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Abstract

Alterations in glycosylation are common in cancer and are thought to contribute to disease. Lung
cancer and primary malignant brain cancer, most commonly glioblastoma, are genetically
heterogeneous diseases with extremely poor prognoses. In this review, we summarize the data
demonstrating glycosylation is altered in lung and in brain cancer. We then use specific examples
to highlight the diverse roles for glycosylation in these two deadly diseases and illustrate shared
mechanisms of oncogenesis. In addition to alterations in glycoconjugate biosynthesis, we also
discuss mechanisms of post-synthetic glycan modification in cancer. We suggest that alterations in
glycosylation in lung and brain cancer provide novel tumor biomarkers and therapeutic targets.
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1. INTRODUCTION

1.1 Altered glycosylation in cancer.

Glycosylation is one of the most common types of post-translational modification, and it is a
critical determinant of protein function. The process of glycosylation refers to the addition
of a carbohydrate, or glycan, to a non-carbohydrate structure (aglycone), commonly a
protein or lipid. While this process is most common in the ER/Golgi, it can also occur in the
cytoplasm and nucleus. Indeed, glycosylation in the cytoplasm can result in rapid alterations
in cell signaling. Most secreted and cell-surface proteins are post-translationally modified by
glycosylation, including tyrosine kinase receptors and integrins, and the oligosaccharide
structure is a critical determinant of biological function (Figure 1). Defined by the nature of
the linkage to the aglycone, the major classes of glycans in eukaryotic cells include the N-
glycans, O-glycans, glycosphingolipids or glycolipids, and proteoglycans. In cancer,
abnormalities in protein glycosylation are common, and they can be a hallmark of
carcinogenesis and cancer metastasis (S. Hakomori, 1989; S. I. Hakomori & Cummings,
2012; Ohtsubo & Marth, 2006; Tuccillo et al., 2014). Lung cancer and primary malignant
brain cancer, most commonly glioblastoma, are genetically heterogeneous diseases with
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extremely poor prognoses. Similar to several other malignant diseases, they exhibit striking
alterations in glycosylation. These include alterations in gene expression of enzymes that
regulate glycan biosynthesis and post-synthetic modification (for a review see (Cohen et al.,
2008; Moskal, Kroes, & Dawson, 2009; Rosen & Lemjabbar-Alaoui, 2010; Tuccillo, et al.,
2014; Wade et al., 2013). In lung cancer, numerous alterations in glycosylation have been
described, including aberrant expression and glycosylation of mucins, altered branching of
N-glycans, and increased presence of sialic acid on proteins and glycolipids. In brain
tumors, common alterations include N- and O-glycan modifications of integrins and receptor
tyrosine kinases and altered sialic acid containing glycoproteins. Common to both cancers
are alterations that drive post-synthetic glycan modification. While it is clear that
glycosylation is altered in lung and brain cancers, there is limited data on the functional role
for these alterations in disease. In this review, we summarize some of the major alterations in
glycosylation identified in lung and brain cancers, we draw parallels between these two
deadly diseases, and where possible, we highlight examples for which functional data exists.

1.2 Lung cancer.

Lung cancer remains the leading cause of cancer mortality in men and women in the U.S.
and worldwide, accounting for 1.5 million deaths globally in 2011, up from 1.2 million
deaths in 2000, with an estimated 159,260 deaths in the U.S. alone in 2014 (Siegel, Ma, Zou,
& Jemal, 2014). About 90 % of lung cancer cases are caused by smoking and use of tobacco
products. However, other factors such as radon gas, asbestos and air pollution exposures, as
well as chronic infections can contribute to lung carcinogenesis. Lung cancer is divided into
two broad histologic classes, which grow and spread differently: small-cell lung carcinomas
(SCLC) and non-small cell lung carcinomas (NSCLC). NSCLCs comprise about 80% to
90% of all lung cancers and are further divided into three major histological subgroups:
adenocarcinoma, squamous-cell carcinoma, and large cell carcinoma (Travis, Brambilla, &
Riely, 2013). As with other cancers (Vogelstein & Kinzler, 2004), there is no single mutation
that is responsible for lung cancer, but a succession of molecular changes contributes to
tumor formation. Lung cancer is a very heterogeneous disease involving somatic mutations
and epigenetic dysregulation of a number of signaling pathways. The identification and
characterization of these molecular changes in lung cancer are of critical importance for
improving disease prevention and early detection, as well as personalized prognosis and
ideal therapy selection for each patient, based on the knowledge of each patient’s tumor
characteristics and genetics. There have been considerable advances in our understanding of
the molecular genetic changes in lung cancer pathogenesis in recent years and this has led to
a vast improvement in the diagnosis and treatment of lung cancers based on the genetic
signature of patient’s tumor. Several genetic alterations have been identified in lung cancer,
including: 1) Activating mutations in a number of proto-oncogenes such as KRAS, EGFR,
BRAF, PI3K, MEK and HERZ2. 2) Structural rearrangements in ALK, ROS1 and possibly
RET. 3) Amplification of proto-oncogenes such as MET in adenocarcinomas, FGFR1 and
DDR?2 in squamous-cell lung carcinomas. 4) Oncogenic gene overexpression by microRNAS
(miRNAS). 5) Inactivation of tumor suppressor genes, including TP53, RB1, CDKN2A,
FHIT, RASSF1A, and PTEN. Despite this progress, further understanding of the molecular
basis of lung cancer is needed, since current treatment options are frequently inadequate
(Osada & Takahashi, 2002; M. Sato, Shames, Gazdar, & Minna, 2007).
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1.3 Brain cancer.

Central nervous system (CNS) tumors encompass a diversity of neoplasms, including both
primary tumors, derived from components of the normal central nervous system (CNS), and
secondary tumors, neoplastic cells that have spread to the CNS from elsewhere in the body.
It is estimated that approximately 100,000 new central nervous system tumors are diagnosed
each year in the United States. While primary malignant brain tumors comprise less than a
third of these cases, they are progressive and often fatal with a five-year relative survival rate
of 34% (Hess, Broglio, & Bondy, 2004). In children, CNS tumors are now the most common
cause of cancer death.

Infiltrating gliomas, one of the most common primary CNS tumors of adults, include
oligodendroglioma, anaplastic oligodendroglioma, diffuse astrocytoma, anaplastic
astrocytoma, and glioblastoma. Characterized by diffuse tumor cell invasion into the non-
neoplastic brain, they often develop very aggressive biologic behavior with time. Indeed,
glioblastoma (GBM), the most common primary malignant brain tumor in adults, is a highly
aggressive neoplasm and median survival is less than 15 months (Hess, et al., 2004; Stupp et
al., 2009; Stupp et al., 2005). GBM is characterized by aberrant signaling through receptor
tyrosine kinase (RTK) signaling pathways and their downstream components. Frequent
genetic abnormalities include amplification of the epidermal growth factor receptor (EGFR),
loss of heterozygosity (LOH) of 10q, inactivation of PTEN, and loss of CDKNZA. Based on
recent expression, genomic and proteomic data (Brennan et al., 2009; Mischel et al., 2003;
H. S. Phillips et al., 2006; Verhaak et al., 2010), it is clear that GBM can be further stratified
into broad subtypes with different patterns of abnormal RTK signaling pathway activity.
Interestingly, expression of a glycosyl hydrolase 18 family member, the secreted
glycoprotein CHI3L1 (YKL-40), is upregulated in a subset of GBM and is associated with
worse outcome (Colman et al.; Kroes, Dawson, & Moskal, 2007; H. S. Phillips, et al., 2006).
Despite advances in our understanding of the disease and its molecular alterations, improved
tumor biomarkers and novel therapeutic strategies are needed.

2. N-LINKED GLYCANS.

N-linked glycans, involving the covalent linkage of an oligosaccharide to an asparagine
residue of a polypeptide chain, are involved in several important biological processes,
including protein folding and oligomerization, targeting proteins to sub-or extracellular
locations, and cell—cell interactions. In cancer, alterations in N-glycan structure are common
with an increase in highly branched N-glycans (Asada, Furukawa, Segawa, Endo, & Kobata,
1997; Dennis, Laferte, Waghorne, Breitman, & Kerbel, 1987; Dennis, Waller, &
Schirrmacher, 1984) and an increase in terminal sialyation (Fogel, Altevogt, &
Schirrmacher, 1983; Hedlund, Ng, Varki, & Varki, 2008) being most commaon.
Glycosyltransferases involved in the synthesis of branching N-linked glycans and implicated
in cancer include betal,6-N-acetylglucosaminyl transferase (GnT-V), betal,4-N-
acetylglucosaminyltransferase (GnT-I11), and alphal,6-fucosyltransferase (FUTS8).

