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Abstract: Early detection of cancer is the key to improving survival. Since most clinically used serum cancer biomark-
ers are either glycoproteins or glycan structures that can be recognized by specific monoclonal antibodies, develop-
ing glycan structure-based biomarkers from human serum/plasma glycoproteins through mass spectrometry (MS)
analysis are active research field during the past decades. Numerous studies have shown that changes in serum/
plasma glycan structures occur during cancer initiation, progression, and treatment. This review describes N- and
O-linked glycan structures identified from serum/plasma glycoprotein (s) by MS analysis with focus on alterations
associated with different types of human cancers. The global changes in serum N- and O-linked glycan structures,
especially the glycans that are not made by cancer cells such as B lymphocyte-derived I1gG and liver-synthesized hap-
toglobin and ol acid glycoprotein, suggest that glycans might be the long sought diagnostic biomarkers associated
with system malfunction in the blood circulation of cancer patients. Therefore, N- and O-linked glycan structures
have great potential to serve as cancer diagnosis, prognosis, and treatment monitoring biomarkers to facilitate
personalized medicine.
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Introduction

Glycans are most information-dense biomole-
cules in animal cells [1]. The chemical informa-
tion contents residing in glycan structures are
far greater than that of DNAs, RNAs and pro-
teins combined [2]. Two major types (>95%) of
glycans in serum are N-linked and O-linked gly-
cans [3-5], which are composed of N-acetyl
galactosamine, galactose, N-acetylglucosami-
ne, fucose, mannose, sialic acid, and other
monosaccharides and present in most proteins
in human blood circulation. N-linked glycans
are assembled on the core proteins initiated in
the endoplasmic reticulum through nitrogen (N)
in the side chain of asparagine with the sequon
Asn-X-Ser or Asn-X-Thr, where X is any amino
acid except proline, and accomplished in the
Golgi through a complicated process. In con-
trast, O-linked glycans are assembled one
monosaccharide at a time on a serine or threo-
nine residue of proteins in the Golgi. Unlike
N-linked glycans, there is no known consensus

sequence for O-linked glycans. However, the
placement of a proline residue at either -1 or +3
relative to the serine or threonine is favorable
for O-linked glycosylation. The changes in gly-
can structures are observed in the glycopro-
teins of serum/plasma or tumor tissues from
different types of cancer patients [6-11]. The
conventional scheme of serum/plasma glycan
structural analysis by mass spectrometry (MS)
is shown in Figure 1.

Current clinically used antibody-based immuno-
chemical tests that identify biomarkers for dif-
ferent types of cancers target either highly gly-
cosylated proteins or specific glycan structures
[12]. However, these tests lack the specificity
and sensitivity required for cancer detection
[13] due to the non-template nature of glycan
biosynthesis, which is governed by roughly 1-2%
of the entire genome [14] that encodes enzymes
such as glycosyltransferases, glycosidases,
and transporters as well as a variety of environ-
mental factors that affect sugar nucleotide pro-
duction and gene transcription.
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Glycoproteins play important roles in various
biological processes including intracellular
transport, cell adhesion, cell-cell interactions,
and many others [7, 15-17]. N- and O-glycans
are the most abundant and best studied gly-
cans from serum/plasma glycoproteins. It is
known that glycan structures are not only
affected by pathological conditions, such as
cancer, bacterial/viral infection, chronic/acute
inflammation but also affected by physiological
conditions such as cell differentiation, cell mor-
phogenesis, and tissue development. Moreover,
glycan structures are different at different
development stages of the same cancer.
Furthermore, glycan structures are affected by
environmental factors such as nutrition status
that has direct impact on sugar nucleotide pro-
duction. Therefore, using glycan structures as
biomarkers for cancer diagnosis, prognosis,
and treatment monitoring has great clinical
potentials. In this review we summarize all the
reported N- and O-glycan structural changes
associated with different types of cancers.

Serum/plasma N-glycans as putative cancer
biomarkers

Changes in N-linked glycan structures from
serum/plasma glycoproteins are observed and
well documented during the development and
progression of different types of cancers based
on the studies of many research groups.
N-glycans from serum/plasma glycoprotein (s)
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Figure 1. The con-
ventional scheme
used for MS analy-
sis of N-/O-glycans
from serum/plasma
glycoproteins or spe-
cific serum/plasma
glycoprotein.

are released by several en-
zymes and many analytical
methods have been devel-
oped for N-glycan structural
characterization, such as HP-
LC [18], CE [19], LC-MS/MS
[20], MALDI-QIT-MS [21], MA-
LDI-TOF-MS [22], RP-LC-ESI-
MS [23], DSA-FACE [24], LC/
MS [25], GC-MS [26], NMR
[27], etc.

