression of sLex was assessed and compared between the H1299 

parent, mock-transfected, and FucT-III transfected cells by flow cytometry and reactivity 

with the CSLEX-1 mAb.    In contrast to the parent and mock-transfected cells which did 

not express sLex, transfection with FucT-III resulted in sLex expression by approximately 

50% of the cells (Figure 7b-7c).  Staining of the FucT-III cells with an IgM isotype control 

antibody resulted in a negative signal (Figure 7c).  

FIGURE 7a 

 

Figure 6 



41 
 

FIGURE 7b 

 

FIGURE 7c  

 

 

Figure 7:  Transfection of H1299 cells with the FucT-III gene results in expression of FucT-

III mRNA and de novo synthesis of cell surface sLe
x
.  (a) RT-PCR of FucT-III and β-actin 

mRNA isolated from parent, mock-transfected, and FucT-III transfected cells.  One representative 

experiment of five is shown.  (b) Flow cytometric analysis of cell surface sLe
x
 expression after 

transfection with FucT-III as determined by reactivity with the CSLEX-1 mAb. Results shown are 

the average of 14 experiments.   * indicates a significant difference between parent and FucT-III 

transfected cells, p < 0.0001.  (c) A representative histogram comparing the flow cytometric 

staining intensity with CSLEX-1 mAb of parent (blue) versus FucT-III transfected (red) cells.  The 

result of FucT-III transfected cell staining with an IgM isotype control antibody is shown in green.      
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FucT-III transfected H1299 cells secrete increased levels of pro-inflammatory 

chemokines 

Cytokines and chemokines summon cell populations, orchestrate cellular activities, and 

direct the inflammatory polarization of cells in a given tissue microenvironment.  To 

determine whether or not overexpression of FucT-III in H1299 cells could alter their 

cytokine expression profile, we assessed the secretion of cytokines and chemokines 

from parent versus FucT-III transfected cells after 72 hours in culture.  The presence and 

relative abundance of cytokines was assessed with a human anti-cytokine antibody 

membrane array.  When compared to the unmanipulated parent cells, the FucT-III 

transfected cells were found to secrete significantly more GROα (p = 0.03) and MCP-1 

(p = 0.01).  Although not considered statistically significant, FucT-III cells also secreted 

increased levels of IL-8 (p = 0.07) and decreased levels of GM-CSF (p = 0.07) (Figure 

8a-b). 

IL-8 has been extensively described as a potent neutrophil chemoattractant and 

increased secretion of IL-8 has been implicated in the pathogenesis of neutrophil 

mediated chronic inflammatory diseases that are associated with the development of 

metaplasia [5-11, 14-18].  Therefore, the observed change in IL-8 secretion was verified 

using a human IL-8 ELISA.  FucT-III transfected cells were shown to secrete 0.5 fold 

more IL-8 than parent cells (p = < 0.005).  Unexpectedly, the mock-transfected cells 

consistently showed a 0.5 fold decrease in IL-8 secretion (Figure 8c).   
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FIGURE 8a  

 

Figure 7 

FIGURE 8b 

 

Figure 8
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FIGURE 8c 

 

 

Figure 8: FucT-III transfected H1299 cells secrete increased levels of pro-inflammatory 
chemokines.  (a) SFM that had been conditioned by parent or FucT-III transfected cells for 72 
hours was tested for relative abundance of cytokines and chemokines using anti-cytokine 
antibody membrane arrays.  In FucT-III transfected cells, spots representing decreased cytokine 
levels are indicated by a green bar and increased cytokine levels are indicated by a yellow bar.  
(b) The spot intensities for each cytokine were quantified by densitometry.  Blank intensity values 
were subtracted from all of the dot values and cytokine dot intensity values were normalized to 
the positive control dot intensities.  Values shown for each cytokine represent the average of the 
normalized intensities of both dots.  P-values for cytokines shown to be significantly differentially 
secreted, in parent versus FucT-III transfected cells, are shown in the graph above the respective 
cytokines. (c) The amount of IL-8 secreted into SFM over a period of 72 hours by parent, mock-
transfected, or FucT-III transfected cells was assessed by an ELISA for human IL-8.  Results 
shown are the average of two simultaneously run samples and are representative of two 
experiments.   * indicates significantly higher levels of IL-8 secretion by FucT-III transfected cells 
when compared to parent cells, p < 0.005. 

 

Stimulation with rTNF-α up-regulates sLex expression and E-selectin binding 

ability in FucT-III transfected lung cancer cells 

In inflamed tissue, neutrophils and monocytes are significant sources of the 

inflammatory cytokine TNF-α [36, 125], therefore, TNF-α is likely to be present in the 

microenvironment of a tumor being infiltrated by inflammatory cells.  To determine if 

treatment with rTNF-α altered H1299 cell sLex expression, and to investigate the 

dynamics of the influence of rTNF-α on sLex, experimental concentration and time 

curves were completed.  H1299 parent and FucT-III transfected cells were stimulated 



45 
 

with increasing concentrations of rTNF-α and tested for sLex expression by flow 

cytometry.  The expression of sLex in parent H1299 cells was not induced by treatment 

with rTNF-α. However, in FucT-III transfected cells, concentrations of rTNF-α ranging 

from 1 – 100 ng/ml were increasingly effective in up-regulating sLex expression by 5 – 

almost 40% respectively (Figure 9a).  All further experiments were conducted with 5 

ng/ml rTNF-α.  This concentration consistently resulted in a significant increase in sLex 

expression while not greatly exceeding the range of physiologically relevant 

concentrations.    

To determine if the duration of stimulation with rTNF-α had an effect on the magnitude of 

the increase in sLex expression, H1299 parent and FucT-III transfected cells were 

stimulated with 5 ng/ml rTNF-α  for 24, 48, and 72 hours and tested for sLex expression.   

When compared to unstimulated cells, the TNF-α dependent increase in sLex expression 

was similar at each time point examined (approximately 20% higher) (Figure 9b).  Since 

no appreciable difference in the magnitude of TNF-α dependent sLex up-regulation was 

seen between 24 and 48 hours, and the cells began to grow past confluency and die off 

at 72 hours, subsequent experiments were conducted with a 48 hour stimulation period. 

To determine whether similar results would be observed in another lung carcinoma cell 

line, A549 cells were stably transfected with FucT-III and submitted to stimulation with 

rTNF-α.  Transfection with FucT-III resulted in expression of sLex by approximately 32% 

of A549 cells.  Upon stimulation with rTNF-α, the fraction of cells expressing sLex was 

increased by approximately 20% in H1299 cells and 16% in A549 cells.  Similarly to the 

H1299 cells, the parent A549 cells were not induced to express sLex after stimulation 

with rTNF-α (Figure 9c-d).    
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The sLex epitope is abundant on several different types of human carcinoma cells and is 

a well defined ligand for E-selectin.  We observed that stimulation with rTNF-α 

consistently increased sLex expression in FucT-III transfected human lung cancer cells.  

We therefore, investigated whether rTNF-α stimulation influenced the E-selectin binding 

ability of FucT-III transfected cells.  Unmanipulated and transfected cells were either left 

untreated or stimulated with rTNF-α under the conditions described above and their 

adhesiveness to an E-selectin/Fc chimeric molecule was analyzed by flow cytometry.  

Selectin binding is calcium dependent, and therefore, the specificity of binding was 

verified by conducting the assays in buffers containing either the metal chelator EDTA or 

Ca2+.  Binding specificity was additionally verified by running the experiment in the Ca2+ 

buffer followed by incubation with EDTA to release bound E-selectin.  Parent H1299 

cells did not bind to E-selectin and, as expected, rTNF-α stimulation did not result in 

increased binding of the parent cells to E-selectin.  However, stimulation of the FucT-III 

transfected cells with rTNF-α resulted in a significant, 16% increase in E-selectin binding 

ability (9e).  Similar results were obtained when the parent and FucT-III transfected A549 

cells were stimulated with rTNF-α and used in E-selectin binding assays (Figure 9f).              

FIGURE 9a 

 Figure 9 
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FIGURE 9b 

 

FIGURE 9C 

 

FIGURE 9d 
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FIGURE 9e 

 

FIGURE 9f 

 

Figure 9: rTNF-α up-regulates sLe
x
 expression and E-selectin binding of FucT-III 

transfected lung tumor cells.  (a) FucT-III transfected H1299 cells were stimulated with 

increasing concentrations of rTNF-α for 48 hours and sLe
x
 expression was assessed by flow 

cytometric analysis of reactivity with the CSLEX-1 mAb.  Results of one representative 

experiment of two repetitions are shown.  (b) H1299 parent and FucT-III transfected cells were 

left untreated or stimulated with 5 ng/ml rTNF-α.  The levels of cell surface sLe
x
 expression were 

assessed at 24, 48, and 72 hours by flow cytometric analysis of reactivity with the CSLEX-1 mAb.  

Results of one representative experiment of two repetitions are shown.  (c) H1299 parent, mock-

transfected, and FucT-III transfected cells were left untreated or stimulated with 5 ng/ml rTNF-α 

for 48 hours and sLe
x
 expression was assessed by flow cytometric analysis of reactivity with the 

CSLEX-1 mAb.  The mean value of 7 experiments is shown.  * indicates increased sLe
x
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expression in FucT-III transfected cells stimulated with rTNF-α versus unstimulated cells, p = 

0.0001.  (d) A549 parent, mock-transfected, and FucT-III transfected cells were left untreated or 

stimulated with 5 ng/ml rTNF-α for 48 hours and sLe
x
 expression was assessed by flow 

cytometric analysis of reactivity with the CSLEX-1 mAb.  Results of one representative 

experiment of two repetitions are shown.  (e) H1299 parent, mock-transfected, and FucT-III 

transfected cells were left untreated or stimulated with 5 ng/ml rTNF-α for 48 hours and binding to 

E-selectin was assessed by flow cytometry.  Results shown are the average of two experiments.  

* indicates increased E-selectin binding in FucT-III transfected cells stimulated with rTNF-α 

versus unstimulated cells, p < 0.05.  (f) A549 parent, mock-transfected, and FucT-III transfected 

cells were left untreated or stimulated with 5 ng/ml rTNF-α for 48 hours and binding to E-selectin 

was assessed by flow cytometry.  Results of one representative experiment of two repetitions are 

shown.   