GnT-V, a key enzyme that increases betal,6 branching and is encoded by the MGAT5 gene,
has increased expression in brain, colon, and breast cancer and has been shown to decrease
cell adhesion and promote tumor cell invasion and metastasis (Demetriou, Nabi, Coppolino,
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Dedhar, & Dennis, 1995; Yamamoto, Oviedo, Sweeley, Saito, & Moskal, 2001; Yamamoto
et al., 2000; Zhao et al., 2008). Moreover, in breast and colon carcinoma increased betal,6-
GIcNAc-bearing N-glycans have been shown to be a marker for tumor progression (Dennis,
et al., 1987; Fernandes, Sagman, Auger, Demetrio, & Dennis, 1991). In glioma cells, over
expression of GnT-V resulted in altered focal adhesions and increased tumor cell invasion
(YYamamoto, et al., 2000). Highly branched N-glycans also have essential, yet diverse, roles
in growth factor signaling. For example, increased alphal,6-fucosyltransferase activity, can
promote EGF receptor mediated signaling (Wang et al., 2006). Conversely, increased
betal,4-N-acetylglucosaminyltransferase activity can attenuate EGF receptor signaling,
promote receptor endocytosis, and increase MAPK signaling in different cell systems
(Rebbaa et al., 1997; Y. Sato et al., 2001).

In contrast to glioma, low expression levels of betal,6-N-acetylglucosaminyl transferase
(GnT-V) are associated with relatively short survival time and poor prognosis in NSCLC.
Indeed, GnT-V is expressed in the normal lung (Perng, Shoreibah, Margitich, Pierce, &
Fregien, 1994), and betal,6 branching oligosaccharides, synthesized by GnT-V, are found in
normal bronchial epithelial cells and alveolar pneumocytes (Li & Roth, 1997). Aberrant
expression of GnT-V results from an altered transcription of its gene MGAT5 which can be
altered by various mechanisms, including viral and chemical carcinogenesis. A recent study,
demonstrated that GnT-V expression is decreased or lost in about half of NSCLCs, while
GnT-V is expressed in non-neoplastic bronchial epithelial cells, bronchial gland cells, and
alveolar pneumocytes. Histology was significantly correlated with GnT-V expression; low
GnT-V expression was more frequently found in squamous-cell carcinomas than in non-
squamous-cell carcinomas (Dosaka-Akita et al., 2004). Furthermore, low GnT-V expression
was associated with a shorter survival period and was an unfavorable prognostic factor in
Stage | resected non-squamous-cell carcinomas. Moreover, the vast majority of NSCLC
tumors with a high GnT-V expression level also showed high levels of $1-6 branching
oligosaccharides assessed by staining with the plant lectin L-phytohemagglutinin (L-PHA),
which preferentially recognizes branched N-glycans bearing p1-6 branched GIcNAc, a
product of GnT-V. Interestingly, the Ki-67 labeling index (LI), a marker of proliferation, was
significantly lower in NSCLC tumors with high GnT-V expression than in tumors with low
GnT-V. It appears that in NSCLCs, which derive from bronchial and alveolar epithelia that
normally express GnT-V, GnT-V expression is associated with favorable prognosis.
Decreased expression of GnT-V may contribute to altered biological properties of a subset of
NSCLCs by decreased synthesis of 1-6 branching oligosaccharides of certain target
glycoproteins. In contrast, another study has reported that Mgat5 is highly expressed in
CD133-positive lung adenocarcinoma tumors and cell lines when compared to CD133-
negative counterparts (X. Zhou, Chen, Wang, Zhang, & Zhao, 2011). Moreover, greater L-
PHA staining was observed in CD133-positive cells than in CD133-negative cell.
Importantly, knockdown of Mgat5 in CD133-positive cancer cell lines inhibited cancer cell
growth both in vitro and in vivo, suggesting increased betal,6-branching oligosaccharides
may play an oncogenic role in CD133-positive lung adenocarcinomas. Of note, the target
glycoproteins of GnT-V in the lung and bronchus remain to be determined.

Adv Cancer Res. Author manuscript; available in PMC 2018 August 07.
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3. O-LINKED GLYCANS.

Another very common covalent modification is the O-linked glycans in which the glycan is
linked to the polypeptide by the hydroxyl group of a serine or threonine residue. When
covalently alpha-linked via N-acetylgalactosamine (GalNAc) these structures are named
mucin-O-glycans. Mucin glycoproteins, glycoproteins that are heavily O-glycosylated, are
expressed from the luminal surface of many epithelia (see M ucins, below). Unlike the
mucins, when the glycan is covalently beta-linked via N-acetylglucosamine it is termed O-
GIcNAc. O-GIcNAcylation is unique as it represents one of the most abundant post-
translational modifications in the cytoplasm and nucleus, and it can rapidly change. Thus, O-
GIcNAc regulates a number of important biological processes, including cell signaling
pathways, gene transcription, cell proliferation, protein degradation, metabolism and insulin
sensing. O-GIcNAcylation is regulated by O-GIcNAc transferase (OGT) and its opposing
counterpart O-GIcNAcase (OGA). OGT catalyzes the transfer of N-acetylglucosamine from
uridine diphospho-N-acetylglucosamine (UDP-GIcNAC) to serine or threonine residues of a
wide variety of intracellular proteins, including signaling proteins important for insulin
resistance (X. Yang et al., 2008), oncogenes and tumor suppressors (Chou, Hart, & Dang,
1995; W. H. Yang et al., 2006), and transcriptional co-activators that control
gluconeogenesis (Dentin, Hedrick, Xie, Yates, & Montminy, 2008).

In human lung squamous cell carcinoma tissues, the O-GIcNAcylation levels and the
expression of OGT and OGA were assessed by immunohistochemistry analysis (Mi et al.,
2011). This analysis demonstrated that O-GIcNAcylation of lung cancer tissues is
significantly elevated compared with that in the adjacent normal tissues. Additionally, OGT
expression was markedly enhanced, both at the protein and the transcript levels, in lung
cancer tissues compared with that in adjacent normal tissues. In contrast, the level of the
opposing enzyme (OGA) was not significantly different between the tumor tissues and their
adjacent normal tissues. Thus, OGT expression is probably one of the main causes of O-
GlcNAcylation elevation in NSCLC tumor tissues. Further data from this study
demonstrated that OGT inhibition in NSCLC cell lines leads to reduction of O-
GIcNAcylation. Reduction of O-GIcNAcylation in NSCLC cells, results in a significant
decrease of the anchorage-independent growth and in vitro cell invasion abilities of NSCLC
cells, two hallmark properties of malignant cells. Together, these results suggest that O-
GIcNAcylation might promote lung carcinogenesis.

