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Over 40 years of literature shows that glycosylation is greatly affected by diseases such
as cancer. This opinion article argues the intrinsic advantages of using glycans as disease
markers over other biomolecules and the potential of glycan profiling for diagnosing and
determining the progression of disease.

Recent interest in profiling the glycome

stems from the potential of glycans as

disease markers. Over 40 years of litera-

ture are available that clearly show

glycosylation is greatly affected by dis-

eases such as cancer.1,2 With glycans as

disease markers there are several intrin-

sic advantages compared to other bio-

molecules, specifically proteins: (1)

glycan biosynthesis is more significantly

affected by disease states than protein

production. Glycans are essentially me-

tabolic products that are amplified with

even small changes in the associated

protein (glycosyltransferase) expres-

sion. (2) Glycans are produced and

modified in primarily two places in the

cell. Aberrant glycosylation can there-

fore potentially affect nearly every

glycoprotein produced in the diseased

cell. (3) Given the current technology, it

is far simpler to quantitate oligosac-

charide expression than protein expres-

sion. Oligosaccharides have similar

chromophoric activities and can be

readily profiled by chromatographic de-

tectors. As glycans have similar sizes

and structures (within specific types),

their ionization efficiencies in mass spec-

trometry are relatively similar so that

relative intensities permit the calcula-

tion of the relative oligosaccharide

abundances.3

Only recently has the global glycome

been used as a source for disease mar-

kers. Progress has been hindered by the

complexities of oligosaccharides and the

lack of analytical methods for elucidating

structures. This condition is, however,

changing rapidly. Oligosaccharides are

highly amenable to mass spectrometric

analyses and in recent years, considerable

efforts have been expanded in developing

mass spectrometry as the central method

for oligosaccharide analysis. Mass spec-

trometry provides a rapid and fine tool

for component analysis. It is also a pre-

cise tool for structural elucidation. As

new methods for profiling oligosacchar-

ide composition and structure are becom-

ing available, the search for biomarkers is

now intensifying.

The glycome is defined as the glycan

constituent of all glycoconjugates from

a single specific biological source. Gly-

cans may be either free oligosaccharides

or glycoconjugates such as glyco-

proteins and glycolipids. Protein-bound

glycans include N-linked glycans, linked

to an asparagine on the protein back-

bone, O-linked glycans, linked to either

threonine or serine, or glycosaminogly-

cans (GAGs), highly anionic and
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polymeric oligosaccharides linked to

serine or threonine.

Glycosylation is one of the most

common post-translational modifica-

tions of proteins and often occurs on

cell surfaces and on secreted proteins. It

is estimated that 50% of eukaryotic

proteins are glycosylated.4 For human

proteins, it is estimated to be as high as

70%.4 Glycosylation is the only mod-

ification with significant structural com-

plexity. Unlike proteins, the primary

structures of oligosaccharides are often

nonlinear, with branching common.

Furthermore, the structure of oligo-

saccharides cannot be predicted from

genomic data, as with proteins. Glyco-

sylation is also highly heterogeneous

and diverse. A specific glycosylation site

is rarely associated with a single glycan

structure. Over a hundred different

structures can be associated with a sin-

gle glycan site. From the glycoproteo-

mics point of view, this makes it difficult

to determine both the proteome and

the glycome simultaneously. A protein

with three sites of glycosylation and ten

different glycans on each site can have

as many as 1000 different glycoforms

(neglecting unoccupied variants). For

this reason, glycoproteomics is an area

that remains largely uncharted.

Glycans are important determinants

of protein function in disease biology.