 

FucT-III transfected H1299 cells cultured in neutrophil conditioned media (NCM) or 

with neutrophils up-regulate sLex expression 

Since neutrophils are one of the inflammatory cell types that secrete TNF-α into inflamed 

tissue [36], and overexpression of FucT-III in H1299 cells resulted in a significant 

increase in secretion of neutrophil chemoattractants, we assessed whether factors in 

NCM or cell-to-cell contact resulting from co-culture of neutrophils with H1299 cells was 

able to alter tumor cell expressed sLex.  Blood was drawn from a healthy donor and 

isolated neutrophils were cultured in opti-MEM for 2 hours.  The cancer cells were then 

cultured in NCM for 48 hours and sLex expression was determined by flow cytometry.  

As with rTNF-α stimulation, NCM was unable to induce sLex expression in the parent 

H1299 cells, however, a significant increase in sLex expression, between 12 – 20%, was 

observed in the FucT-III transfected cells (Figure 10a). 

Subsequently, FucT-III transfected H1299 cells were co-cultured with freshly isolated 

neutrophils at various neutrophil: cancer cell ratios ranging from 5:1 to 1:5 for 48 hours.  

Only the FucT-III cells were assessed in these experiments as the parent cells never 

showed any induction of sLex expression.  Co-cultured FucT-III cells were assessed for 

sLex expression by flow cytometry.  Although, neutrophils express high levels of sLex on 
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their cell membranes and are strongly reactive with the CSLEX-1 mAb, we were able to 

distinguish cancer cells from neutrophils and exclude the latter population from our 

analysis based on differences in size between the two cell types.  As observed for 

culture of FucT-III transfected H1299 cells in NCM, co-culture of these cells with 

neutrophils resulted in a significant increase cancer cell sLex expression.  The magnitude 

of sLex up-regulation corresponded to the number of neutrophils present with a maximal 

increase in sLex expression observed at a 5:1 ratio of neutrophils to cancer cells which 

resulted in an approximate 45% increase in sLex expression (Figure 10b). 

FIGURE 10a 

             

Figure 10
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FIGURE 10b 

 

Figure 10: FucT-III transfected H1299 cells up-regulate sLe
x
 expression after culture in 

NCM or with neutrophils.  (a) H1299 parent, mock-transfected, and FucT-III transfected cells 

were left untreated or cultured in NCM for 48 hours and sLe
x
 expression was assessed by flow 

cytometric analysis of reactivity with the CSLEX-1 mAb.  Results shown are the average of two 

experiments.  * indicates a significant increase in the proportion of sLe
x
 positive FucT-III 

transfected cells cultured in NCM versus left untreated, p < 0.05. (b) H1299 cells transfected 

FucT-III were co-cultured with neutrophils at the indicated concentrations for 48 hours and sLe
x
 

expression was assessed by flow cytometric analysis of reactivity with the CSLEX-1 mAb.  

Results shown are the average of 4 experiments.  * and # indicate a significant increase in the 

proportion of sLe
x
 positive cells co-cultured at a 5:1 and 1:1 neutrophil to cancer cell ratio 

respectively versus untreated cells, p < 0.005 in both instances.  

  

Neutrophil infiltration is associated with sLex positive tissues in lung tumor 

samples 

As a first step to determine if the observed FucT-III induced increase in neutrophil 

chemoattractant secretion and up-regulation of sLex in the presence of neutrophils was 

physiologically relevant, we compared the expression of sLex (confirmed by tissue 

reactivity of the CSLEX-1 mAb) and the presence of neutrophils (identified by staining 

with a polyclonal antibody against neutrophil elastase) in human lung tissue samples by 

immunohistochemistry as described in Materials and Methods (Table 2).  As expected, 

all of the lung tissues examined stained strongly with the Ck-Lu5 mAb.  None of the 

normal lung tissues reacted with the CSLEX-1 mAb, however, unexpectedly the normal 
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tissue showed substantial neutrophil infiltration (Table 2).  As neutrophils express 

abundant amounts of the sLex epitope, they were detected by reactivity with the CSLEX-

1 mAb in tissue samples that otherwise stained negatively for sLex (Figure 11a). 

In 5 of 6 inflamed tissue samples, less than 25% of the total tissue area stained 

positively for sLex and one sample showed no expression of sLex.  As anticipated, high 

numbers of neutrophils were detected in inflamed samples and they were observed to 

predominate around isolated areas of sLex positive tissue (Figure 11b).  All of the 

squamous cell carcinomas and 10 of 12 adenocarcinomas   showed at least minimal 

reactivity with the CSLEX-1 mAb and 5 of 12 and 8 of 12 squamous cell carcinomas and 

adenocarcinomas respectively showed positive staining covering more than 25% of the 

total tissue area.  With the exception of 3 adenocarcinomas, the CSLEX-1 and 

Neutrophil Elastase staining scores for all of these tissues differed by no more than one 

scoring point (Table 2).  Neutrophils were also observed to be more plentiful in areas of 

tissue that showed increased staining with the CSLEX-1 mAb (Figure 11c-d). Histological 

grades were provided for the squamous cell carcinomas and adenocarcinomas on the 

lung tissue array, neither the extent of reactivity with the CSLEX-1 mAb nor the number 

of infiltrated neutrophils was associated with tumor stage. 

Three of four papillary carcinomas showed substantial reactivity with the CSLEX-1 mAb.  

Accordingly, high numbers of neutrophils were found in the sLex positive samples while 

only a few (less than 10) neutrophils were detected in the sLex negative sample (Table 

2).  Of interest, 3 of 3 small cell carcinomas did not react with the CSLEX-1 mAb and a 

small number (less than 10) of neutrophils were detected in only 2 of the samples (Table 

2, Figure 11e).  The two lung granuloma samples did not stain with the CSLEX-1 mAb 

but, as expected, neutrophils were detected in these tissues.  The bronchioloalveolar 

and large cell carcinoma samples (n = 1 each) both exhibited minimal reactivity with the 
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CSLEX-1 mAb however, low (less than 10) and high (greater than 35) numbers of 

neutrophils were detected in these tissues respectively (Table 2).  Only one of the 

adenosquamous cell carcinomas showed reactivity with the CSLEX-1 mAb and the 

magnitude of neutrophil infiltration in these tissues did not correspond to sLex 

expression.   

Overall, 28 of 36 lung tumors stained positively with the CSLEX-1 mAb and 17 of these 

samples showed staining covering more than 25% of the total tissue area.  Moderate to 

high numbers of neutrophils were detected in 12 (71%) of the 17 highly sLex positive 

tumor tissue samples.  In contrast, only 6 (32%) of the 19 samples found to react 

minimally or not at all with the CSLEX-1 mAb showed moderate to high numbers of 

infiltrating neutrophils.  

TABLE 2 

 

Table 2 

Table 2:  Staining scores for reactivity of lung tissues with CSLEX-1 and Neutrophil 

Elastase antibodies.  Serial sections of tissues were stained with CSLEX-1 and Neutrophil 

Elastase antibodies.  The numbers in the body of the table indicate the average distribution of 

staining from two separate cores of an individual tissue.  The bracketed numbers indicate the 

average score for the number of neutrophils detected in two separate cores of the same tissue as 

was stained with the CSLEX-1 mAb.  GRAN: granuloma, SQCC: squamous cell carcinoma, AC: 

adenocarcinoma, ASQCC: adenosquamous cell carcinoma, PAPC: papillary carcinoma, SCC: 

small cell carcinoma, LCC: large cell carcinoma, BRALC: bronchioloalveolar carcinoma.  
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FIGURE 11a 

 

FIGURE 11b 

 

Figure 11
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FIGURE 11c 
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FIGURE 11d 
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FIGURE 11e 

 

Figure 11: Lung tumor sLe
x
 expression and neutrophil infiltration are associated in 

immunohistochemically stained lung tissue samples.  In figures 10a-e, all images are of 

tissues from the human lung cancer tissue array unless otherwise noted.  The hematoxylin 

counter stain appears purple, positive specific antibody staining is shown in brown.  (a) 

Representative images of normal lung (magnification indicated in figure).  i: CSLEX-1 mAb 

staining, ii: Neutrophil Elastase staining, iii: rabbit serum control staining (this tissue was normal 

lung obtained from the University of Minnesota Tissue Procurement Facility).  (b) Representative 

images of inflamed lung (400X magnification).  i: CSLEX-1 mAb staining, ii: Neutrophil Elastase 

staining.  (c) Representative images of an sLe
x
 positive squamous cell carcinoma.  i, iii, and v 

were taken at 200X magnification, ii, iv, and vi were taken at 400X magnification, the white box in 

i, iii, and v indicates the magnified field in ii, iv, and vi.  i-ii: H&E staining, iii-iv: CSLEX-1 mAb 

staining, v-vi: Neutrophil Elastase staining.  (d) Representative images of an sLe
x
 positive 

adenocarcinoma.  i, iii, and v were taken at 200X magnification, ii, iv, and vi were taken at 400X 

magnification, the white box in i, iii, and v indicates the magnified field in ii, iv, and vi.  i-ii: H&E 

staining, iii-iv: CSLEX-1 mAb staining, v-vi: Neutrophil Elastase staining.  (e) Representative 

images of a small cell carcinoma (200X magnification).  i: CSLEX-1 mAb staining, ii: Neutrophil 

Elastase staining, iii: Ck-Lu5 mAb staining.     

  

Up-regulation of sLex expression in FucT-III transfected H1299 cells by NCM is 

independent of TNF-α 

Freshly isolated, resting neutrophils secrete 25 – 50 pg/ml TNF-α into their media during 

a 24 hour time period [36-37].  In order to determine the contribution of TNF-α in the up-

regulation of sLex observed after culture of FucT-III transfected H1299 cells in NCM, we 

divided the FucT-III transfected cells into separate groups and cultured them in NCM for 

48 hours in the presence or absence of 10 μg/ml of a TNF-α neutralizing antibody.   As a 

control, FucT-III transfected cells were also cultured with 5 ng/ml rTNF-α for 48 hours in 
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the presence or absence of 10 μg/ml of a TNF-α neutralizing antibody.  Treatment of 

cancer cells cultured in basal media with the TNF-α neutralizing antibody showed no 

effect on sLex expression.  Exposure of cells stimulated with rTNF-α to the TNF-α 

neutralizing antibody interfered with cancer cell sLex up-regulation, reducing sLex 

expression from approximately 70% to 45%.  In contrast, the TNF-α neutralizing 

antibody did not interfere with the up-regulation of cancer cell expressed sLex observed 

when the cells were cultured in NCM (Figure 12).  Increased concentrations of the TNF-

α neutralizing antibody (up to 20 μg/ml) and extended incubation times (up to 2 hours) 

were tested, however, sLex up-regulation by NCM was never inhibited (data not shown).   