O-GIcNACc levels can be induced within minutes (Kneass & Marchase, 2004) and
accumulate on the minute-to-hours time scale (Rexach et al., 2012). Almost all enzymes
involved in the glycolytic pathway are potential substrates for OGT (Clark et al., 2008).
Cellular metabolism is significantly altered in rapidly growing cancers. Cancer cells
consume glucose avidly and produce elevated levels of lactic acid compared to normal
tissues. This phenomenon, known as aerobic glycolysis or the “Warburg effect,” has been
observed in almost all aggressive cancers, including lung and brain cancers. O-GIcNAc
glycosylation acts as a nutrient sensor of the cellular metabolic state to couple metabolic
status to the regulation of many signaling pathways (Hart, Housley, & Slawson, 2007; Love
& Hanover, 2005; Rexach, Clark, & Hsieh-Wilson, 2008; X. Yang, et al., 2008). Thereby. O-
GIcNACc glycosylation of specific glycolytic enzymes may play a role in regulating
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glycolysis and contribute to altered metabolic states in lung cancer cells. A Recent study (Vi
et al., 2012) has demonstrated that in human NSCLC lines increasing O -GIcNAc levels
significantly decrease the activity of phosphofructokinase 1 (PFK1), a major regulatory
enzyme that controls the flux through the glycolytic pathway (Sola-Penna, Da Silva, Coelho,
Marinho-Carvalho, & Zancan, 2010). This O-GIcNAc glycosylation-induced reduction of
PFK1 activity is not associated with a change in the protein expression levels of PFK1.
Conversely, enhanced O-GIcNAc levels have minimal effect on other key regulatory points
in the glycolytic pathway, including hexokinase, phosphoglycerate kinase and pyruvate
kinase. This study has also shown that PFK1 glycosylation occurs at the Ser529 site of the
enzyme, and is triggered in NSCLC cell lines in a time-dependent manner under hypoxic
conditions or when cells were subjected to glucose deprivation. These conditions are usually
associated with tumorigenesis and rapid tumor growth. Noteworthy, under these stress
conditions, there was only a modest increase in OGT expression levels but no changes in
OGA or PFK1 expression levels. O -GlcNAc glycosylation inhibits PFK1 activity by
blocking the binding of fructose-2,6-bisphosphate to the allosteric site of the enzyme, and
possibly perturbing the oligomerization of PFK1 subunits. Under conditions of oxidative
stress, O-GIcNAc glycosylation of PFK1 redirects the flux of glucose from glycolysis
toward the anabolic pentose phosphate pathway (PPP) (Christofk, Vander Heiden, Wu,
Asara, & Cantley, 2008; Ralser, Heeren, Breitenbach, Lehrach, & Krobitsch, 2006; Ralser et
al., 2007), and the production of precursors necessary for DNA and protein biosynthesis, as
well as reducing power in the form of NADPH and GSH to prevent ROS insult. Thus, PFK1
glycosylation confers a selective growth advantage to cancer cells by providing an ability to
adapt rapidly to the changing needs and microenvironment of tumor cells. Blocking
glycosylation of PFK1 at Ser529 reduced lung cancer cell proliferation in vitro and impaired
tumor formation in vivo. Collectively, these findings highlight a novel mechanism for the
regulation of metabolic enzymes and pathways by O-GIcNAc glycosylation, and suggest a
potential therapeutic approach for treating cancer.

4. MUCINS.

Mucins are large glycoproteins expressed on the luminal epithelial surface and are thought to
function as a physical and biological barrier protecting mucous epithelia. The human mucin
(MUC) family consists of several secreted (e.g., MUC1 and MUC4) or transmembrane
members (e.g., MUC2 to MUCS5AC/B). The mucin family consists of proteins that contain
tandem repeat structures with a high proportion of prolines, threonine and serines (which
constitute the PTS domain). Mucins are characterized by extensive O-glycosylation of the
PTS domain through GalNAc O-linkages at the threonine and serine residues. There are four
types of mucin-type O-glycans synthesized by different glycosyltransferases: corel, core2,
core3, and core4 (Fukuda, 2002). Diverse glycosylation of mucins potentially provides a
basis for tissue-specific interaction with the milieu. O-glycosylation is a multistep process in
which the carbohydrate chains are synthesized by the sequential addition of sugars in the
Golgi compartments where the glycosyltransferases are specifically located (El-Battari et al.,
2003). The first epitope attached to the Ser or Thr is N-acetylgalactosamine that corresponds
to the Tn antigen. If a neuraminic acid is added, the sialyl-Tn terminal structure appears. The
T antigen is formed by the addition of galactose to the Tn epitope (Springer, 1984) and
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sequential addition of sugar structures elongates the chain. If a fucose residue is also added,
to the second to last residue, a Sialyl-Lewis X (SLeX) structure is formed. Lewis antigens
are synthesized by the sequential action of fucosyltransferases (see Fucosylation, below). In
addition to forming a protective barrier, the transmembrane mucins are implicated in the
transduction of growth, and survival signals to maintain the integrity of the epithelial layer.
As an integral component of the epithelial stress response, transmembrane mucins contribute
to the disruption of polarity and cell-cell interactions, and thereby the epithelial to
mesenchymal transition (EMT) (Ponnusamy et al., 2013). While several mucins are
expressed in the normal human respiratory epithelium a number of alterations have been
observed in neoplastic epithelium (Copin et al., 2000; Jarrard et al., 1998; Lopez-Ferrer et
al., 2001). Indeed, human NSCLC tumors express a number of mucins, including MUC1,
MUC2, MUC4, MUC5AC, MUCS6, and MUCS. Interestingly, in NSCLC tumors
(adenocarcinomas and squamous-cell carcinomas) the Tn and sialyl-Tn antigens (truncated
O-glycans) are more abundant than the T antigen (Lopez-Ferrer, Barranco, & de Bolos,
2002). Moreover, the expression of sialyl-Tn in adenocarcinomas is greater than in
squamous-cell carcinomas (Molinolo, Simpson, Thor, & Schlom, 1990). Furthermore,
published reports have shown that most lewis structures are expressed in human NSCLC
tumors, and that Lewis type 2 antigens are detected more frequently than Lewis type 1
antigens. In addition, LeY is always the most strongly expressed in NSCLC (Kawai, Suzuki,
Kase, & Ozeki, 1993; Longenecker et al., 1984). In addition, higher expression of sialyl-
LeA and sialyl-LeX in NSCLC tumors, has been shown to correlate with an up-regulation of
fucosyltransferases FUT3 and FUT6 (Togayachi et al., 1999).

Mucin 1 (MUC1) is translated as a single polypeptide that undergoes auto cleavage into N-
terminal (MUC1-N) and C-terminal (MUC1-C) subunits (Kufe, 2009). MUC1-N contains
the highly glycosylated tandem repeats that are characteristic of the mucin family. In
contrast, MUC1-C is a transmembrane protein that functions as a cell-surface receptor
(Kufe, 2009). MUC1 has recently emerged as a highly attractive target for the development
therapies and vaccines for lung cancer. In NSCLC patients, MUC1 expression assessed with
antibodies to less or not glycosylation dependent epitopes, has been shown to correlate with
a poor survival outcome (Guddo et al., 1998; Nagai et al., 2006; Tsutsumida et al., 2004). In
contrast, tumor-associated MUC1 epitope expression was found to be a favorable prognostic
factor in NSCLC patients with lymph node metastases (Kuemmel et al., 2009). MUCL1 is
highly expressed in type 1l pneumocytes of the alveolar epithelium and malignant lung cells
(Jarrard, et al., 1998). Type Il pneumocytes are progenitor cells for normal and neoplastic
epithelium during the repair and injury and during carcinogenesis. Several studies have
suggested that MUC1 may facilitate epithelial carcinogenesis by a variety of mechanisms.

Immunohistochemical expression of MUCL1 has been shown to correlate with increased
invasiveness, migration and angiogenesis in lung cancer (Dong et al., 1997). Recent work
has shown that MUC1-C induces gene signatures that are highly predictive of overall and
disease-free survival of NSCLC patients (Khodarev et al., 2009; MacDermed et al., 2010).
Importantly, MUC1 expression in human NSCLC cells is associated with STAT3 activation,
PI3K/AKT pathway activation and in vitro growth and in vivo tumorigenesis (Gao et al.,
2009; Raina et al., 2011). The MUC1 associated with malignant cells is believed to exhibit
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unique features with a lower percentage of threonine and serine residues attached to N-
acetylgalactosamine and/or without extension through core2 structures. Consequently,
MUC1 glycosylation in cancer cells is believed to differ from normal MUC1 by shorter
glycan side chains (Cao et al., 1997; Taylor-Papadimitriou, Burchell, Miles, & Dalziel,
1999). The altered MUC1on malignant cells may have an anti-adhesive effect, mediated by a
net negative charge of the plasma membrane provided by extra sialic acid residues
(Ligtenberg, Buijs, Vos, & Hilkens, 1992) and steric hindrance (Ligtenberg, et al., 1992;
Wesseling, van der Valk, Vos, Sonnenberg, & Hilkens, 1995), which interferes with E-
cadherin (Wesseling, van der Valk, & Hilkens, 1996), contributing to nodal and distant
metastasis (Roy & Baek, 2002). The expression of bulky glycoproteins, such as MUCL, on
the surface of cancer cells can also mechanically promote tumor cell growth and survival via
the promotion of integrin adhesion and signaling (Paszek et al., 2014).