Changes in glycosylation have the

potential to be more pronounced than

protein expression during the transfor-

mation to the diseased condition.2 The

glycosylation machinery involves a set

of competing glycosyltransferases that

add to the nascent oligosaccharide

chain. When a transferase is either up

or down regulated, as for example with

the conditions in several diseases includ-

ing cancer, its effect is amplified. Exam-

ples of aberrant glycosylation are

rampant in the literature and include

increases in the amount of fucose, a

monosaccharide residue, and sialic

acids (a nine-carbon monosaccharide

containing a carboxylic acid). The gly-

cans expressed by diseased cells are

different as compared to those of nor-

mal cells.1,5 For example, the glycosyla-

tion of prostate specific antigen (PSA)

differs between normal individuals and

patients with prostate cancer.6 Glycans

from major serum proteins such as

a-1 acid glycoprotein, haptoglobin,

and a-fetoprotein have also been known

to vary between control and cancer

patients.7,8 There have been several

potential glycan markers discovered by

employing standard procedures such as

lectin affinity, immuno-affinity electro-

phoresis, and blotting methods.9 Lectin-

based glycan detection methods have

also been used for studying the roles

of glycans in diseases.10

The majority of glycosylation proces-

sing occurs in two major loci of the cell,

in the Golgi and in the endoplasmic

reticulum. Aberration in the glycosyla-

tion process would mean that not only a

few low abundance proteins, but poten-

tially every single glycoprotein from a

diseased cell could be mis-glycosylated.

This glycan biosynthesis points to an-

other benefit of the glycome as a source

for disease markers, that is, the effect of

the disease is significantly amplified

compared to protein expression. The

aberrant glycans need not necessarily

come from diseased cells as glycosyla-

tion changes are known to occur as a

response to the disease.1,11 For example,

glycosylation of immunoglobulin (Ig) is

known to change between control and

cancer patients.11 In general, incom-

plete or truncated glycan structures on

Ig are expressed persistently in cancer

patients. In ovarian cancer the level of

core fucosylated, agalactosyl biantenn-

ary glycans on IgG is similarly in-

creased. Mannose-type sugars or

agalactosyl oligosaccharides on IgG in

the serum of patients with gastric cancer

are increased. In lung cancer agalactosyl

glycans are significantly increased while

mono- and digalactosyl IgG glycans are

decreased. Changes in N-glycosylation

of IgG and incomplete galactosylation

of IgA are also known to be associated

with rheumatoid arthritis. Though per-

haps not as useful from the therapeutics

perspective, glycosylation changes of Ig

will still have significant value as

sources for cancer markers.

While characterizing the entire gly-

come is desirable, it is still methodologi-

cally difficult to study it completely and

simultaneously. The most common dif-

ferentiation is between N- and O-linked

glycans. The majority of the reported

studies have been on N-linked glycans,

which are significantly more abundant in

serum and plasma. N-Linked glycans are

often released with an enzyme whereas

O-linked glycans are released chemically.

It is possible to release both types simul-

taneously but not with the desired com-

pleteness. In addition, O-linked glycans

are often smaller than N-linked glycans.

These size differences are often sufficient

to require different conditions for analy-

sis. Other glycans such as GAGs are so

anionic and have such different chemical

properties that analyzing them with the

N- and O-linked is not possible. For

disease markers therefore, it is best to

focus on either N-linked, O-linked, or

the GAGs separately.

Analysis of protein glycosylation in-

volves several levels of complexity. The

pyramid in Fig. 1 represents each of the

different levels beginning with a simple

compositional profile and moving

downwards (with increasing complex-

ity) to complete molecular profile, pro-

tein-specific glycosylation, and the

site-specific glycosylation. The compo-

sitional profile is primarily the number

of hexoses (Hex), N-acetylhexosamines

Fig. 1
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(HexNAc), deoxyhexoses (usually fucose

for humans), and sialic acids. As we

proceed to the base of the pyramid,

the complexity caused by oligosacchar-

ide heterogeneity increases significantly.

However, as we argue below, there are

significant opportunities at each level

not only for disease markers but also

for therapeutic targets.

It is commonly believed that the gly-

can and its protein attachment are ne-

cessary to discover disease markers.

However, an assay of the glycan, even

a compositional profile of the glycans

with little or no knowledge of the pro-

teins, may in many cases be sufficient.