FIGURE 12 

 

FiFigure 12gure 13 

Figure 12: FucT-III transfected H1299 cells up-regulate sLe
x
 in response to NCM 

independently of TNF-α.  FucT-III transfected H1299 cells were left untreated, cultured with 5 

ng/ml rTNF-α, or cultured with NCM for 48 hours in the presence or absence of 10 μg/ml TNF-α 

neutralizing antibody.   The expression of sLe
x 

by cancer cells was assessed by flow cytometric 

analysis of reactivity with the CSLEX-1 mAb.  Mean values of two experiments are shown.           

* indicates a significant decrease in the proportion of sLe
x
 positive cells cultured with 5 ng/ml 

rTNF-α in the presence versus absence of 10 μg/ml TNF-α neutralizing antibody, p < 0.005.  # 
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indicates a non-significant decrease in the proportion of sLe
x
 positive cells cultured in NCM in the 

presence versus absence of 10 μg/ml TNF-α neutralizing antibody, p = 0.74.  

 

Neither TNF-α nor NCM induce sLex up-regulation by increasing FucT-III gene 

transcription 

To determine whether the up-regulation of cell surface expressed sLex observed after 

stimulation of FucT-III transfected cells with rTNF-α or NCM was due to increased 

transcription of the FucT-III gene, we compared mRNA levels of FucT-III in unstimulated 

cells versus cells stimulated with 5ng/ml rTNF-α or NCM for 24 and 48 hours.    The 

mRNA levels of FucT-III detected by RT-PCR remained similar between unstimulated 

cells and cells stimulated with rTNF-α or NCM for 24 and 48 hours (Figure 13 and data 

not shown).  

FIGURE 13 

 

Figure 14Figure 15 

Figure 13: FucT-III mRNA levels do not increase in response to stimulation the rTNFα- or 

NCM.  RT-PCR was performed to detect FucT-III mRNA in unstimulated H1299 parent, mock-

transfected, and FucT-III transfected cells and in the three groups of cells after 24 hour 

stimulation with 5 ng/ml rTNF-α or NCM.  Detection of β–actin mRNA was used as a control.  

Results of one representative experiment of two are shown.   
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Neutrophils induce TNF-α dependent morphological changes in H1299 cells 

Stimulation of H1299 parent, mock-transfected, and FucT-III transfected cells with 5 

ng/ml rTNF-α or NCM for 48 hours was observed to result in alteration of their 

morphology compared to unstimulated cells. Cells cultured in the presence of rTNF-α 

adopted a dendritic-like and elongated morphology.  Cells cultured in NCM also adopted 

a similar, however more extreme, version of this morphology and tended to grow on top 

of one another rather than in a monolayer on the plate bottom.  Addition of 10 μg/ml of a 

TNF-α neutralizing antibody consistently reversed this change in cells stimulated with 

either rTNF-α or NCM   (Figure 14).  Of note, these morphological changes were 

observed in both untransfected and transfected H1299 cells and therefore, occurred 

independently of the FucT-III gene, however, results from only the FucT-III transfected 

cells are shown. Treatment of unstimulated cells in basal SFM with the TNF-α 

neutralizing antibody showed no effect on cell morphology (data not shown). 

Co-culture of neutrophils with FucT-III transfected cells at a neutrophil to cancer cell ratio 

of 1:5 resulted in morphologic changes resembling the changes observed for culture in 

NCM (Figure 15a).  Co-culture at a ratio of 5:1 and 1:1 resulted in non-adherent growth 

of the cancer cells (data not shown and Figure 15b).  The Photomicrographs presented 

here were take 48 hours after the addition of neutrophils to the cancer cells, however, 

the cells began to grow in a non-adherent fashion after approximately 12 and 24 hours 

of co-culture respectively.  The non-adherent cells were not dead as dividing cells were 

evident and, if a single cell suspension of these cells was created and the cells were re-

plated, the non-adherent cells would regain their adherent phenotype.  These 

experiments were only completed with the FucT-III transfected cells and therefore, the 

effects of co-culture of parent H1299 cells with neutrophils on cellular morphology has 

yet to be investigated.           
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FIGURE 1414 
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Figure 14: Culture of H1299 cells with rTNF-α or NCM results in morphological changes 

that are TNF-α dependent.  All photomicrographs are of FucT-III transfected H1299 cells and 

were taken 48 hours after the addition of stimulus at 100X magnification.  i: unstimulated cells 

demonstrating their common morphological appearance. ii: cells stimulated with 5 ng/ml rTNF-α, 

note the dendritic-like processes indicated by the red arrows.  iii: cells stimulated with 5 ng/ml 

rTNF-α in the presence of 10 μg/ml TNF-α neutralizing antibody, the morphology is similar to that 

of the unstimulated cells.  iv: cells cultured in NCM, note the dendritic-like processes, similar to 

the cells stimulated with rTNF-α, indicated by the red arrows and cells growing on top of one 

another indicated by the green arrow.  v: cells cultured in NCM in the presence of 10 μg/ml TNF-α 

neutralizing antibody, the morphology is similar to that of the unstimulated cells.
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FIGURE 15a15 

 

FIGURE 15b 
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Figure 15: FucT-III transfected H1299 cells become non-adherent when co-cultured with 

neutrophils.  Both photomicrographs were taken 48 hours after the addition of neutrophils at 

100X magnification.  (a) Neutrophils were cultured with cancer cells at a ratio of 1:5, note the 

dendritic-like processes exhibited by the cancer cells, similar to those presented in Figure 14 ii 

and iv, indicated by the red arrows.  Neutrophils are indicated with white arrows.  (b) Neutrophils 

were cultured with cancer cells at a ratio of 1:1, note the non-adherent cells growing in 

suspended clumps.  Dividing cells are indicated with orange arrows and neutrophils are indicated 

with white arrows. 

 

Overexpression of FucT-III and stimulation with TNF-α both enhance the invasive 

potential H1299 cells 

To investigate whether the observed TNF-α and neutrophil mediated changes in cancer 

cell morphology translated into functionally significant metastasis promoting properties, a 

Matrigel invasion assay was used to evaluate the invasive ability of H1299 cells in the 

presence or absence of 5 ng/ml rTNF-α or NCM.  Interestingly, irrespective of rTNF-α 

stimulation, the FucT-III transfected cells were significantly more invasive than the 

parent cells (p = 0.02).  Addition of rTNF-α significantly increased the invasiveness of 

both the parent and FucT-III transfected cells (p = 0.03 and 0.005 respectively).  

Treatment with rTNF-α did not however, increase the invasiveness of the mock-

transfected cells (Figure 16).  Consistent with previous results, FucT-III transfected cells 

cultured NCM showed increased invasiveness, and treatment with 10 μg/ml of a TNF-α 

neutralizing antibody decreased invasiveness back to the level observed for 

unstimulated cells (Figure 17). 
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FIGURE 16a    Figure 16 

 

FIGURE 16b 
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Figure 16: Stimulation with rTNF- increases the invasiveness of H1299 parent and FucT-III 

transfected cells.  H1299 parent, mock-transfected, and FucT-III transfected cells were 

assessed for invasive ability in the presence or absence of 5 ng/ml rTNF-α.  (a) Representative 

photomicrographs of invasion assay membranes taken at 100X magnification.  i: parent cells, ii: 

parent cells stimulated with rTNF-α, iii: mock-transfected cells, iv: mock-transfected cells 

stimulated with rTNF-α, v: FucT-III transfected cells, vi: FucT-III transfected cells stimulated with 

rTNF-α.  (b) The number of invading cells per field in 5 separate fields were counted and the 3 

most similar values were averaged.  One representative experiment of 3 repetitions is shown.  * 

indicates a significant increase in the number of invaded FucT-III transfected cells versus parent 

cells, p = 0.02.  # and $ indicate significantly increased invasion in rTNF-α stimulated parent and 

FucT-III transfected cells respectively versus unstimulated cells, p = 0.03 and 0.005 respectively.  

 

FIGURE 17 Figure 17 

                                     

Figure 17: The invasiveness of FucT-III transfected H1299 cells is increased by culture in 

NCM and is a result of TNF-α.  Photomicrographs of invasion assay membranes taken at 50X 

magnification.  i: unstimulated FucT-III transfected cells, ii: FucT-III transfected cells cultured in 

NCM, iii: FucT-III transfected cells cultured in NCM in the presence of 10 ug/ml TNF-α 

neutralizing antibody, note that the quantity of invaded cells is similar to that of the unstimulated 

cells.  Images shown are one representative field from two independent experiments. 

 

Discussion 

In this study, we present a novel cancer promoting inflammatory cycle in which 

increased expression of FucT-III in lung tumor cells leads to increased secretion of 

neutrophil chemoattractants which consequently results in increased neutrophil 
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infiltration, enhanced tumor cell sLex expression, and increased invasive ability and thus, 

a heightened metastatic potential.  In contrast to other studies that use the influence of 

only individual cytokines to investigate the relationship between inflammation and sLex 

expression on tumor cells, we used culture in NCM and neutrophil: cancer cell co-

cultures to more closely approximate the physiological interactions that occur in an 

inflamed tumor microenvironment.  With this model we showed that neutrophils secrete 

a component, other than TNF-α, capable of increasing sLex expression on FucT-III 

transfected lung cancer cells.   

Our findings support and extend previous reports that sLex is highly expressed on 

human lung squamous cell carcinomas and adenocarcinomas [126-128] and is less 

frequently expressed by small cell carcinomas.  We demonstrated that 71% of highly 

sLex positive lung carcinomas were also infiltrated with elevated numbers of neutrophils 

which were generally associated with clusters of highly sLex positive tumor cells. 

Additionally, substantial neutrophil infiltration was only detected in 32% of carcinomas 

that didn‟t express or expressed only low levels sLex. Unexpectedly, considerable 

numbers of neutrophils were detected in samples of normal lung tissue.  We did not 

have access to patient histories, however, we speculate that this finding may be 

explained by the fact that these lung tissues consisted of adjacent normal lung 

epithelium removed from patients undergoing surgical resection of a lung tumor.  Since 

cigarette smoking is attributed to 85% of lung cancer cases [2] and has been shown to 

induce a largely neutrophil mediated inflammatory pulmonary environment [3-4, 19-23] 

inflammation due to cigarette smoking could have been present in seemingly normal 

tissue.  (Please refer to chapter 1, The Pathogenesis of Lung Inflammation and Cancer 

for a more detailed description). 
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Interestingly, despite the consistently observed up-regulation in sLex expression upon 

stimulation with rTNF-α or NCM, we saw that neither mode of stimulation resulted in 

increased FucT-III mRNA expression.  This result is in opposition to observations 

reported in bronchial mucosa samples and an airway carcinoma cell line in which 

stimulation with rTNF-α resulted in a significant increase in FucT-III transcription [118, 

120].  The discrepancy in findings may be due to differences in the amount of TNF-α 

used: the referenced studies stimulated cells with 20 and 40 ng/ml rTNF-α which were 

respectively 4- and 8-fold higher than the concentration used in our study.  The rTNF-α 

concentration of 5 ng/ml that we used is closer to the range of physiological relevant 

concentrations in vivo.  In humans, TNF-α concentrations in inflammatory conditions are 

generally in the pg/ml range but concentrations of up to 3 ng/ml have been shown to be 

secreted by properly activated immune cells [36-37,121-124].  Our results suggest that 

lower doses of rTNF-α and neutrophil-derived soluble factors may increase sLex 

expression by post transcriptional or post translational control of the FucT-III enzyme 

instead of increasing FucT-III gene transcription. 