Tobacco smoke causes about 90 % of all lung cancer cases. A recent study has shown that in
cultured normal human bronchial epithelial cells, exposure to cigarette smoke extract (CSE)
results in the generation of a variant 400 kDa glycoform of MUC1’s N-terminus (MUC1-N)
differing from the 230 kDa and 150 kDa glycoforms in untreated cells (Zhang et al., 2014).
The MUC1-N variant promotion by CSE is dependent on the activity of N-acetyl-
galactosaminyl transferase-6 enzyme (GALNT6). Subsequently, CSE induces, time-
dependent shedding of glycosylated MUC1-N variant and interaction of MUC1-C terminus
with EGFR, Src and p120ctn (Zhang, et al., 2014). Consequently, CSE exposure leads to
loss of epithelial cadherin, loss of cellular polarity and disruption of cell-cell contact, all of
which are major hallmarks of epithelial-mesenchymal transition (EMT), and important
characteristics of carcinogenesis. These findings suggest a potential role for the altered
MUCL1 glycosylation in lung carcinogenesis.

5. SIALIC ACID.

Sialic acids are a group of carbohydrate structures often found in terminating branches of
glycan chains that are derived from neuraminic acid. Sialic acids play essential roles in many
biological processes, including cell adhesion and immune modulation, and they bind
selectins, lectins, and siglecs (Crocker, Paulson, & Varki, 2007; Kelm & Schauer, 1997).
Sialic acids may influence tumorigenesis in several ways and the presence of these large
negatively charged molecules on the cell surface can attenuate the adhesive property of cells
and increase cancer cell motility and invasion (Passaniti & Hart, 1988; R. Schauer, 1982;
Roland Schauer, 1985; Yogeeswaran, 1983). Sialylation is a very common and multipurpose
terminal glycosylation (R. Schauer, 1982). Elevated sialic acid in glycoproteins has been
described in malignant cells (Holmes, Ostrander, & Hakomori, 1986; Vierbuchen,
Fruechtnicht, Brackrock, Krause, & Zienkiewicz, 1995; Yogeeswaran & Salk, 1981), and
studies suggest that this is an early event in tumorigenesis, sometimes starting years before
diagnosis (Gatchev et al., 1993). Sialic acid epitopes are components of many cell-surface
receptors and have an ability to mask specific cellular recognition sites involved in the host
reaction to foreign cells, including cancer cells (Roland Schauer, 1985). The masking of
immune recognition by NK T cells, via binding of sialic acids on tumor cells to Siglec7 on
NK cells, may be an important mechanism of immune escape in cancer (Hudak, Canham, &
Bertozzi, 2014).
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The majority of serum proteins are glycosylated. Cancer-induced alterations in enzymes,
such as the sialyltransferase family of enzymes that synthesize sialylated oligosaccharides,
can result in slight alterations in serum protein glycosylation. It has been proposed that sialic
acid alterations on serum proteins may be a useful tumor biomarker (Kakari et al., 1991;
Patel et al., 1995; Patel et al., 1994; Polivkova, Vosmikova, & Horak, 1992; Shamberger,
1986). An investigation of the total serum sialic acid levels in lung cancer patients versus
control healthy individuals reported that the levels of total serum sialic acids are
considerably elevated in lung cancer patients (with or without metastasis) when compared to
healthy controls (Gékmen et al., 2004).

Terminal sialylation of N-glycans can be alpha2,3-linked and alpha2,6-linked. In
glioblastoma alpha-2,3-linked terminal sialic acids and their corresponding sialyltransferase
are abundant while alpha2,6-linked terminal sialic acids are below the level of detection
(Kaneko et al., 1996; Yamamoto, Kaneko, Rebbaa, Bremer, & Moskal, 1997). Interestingly,
an increase in alpha2,3-linked terminal sialic acids promoted tumor cell invasion while an
increase in alpha2,6-linked terminal sialic acids resulted in decreased cell invasion, altered
adhesion-mediated signaling, and decreased tumor growth in vivo (Yamamoto, et al., 2001).
As glycosylation is a major determinant of integrin function and changes in the N-glycan
structure can alter cell-cell and cell-extracellular matrix interactions, the authors suggest
terminal sialylation of N-glycans on integrins, may be an important determinant of tumor
cell invasion in GBM.

Polysialic acid (PSA) is a linear homopolymer of alpha-2-8-linked sialic acid residues. A
post-translational modification primarily of neural cell adhesion molecules (NCAM)
(Fukuda, 1996), PSA alters cell-cell interactions and tends to promote cell migration. In
human lung cancer (SCLC and NSCLC) and astrocytoma, disease is associated with
elevated PSA (Petridis, Wedderkopp, Hugo, & Maximilian Mehdorn, 2009; Tanaka et al.,
2000). In SCLC, expression of PSA-NCAM correlates with a high metastatic potential and
rapid cell proliferation (Komminoth, Roth, Lackie, Bitter-Suermann, & Heitz, 1991;
Scheidegger, Lackie, Papay, & Roth, 1994). In NSCLC, PSA was shown to be expressed in
21% of stage | tumors, and 77% of Stage IV tumors. Importantly, PSA expression correlates
with nodal metastasis and distant metastasis, but not with the local extent of the primary
tumor (Tanaka, et al., 2000). In addition, PSA expression inversely correlates with the
degree of tumor differentiation, and is higher in poorly differentiated than in well-
differentiated NSCLC tumors. In astrocytoma, PSA expression is also associated with higher
grade and the fraction of cells expressing PSA is ten-fold higher in WHO grade 11l and IV
(GBM) tumors as compared to WHO grade Il tumors (Petridis, et al., 2009). PSA synthesis
is governed by two glycosyltransferases, ST8 alpha-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 2 (ST8SIAZ2, also known as STX) and ST8 alpha-N-acetyl-neuraminide
alpha-2,8-sialyltransferase 4 (ST8SIA4, also known as PST). Both normal lung and tumor
tissue express the PST gene (Tanaka, et al., 2000). Conversely, STX expression is unique to
NSCLC tumors, it correlates strongly with PSA levels, and it is significantly associated with
tumor progression. In keeping, STX gene expression is found only in 4% of stage | NSCLC
tumors, and in most (86%) of tumors with stage IV disease. These results suggest a potential
role for polysialic acid modification in both lung and brain cancer.

Adv Cancer Res. Author manuscript; available in PMC 2018 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lemjabbar-Alaoui et al. Page 10

6. FUCOSYLATION.

Fucosylation is one of the most common modifications involving oligosaccharides on
glycoproteins and glycolipids. Fucosylation consists of transfer of fucose residue from GDP
to N-glycans, O-glycans and glycolipids, and is involved in many of the biological
processes, including lymphocyte homing, immune responses, fertilization, and development
(Becker & Lowe, 2003). Carcinoma cells are often enriched with sialylated fucosylated
lactosaminoglycans such as sialyl-Lewis X (sLeX) and sialyl-Lewis A (sLeA), which are
recognized by the endothelial cell adhesion molecule E-selectin (Sawada, Tsuboi, & Fukuda,
1994; Takada et al., 1993; Yamada et al., 1997). E-selectin induces tumor cell binding to
endothelium by similar molecular interactions used in leukocyte recruitment to inflammation
sites (Bevilacqua & Nelson, 1993; Lowe, 1997; Varki, 1994).

Fucosylation is catalyzed by a family of fucosyltransferase enzymes (FUTS), consisting of
13 members, including FUT1 to 11, protein O-fucosyltransferase 1 (POFUT1), and
POFUT2. FUTs promote attachment of fucose to N-, O-, and lipid-linked glycans through
anal,2- (by FUT1 and 2), al,3- (by FUT3 to 7 and FUT9 to 11), a1,4- (by FUT3 and 5),
or al,6- (by FUT8) linkage, or directly link to the serine/threonine residues of EGF-like or
thrombospondin repeats (by POFUT1 and 2, respectively) (Ma, Simala-Grant, & Taylor,
2006; Mollicone et al., 2009). Altered fucosylation may result from deficiency or
overexpression of FUTS, and is implicated in several disorders such as cystic fibrosis and
cancer (Becker & Lowe, 2003; Miyoshi, Moriwaki, & Nakagawa, 2008). Some fucosylated
glycoproteins such as antibodies, which recognize fucosylated sialyl Lewis a/x, have been
used as cancer biomarkers. Stage-specific embryonic antigen 1 (SSEA-1/LeX/CD15) is a
non-sialylated, fucose-containing trisaccharide that is generated by FUT4. SSEA-1 is highly
expressed on embryonic stem cells, in the developing brain, and in the adult subventricular
zone (Capela & Temple, 2002, 2006) and it has been proposed as a marker of cancer stem
cells in glioblastoma (Son, Woolard, Nam, Lee, & Fine, 2009).