The glycomics approach relies exten-

sively on mass spectrometry. Changes

in glycosylation are readily monitored

by simple glycan compositional analy-

sis, which is obtained from accurate

mass analysis. High mass accuracy and

high resolution are advantages in profil-

ing oligosaccharides. The capability of a

high resolution mass analyzer, such as

by Fourier transform ion cyclotron re-

sonance (FT ICR), to provide accurate

mass has been crucial for obtaining

basic glycan structure information.

For example, an oligosaccharide with

a quasi-molecular ion ([M + Na]+) at

m/z 2201.819 has three possible compo-

sitions within a tolerance of �0.1 mass

units. Only with a tolerance of 0.01

mass units is the correct composition

of two Fuc, four Hex, and six HexNAc

obtained. Furthermore, putative struc-

tures of N-linked glycans having a tri-

mannosyl core (Man3GlcNAc2) can be

derived primarily from the composition.

A simple approach to disease marker

discovery might be to release the gly-

cans from all glycoproteins and examine

only the glycans based on their masses.

Indeed, the first publications that have

employed a glycomics approach exam-

ined only oligosaccharides released

from the proteins and yielded only com-

position.12–16

Glycan mass profiling that provides

compositions has already yielded several

potential markers. However, individual

oligosaccharides (specific isomeric struc-

tures) may provide more robust glycan

markers with higher specificity than

composition alone. There have been sev-

eral glycan markers proposed for dis-

eases such as gastrointestinal cancer

and cystic fibrosis with lung disease.17,18

The glycomic approaches require rapid

and sensitive methods for separating and

analyzing the glycome. In this regard,

analytical methods for separating com-

ponents into isomers, such as nanoflow

liquid chromatography (LC) and capil-

lary electrophoresis (CE), coupled with

high performance mass spectrometry for

providing composition and structural

information have proved highly use-

ful.19,20 High reproducibility, particu-

larly with methods such as nanoLC,

will eventually allow rapid identification

of known oligosaccharides.

Protein specific glycosylation requires

a higher level of complexity yet offers a

richer source of glycan markers. Ana-

lyzing glycosylation of proteins between

disease states may yield more sensitive

and specific markers in addition to some

important targets for therapeutics. Glyco-

proteins can be separated and glycans

released from even, for example, gel

spots. In this way glycoproteins, such

as the prostate specific antigen (PSA)

clinical marker, have been shown to

change in glycosylation between cancer

and non-cancer states.6

More recently, reasonably fast and

comprehensive analysis of site-specific

glycosylation is now possible using a

digestion method with non-specific pro-

teases.3,10,21 However, a ‘‘true’’ glyco-

proteomics approach still eludes us,

although there have been considerable

efforts in this area that may soon come

to fruition. There have been attempts to

analyze glycoproteins employing

proteomics-type technology, however,

the information regarding the glycan is

often discarded.22 These methods

should not therefore be considered

glycoproteomics in the complete sense.

Glycan markers hold considerable

opportunities and challenges for disease

diagnosis. The analytical tools for gly-

comic profiling have advanced consid-

erably to the point that they are more

than adequate for glycomics profiling

and disease marker discovery. Further

developments are needed in bioinfor-

matic tools and in methods of glyco-

proteomic analyses where both glycan

and protein information are obtained.

Glycomics has the potential to provide

a single platform to monitor several

diseases simultaneously with both high

sensitivity and high specificity. While

this discussion has focused on mass

spectrometry, there are other technolo-

gies, such as glycan arrays, that hold

similar promise.23 Glycans are abun-

dant in most biological fluids, including

serum, plasma, saliva, and tears. The

marker may be based simply on the

glycan profile at the composition level

or perhaps on more involved analysis

involving site-specific glycosylation.

However, protein identification is not

a necessity for solely glycomics-based

markers. We predict that, in the future,

it will be possible to not only diagnose

diseases, but perhaps even determine

disease progression and specific strain

based solely on glycan profiling.
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