Aberrant expression of FucT-III has been shown to correlate with tumor progression and 

metastasis [105, 107-109, 111].  This result has thus far been attributed to FucT-III‟s 

crucial role as the rate limiting enzyme in the formation of the E-selectin ligand sLex 

[106, 109].  However, our observation that overexpression of FucT-III conferred an 

enhanced invasive ability and resulted in increased secretion of IL-8, GROα, and MCP-

1, implicates a more complex role for FucT-III expression in progressing lung tumor 

cells.  Notably, while a 0.5 fold increase in IL-8 secretion was observed in FucT-III 

transfected lung carcinoma cells, a 0.5 fold decrease in IL-8 secretion was observed in 

mock-transfected cells.  From this result, we may rule out a non-specific vector 

dependent increase in IL-8 secretion. 
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IL-8 has been shown to act as an autocrine growth factor for NSCLC cell lines [129-130].  

In support of this finding, we observed that FucT-III transfected H1299 NSCLC cells 

were significantly more proliferative than mock- transfected cells (data not shown).  

Furthermore, when a panel of lung cancer cell lines was assessed for IL-8 mRNA and 

secretion, all of the NSCLC cells showed moderate to high expression of IL-8 while all of 

the small cell lung carcinoma (SCLC) cells expressed very low or undetectable amounts 

of IL-8 [129].  Accordingly, 85% of the NSCLC that we examined by 

immunohistochemistry were positive for sLex expression, 57% of which were infiltrated 

by greater than 10 to greater than 35 neutrophils per total tissue sample area.  None of 

the SCLC expressed sLex, nor were more than a fewer than 10 neutrophils detected in 

each sample. These results suggest that FucT-III may play a role in IL-8 secretion in 

vivo.  IL-8 has also been shown to positively correlate with NSCLC angiogenesis, tumor 

progression, and patient survival [131-132], as well as with the metastatic potential of 

melanomas [133], and has been implicated in the promotion of neutrophil mediated 

angiogenesis and metastasis [31-33]. 

Secretion of MCP-1 was also determined to be augmented by overexpression of FucT-III 

in lung carcinoma cells.  In breast cancer, tumor environmental MCP-1 concentrations 

were shown to positively correlate with IL-8 concentrations, as well as with the amount of 

tumor associated macrophage infiltration, angiogenic factors, and the probability of early 

disease relapse [124].  Macrophages are a significant source of TNF-α in the tumor 

environment [48-49].  Although neutrophil derived TNF-α was found not to be 

responsible for up-regulation of tumor cell sLex, enhanced secretion of MCP-1, resulting 

from FucT-III gene activity, may recruit macrophages to lung tumors which may in turn 

up-regulate tumor cell sLex via secretion of macrophage-derived TNF-α. 
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Further supporting FucT-III‟s metastasis promoting function, lung carcinoma cells 

transfected with FucT-III, irrespective of stimulation with recombinant or neutrophil 

derived TNF-α, were more invasive than untransfected cells, indicating that the presence 

and activity of the FucT-III gene conferred an increased invasive potential to lung 

carcinoma cells. Invasiveness of the parent and FucT-III transfected cells was further 

enhanced by stimulation with rTNF-α.  Surprisingly, rTNF-α did not increase the 

invasiveness of mock-transfected lung carcinoma cells.  Therefore, the transfection 

vector may have played a role in suppressing the rTNF-α mediated increase in 

invasiveness and a non-specific, vector dependent increase in migration may be ruled 

out for the FucT-III transfected cells.  In support of the validity of this in vitro assay in 

determining in vivo tumor cell metastatic potential, a study on an unrelated tumor 

metastasis suppressor gene transfected into H1299 cells, reported that the cells with a 

greater in vitro invasive ability were also able to form a greater number of metastases in 

vivo [134]; thus, directly linking in vitro invasive ability to functional, in vivo metastatic 

potential. 

We observed that culture of lung carcinoma cells in NCM or co-culture with neutrophils 

resulted in changes in cancer cell morphology that were independent of FucT-III.  This 

result is in agreement with similar observations reported by Katayma et. al.. Co-culture 

of neutrophils with a squamous cell carcinoma cell line resulted in a neutrophil: cancer 

cell ratio dependent loss of substratum adhesion accompanied by very little cell death 

[135].  This investigation however, found neutrophil elastase to be the causative agent 

and did not investigate the influence of TNF-α on loss of substratum adhesion.  Here we 

show that treatment of NCM with a TNF-α neutralizing antibody reversed the 

morphological change and confirmed TNF-α as the soluble factor secreted by 

neutrophils responsible for induction of phenotypic changes.  Of note, the TNF-α 
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neutralizing antibody was not tested in co-culture experiments because two cell types 

were involved.  Blockade of TNF-α may have interfered with other unidentified 

interactions between neutrophils and cancer cells resulting in an experimental 

observation lacking the necessary controls.  However, it can be deduced from the 

striking similarity between the morphological changes elicited by NCM or co-culture at a 

1:5 neutrophil to cancer cell ratio that TNF-α is also involved in the induction of the 

morphologic changes observed in the co-culture experiments. 

A defined set of pathogenic consequences from loss of tumor cell anchorage 

dependence is not fully established, however, detachment from substratum by tumor 

cells has been indicated to promote metastasis.  Loss of anchorage dependence and 

individual cell sloughing off of primary tumors has been extensively described as a mode 

of metastasis of ovarian cancer [136-137].  Conversely, when the metastatic abilities of 

adherent vs. non-adherent rat tumor cell lines were tested, no difference in metastatic 

ability was seen.  The authors concluded that, although non-adherent properties “may 

facilitate metastatic spread” they alone, are not sufficient to initiate metastatic tumors 

[138].  However, a lung tumor in which FucT-III has become active and sLex is 

expressed, may be endowed with enhanced metastatic properties through increased 

recruitment of neutrophils which induce a non-adherent and invasive phenotype which 

subsequently allows cancer cells to detach from the primary tumor and enter the 

circulation where they may adhere to endothelium via interactions between E-selectin 

and sLex.   

Other glycosyltransferase enzymes contribute to the synthesis and expression of sLex, 

including α2,3-sialtransferase [97] and 1,3 fucosyltransferase-VII (FucT-VII) [139-140] 

and the influence of these enzymes on the expression of sLex in our studies cannot be 

ruled out.  In spite of this limitation, our study supports the notion that, in addition to 



72 
 

synthesizing sLex which has been extensively demonstrated to promote metastasis, 

FucT-III may mediate tumor progression and metastasis by increasing tumor cell 

invasiveness and secretion of inflammatory chemokines by a mechanism that is 

independent of the expression of cell surface sLex.  Thus, regulation of FucT-III gene 

expression and activity may represent an important, new genetic target for the 

prevention of cancer progression.  
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Chapter 3:  Identification of proteins on carcinoma cells 

modified by the high affinity selectin ligand C2-O-sLex. 

 

Summary 

The carbohydrate selectin ligand sialyl Lewis X (sLex) is expressed on leukocytes as a 

terminal structure of extracellular, membrane bound proteins.  The sLex epitope is crucial 

for selectin mediated leukocyte rolling on inflamed endothelium.  On leukocytes, sLex 

attachment to a core 2 O-linked glycan (C2-O-sLex) has been shown to confer a higher 

selectin binding affinity than when sLex is attached to other core glycan structures.  In 

contrast to the lack of knowledge of the role of C2-O-sLex in the growth, adhesion, 

invasion, and metastasis of cancer cells, high expression of sLex has been extensively 

described to be associated with advanced stages of several cancers and poor prognosis 

and survival of patients.  On cancer cells, sLex binds to endothelial selectins by a 

mechanism similar to that used by leukocytes to migrate to sites of inflammation.  

Multiple glycoprotein and glycolipid backbones have been shown to be modified by sLex 

in cancer cells, however, the protein(s) modified by the C2-O-sLex structure are currently 

unknown.  We used Western blotting techniques with the CHO-131 mAb, which 

specifically recognizes the C2-O-sLex structure, to determine the C2-O-sLex modified 

proteins found in LS174T colon carcinoma cells and in H1299 NSCLC cells genetically 

manipulated to express C2-O-sLex.  Although we did not specifically characterize the 

protein to which C2-O-sLex is attached in colon and lung carcinoma cells due to 

technical limitations of our system, in agreement with previous reports, we determined 

that C2-O-sLex is present on a 150 kilo Dalton (kDa) protein. 
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Introduction 

Metastasizing cancer cells bind to endothelium through a mechanism very similar to the 

one used by leukocytes to migrate to sites of inflammation [64, 66].  The adhesion of 

leukocytes and cancer cells to endothelium is initiated by binding of sialyl Lewis X (sLex) 

present on these cells to endothelial selectins which allows cells to roll over endothelium 

followed by firm, integrin-dependent adhesion and subsequent migration into tissue.  

The carbohydrate epitope sLex acts as a ligand for selectins [58-59].  It is a terminal 

structure attached to glycan chains and may be found on N- [86-87] or O-linked glycans 

[89-90] or glycolipids [88].  When expressed on leukocytes, sLex attached to a core 2 O-

linked glycan structure (C2-O-sLex) allows much higher affinity binding to endothelial P-

selectin than sLex on other structures [90, 93].  C2-O-sLex has been shown to confer a 

higher binding affinity to E-selectin [94, 103].   

Synthesis of sLex type carbohydrate epitopes occurs in the golgi of the cell through the 

actions of glycosyltransferase enzymes that post-translationally modify fully folded 

proteins [85].  Formation of the core 2, O-linked glycan structure requires the activity of 

the enzyme core 2 β-1,6-N-acetylglucosaminyltransferase (C2GnT1).  Although many 

other enzymes participate in the creation of the entire C2-O-sLex structure, the full 

epitope may not be completed without the activity of the enzyme α1,3 

fucosyltransferase-III (FucT-III), the rate limiting enzyme in the formation of the terminal 

sLex structure.   