By adding fucose to the innermost GIcNAc residue of an N-linked glycan, FUTS8 is the sole
enzyme responsible for the a.1,6-linked (core) fucosylation and is central for regulating
many protein functions. As mentioned above, FUT8 modification is particularly important
for cell signaling even in non-neoplastic cells. Lack of core fucosylation on the TGF-1
receptor (Wang et al., 2005), the EGF receptor (Wang, et al., 2006), or integrin a3p1 (Zhao
et al., 2006) results in a dramatic decrease in their ligand binding affinity and inhibition of
the corresponding downstream signaling pathways. In both brain and lung cancer, aberrant
EGFR pathway activity and integrin mediated signaling are thought to be important
oncogenic drivers. Thus, alterations in core fucosylation could have a major impact on
cancer development and progression. The specificity of glycan modification, however, is
important to note and is well illustrated for EGFR. Core fucosylation of the EGF receptor
can clearly promote EGFR signaling, yet other forms of glycosylation inhibit EGFR
signaling. Site-directed mutagenesis of EGFR glycosylation sites, N420 and N579, inhibit
EGF-independent receptor dimerization (Takahashi et al., 2008; Tsuda, Ikeda, & Taniguchi,
2000; Whitson et al., 2005). Furthermore, overexpression of sialyltransferases and a.1,3-
fucosyltransferases (FUT4 or FUT6) in lung cancer cells, suppress EGF-induced receptor
dimerization and phosphorylation. Treatment with sialidase or fucosidase corroborated the
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above-mentioned effect on EGFR dimerization (Y. C. Liu et al., 2011). In GBM, POFUT1,
was identified in a screen for highly expressed glycoconjugates in tumors (Kroes, et al.,
2007). POFUT1 mediated O-fucose modification is thought to be important for the normal
function a number of signaling pathways and enzymes including Notch (Shi & Stanley,
2003). Together, these results demonstrate the important role for specific glycosylation
events in cell signaling and cancer growth.

Remarkably, FUT 8 upregulation correlates with tumor metastasis, disease recurrence, and
poor survival in NSCLC patients. In accordance with these observations, FUT8 silencing in
aggressive lung cancer cell lines significantly inhibits their malignant behaviors, including in
vitro invasion and cell proliferation, as well as in vivo metastasis and tumor growth (Chen et
al., 2013). Furthermore, FUT8 silencing induces alterations in glycosylation of several
surface antigens, receptors, and adhesion molecules, including EGFR and integrins
implicated in brain and lung tumorigenesis, and regulates the expression of numerous genes
associated with malignancy. These results highlight a multifaceted role of FUT8 in tumor
progression. The overexpression of FUT8 in NSCLC cells, appears to occur during EMT
process, through suppression of E-cadherin and translocation of -catenin to the nucleus,
where it complexes with LEF-1 to transactivate FUT8 expression. Core fucosylation may
also be a critical determinant of antibody-dependent cell-mediated cytotoxicity, as deletion
of the core fucose from the Fc region of 1gG1, enhances its binding affinity to Fc-y receptor,
and greatly improves (over 50 fold) antibody-dependent cell-mediated cytotoxicity (Okazaki
et al., 2004; Shinkawa et al., 2003). Core fucosylation of E-cadherin is associated with
enhanced cell-cell adhesion (Osumi et al., 2009).

Lung cancer cells express a wide array of sialylated or fucosylated glycans on the surface,
including sLeX, sLeA, sTn, Ley, and polysialic acid (PSA) (Dube & Bertozzi, 2005).
Previous reports have demonstrated that expression of FUT4 and FUT7 genes is associated
with a worst survival outcome in lung cancer patients and that FUT7 is a greater indicator of
a poor prognosis than FUT4 through its involvement in sLeX synthesis (Ogawa, Inoue, &
Koide, 1996). In keeping, metastatic human lung adenocarcinoma cell lines have enhanced
expression of FUT4 and FUT7 genes compared with their non-metastatic counterpart. In
addition, These FUTSs overexpression in metastatic lines correlates with an increased surface
expression of lex- and Lea-related molecules and an in vitro enhanced adhesive capacity to
E-selectin-expressing endothelial cells. It has been further demonstrated that FUT7
overexpression in a human lung adenocarcinoma cell line induces overexpression of Lewis
X (LeX) residues, which in turn is sufficient to endow these cells with a metastatic behavior
both in vitro and in vivo (Martin-Satue, de Castellarnau, & Blanco, 1999).

7. HEPARAN SULFATE PROTEOGLYCANS AND THEIR MODIFYING
ENZYMES.

Many, if not most of the molecular events associated with tumor growth, neovascularization,
and metastasis are influenced by interactions between cells and their extracellular matrix
(ECM). Heparan sulfate proteoglycans (HSPGs), present on the cell surface and in the
extracellular microenvironment, bind to and regulate signaling of diverse protein ligands,
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such as growth factors, morphogens, chemokines, and cytokines. Composed of a core
protein and modified by the covalent addition of HS carbohydrate chains, interaction with
ligand depends largely on the pattern and density of the sulfation modifications of HS,
particularly the 6-O-sulfation of glucosamine (60S) (Esko & Lindahl, 2001; Rosen &
Lemjabbar-Alaoui, 2010). Based on these interactions HSPGs play fundamental roles in cell
growth, differentiation, adhesion and motility.

Two major families of cell-surface—associated HSPGs are the syndecans and the glypicans.
The syndecan glycoproteins, named syndecanl-4, represent a group of membrane-spanning
proteoglycans with diverse extracellular and intracellular functions (Bernfield et al., 1992;
Liang, Haring, Roughley, Margolis, & Margolis, 1997). In contrast, the glypicans lack a
cytoplasmic signaling component and are attached to the cell membrane by means of a
glycosyl phosphatidylinositol (GPI) anchor (David, 1993). A third family of membrane-
associated HSPGs, possibly with more restricted expression, is represented by particular
splice variants of the highly polymorphic CD44 (Jackson et al., 1995). The extracellular
matrix, however, contains still other forms of HSPG, primarily the basement membrane
proteoglycan perlecan, or HSPG2 (lozzo, Cohen, Grassel, & Murdoch, 1994).

Most cells express multiple forms of HSPG and in brain cancer (Wade, et al., 2013) and lung
cancer (Nackaerts et al., 1997) there is altered expression of multiple HSPGs. The functional
role for many of these alterations in HSPG expression in cancer, however, remains largely
unknown. Moreover, HSPG function is complex and is partially dependent on the oncogenic
signaling pathways for a given tumor. For example, while the expression of syndecan-1
appears to be suppressed by malignant transformation in chemically induced mouse skin
tumors (Inki & Jalkanen, 1996), it is critical for Wnt-1 induced tumorigenesis of the mouse
mammary gland (Alexander et al., 2000)). In human pancreatic cancer cells, glypican-1 is
overexpressed and is crucial for efficient tumor growth, metastasis and angiogenesis
(Aikawa et al., 2008; Capurro, Xiang, Lobe, & Filmus, 2005; Kleeff et al., 1998). In
hepatocellular carcinoma, glypican-3 is able to stimulate canonical Wnt signaling and
promote tumor growth (Capurro, et al., 2005). In contrast, glypican-3 has been shown to
inhibit cell proliferation and suppress tumor growth in lung cancer (Kim et al., 2003).