N-glycans from serum glyco-
proteins of cancer patients

N-glycan structures from ser-
um glycoproteins of breast,
prostate, ovarian, pancreatic,
liver, and lung cancer patients
have been characterized; the

published N-glycan structures

are summarized in Table 1. In
this table, a total of 92 N-glycan structures
from 1-1 to 1-92 are plotted according to the
published report [28] where sialic acid placed
on the left side of N-glycans is a 2, 3-linked
whereas those on the right side is « 2, 6-linked.
Aberrant expression of sialic acids (Sia) that
cap N-and O-glycan chains in different types of
cancers and their potential for personalized
medicine has been reviewed previously [29].

Lung cancer leads in mortality among all can-
cers in the world. In the sera of lung cancer
patients, the biantennary N-glycan chains that
contain SLe* are increased, but biantennary N-
glycan chains that contain core fucose or both
core fucose and sialic acid are decreased com-
pared to those of normal control. Most of trian-
tennary N-glycan chains are decreased, which
contain only one sialic acid or both fucose and
sialic acid. In contrast, the increased trianten-
nary N-glycan chains contain two or three sialic
acids and the SLe* motif. Remarkably, all of tet-
raantennary N-glycan chains are increased.

Breast cancer leads in mortality in women. In
the sera of breast cancer patients, most of
biantennary N-glycan chains are decreased
compared with those of normal control. Inte-
restingly, 2, 3 sialic acid-modified N-glycans
are also decreased. In contrast, most of bian-
tennary and triantennary N-glycan chains that
contain sialic acid and core fucose in the sera
of prostate cancer patients are increased. In

Am J Cancer Res 2016;6(11):2390-2415



Glycans as cancer biomarkers

Table 1. Summary of N-glycan structures identified in serum/plasma of cancer patients

Code Structures Breast Prostate Ovarian Pancreatic Liver Lung References
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Symbol representation for N-glycans: GIcNAc, blue square; mannose, green circle; Gal, yellow circle; Fuc, red triangle; sialic
acid, purple diamond; Tdepicts an increase in the abundance level of the glycan in the samples from cancer patients while |
depicts a decrease in the abundance level of the glycan in the samples from cancer patients; \/depicts glycans are detected
in the samples from cancer patients but not in the samples from healthy persons; —depicts no significant differences in the
abundance levels between the samples from cancer patients and healthy persons.

the sera of pancreatic cancer patients, all N-gly-
cans that are detected are decreased com-
pared to the normal control. However, serum
glycan 1-56 is only detected in pancreatic can-
cer patients. These data suggest that serum
N-glycan profiles might be unique in pancreatic
cancer patients. In the sera of liver cancer pa-
tients, biantennary N-glycan chains are decre-
ased. Since most of serum glycoproteins are
synthesized in liver, under-processed high man-
nose triantennary N-glycan chains observed
only in the liver but not other cancer patients
make sense.

Based on the data presented in Table 1, it can
be summarized that all of tetraantennary
N-glycans in cancer patient sera are increased
except in that of pancreatic cancer, which indi-
cates that increased tetraantennary N-glycans
represent a common N-glycan structural fea-
ture in different types of cancer patient sera.
However, no comparable pattern of N-glycan
profiles is observed among other types of can-
cer patients, indicating each type of cancers is
unique and aberrant N-glycan structures might
be useful in distinguishing different types of
cancer based on serum glycan analysis in
future.

N-glycan structures from serum IgG of cancer
patients

Both humoral and innate immunity plays a criti-
cal role in cancer biology. One of the key factors
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in humoral immunity is immunoglobulin G (1gG),
which is the most prevalent serum immuno-
globulin with concentrations of approximately
10-15 mg/mL. I1gG consists of an antigen bind-
ing fragment (Fab) and a crystallizable frag-
ment (Fc) regionthat contains an N-glycosylation
siteatasparagine 297 (Asn297).N-glycosylation
of 1gG Fc region is reported to be affected by
sex, age, autoimmune disease, and cancers.
Changes in N-glycan structures of IgG alter
their respective functions not limited to com-
plement fixation, complement-dependent cyto-
toxicity, elimination of antigens, and antibody-
dependent cytotoxicity activity.