The carbohydrate modification plus the protein backbone to which it is attached 

collectively create the complete selectin ligand.  In immune cells, multiple sLex modified 

proteins including CD43 [94], CD44, and ESL-1 [102-104] have been shown to support 

E-selectin binding.  The carbohydrate-modified protein backbone has been shown to 

play an important role in selectin binding affinity.  For example, it is necessary for C2-O-
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sLex to be attached to a PSGL-1 backbone to function as a high affinity P-selectin ligand.  

C2-O-sLex-modified PSGL-1 also acts as a lower affinity ligand for E-selectin [89, 100-

101].  C2-O-sLex-modified CD43 can also function as an E-selectin ligand [95].  

Similar to immune cells, multiple protein backbones display the sLex epitope on cancer 

cells that exhibit selectin binding ability.  CD24 and variant CD44 are modified with sLex 

and act as ligands for P-selectin in adenocarcinoma and colon carcinoma cell lines 

respectively [141-144].  Colon carcinoma cells expressing sLex-modified podocalyxin-like 

protein bind to both E- and L-selectin [145]. Mucins compose another family of proteins 

susceptible to modification with carbohydrate selectin ligands in cancer cells.  Mucins 

are heavily O-glycosylated proteins produced by epithelial cells and are critical for 

mucosal defense, immune responses, and cell adhesion.  They have been 

demonstrated to be overexpressed and aberrantly glycosylated in many types of cancer 

[146].  For instance, human mucin 1 (MUC-1) is a mucin present on colon carcinoma 

cells that is modified with sLex and possesses E-selectin binding ability [147]. 

Using the novel mAb CHO-131 which specifically recognizes the C2-O-sLex structure 

[115], we demonstrate that the high affinity selectin ligand C2-O-sLex is expressed in 

colorectal adenocarcinomas [116] and multiple carcinoma cell lines [112, and 

unpublished data].  The CHO-131 mAb requires the functional activity of α2,3-

sialtransferase, FucT-III, and C2GnT1 for its reactivity.  Although several proteins 

present on cancer cells have been determined to be modified by sLex, the proteins 

modified by C2-O-sLex are currently unknown.  Beum et. al., used pancreatic cancer 

cells to indirectly determine that MUC-1 could be modified by C2-O-sLex.  

Overexpression of C2GnT1 resulted in an increase in CSLEX-1 mAb reactivity [148]. 

(CSLEX-1 mAb detects the sLex epitope on several types of glycan structures). 
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However, the significance of these findings is unclear because C2GnT1 expressing cells 

were unable to bind to selectins.  

In our study, we performed Western blotting techniques using the CHO-131 mAb to 

characterize the proteins that are modified with C2-O-sLex on LS174T colon carcinoma 

cells and H1299 NSCLC cells.      

Materials and Methods  

General Reagents 

The mouse IgM mAb CHO-131 that recognizes the C2-O-sLeX structure was generously 

provided by Dr. Bruce Walcheck, University of Minnesota.  All other reagents are 

described in chapter 2, Materials and Methods. 

Cell Culture 

Standard cell culture conditions were used to maintain the cell lines.  See chapter 2, 

Materials and Methods, for a more detailed description of these procedures.  LS174T 

colorectal adenocarcinoma cells and H1299 cells derived from a lymph node metastasis 

of a NSCLC were obtained from American Type Culture Collection.  LS174T cells were 

cultured in MEM with 2 mM L-glutamine, 10% FBS, P/S, 1 mM sodium pyruvate, 1 mM 

non-essential amino acids, and 1.5 g/L sodium bicarbonate.  After trypsinization, LS174T 

cells were run through a 22-gauge needle to create single cell suspensions.  H1299 cells 

were cultured in RPMI 1640 with 2 mM L-glutamine, 10% FBS, P/S, 1 mM sodium 

pyruvate, 10 mM HEPES buffer, and 1.5 g/L sodium bicarbonate.     

Construction of the FucT-III/pcDNA 3.1 neo(+) Plasmid   

The FucT-III plasmid was generated as described in chapter 2, Materials and Methods. 
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FucT-III Stable Transfection 

H1299 cells were stably transfected with FucT-III to generate H1299/FucT-III cells as 

described in chapter 2, Materials and Methods. 

Gene Silencing of C2GnT1 Using Lentiviral Short Hairpin RNAs (shRNA) 

Preparation of Lentiviral Particles 

A lentiviral vector pGIPZ-C2GnT1-shRNAmir construct engineered to silence human 

C2GnT1 gene expression, and a control pGIPZ vector expressing non-silencing shRNA, 

were purchased from Open Biosystems (Huntsville, AL).  Lentiviral supernatants were 

prepared by stable transfection of 2.5x106 293T cells with 2 µg each of the C2GnT1 

shRNA vector, pCMV8.91R expressing Gag and pol genes, and pMDG-VSV-G 

expressing the envelope protein required for viral packaging, using the ExGen 500 

reagent.   Viral supernatants were collected after 48 hours, filtered through 0.45 µM 

filters, aliquoted, and stored at -80oC until use. 

Transduction of H1299/FucT-III and LS174T Cells with C2GnT1 shRNA 

H1299 cells transfected with FucT-III and LS174T cells were plated at a density of 

0.25x106 cells per well in a 6 well tissue culture plate.  After 24 hours of cell growth 

under standard conditions, cells were treated with 8 µg/ml of polybrene and incubated 

for 4 hours at 37oC.  The media was replaced with a total volume of 2 ml fresh media 

containing 1 ml of viral supernatant and 8 µg/ml polybrene. The plate was centrifuged at 

1847 X g for 1 hour at room temperature and the cells were allowed to grow overnight 

under standard culture conditions.  The media was replaced with fresh media and 

growth continued until 90% confluency.  The C2GnT1 shRNA expressing clones were 

selected using 2.5 µg/ml of puromycin (Invitrogen).  The positive clones were analyzed 
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for mRNA expression levels of C2GnT1 by RT-PCR and cell surface expression of C2-

O-sLeX by flow cytometric analysis of cells with the CHO-131 mAb.   

RNA Isolation and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

RNA isolation and RT-PCR was performed as described in chapter 2, Materials and 

Methods.  The primer sequences shown in Table 3 were used to amplify the cDNA gene 

copies of the glycosyltransferase genes C2GnT1 and FucT-III (shown in Table 1), mucin 

(MUC) genes, and β-actin (shown in Table 1) as a control gene. 

TABLE 3: PRIMER SEQUENCES USED IN RT-PCR 

 Gene GenBank Accession 
Number 

Primer Sequences 

C2GnT1 NM_001490.4 Sense: 5‟-GAT GTC ACC TGG AAT CAG CA-3‟ 
Antisense: 5‟-GCA GCA ACG TCC TCA GCA T-3‟ 

MUC1 NM_001018017.1 Sense: 5‟-GTG CCC CCT AGC AGC AGT ACC G-3‟ 
Antisense: 5‟-GAC GTG CCC CTA CAA GTT GG-3‟ 

MUC2 NM_002457.2 Sense: 5‟-CCG TCC TCC TAC CAC ATC AT-3‟ 
Antisense: 5‟-CTC TCC AGG CCG TTG AAG T-3‟ 

MUC3 XM_001125753.2 Sense: 5‟-GTC GTG GGC ACT TTT TC-3‟ 
Antisense: 5‟-GCA ATG CAG ACC CTT GT-3‟ 

MUC4 NM_018406.4 Sense: 5‟-ATG GTC ATC TCG GAG TTC CAG-3‟ 
Antisense: 5‟-GTA GAC CAG GTC GTA GCC CTT-3‟ 

MUC5ac XM_002344536.1 Sense: 5‟-TCC GGC CTC ATC TTC TCC-3‟ 
Antisense: 5‟-ACT TGG GCA CTG GTG CTG-3‟ 

MUC13 NM_033049.2 Sense: 5‟-ACA ATG GTT CCT TCT GAA AC-3‟ 
Antisense: 5‟-ACC CTT CTA AAC ACA GGC AA-3‟ 

MUC16 NM_024690.2 Sense: 5‟-GCC TCT ACC TTA ACG GTT ACA ATG AA-3‟ 
Antisense: 5‟-GGT ACC CCA TGG CTG TTG TG-3‟ 

 All MUC primer sequences except MUC5ac were originally published by 
Kerschner et. al., [147]   

Table 3    

Flow Cytometric Analysis 

Flow cytometry was performed as described in chapter 2, Materials and Methods.  

Primary antibodies CHO-131 mAb, M3.1 mAb that detects human mucin 3 (MUC3) 

(Abcam, Cambridge, MA), MUC1 mAb that detects human mucin 1 (Cell Signaling 

Technology, Inc., Danvers, MA), and IgG2a isotype control (Caltag Laboratories) were 

diluted to 10 μg/ml.  PE conjugated F(ab‟)2 goat anti-mouse IgM and PE conjugated 
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F(ab‟)2 goat anti-mouse IgG (Jackson Immunoresearch Laboratories, West Grove, PA) 

were diluted 1:200 and used as a secondary antibody to detect CHO-131 mAb, and 

M3.1 and MUC1 mAbs respectively.    

Cell Lysates 

Approximately 25x106 cells were lysed in 1 ml co-immunoprecipitation (IP) buffer (50 mM 

tris, pH 7.4, 1% Triton X100, 150 mM NaCl, 1 mM CaCl2, 1 mM PMSF, Protease 

inhibitors (Roche Diagnostics Corporation, Indianapolis, IN)) and incubated with agitation 

for 30 minutes at 4oC.  The Lysates were then centrifuged at 8150 X g for 25 minutes.  

The supernatant was aliquoted and stored at -80oC until use.  Protein concentration was 

measured with a spectrophotometer using the Bio-Rad Protein Assay reagent (Bio-Rad 

Laboratories, Inc.). 

E-selectin Immunoprecipitation (IP) 

To isolate the E-Selectin binding proteins, 500 μg of cell lysate was incubated with 4 μg 

recombinant mouse E-Selectin/Fc Chimera for a final volume of 200 μl of cell lysis buffer 

with 0.2 μM of CaCl2.  The samples were incubated with agitation overnight at 4oC.  

Forty μl of recombinant Protein G-Sepharose 4B Fast Flow beads (Sigma-Aldrich) 

prepared as a 50% suspension in co-IP buffer was added to the samples and then 

incubated for 3 hours with agitation at 4oC.  Unbound proteins were removed by washing 

the protein G beads with co-IP buffer 5 times.  The beads were then resuspended in 1X 

Laemmli Sample Buffer (Bio-Rad Laboratories, Inc.) and used for SDS-PAGE 

immediately or stored at -80oC until use.               