CD44, a heavily N- and O-glycosylated transmembrane molecule, is a multifunctional
receptor involved in cell-cell and cell-matrix interactions. CD44 is the principal receptor for
hyaluronic acid (HA), a major constituent of the brain ECM, and changes in CD44
glycosylation have a dramatic impact on HA binding. Interestingly, CD44 is overexpressed
in a significant subset of human GBM (H. S. Phillips, et al., 2006; Wade, et al., 2013) and
CD44 expression is used to help define a subset of human GBM with particularly poor
survival (Bhat et al., 2013; Colman, et al.). Over-expression of CD44 splice variant forms
has also been related to metastatic cell behavior (Hofmann et al., 1991). Together these data
suggest differential, and possibly tumor-specific involvement of various HSPGs.

In human lung cancer HSPG expression is markedly altered compared to normal epithelia
(Nackaerts, et al., 1997). For example, non-small-cell lung carcinomas, particularly poorly
differentiated tumors, often express reduced amounts of the major cell-surface—associated
HSPGs (most consistently, syndecan-1). CD44 or CD44-variant proteins, in contrast, were
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found on all tumor cells, irrespective of their differentiation. Interestingly, staining reactions
for native HS were consistently reduced in squamous-cell lung carcinomas, in the cells in
contact with the stroma and in the less differentiated areas of these tumors. However,
reactions for D-HS (terminal desaturated glucuronates on the HS stubs resulting from
heparinase pre-treatment), were not reduced, suggesting a structural change in the HS of
these tumor cells.

HSPGs bind to and interact with diverse ligands and a major determinant of this interaction
is the glycosaminoglycan side chains, in particular the 60-sulfation of glucosamine (60S).
Two recently discovered sulfatases (SULF1 and SULF2) provide a novel mechanism for the
regulation of HSPG-dependent signaling by removing 60S post-synthetically in the
extracellular environment. SULFs are neutral pH, extracellular enzymes, which remove 60S
from intact heparin/HSPGs; they promote key signaling pathways by mobilizing protein
ligands (e.g., Wnt, GDNF, PDGF-B, BMP-4) from HSPG sequestration, thus liberating the
ligands for binding to signal transduction receptors (Morimoto-Tomita, Uchimura, Werb,
Hemmerich, & Rosen, 2002) (Figure 2).

One or both SULF transcripts are broadly overexpressed in many human cancers, including
non-small cell lung cancer (NSCLC), glioblastoma, hepatocellular carcinoma, breast cancer,
head and neck cancer, pancreatic adenocarcinoma, multiple myeloma, and gastric carcinoma
(Bret, Moreaux, Schved, Hose, & Klein; Rosen & Lemjabbar-Alaoui, 2010; Wade, et al.,
2013). SULF2 has been directly implicated as a driver of carcinogenesis in NSCLC (H
Lemjabbar-Alaoui et al., 2010), malignant glioma, including glioblastoma and
oligodendroglioma (Johansson et al., 2004; Johansson, Goransson, & Westermark, 2005; J.
J. Phillips et al., 2012), pancreatic cancer (Nawroth et al., 2007)), and hepatocellular
carcinoma (Lai et al., 2010). In GBM, there is robust expression of SULF2 in an important
subset of human tumors, and, using knockdown and transgenic approaches, we demonstrated
SULF2 promotes tumor cell proliferation, tumor growth /7 vivo, and the activity of multiple
RTKs, including PDGFRa(J. J. Phillips, 2012; J. J. Phillips, et al., 2012). Abnormal PDGFR
signaling is thought to be an early driver alteration in the vast majority of GBM (Ozawa et
al., 2014) and associated with worse outcome in a subset of GBM (J. J. Phillips et al., 2013).
In NSCLC, we found ((H Lemjabbar-Alaoui, et al., 2010) and unpublished work): 1)
upregulation of both SULFs at the transcript level; 2) SULF2 protein expression in 96/113
(85%) human NSCLC tumors with minimal levels in normal lung; 3) SULF2 protein
promotes the in vitro malignant phenotype, and the tumorigenicity in mice of SULF-2
positive human NSCLC cell lines; and 4) SULF2 promotes human lung carcinogenesis by
regulation of cells surface HSPGs 6-O-sulfation status, regulation of Whnt signaling and the
kinase activity of three critical receptors (i.e., EGFR, IGF-1R and cMet) (unpublished
observations, H. Lemjabbar-Alaoui). Dysregulation of each of these three receptors has been
causally linked to lung cancer development, progression, and increased resistance to
chemotherapy (Engelman & Janne, 2008; Engelman et al., 2007; Lei, Mayotte, & Levitt,
1999). Together, these findings demonstrate that SULF2, and the corresponding alterations
in HS sulfation, can regulate multiple signaling pathways important in diverse cancers.

Further evidence supporting the role for the HS side chain composition (degree of sulfation)
in tumorigenicity comes from a lung metastasis model (D. Liu, Shriver, Venkataraman, El
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Shabrawi, & Sasisekharan, 2002) in which tumor cells had markedly reduced tumorigenicity
after heparinase 111 but not heparinase | treatment. Saccharide fragments derived from
heparinase 111 treatment have more of tri- and di-sulfated disaccharides, whereas the
heparinase I-treated HS GAGs have more mono- and un-sulfated disaccharides. In GBM,
expression of the HS biosynthetic enzyme HS3ST3al is increased in human GBM (Wade, et
al., 2013) and in GBM cell lines (Su et al., 2006). Moreover, size exclusion chromatography/
mass spectrometry (SEC-MS) demonstrated lower average sulfation levels in HS
disaccharides derived from GBM versus anaplastic astrocytoma (Shao, Shi, Phillips, & Zaia,
2013).

Consistent with an oncogenic role for SULF2, methylation of the SULF2 promoter is
associated with better overall survival of NSCLC patients receiving chemotherapy for
advanced disease (Tessema, Yingling, & Thomaa, 2011). Additionally, advanced lung
adenocarcinoma patients (Stages 11-1V) with methylated SULF2 survive significantly longer
than those with unmethylated SULF2. Interestingly, SULF2 methylation in lung
adenocarcinoma patients is associated with a high expression of interferon-inducible gene
ISG15, a marker for increased sensitivity to topoisomerase-1 inhibitors. Thus, SULF2
methylation may sensitize lung tumors to topoismerase-1 inhibitors. In keeping, SULF2
silencing dramatically enhanced sensitivity to topoismerase-1 inhibitors in SULF2 positive
human lung cancer cell lines, both in vitro and in vivo (Tessema, et al., 2011). Of note, high
expression of SULFL1 transcript has also been reported to correlate with poorer prognosis in
a cohort of 127 patients with lung adenocarcinoma compared to patients with low SULF1
expression (Bret, et al., 2011).

Similar to the SULFS, the heparanase (HPSE) enzyme modifies the GAG chains of HSPGs
post-synthetically and can alter cell signaling (Figure 2). An endo-beta-D-glucuronidase,
HPSE can act both at the cell-surface and within the extracellular matrix to cleave HS chains
at several sites and produce large fragments that retain growth factor-binding activity. The
importance of HSPGs in cancer is highlighted by the extensive literature on this subject
(Parish, Freeman, & Hulett, 2001; Vlodavsky et al., 1999); Vlodavsky, 2007 #104;
(McKenzie, 2007). HPSE action can influence cell signaling in several ways and the
increased expression of HPSE in many cancers has been associated with promotion of tumor
cell invasion, tumor cell proliferation, metastases, angiogenesis, and poor outcome (Cohen,
et al., 2008; Parish, et al., 2001; Vlodavsky, et al., 1999; Vlodavsky, llan, Naggi, & Casu,
2007). HPSE may also promote chronic inflammation as has been demonstrated in colitis-
associated colon cancer (Lerner et al., 2011).

In lung cancer, several studies have shown overexpression of HPSE in tumors (NSCLC and
SCLC) (Cohen, et al., 2008; Fernandes dos Santos et al., 2014). Interestingly, depending on
the cellular localization HPSE protein expression inversely correlates with lung cancer
patients’ survival. Cytoplasmic heparanase is associated with poor prognosis, whereas
nuclear heparanase correlates with a better survival outcome (Cohen, et al., 2008).
Significant HPSE expression has also been observed in lung tumor microenvironment
associated cells, such as fibroblasts, epithelial cells, and inflammatory cells. Additionally,
HPSE expression correlates with tumor node metastasis (TNM) staging, invasion, metastasis
and prognosis in non-small cell lung carcinoma (Fernandes dos Santos, et al., 2014). HSPGs
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bind to and assemble extracellular matrix (ECM) proteins (i.e., laminin, fibronectin, collagen
type 1V) and thereby contribute significantly to the ECM self-assembly and integrity. In
carcinoma, it has been reported that HPSE activity correlates with the metastatic potential of
tumor-derived cells via enhanced cell dissemination as a result of HS cleavage and
remodeling of the ECM barrier (Parish, et al., 2001; Vlodavsky & Friedmann, 2001).
Increased HPSE expression levels have also been identified in gliomas, including GBM
(Hong, Nelson, deCarvalho, & Kalkanis, 2010).