IgG is produced by B lymphocytes but not by
cancer cells. A total 22 N-glycan structures
from 1gG purified from the sera of gastric, ovar-
ian, breast, and lung cancer patients are listed
in Table 2. The data shows that IgG in the sera
of these cancer patients have an overall differ-
ent N-glycan structures from that of normal
cancer-free patients. A recent publication is
demonstrated that N-glycan structures of I1gG
in the sera of breast cancer patients have bet-
ter sensitivity and specificity compared to cur-
rently used clinically cancer biomarkers [30].
Most importantly, serum IgG N-glycan struc-
tures at stage O breast cancer patients are
already different from that of normal controls,
suggesting that cancer was accompanied by
abnormal B lymphocyte-produced N-glycan
structures of IgGs from the earliest stage of

Am J Cancer Res 2016;6(11):2390-2415
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Table 2. Summary of N-glycans purified from I1gG in serum of cancer patients

Code Structures Gastric Ovarian Lung References Code Structures Gastric Ovarian Lung  References
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Symbol representation for glycans: GIcNAc, blue square; mannose, green circle; Gal, yellow circle; Fuc, red triangle; sialic acid,
purple diamond; fdepicts an increase in the abundance level of the glycan in the samples from cancer patients while | depicts
a decrease in the abundance level of the glycan in the samples from cancer patients; Vdepicts glycans are detected in the
samples from cancer patients but not in the samples from healthy persons; xdepicts glycans are not detected —depicts no
significant differences in the abundance levels between the samples from cancer patients and healthy persons.

breast cancer, which also suggests that the
malfunction of I1gG Fc region N-glycosylation
may play a role in tumor development and can-
cer is a system malfunction disease.

As shown in Table 1, tetraantennary N-glycans
as well as SLe* motif in all but pancreatic can-
cer patient sera are increased. In contrast, no
such N-glycan structures are detected in the
serum IgG of gastric, ovarian, breast, and lung
cancer patients (Table 2). However, all bianten-
nary N-glycan chains with core fucose-modifi-
cations are decreased in all four cancer sera
tested compared to that of normal control
(Table 2). In addition, biantennary N-glycan
chains with fucose and galactose modifications
are decreased in the sera of ovarian cancer
patients and most of triantennary N-glycan
chains that have high mannose structures are
also decreased. Interestingly, Glycan 2-22 is
only detected in the sera of ovarian cancer
patients and 2-19 is only detected in the sera
of normal control. Most of biantennary N-glycan
chains are decreased in the sera of lung cancer
patients. The N-glycans 2-4 and 2-13 are
decreased in the sera of gastric, ovarian and
lung cancer patients.
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N-glycans from serum haptoglobin of cancer
patients

Haptoglobin, an acute-phase protein produced
in the liver, contains four glycosylation sites
(Asn184, Asn207, Asn211, and Asn241). Hap-
toglobin has been found to be a biomarker for
different types of cancers including esopha-
geal, gastric, colon, gallbladder, pancreatic, pro-
state, and ovarian (Table 3). All of biantennary
N-glycans are increased, triantennary N-glycans
without core fucose are decreased, and core-
fucosylated glycans are increased in the sera of
gastric, ovarian, and pancreatic cancer patie-
nts. There are four N-glycans (Table 3, 3-19,
3-20, 3-22 and 3-28) that are only detected in
the sera of pancreatic cancer patients but not
in that of normal persons. The N-glycan 3-1 is
increased in gastric, ovarian and pancreatic
cancer patients (Table 3).

Because serum haptoglobin N-glycans could
serve as biomarkers for different types of can-
cers, it was believed that haptoglobin must be
synthesized by cancer cells and then secreted
into the blood circulation. If this was the case,
serum haptoglobin N-glycan structures from

Am J Cancer Res 2016;6(11):2390-2415
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Table 3. Summary of N-glycans obtained from haptoglobin in the sera of cancer patients

Code Structures

Gastric Ovarian Pancreatic Lung Esophageal Prostate Colon Gallbladder References
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Symbol representation for glycans: GIcNAc, blue square; mannose, green circle; Gal, yellow circle; Fuc, red triangle; sialic acid,
purple diamond; fdepicts an increase in the abundance level of the glycan in the samples from cancer patients while | depicts
a decrease in the abundance level of the glycan in the samples from cancer patients; \/depicts glycans are detected in the
samples from cancer patients but not in the samples from healthy persons; —depicts no significant differences in the abun-
dance levels between the samples from cancer patients and healthy persons.