Western Blotting 

Fifty μg of the total cell lysates or IP samples were loaded on to an 8% SDS-PAGE gel 

and electrophoresed at 120 volts for 1.5 hours. The separated protein was transferred to 
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an Immobilon-P Transfer Membrane (Millipore Corporation, Medford, MA) at 40 volts 

overnight at 4oC.  The membrane was blocked with 5% Blotting Grade Blocker Non-Fat 

Dry Milk (Bio-Rad Laboratories, Inc.) and probed with CHO-131 mAb (5 μg/ml), IgM 

isotype control (0.5 μg/ml) (Caltag Laboratories), 1-13M1 mAb (to detect human mucin 

5AC (MUC5AC)) (0.031 μg/ml) (Abcam, Inc.), or anti-GAPDH mAb (to detect 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) (0.05 μg/ml) (Sigma-Aldrich, 

Inc.) for one hour at room temperature.  HRP-conjugated μ chain specific goat anti-

mouse IgM (Chemicon, Temecula, CA) at a 1:1,000 dilution was used to detect bound 

CHO-131 mAb and IgM isotype control.  HRP-conjugated goat anti-mouse IgG (Jackson 

ImmunoResearch Laboratories, Inc. West Grove, PA) at a 1:20,000 dilution was used to 

detect bound 1-13M1 mAb.  HRP-conjugated donkey anti-rabbit IgG (BioFX 

Laboratories, Owings Mills, MD) at a 1:2,000 dilution was used to detect bound anti-

GAPDH mAb.  Secondary antibodies were detected with Amersham ECL Western 

Blotting Analysis System (GE Healthcare Limited) and exposed to Amersham Hyperfilm 

ECL, high performance chemiluminescence film until bands were visible on the 

developed film.  Films were developed with a AGFA CP 1000 film processor.  Equal 

loading of protein was determined by direct staining of the membrane with Ponceau S 

solution (Sigma-Aldrich).  

Glycoprotein Gel Staining 

Fifty μg of the total cell lysates or IP samples were loaded on to an 8% SDS-PAGE gel 

and electrophoresed at 110 volts for 1.5 hours.  The gel was stained with the Pro-Q 

Emerald 300 glycoprotein staining kit (Molecular Probes, Inc., Eugene, OR) according to 

the manufacturer‟s instructions and bands were imaged using an Eagle Eye II machine 

and Alphaimager IS-2200 software.  The gel was counterstained with SYPRO ruby 
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protein gel stain (Molecular Probes, Inc.) according to the manufacturer‟s instructions 

and image analysis was repeated. 

Results 

Transfection of H1299 cells with FucT-III induces C2-O-sLex expression 

We determined that H1299 cells actively transcribed the C2GnT1 gene as indicated by 

RT-PCR analysis; however, they transcribed very little of the FucT-III gene and didn‟t 

naturally express the sLex epitope on their surface.  After stable transfection with the 

FucT-III gene the resulting H1299/FucT-III cells were approximately 50% positive for 

sLex, and half of these positive cells expressed sLex attached to a core 2 O-linked glycan 

as indicated by staining with the CSLEX-1 and CHO-131 mAbs respectively (Figure 18a-

b).  Unlike parent H1299 cells which did not bind to E-selectin, approximately 75% of 

H1299/FucT-III cells bound to E-selectin (Figure 9e of chapter 2). 

Expression of sLex and C2-O-sLex is decreased in cells transduced with lentiviral 

C2GnT1 shRNA   

The expression of C2GnT1 was knocked down in both the H1299/FucT-III and LS174T 

cells by lentiviral infection with C2GnT1 targeted shRNA.  Successful transduction with 

C2GnT1 shRNA was verified by RT-PCR analysis of C2GnT1 mRNA.  Levels of C2GnT 

mRNA were decreased in transduced H1299/FucT-III and LS174T cells (H1299/FucT-

III/shRNA and LS174T/shRNA cells) as indicated by bands of reduced intensity shown in 

Figure 18a. Cells were stained with CSLEX-1 and CHO-131 mAbs and flow cytometric 

analysis was performed.  We determined that, in contrast to H1299 cells, LS174T cells 

naturally expressed high amounts of sLex on their surface and about 90% of these 

positive cells expressed sLex attached to a core 2 O-linked glycan.  After transduction 

with C2GnT1 shRNA we observed a 20% reduction in sLex and 17% reduction in C2-O-
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sLex expression in H1299/FucT-III/shRNA cells and a 15% reduction in sLex and 25% 

reduction in C2-O-sLex expression in LS174T/shRNA cells (Figure 18b). 

FIGURE 18a 

 

FIGURE 18b 

Figure 18re 19 

Figure 18:  Cell surface expression of sLe
x
 and C2-O-sLe

x 
are altered by manipulation of 

the genes C2GnT1 and FucT-III.  (a): RT-PCR of C2GnT1, FucT-III, and β-actin mRNAs isolated 

from LS174T parent and C2GnT1 shRNA transduced cells and H1299 parent, H1299/FucT-III, 

and H1299/FucT-III/shRNA transduced cells.  One representative experiment three repetitions 

are shown.  (b): Flow cytometric analysis of cell staining with CHO-131 and CSLEX-1 mAbs was 

used respectively to determine the percentage of C2-O-sLe
x
 positive cells as a subset of the total 

percentage of sLe
x
 positive cells.  i: LS174T parent and shRNA transduced cells, ii: H1299 

parent, H1299/FucT-III, and H1299/FucT-III/shRNA transduced cells. Data shown for LS174T 

cells is representative of three individual experiments.  Data shown for H1299 cells is the average 

of 6 individual experiments.    
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Glycosylated proteins in H1299 and LS174T cells bind to E-selectin 

In order to characterize the proteins that were glycosylated with the C2-O-sLex structure 

in H1299 and LS174T cells, Western blotting was performed on whole cell lysates using 

the CHO-131 mAb.  We detected multiple protein bands of molecular weights ranging 

from greater than 250 to less than 37 kDa that were present in a similar pattern for both 

cell types (Figure 19a). 

In order to increase the specificity of the assay and reduce the number of proteins being 

exposed to the CHO-131 mAb during the Western blotting procedure, whole cell lysate 

samples were Immunoprecipitated with a recombinant mouse E-Selectin/Fc chimera.  

Western blotting of the Immunoprecipitated samples using CHO-131 mAb revealed a 

marked reduction in the number of bands that were detected.  Three bands of molecular 

weights ranging from less than 250 to greater than 100 kDa were identified in both 

H1299 and LS174T cells.   Of these bands, the ~180 kDa band was absent in H1299 

parent cells, expressed in LS174T parent and H1299/FucT-III cells, and reduced in 

intensity in both H1299/FucT-III/shRNA and LS174T/shRNA cells. The ~130 kDa band 

was reduced in intensity in LS174T/shRNA cells compared to that detected in LS174T 

parent cells.  In contrast, unexpectedly, a ~130 kDa band was detected in H1299 parent 

cells and differences were not observed in band intensities when H1299 parent and 

H1299/FucT-III/shRNA cells were compared nor were differences detected when band 

intensities of H1299 parent and H1299/FucT-III cells were compared (Figure 19b).   

To verify that glycosylated proteins were detected in the assays, whole cell lysates and 

E-selectin IP samples were electrophoresed on an SDS-PAGE gel, specifically stained 

for glycoproteins, and subsequently stained for total protein.  Glycoprotein staining of the 

whole cell lysates revealed a pattern of bands remarkably similar to that obtained with 

CHO-131 mAb Western blotting.  Total protein staining resulted in the detections of 
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additional bands not seen when compared with the glycoprotein stain or Western blotting 

with CHO-131 mAb.  This result indicated that CHO-131 mAb was reactive with 

glycosylated proteins (Figure 19c). 

Glycoprotein staining of E-selectin IP samples revealed the same three bands that were 

detected with Western blotting with CHO-131 mAb.  Additionally, total protein staining 

also indicated the presence of only the same three bands confirming that IP with E-

selectin effectively removed most proteins from the lysate samples and enriched only a 

few glycosylated proteins of high molecular weight, presumably only those that could act 

as E-selectin ligands (Figure 19d). We focused only on proteins in LS174T parent cells 

and did not examine proteins in LS174T/shRNA cells by glycoprotein staining because 

LS174T parent cells expressed high amounts of C2-O-sLex and our goal was to isolate 

maximal amounts of this glycan in from these cells for further characterization.  Of note, 

a band of ~180 kDa was detected in the H1299 parent and H1299/FucT-III/shRNA cells 

although it was absent from the Western Blot using CHO-131. 
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FIGURE 19a     

 

Figure 19 

FIGURE 19b 
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FIGURE 19c 

 

FIGURE 19d 
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Figure 19:  Three glycosylated proteins are detected in LS174T and H1299 cells following 

IP with an E-selectin/Fc chimera and Western blotting with CHO-131 mAb. (a): Whole cell 

lysates from LS174T parent and LS174T/shRNA and H1299 parent, H1299/FucT-III, and 

H1299/FucT-III/shRNA cells were separated on an SDS-PAGE gel, transferred to a membrane, 

and Western blotting was performed with CHO-131 mAb to detect proteins modified C2-O-sLe
x
.  

(b):  E-selectin binding proteins were Immunoprecipitated from LS174T parent and 

LS174T/shRNA and H1299 parent, H1299/FucT-III, and H1299/FucT-III/shRNA cell lysates, 

electrophoresed on an SDS-PAGE gel, transferred to a membrane, and Western blotting was 

performed with CHO-131 mAb.  (c): Whole cell lysates from LS174T parent and LS174T/shRNA 

and H1299 parent, H1299/FucT-III, and H1299/FucT-III/shRNA cells were separated on an SDS-

PAGE gel and glycosylated proteins were identified by staining the gel with Pro-Q Emerald 300 

Glycoprotein Stain (gels shown on the left).  The same gels were then counterstained with 

SYPRO Ruby Protein Gel Stain to identify total proteins that were present on the gel (gels shown 

on the right). (d): E-selectin binding proteins were Immunoprecipitated from LS174T parent and 

H1299 parent, H1299/FucT-III, and H1299/FucT-III/shRNA cell lysates and separated by SDS 

page gel electrophoresis.  Glycosylated proteins were identified by staining the gel with Pro-Q 

Emerald 300 Glycoprotein Stain (gels shown on the left).  The same gels were then 

counterstained with SYPRO Ruby Protein Gel Stain to identify total proteins that were present on 

the gel (shown on the right).  All images are representative results of three individual 

experiments.   