Collectively, these data suggest that alterations in glycosylation of intracellular and
extracellular molecules can promote oncogenic signaling and invasive cell behaviors in
cancer, and thus may represent attractive therapeutic targets and prognostic biomarkers.

8. CLINICAL SIGNIFICANCE

As reviewed above, in both lung and brain cancer, aberrant glycosylation is common and
specific changes have been associated with more aggressive disease. While additional
functional studies are needed, the data suggest altered glycosylation contributes to disease
and has a great diagnostic and prognostic potential. Lung cancer and brain cancer are two of
the most deadly cancers, and, in those with very advanced disease, median survival from
diagnosis is less than one year. Earlier diagnosis of disease using a robust biomarker would
improve survival. Perhaps this is most evident in non-small cell lung cancer (NSCLC) where
more than 60% of patients having lung cancer are diagnosed at late-stages when a cure is
unlikely (Douillard et al., 2006). The five-year survival rate for patients with advanced
disease remains dismal at less than 10%, whereas the 5-year survival rate for patients with
stage | disease is greater than 70% (Siegel, et al., 2014). This is largely due to the late stage
of diagnosis and the lack of effective treatments for late-stage disease. Similar to lung
cancer, malignant astrocytoma, the most common of which is glioblastoma (GBM), often
presents late in disease. At diagnosis, the tumor is often large and there is extensive, diffuse
invasion into the surrounding brain parenchyma. Additional tumor-specific biomarkers,
particularly those with a known functional relevance in disease, in lung and brain cancer
would be expected to improve diagnosis and provide a needed tool to measure therapeutic
response. Below we highlight some of the glycan alterations currently being pursued as
potential disease biomarkers and therapeutic targets.

8.1 Biomarkers.

HSPGs and their modifying enzymes.—In NSCLC and malignant astrocytoma, the
levels of specific and of total HSPGs are altered (Aviel-Ronen et al., 2008; Joensuu et al.,
2002; Steck et al., 1989). For example, Syndican 1 (SDC1) levels are elevated in malignant
astrocytoma (Watanabe et al., 2006) and in NSCLC (Joensuu, et al., 2002), glypican 3 levels
are increased in NSCLC (Aviel-Ronen, et al., 2008), and glypican 1 levels are increased in
malignant astrocytoma (Su, et al., 2006). As HSPGs are commonly shed into blood (and
other body fluids), these changes can be detected in the plasma, as demonstrated for SDC1
where plasma levels in NSCLC patients are significantly greater than in controls (44 ng/ml
(n=184) vs 16 ng/ml, n=100, respectively) (Joensuu, et al., 2002).
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As extracellular enzymes that are both tethered to the cell membrane and secreted, the
SULFs also have great potential as novel biomarkers for early detection of cancer in body
fluids. Moreover, we have recently shown that SULFs are present in serum and plasma
(unpublished data, S. Rosen, J. Phillips, and H. Lemjabbar-Alaoui). SULF2 alters the 60S
status of HSPGs, and we have recently demonstrated a SULF2-dependent alteration in the
60S status of HSPGs on tumor cells (NSCLC) and in actual tumor tissues (murine model for
malignant astrocytoma) (H Lemjabbar-Alaoui, et al., 2010; H. Lemjabbar-Alaoui et al.,
2010; J. J. Phillips, et al., 2012). Thus, the 60S status of tumor-derived HSPGs in blood may
also serve as a novel biomarker for the detection of SULF expressing cancers.

Post-synthetic modification of HS by the extracellular SULFs modulates the binding of a
multiplicity of signaling molecules, including Wnts, VEGF, GDNF, and FGF-1.(Uchimura et
al., 2006). It is plausible that one consequence of SULF overexpression in tumors could be
the mobilization of multiple protein ligands (growth factors and chemokines) from their
association with HSPGs (Uchimura, et al., 2006). These released ligands may include
factors associated with tumorigenesis, such as VEGF, I1L-8, and PDGF. In NSCLC, increased
blood levels of VEGF and IL-8 are associated with disease progression (Laack et al., 2002;
Orditura et al., 2002). In malignant astrocytoma, blood levels of VEGF are elevated relative
to controls (Takano et al., 1996). While no one factor may be specific for a SULF-expressing
tumor, a combination of SULF enzyme levels, altered HSPG, and altered growth factor
levels might have the sensitivity and specificity to be used clinically. As described above,
SULF2 expression may also have prognostic value in predicting lung cancer patients’
response to already approved topoisomerase-1 inhibitors, and in selecting patients who may
benefit the most from this type of therapy (Tessema, et al., 2011).

Similar to SULFs and as reviewed above, HPSE and its activity-associated byproducts may
have a clinical diagnostic and prognostic value in the treatment of lung and brain cancer.
From a prognostic standpoint, the presence of cytoplasmic HPSE in tumor cells correlates
with poor prognosis, while nuclear HPSE associates with a better survival outcome of lung
cancer patients (Cohen, et al., 2008). Furthermore, an investigation of the relationship of the
serum heparanase and VEGF levels with the clinicopathological characteristics of NSCLC
showed that serum HPSE and VEGF levels are significantly higher In NSCLC patients
compared to healthy individuals. Moreover, levels were highest in patients with poorly
differentiated, clinical stage 111 and IV tumors with lymph node-positive disease
(ChuanMing G, 2009). High serum levels of HPSE and VEGF correlated with increased
NSCLC tumor growth, invasion and metastasis while gender, age, and pathological type
were not associated with HPSE serum levels.

Mucins.—Several studies have established an altered status of mucin glycosylation in lung
cancer tumors, as well as the potential use of mucins as prognostic indicators in lung cancer
patients (Guddo, et al., 1998; Nagai, et al., 2006; Tsutsumida, et al., 2004). One such
example is MUC1 whose overexpression in squamous-cell cancer of the lung is associated
with poor survival (Guddo, et al., 1998). Interestingly, expression of the aberrantly
glycosylated tumor-associated MUCL is a positive prognostic factor in patients with
metastatic NSCLC (Kuemmel, et al., 2009). MUC4 is another mucin with a diagnostic
potential for lung cancer. Positive MUCA4 protein expression has been shown in 72% of Lung
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carcinoma tissues (Hanaoka et al., 2001). Additionally, MUC4 expression may be an
indicator of poor prognosis in lung adenocarcinoma. Moreover, MUC4 overexpression can
differentiate lung adenocarcinoma from malignant mesothelioma, with sensitivity and
specificity, 91.4% s and 100% respectively (Llinares et al., 2004).

Fucosylation.—Increased expression of sialyl Lewis X or A antigens on metastatic cancer
cells leads to their selectin-mediated extravasation (Borsig, Wong, Hynes, Varki, & Varki,
2002). In addition, overexpression of sialylated and fucosylated glycans on tumor cells is
associated with poor prognosis in several cancers, including lung adenocarcinoma (Nangia-
Makker, Conklin, Hogan, & Raz, 2002). Profound fucosylation of the serum
microenvironment, probably caused by tumor shedding of fucosylated glycoproteins, may
disrupt adhesion and contribute to metastases. An increase (about 2 fold) in fucosylated
glycans in NSCLC and SCLC sera, compared to sera from healthy individuals, has been
documented in several investigations (Kossowska, Ferens-Sieczkowska, Gancarz,
Passowicz-Muszynska, & Jankowska, 2005). Furthermore, it appears that the fucosylation
status of sera glycans may serve as a predictive factor for patient survival (Kossowska, et al.,
2005). Together, these results suggest that the fucosylation pattern of serum proteins may be
promising in the search for prognostic factors, which might aid in selecting the most suitable
therapy and predicting the probable course of lung cancer.