Table 4. Summary of SLe* and N-glycans contain SLe* in serum of cancer patients

Code Structures Lung Breast Gastric Prostate Ovarian Pancreatic Melanoma Peritoneal Endometrial References
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Symbol representation for glycans: GIcNAc, blue square; mannose, green circle; Gal, yellow circle; Fuc, red triangle; sialic acid, purple diamond;
Tdepicts an increase in the abundance level of the glycan in the samples from cancer patients compared to that of healthy individuals.

different type of cancers should be different
since each type of cancer cells should have dif-
ferent N-glycan assembly line, thus different
overall N-glycan structures. However, remark-
able differences in the structure or fucosylation
of N-glycan are not detected in esophageal,
gastric, colon, gallbladder, pancreatic, and pro-
state cancers in a recent report [31]. It sug-
gests that the haptoglobin in the sera of cancer
patients might be produced in the liver. These
results demonstrate again that cancer is a sys-
tem malfunction disease.

Because abnormal N-glycan biosynthesis in the
liver is common for different types of cancers
studied thus far, haptoglobin N-glycan struc-
tures in the sera of cancer patients that are
synthesized by hepatocytes but not cancer
cells could serve as cancer diagnosis bioma-
rkers.

Serum N-glycans containing SLe* motif

Sialyl Lewis*, also known as sialyl Le*, or SLe*,
consists of a sialic acid o 2, 3 linked to galac-
tose B1-4 linked to GIcNAc, to which a fucose is
o 1, 3 linked (Table 4, 4-11). SLe* is usually
located in the terminal of both N-and O-glycans.
SLe* was first described in a ganglioside frac-
tion of human kidney [32]. Trace amounts of
SLe* were also found in human milk [33]. The
SLe*, an E-selectin ligand, is constitutively ex-

2408

pressed on monocytes and granulocytes. The
interaction between E-selectin and SLe* par-
tially mediates inflammatory extravasation of
monocytes and granulocytes [34]. Resting T
and B lymphocytes start to express SLe* upon
activation. SLe* is expressed on hepatocytes
during inflammation. SLe* is also over-expre-
ssed by different types of cancer cells and
plays a critical role in cancer metastasis. Thus,
it is not surprising that SLe*-containing trianten-
nary N-glycan (Table 4, 4-5) is increased in the
sera of breast, prostate, ovarian, pancreatic,
melanoma, peritoneal, endometrial cancer pa-
tients. Coincidently, the three most devastating
cancers, i.e. pancreatic, lung, and gastric can-
cers, have the highest level of SLe* (Table 4,
4-11), suggesting that SLe* was expressed not
only by cancer cells but also by liver and
immune cells. Thus, SLe* might be able to serve
as a cancer prognostic cancer biomarker.

N-glycans from serum a1-acid glycoprotein

Alpha-1-acid glycoprotein is a 41-43 kDa glyco-
protein with 5 N-linked glycans at Asn33,
Asnb56, Asn72, Asn93 and Asn103, respective-
ly, resulting in a glycan content of 45% of its
molecular mass. It has a normal plasma con-
centration between 0.6-1.2 mg/mL and repre-
sents 1-3% plasma protein. al-acid glycopro-
tein is similar to haptoglobin in that it is an

Am J Cancer Res 2016;6(11):2390-2415
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Table 5. Summary of N-glycans purified from al1-acid glycoprotein in the sera of cancer patients

Code Structures Gastric Ovarian References Code Structures Gastric  Ovarian References
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t 1 [51] R 1 [37]
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Symbol representation for glycans: GIcNAc, blue square; mannose, green circle; Gal, yellow circle; Fuc, red triangle; sialic acid,
purple diamond; fdepicts an increase in the abundancelevel of the glycan in the samples from cancer patients while | depicts
a decrease in the abundance level of the glycan in the samples from cancer patients; Vdepicts glycans are detected in the
samples from cancer patients but not in the samples from healthy persons; —depicts no significant differences in the abun-
dance levels between the samples from cancer patients and healthy persons.

acute phase glycoprotein and synthesized pri-
marily by hepatocytes. Most importantly, its N-
glycans also serve as biomarkers for different
types of cancers (Table 5). Moreover, al-acid
glycoprotein along with albumin, very low-den-
sity lipoprotein particle size, and citrate has
been identified as one of four potentially useful
circulating biomarkers for estimating the five-
year risk of all-cause mortality [35].