 

In light of unexpected results in band intensities obtained from Western blotting LS174T 

and H1299 cells with CHO-131 mAb, a mouse IgM isotype control antibody was tested 

in parallel with CHO-131 mAb in the Western blotting procedure.  Simultaneously 

conducted Western blots of LS174T whole cell lysate samples with CHO-131 and a 

mouse IgM isotype control antibody resulted in an extremely similar pattern of detected 

bands (Figure 20). An IgM isotype control antibody obtained from a different company 

was also tested and showed similar results (data not shown). 

To further understand our observations, a readily available unrelated antibody was 

tested in the Western blotting procedure.   LS174T and H1299 cells were submitted to 

an E-selectin IP followed by Western blotting with 1-13M1, a mAb against human mucin 

5AC (MUC5AC).  Mucins are known to be heavily glycosylated [149].  MUC5AC is a 

secreted airway glycoprotein [150] known to carry the abundant sLex moieties [151], 

however, MUC5ac has not been described to participate in E-selectin binding.  The 1-
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13M1 antibody detects a single 130 kDa band in Western blotting procedures.  However, 

in our hands, 1-13M1 mAb detected three bands of similar molecular weights as were 

detected in our previous experiments (Figure 21a).  

To investigate these results further, we indirectly verified presence of MUC5AC in 

LS174T and H1299 cells by evaluating mRNA levels of MUC5AC in these cells by RT-

PCR.  The presence of MUC5AC mRNA in LS174T and H1299 cells was assessed by 

RT-PCR.  MUC5AC mRNA was detected in the LS174T cells.  However, in contrast to 

the observation that H1299 cells contained abundant amounts of MUC5AC protein 

detected by Western blot, MUC5AC mRNA was absent from H1299 cells by RT-PCR 

(Figure 21b). 

To determine whether non-specific antibody binding was occurring in our Western 

blotting procedure, samples of whole cell lysates from both cell lines were evaluated for 

reactivity with an antibody that detects the housekeeping gene GAPDH.  We observed a 

single band with the predicted molecular weight of 36 kDa, indicating that, using this 

antibody, the Western blotting procedure successfully detected the expected protein 

(Figure 22).  E-selectin IP samples of both cell lines were also blotted with the anti-

GAPDH antibody.  As expected, no protein bands were detected (data not shown). 
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FIGURE 20 

 

Figure 20Figure 21 

Figure 20: Western blotting with the mAb CHO-131 identifies similar protein bands as a 

mouse IgM isotype control antibody.  LS174T parent and LS174T/shRNA whole cell lysates 

were separated on an SDS-PAGE gel, transferred to a membrane and blotted with CHO-131 

(shown on the left) or a mouse IgM isotype control antibody (shown on the right).  One 

representative image of 4 individual experiments is shown.  
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FIGURE 21a 

 

FIGURE 21b 

 

Figure 21Figure 22 

Figure 21: An anti-MUC5AC antibody detects proteins in E-selectin IP samples although 

MUC5AC mRNA is absent from the cells.  (a): E-selectin binding proteins were 

Immunoprecipitated from LS174T parent and LS174T/shRNA and H1299 parent, H1299/FucT-III, 

and H1299/FucT-III/shRNA cell lysates, electrophoresed on an SDS-PAGE gel, transferred to a 

membrane, and Western blotted with 1-13M1 mAb against MUC5AC.  One representative image 

of three individual experiments is shown.  (b): RT-PCR of MUC5AC and β-actin mRNA isolated 

from LS174T parent and LS174T/shRNA and H1299 parent, H1299/FucT-III, and H1299/FucT-

III/shRNA cells.  One representative experiment of three repetitions is shown.   
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FIGURE 22 

 

Figure 22Figure 23 

Figure 22: Western blotting with an anti-GAPDH antibody detects one band of the 

expected molecular weight.  Whole cell lysates of LS174T parent and LS174T/shRNA and 

H1299 parent, H1299/FucT-III, and H1299/FucT-III/shRNA cells were separated on an SDS-

PAGE gel, transferred to a membrane and blotted with anti-GAPDH mAb to identify the protein 

band corresponding to the housekeeping gene GAPDH.  One representative image of two 

individual experiments is shown.    

 

MUC 3 is a candidate protein for C2-O-sLex glycosylation 

The nature of the scaffold to which C2-O-sLex is attached in cancer cells is unknown but 

mucins represent likely candidates because they are the major glycoproteins produced 

by epithelial tissues of the gastrointestinal tract and lungs.  MUC1 has been shown to 

carry the sLex epitope and participate in E-selectin binding in cancer cells [146-147].  As 

a first step to determine whether C2-O-sLex decorates a mucin, we tested H1299 parent, 

H1299/FucT-III, and H1299/FucT-III/shRNA cells for the presence of a panel of mucin 

mRNAs by RT-PCR.  All of the mucins that were tested (with the exception of MUC2) 
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are known to contain a transmembrane domain which could allow them to function as 

the protein backbone to which cell surface C2-O-sLex is attached.  MUC3 and MUC13 

were the only mucin mRNAs present in H1299 cells and manipulation of cells by 

transfection of FucT-III or gene knockdown of C2GnT1 had no effect on their levels of 

transcription (Figure 23a).  Although low levels of MUC1 mRNA was detected, all groups 

of H1299 cells were negative for cell surface MUC1 expression as assessed by flow 

cytometry (data not shown).  

To determine if the MUC3 mRNA was translated into protein and expressed on the cell 

surface, H1299 cells were stained with the M3.1 mAb that is specific for MUC3 and 

assessed for positive reactivity by flow cytometry.  Approximately 10% of all groups of 

H1299 cells stained positively with M3.1 mAb.  Staining of the parent cells with a mouse 

IgG isotype control antibody resulted in a negative signal (Figure 23b).  These results 

indicate that H1299 cells expressed the cell surface bound mucin MUC3 which may be 

considered as a candidate for C2-O-sLex glycosylation in lung carcinoma cells.   

FIGURE 23a  

 

FFigure 23igure 24 
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FIGURE 23b 

 

 

Figure 23: H1299 cells express MUC3 mRNA and protein.  (a):  RNA was isolated from H1299 

parent, H199/FucT-III, and H1299/FucT-III/shRNA cells and RT-PCR was performed to detect 

mucin mRNAs.  One representative experiment of two is shown.  (b):  The reactivity of H1299 

parent, H1299/FucT-III, and H1299/FucT-III/shRNA cells with m3.1 mAb that detects MUC 3 

protein was determined by flow cytometric analysis.  Results of one representative experiment of 

two are shown. 

 

Discussion 

We made considerable progress in identification of the backbone structure attached to 

C2-O-sLex in lung (H1299) and colon (LS174T) carcinoma cell lines.  We successfully 

isolated three C2-O-sLex expressing proteins in these cells by IP of cell lysates with E-

selectin followed by Western blotting with CHO-131 mAb.  However, several limitations 

of our assays prevented us from specifically characterizing the nature of the backbone 

structure.  Unexpectedly, the three protein bands, ranging in molecular weights from less 

than 250 to greater than 100 kDa, were present in a similar pattern for both cell types.  

Additionally, we noted a discrepancy in our data for H1299 cells.  We have 

demonstrated by flow cytometry that H1299 parent cells do not express the C2-O-sLex 
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epitope on cell membranes but we detected protein bands in H1299 parent cell lysates 

after immunoblotting with CHO-131 mAb, indicating that C2-O-sLex, possibly in an 

immature form, may have been present in these cells but was not transported to the cell 

surface.  Furthermore, the intensities of the ~130 kDa band in H1299 and LS174T cells 

was not reduced after gene knockdown of C2GnT1, the enzyme necessary for C2-O-

sLex synthesis.  A possibility is that our gene knockdown was not complete.  

Alternatively, CHO-131 mAb binding may not be specific for C2-O-sLex in the lung and 

colon carcinoma cell lines tested. 

In published reports, CHO-131 mAb has been successfully used to detect proteins in T- 

cells by Western blotting [152-153].  Descheny et. al.  but not Ni et. al. showed an IgM 

isotype control antibody in their report.  Our laboratory has recently successfully used IP 

with a PSGL-1 antibody and Western blotting with CHO-131 mAb to detect a single 

specific glycoprotein band corresponding to C2-O-sLex in neutrophils (unpublished 

results).  We have also used CHO-131 mAb to detect C2-O-sLex on colon carcinoma 

cells by immunohistochemistry [116].  Therefore, we surmise that expression of C2-O-

sLex differs in cancer cells compared to immune cells and that CHO-131 mAb reactivity 

with lysates of cancer cells is not as specific as demonstrated for immune cells in 

Western blotting procedures.   

The HECA-452 mAb is specific for the sLex epitope and has been successfully used in 

Western blotting of whole cell lysates of LS174T colon carcinoma cells by Napier et. al..  

This antibody is less restrictive in its binding reactivity than CHO-131 mAb because it 

recognizes sLex on several types of backbone structures.  Napier et. al. detected only a 

single blurred band between approximately 250 – 100 kDa [143]. 
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Interestingly, when Western blotting was performed with HECA-452 mAb using whole 

cell lysates of AML-139 acute myeloid leukemia cells,  three high molecular weight 

bands were observed that appeared to be very similar in molecular weights to the bands 

that we detected by Western blotting and glycoprotein staining of gels after IP with E-

selectin [154].  Thomas et. al. have demonstrated that IP of LS174T cells with HECA-

452 mAb and subsequent protein detection with Pro-Q Emerald 300 Glycoprotein Stain 

resulted in a banding pattern that was similar to our findings when we performed IPs with 

E-selectin and glycoprotein staining using LS174T and H1299 cell lysates [145]. 

Importantly, in H1299 lung carcinoma cells, we detected MUC 3 mRNA and MUC3 

protein expressed on the cell membrane.  Expression of the FucT-III and C2GnT1 genes 

did not play a role in MUC3 expression.  We observed that 25% of transfected H1299 

cells expressed C2-O-sLex, however, only approximately 10% of transfected cells 

expressed MUC3.  Therefore, MUC3 may be a candidate glycoprotein in H1299 cells 

that is decorated with C2-O-sLex but other proteins in these cells must also be modified 

with C2-O-sLex.   