Glycosylation of serum proteins.—Most serum proteins are glycosylated, and cancer-
associated alterations in serum protein glycosylation could be a useful biomarker for disease.
IgG, one of the most important components of serum proteins, is known to facilitate a vast
repertoire of blood immunological processes and responses through the interactions of its Fc
region with other proteins. The Fc region of 1gG molecules is N-glycosylated, and
interactions of 1gG Fc region with Fc receptors are augmented by N-linked glycosylation at
Asn-297. These interactions are critical to fundamental processes such as the antibody-
dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis,
release of inflammation-associated mediator molecules (Arnold, Wormald, Sim, Rudd, &
Dwek, 2007), and complement dependent cytotoxicity (Chan & Carter, 2010). Indeed,
changes in Fc-glycosylation can affect the biological activity of the 1gG. Lack of core fucose
can promote enhanced ADCC activity and elevated bisecting N-acetylglucosamine
(GIcNAC) can increase ADCC activity (Hodoniczky, Zheng, & James, 2005). The specificity
of these interactions is highlighted by the functional shift from a pro-inflammatory to an
anti-inflammatory effect with an increase in 1gG Fc-sialylation with 2, 6-linkage to
penultimate galactose (Anthony et al., 2008). In lung cancer, a marked increase in sera IgG1
Fc-agalactosylation (decrease in galactosylation) compared to healthy individuals has been
reported (Chen, et al., 2013). Additionally, the incidence of galactosyl-related Fc-
glycosylation of sera IgG1 is significantly lower in the lung cancer patients compared to
controls. These observed changes in 1gG Fc-glycosylation in lung cancer are age and gender
dependent. Importantly, the results of this study showed that Fc-glycosylation has the
potential to discriminate patients with lung cancer from healthy controls (Chen, et al., 2013).
In addition, this sex- and age-dependent diagnostic ability of 1gG1 Fc-glycosylation is more
significant in young (age < 51 years) and senior (age =79 years) people. These changes in
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1gG Fc-glycosylation may echo the human immunological and pathological states in lung
cancer patients.

8.2 Therapeutics

HSPGs modifying enzymes (i.e., HPSE and SULFs) are promising therapeutic targets for
cancer. By regulating the bioactivity of multiple HSPG-binding ligands, these modifying
enzymes may be a hub in the network of signaling pathways critical for cancer development
and progression. A substantial body of literature has supported the potential of heparanase as
a viable therapeutic target, and thus led to the development of a number of HPSE inhibitors,
including small molecules, carbohydrate-based HS mimetics, natural product inhibitors and
neutralizing antibodies. Several compounds have been shown to inhibit HPSE activity and
its associated protumorigenic activities in preclinical settings (McKenzie, 2007). For
example, Suramin (a polysulphonated napthylurea) and its analogues have been shown to
inhibit purified HPSE activity as well as the cellular invasiveness, angiogenesis and the
metastatic potential of cancer cells (Marchetti, Reiland, Erwin, & Roy, 2003). However, it
has been suggested that suramin may have a dual inhibitory role by also binding growth
factors and subsequently competitively blocking the interactions of these factors with
respective receptors (Pesenti, Sola, Mongelli, Grandi, & Spreafico, 1992).

Another example of targeted anti-HPSE therapies is sulfated phosphomannopentaose
(P1-88), a heparin mimetic, which consists of chemically sulfated yeast oligosaccharides
(»2000 daltons) (Khachigian & Parish, 2004; Vlodavsky, et al., 2007). While P1-88 was
initially characterized as an inhibitor of HSPE, it has also been found to inhibit the
enzymatic activity of both SULFs at comparable potencies found for HPSE (Hossain et al.,
2010). Similar to Suramin, PI-88 has been shown to interfere with the binding or action of
HS-bound growth factors (Ferro, Hammond, & Fairweather, 2004). In general, the heparan
sulfate mimetics, which are highly sulfated oligosaccharides, can inhibit heparanase
enzymatic activity, sequester HSPG-binding factors, and inhibit SULF2 (Dredge et al., 2011;
Hossain, et al., 2010; Johnstone et al., 2010). In pre-clinical studies, HS mimetics have
effectively targeted multiple HSPG-dependent phenotypes and have resulted in decreased
tumor growth, tumor invasion, tumor metastasis, and angiogenesis making them attractive
therapeutic agents (Joyce, Freeman, Meyer-Morse, Parish, & Hanahan, 2005; H. Zhou et al.,
2011). PI-88 has been tested in clinical trials for advanced melanoma (Phase 1) and post-
resection liver cancer (Phase I11) (http://www.progen.com.au/pipeline/) (McKenzie, 2007);
(C. J. Liu et al., 2009). Clinical trials in NSCLC and prostate cancer have also been carried
out (Kudchadkar, Gonzalez, & Lewis, 2008). However, a recurring and forbidding problem
with P1-88 is the development of thrombocytopenia in recipients (Kudchadkar, et al., 2008).
Recent pre-clinical studies of a new rationally engineered HS mimetic, M402, suggest
potential as a therapeutic agent (H. Zhou, et al., 2011).

Heparan sulfate mimetics have the potential to inhibit both HPSE and SULF function in
cancer. Select targeting of the SULFs may also be a useful therapeutic strategy. From our
published work on Wnt signaling and PDGFRA signaling, and our unpublished work on
EGFR signaling, SULF-2 regulates a number of pathways, which are subject to aberrant
activation in cancer (H. Lemjabbar-Alaoui, et al., 2010; Nawroth, et al., 2007; Wade, et al.,
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2013). This regulation is exerted proximal to the interaction of growth factors with receptor
tyrosine kinases (RTKSs) and the activation of intracellular kinases. Thus, the SULFs are
upstream of the receptor tyrosine kinases, which dominate current approaches to cancer
therapeutics, and therefore, represent a highly novel cancer target. As an extracellular
enzyme, the SULFs are amenable to inhibition by either small molecules or functional
neutralization by antibodies.

Altered glycosylation patterns in tumor may also generate tumor-specific antigens that can
be exploited for therapy. Particular examples include vaccines against the mucin MUC1.
TG4010 is an anti-MUC1 vaccine that uses a recombinant vaccinia virus (modified vaccinia
virus of Ankara, MVA), combining the human MUC1 and interleukin-2 coding sequences
(De Pas et al., 2012). A randomized phase |1 study for advanced NSCLC patients with
confirmed MUC1 expression compared the use of TG4010 combined with chemotherapy
(cisplatin and vinorelbine), to TG4010 as monotherapy and subsequent treatment with
TG4010 plus chemotherapy (Ramlau et al., 2008). The median survival rates in the two
groups were 12.7 vs. 14.9 months, respectively. Further analysis showed that a subgroup of
patients with a detectable CD8+ T-cell response generated an immune response against
MUC1 and had longer median survival. A small randomized phase Il study for advanced
NSCLC patients compared combining this vaccine with chemotherapy (cisplatin and
vinorelbine) (Quoix et al., 2011). The results from this study showed that the progression-
free survival after 6 months was slightly improved for the vaccine group (43.2 vs. 35.1 %,
P=0.307), albeit not significantly. Additionally, the effect on median overall survival (10.7
vs. 10.3 months) did not reach statistical significance (Quoix, et al., 2011). It is hoped that
additional tumor-specific glycan epitopes will be targeted with this type of approach.
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Figure 1. Glycosylation isa common post-transational modification of secreted and cell-surface
proteins.
Representative examples of glycosylated molecules include (1) proteoglycans, (2) receptor

tyrosine kinases, (3) mucin glycoproteins, (4) glycosphingolipids, (5) secreted proteins, and
(6) integrins. Orange bars on proteoglycans denote glycosaminoglycan chains and stars
denote glycosylation modifications.
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Figure 2. Post-synthetic enzymatic modification of heparan sulfate proteoglycans (HSPGs) helps
regulate signaling of diver se protein ligands, including growth factors, mor phogens, chemokines,
and cytokines.

SULFs are neutral pH, extracellular enzymes, which remove 60S from intact HS, and can

promote key signaling pathways by mobilizing protein ligands (e.g., Wnt, GDNF, PDGF-B,
BMP-4) from HSPG sequestration. The heparanase (HPSE) enzyme, an endo-beta-D-
glucuronidase, cleaves HS chains to produce bioactive HS fragments that retain growth
factor-binding activity.
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