The N-glycans identified from serum al-acid
glycoprotein of different cancer patients are
shown in Table 5. The content of glycan 5-3 is
decreased in the sera of both gastric and ovar-
ian cancer patients. All N-glycans that contain
SLe* are increased, which have the same trend
as that of N-glycans from serum haptoglobin in
pancreatic cancer patients. However, the ser-
um level of glycan 5-6 in al-acid glycoprotein is
increased in gastric cancer stage | and is
decreased in gastric cancer stage IV, which is
consistent with that al-acid glycoprotein might
be a useful biomarkers for estimating the five-
year risk of all-cause mortality [35].
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O-glycans as putative cancer biomarkers

Because of the lack of proper enzymes, O-gly-
cans cannot be released efficiently from most
of core proteins. This technique difficulty makes
O-glycan analysis difficult, insensitive and time
consuming. O-glycans have diverse structures.
In addition, multiple reactions and cleaning st-
eps are needed to prepare O-glycans for struc-
tural analysis. Therefore, O-glycan profiling
studies from the serum/plasma glycoproteins
of cancer patients have been limited. So far
there are a few references available where
O-glycans are purified and characterized from
the sera of breast and ovarian cancer patients
(Table 6). Even though most of O-glycans identi-
fied are still lacking the linkage information,
O-glycans 6-1, 6-2, 6-3, 6-4, and 6-5 are inc-
reased in the sera of both breast and ovarian
cancer patients compared to that of normal
persons. In addition, O-glycans 6-15, 6-19 and
6-20 are detected in the sera of breast cancer
patients but not in that of healthy persons.
Thus, serum O-glycans are also useful biomark-
ers for cancer diagnosis.
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Table 6. Summary of O-glycans in serum of cancer patients
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Code  Structures Breast Ovarian References Code Structures Breast Ovarian References
6-1 [13, 57] 6-7 1 [57, 58]
O—0—0—J O——0——0—C
3
6-2 [13, 57, 58] 6-8 ) 1 [57, 58]
0—0-0{1+0 o—f—-o+—o0o0C
6-3 [13, 57, 58] 6-9 q 1 [57, 58]
: { : }2 0 ]
6-4 ( ] [13,57,58] 6-10 1 [57, 58]
OO0, 0000 o0
6-5 [13,57,58] 6-11 1 [57, 58]
o—O0——C—d oO—0—1
6-6 [57, 58] 6-12 1 [57, 58]
0—0 o—f-o0—+too
2
6-13 [57, 58] 6-17 1 [59]
g
6-14 [59] 6-18 — [59]
c
oo 400 %(‘
6-15 [59] 6-19 N [59]
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6-16 — [59] 6-20 V [59]

Symbol representation for O-glycans: GIcNAc, blue square; mannose, green circle; Gal, yellow circle; Fuc, red triangle; sialic acid, purple diamond; tdepicts an increase in the abun-
dance level of the glycan in the samples from cancer patients while | depicts a decrease in the abundance level of the glycan in the samples from cancer patients; \/depicts glycans
are detected in the samples from cancer patients but not in the samples from healthy persons; —depicts no significant differences in the abundance levels between the samples

from cancer patients and healthy persons.
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Conclusion and future perspectives

Non-invasive glycan biomarkers from serum/
plasma are promising cancer diagnostic, prog-
nostic, and treatment-monitoring biomarkers.
The global changes in serum N- and O-linked
glycan structures, especially the glycans that
are not made by cancer cells such as B lympho-
cyte-derived IgGs and liver-synthesized hapto-
globin and ol acid glycoprotein, suggest that
glycans might be the long sought diagnostic
biomarkers associated with system malfunc-
tion in the blood circulation of cancer patients.
Such biomarkers would be very useful biomark-
ers not only for early diagnosis but also for
prognosis and treatment monitoring.

The major limitation in serum/plasma glycan-
based biomarker discovery is that all the meth-
ods involved require considerable expertise as
well as expensive instrumentation. Despite the
advances in glycan analysis, the technical diffi-
culties associated with glycan release, label-
ing, detection, and quantification by MS are still
the bottle neck in developing serum/plasma
glycan-based cancer biomarkers. Further prog-
ress in analysis should be made to yield exact
structures with extensive site specific hetero-
geneity in a quantitative manner. Thus, with
improved technology, the glycomics has the
greatest potential for cancer biomarker dis-
covery.

In future, it will be possible to overlay serum/
plasma data obtained from the approaches of
genomics, proteomics, lipidomics, metabolo-
mics and glycomics to perform multiple dimen-
sional pathway analysis. Therefore, the next
generation of serum/plasma biomarkers could
be a combination of biomarkers including gly-
cans, proteins/peptides, DNA, RNA, lipids, and
metabolites, or any combinations of them.
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