Despite the limitations of our study, we have provided evidence that a mucin, particularly 

MUC3, may act as a scaffold for C2-O-sLex.  Further investigation is required to 

determine the biological significance of this potential association in cancer cells.  Future 

studies include the use of dual fluorescent staining with CHO-131 mAb and an anti-

MUC3 or other mucin antibody, and confocal microscopy, to investigate whether C2-O-

sLex is spatially associated with a mucin on the cancer cell membrane.  
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Chapter 4:  Conclusions and Future Directions 

 

Much evidence supports an association between inflammation and cancer promotion 

and progression [25-26, 28-29, 155].  Leukocytes are key mediators of the inflammatory 

tumor microenvironment and tumor progression and metastasis.  Classically, 

investigation of tumor associated leukocytes has been focused on macrophages which 

have been shown to support tissue hyperplasia and remodeling, tumor growth, 

angiogenesis, and suppression of anti-tumor adaptive immune responses [25, 28, 30, 

32, 47, 49].  More recently, however, the presence of neutrophils in the tumor 

microenvironment has been widely demonstrated to promote angiogenesis and confer 

metastatic properties to tumor cells [31-33, 156-159]. 

Aberrant secretion of chemokines by tumor cells regulates the infiltration of leukocytes to 

the tumor microenvironment [28].  Changes cell signaling or genetic alterations in tumor 

cells contribute to the mis-regulation of chemoattractant signaling [30, 33,155].  Further, 

the secretion of pro-inflammatory cytokines such as TNF-α, IL-1, IL-6, and IL-8 may be 

increased in cancer cells and act via autocrine or paracrine signaling pathways to 

promote carcinogenesis [155].  The pro-inflammatory cytokine TNF-α is also secreted 

into the tumor microenvironment by recruited leukocytes and is involved in cellular 

transformation, proliferation and survival, invasion, migration, angiogenesis, and 

metastasis [35, 155].  TNF-α is thought to be important in mediating the pathogenesis 

and metastatic properties of human lung cancer by up-regulating the expression of 

genes encoding glycosyltransferase type enzymes.  Stimulation of lung cancer cell lines 

or explanted bronchial mucosa with rTNF-α resulted in increased expression of the 

glycosyltransferase enzyme FucT-III and cell surface sLex, both of which have been 

extensively associated with promotion of metastasis [117-118].  sLex is a carbohydrate 



97 
 

epitope resulting from the activity of FucT-III and promotes metastasis of lung and other 

types of carcinoma cells by facilitating tumor cell attachment to endothelial E-selectin 

[66, 79, 80-84, 106].   

Despite these observations, further investigation is required to determine the precise 

regulation of sLex expression on lung tumor cells by tumor-associated leukocytes and 

their secreted cytokines and the resulting effect on tumor progression and metastasis.  

Additionally, information is lacking on the influence of glycosyltransferase gene 

expression on chemokine secretion and leukocyte recruitment by lung tumor cells.   

The results of our study suggest that rTNF-α up-regulates sLex on FucT-III expressing 

lung carcinoma cells and TNF-α derived from neutrophils enhances the metastatic 

potential of lung carcinoma cells through promotion of a non-adherent phenotype and 

enhancement of invasiveness.  Factors secreted by neutrophils also up-regulate lung 

cancer cell sLex expression, however, this result was shown to be independent of TNF-

α.  Our findings are in agreement with other studies [117-118], that demonstrated that 

stimulation with rTNF-α results in increased cell surface expression of sLex in QG-95 

lung cancer cells and explanted samples of bronchial mucosa.  However, in contrast to 

other studies [118-119], we found that the rTNF-α induced increase in sLex was not the 

result of up-regulation of FucT-III mRNA and therefore, may have been due to regulation 

of post-transcriptional modification of the FucT-III enzyme.  Notably, although Groux-

Degroote et. al. demonstrated that stimulation with either IL-6 or IL-8 resulted in 

increased sLex expression in samples of healthy bronchial mucosa, only IL-8 was shown 

to increase FucT-III mRNA expression [160].  This indicates that TNF-α and IL-6 may be 

involved in similar mechanisms that do not change transcription of FucT-III, but 

nevertheless are responsible for up-regulation of sLex. 
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We observed that overexpression of FucT-III in lung carcinoma cells resulted in 

increased secretion of neutrophil chemoattractants (IL-8 and GRO-α), therefore, we 

focused our investigation on the effect of neutrophils and their secreted factors on lung 

tumor cells and found that neutrophils promote metastatic qualities.  Others have also 

demonstrated the importance of factors secreted by neutrophils in the promotion of 

metastatic properties of tumor cells.  In agreement with our observations, Remedi et. al. 

found that NCM or co-culture with neutrophils conferred anchorage independence and 

an invasive phenotype to rat sarcoma cells.  Additionally, it was determined that 

neutrophils caused up-regulation of matrix metalloprotease-2 and down-regulation of 

ICAM-1 [158].  Wislez et. al. demonstrated that neutrophils induced the detachment of 

A549 cells from substratum and confirmed that TNF-α mediated this process.  ICAM-1, 

IL-1-α, and neutrophil elastase were additionally identified as playing a role in A549 

detachment mediated by neutrophils.  It was also concluded that intrapulmonary tumor 

cell shedding was induced by tumor associated neutrophils in vivo and was a significant 

factor contributing to shorter survival time of patients [159]. 

We focused on the implications of interactions between IL-8 secreting tumor cells with 

recruited neutrophils at the primary tumor site and found that neutrophils endowed 

properties to tumor cells which would promote metastasis upon detachment from the 

primary tumor.  However, neutrophils have recently been demonstrated to interact with 

IL-8 expressing melanoma cells in the vasculature to directly promote tumor cell 

attachment to endothelium and tissue extravasation [161].  Additionally, high systemic 

neutrophil counts have been shown to be associated with shorter survival times in 

patients suffering from NSCLC [162]. 

In summary, our findings complement and expand the body of previously published 

reports that indicate that neutrophils play a role on the role in the acquisition of 
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metastatic properties by tumor cells.  Importantly, we are the first to report that 

overexpression of the glycosyltransferase enzyme FucT-III by lung carcinoma cells may 

augment the recruitment of neutrophils which in turn increase sLex expression on the 

membranes of lung carcinoma cells and promote tumor invasiveness.  

Our results are exciting as they provide important new insight into the relationship 

between tumor-associated inflammatory cells and sLex expression on lung cancer cells.  

Based on our accumulated data and published findings, we propose the following model 

of the interactions in the lung tumor microenvironment that promote metastasis (Figure 

24):  A stimulus, possibly the carcinogenic components of cigarette smoke or a chronic 

state of inflammation (see chapter 1, Pathogenesis of Lung Inflammation and Cancer 

and The Role of Inflammation in Cancer Progression) may induce cellular genetic 

mutations, a loss of proliferative regulation, and the initiation of carciongenesis.  These 

genetic changes may cause heightened activity of the FucT-III gene.  This results in cell 

surface sLex presentation, increased secretion of inflammatory chemokines, and an 

enhanced invasive ability.  The secreted chemokines may recruit an increased number 

of neutrophils and macrophages to the tumor site.  The presence of chemokines and 

leukocytes may collectively promote tumor angiogenesis, proliferation, and metastatic 

properties including loss of anchorage dependence, an increased invasive ability, and an 

increase in the amount of cell surface sLex.  Collectively, these changes may allow 

tumor cells to more readily detach from the primary tumor and enter the circulation, and 

subsequently, allow circulating tumor cells to more efficiently adhere to endothelium and 

migrate into new tissues to form metastases. 



100 
 

FIGURE 24  

 

Figure 24Figure 25 

Figure 24: Graphical depiction of the proposed mechanism linking tumor cell FucT-III 

expression, chemokine secretion, inflammatory cells, and increased tumor cell metastatic 

potential.  Genetic alterations and malignant transformation may lead to aberrant expression of 

FucT-III (1) which results in cell surface sLe
x
 expression (green stars), secretion of chemokines, 

and increased invasiveness (2).  Chemokines lead to the recruitment of leukocytes (3) which 

secrete TNF-α and other factors (4) that result in increased sLe
x
 expression (blue stars), 

anchorage independent growth, and further increased invasive ability (5).  As a result of these 

interactions, the tumor cell is armed with properties shown to increase metastatic potential.  
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Targeting tumor microenvironmental molecules has been suggested as a future potential 

cancer therapy [163].  We believe that our findings will be instrumental in providing 

crucial information for the development of therapies aimed at preventing the spread of 

tumor cells, including the use of chemokine inhibitors or other inflammation-reducing 

adjuvant therapies that may be effective in conjunction with established lung cancer 

treatment protocols. 

These findings pave the way for additional experiments aimed at determining the 

molecular mechanisms involved in the interactions between cancer cells and 

inflammatory cells that may regulate cancer growth, invasion, and metastasis.  Possible 

future experiments include: 

1) Determination of the processes in malignant transformation responsible for 

aberrant FucT-III expression in cancer cells. 

2) Investigation of the cellular signaling mechanisms involved in FucT-III induced 

up-regulation of chemokine secretion and enhancement of invasion.  How and 

why is FucT-III influencing seemingly unrelated molecules? 

3) Identification the molecular mechanisms involved in the observed FucT-III, TNF-

α, and NCM induced increase in invasion.  What is the role of matrix 

metalloproteases in invasion in our system and are signaling pathways 

activated? 

4)  Identification of the factor/s in NCM responsible for sLex up-regulation.  Is it 

possible that TNF-α acts as the primary factor influencing sLex however, when 

TNF-α is blocked, does a different molecule act in its place? 

5) Investigation of the mechanisms responsible for TNF-α and NCM induced sLex 

up-regulation.  If sLex up-regulation is not due to increased FucT-III transcription, 

how do these stimulatory factors cause an increase in sLex expression? 

6) Determination of the influence of other immune cell populations on tumor cell 

sLex expression.  For example, MCP-1 secretion was observed to be increased 
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by FucT-III gene expression.  What effect does monocyte conditioned media or 

co-culture with monocytes have on sLex expression and other metastatic 

properties? 

7) Assessment of the influence of neutrophils and other immune cells on expression 

of the high affinity selectin ligand C2-O-sLex by cancer cells.  Does TNF-α or 

other factors secreted by neutrophils or other immune cells effect the 

transcription, activity, or localization of the C2GnT1 gene and/or enzyme?  

8) Investigation of the significance of the morphologic change observed after co-

culture of cancer cells with neutrophils and the implications for in vivo metastasis. 

9) Assessment of the interactions that may regulate FucT-III overexpression in 

cancer cells, the presence of neutrophils, sLex expression, and tumor 

progression and metastasis in vivo.  Does treatment with anti-inflammatory drugs 

result in reduced sLex expression on cancer cells and what is the influence on 

metastasis?  What are the effects of specific chemokine inhibitors?  What role 

does expression of FucT-III play in tumor progression and tumor-associated 

inflammation? 
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