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Cancer treatment has been stratified by companion biomarker tests 
that serve to provide information on the genetic status of cancer 
patients and to identify patients who can be expected to respond 
to a given treatment. This stratification guarantees better efficiency 
and safety during treatment. Cancer patients, however, marginally 
benefit from the current companion biomarker-aided treatment 
regimens, presumably because companion biomarker tests are de-
pendent solely on the mutation status of several genes status quo. 
In the true sense of the term, “personalized medicine”, cancer pa-
tients are deemed to be identified individually by their molecular 
signatures, which are not necessarily confined to genetic 
mutations. Glycosylation is tremendously dynamic and shows al-
terations in cancer. Evidence is accumulating that aberrant glyco-
sylation contributes to the development and progression of cancer, 
holding the promise for use of glycosylation status as a companion 
biomarker in cancer treatment. There are, however, several chal-
lenges derived from the lack of a reliable detection system for aber-
rant glycosylation, and a limited library of aberrant glycosylation. 
The challenges should be addressed if glycosylation status is to be 
used as a companion biomarker in cancer treatment and contribute 
to the fulfillment of personalized medicine. [BMB reports 2011; 
44(12): 765-771]

INTRODUCTION

Prevention and treatment have been the main approaches 
adopted to improve health and, they serve as a double-edged 
sword in the biomedical realm. We have seen tremendous prog-
ress in both areas for the last a few decades, and an increased un-
derstanding of molecular events occurring inside diseased or-
ganisms has inarguably led to improvements in medical science. 
However, we still have a long way to go before we have compre-
hensive and efficient therapeutic options, particularly for ob-
stinate diseases such as cancer, diabetes mellitus, etc. It is a real-

ity that a majority of deaths still originate from cancer, stroke, 
and cardiovascular disease (1). 
　To address these challenges, increased efforts have been be-
ing made to enhance the efficiency of treatments, including 
combining treatment agents with diagnostics, which opened the 
era of ‘theragnostics (therapeutics plus diagnostics)’. This ap-
proach is based not only on the notion that every genetic identity 
has its suitable method of treatment, but also on the idea that the 
current treatment regimes can be replaced with molecular-tar-
geted therapy. Especially, gene-based in vitro diagnostic (IVD) 
testing boasts unsurpassed increments in growth rate, with thou-
sands of genes being targeted for new molecular in vitro tests (2). 
These IVD tests are comingled with the therapeutics in the pipe-
line of drug development, thereby implementing the ‘right treat-
ment to the right patient’ strategy and producing better clinical 
outcomes. Nonetheless, current medications with IVDs are used 
in a dichotomic fashion; genetic mutation of a gene is the sole 
criterion for the choice of a treatment and one of the bisected 
groups is intended to benefit from the therapeutic approach. 
Because every patient identified as belonging to the ‘supposed 
to benefit’ group does not respond to the treatment, the current 
therapeutic strategy does not meet the goal of personalized 
medicine. To fulfill this ultimate goal in cancer, we need to 
know every possible molecular signature and environmental 
factor governing the efficiency and efficacy of a treatment. 
　As a case in point, we suggest in this review that the glyco-
sylation status of a molecule can be a critical determinant for 
therapeutic choices in cancer. We introduce evidence that gly-
cosylation variants are observed in cancer and affect the devel-
opment and progression of diseases. In addition, we highlight 
the promising and limiting aspects associated with the use of gly-
cosylation status as a companion biomarker for therapeutics. 

Brief history of targeted therapy 
Cancer is the leading cause of death worldwide and a tremen-
dous effort has been made to develop anti-cancer drugs. 
Contrary to traditional chemotherapy which is usually intended 
to interfere with rapidly dividing cells, the currently used drugs 
are targeted at specific molecules required for tumorigenesis and 
proliferation, and thereby guarantee improvements in both effi-
cacy and safety. A brief review of the history of molecular-tar-
geted therapy in cancer will be presented to provide deeper in-
sights for understanding companion biomarker-guided targeted 
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therapies which will be discussed.
　Imatinib mesylate (Gleevec, also known as STI-571) is re-
garded as the first success story in molecular-targeted therapy. 
This drug specifically inhibits ABL-BCR tyrosine kinase activity 
and is effective in the treatment of chronic myeloid leukemia 
(CML) patients who have the ‘Philadelphia’ chromosome (3-5). 
Rationale underlying the development of imatinib mesylate con-
tributed to the design of ensuing kinase inhibitors and mono-
clonal antibodies for cancer treatment. The long development 
time required from the identification of the ‘Philadelphia chro-
mosome until the approval of Gleevec was significantly short-
ened for the development of the ensuing tyrosine kinase 
inhibitors. Herceptin, which targets the Her2/neu tyrosine kinase 
receptor (also known as ErbB2) overexpressed in some types of 
breast cancer, mirrors the progress in recent drug development 
(6, 7). In this case, the accompanying diagnostic test for HER2 ex-
pression, known as the HercepTest, provided the treatment strat-
ification by enabling physicians to identify the patients who are 
considered to benefit from the monoclonal antibody (8). 
Similarly, gefitinib (Iressa, also known as ZD1839) was intended 
to target epithelial growth factor receptor (EGFR), which is over-
expressed in non-small cell lung cancer and other solid tumors 
including colon and breast cancer (9). The efforts to identify tar-
get molecules to control cancer have led to an expanded list of 
target molecules, including not only various kinase receptors 
such as vascular endothelial growth factor receptor (10) and ALK 
(11), but also non-kinase molecules, ie., bcl-2 (12), PARP (13), es-
trogen receptor (14), Janus kinase (15), and PI3K (16). 
　Progress in DNA sequencing and microarray techniques have 
made it possible to compare genome-wide studies on the rela-
tion of genetic variations with diseases. In genome-wide associa-
tion studies (GWASs), whole genes were subjected to analysis 
for the association of person-to-person gene variation and dis-
eases, leading to, for example, the discovery of strong associa-
tions of the deletions close to the gene encoding complement 
factor H (CFH), complement factor H receptor 1 (CFHR1) and 
CFHR3 with a reduced risk for age-related macular degeneration 
(17). Currently, 4,000 SNP associations are claimed for ≥200 
diseases in ≥1,200 human GWASs (18). Along with genomic 
studies, we have equipped ourselves with top-notch proteomics 
and systems biology-based techniques to expand the spectrum 
of genes and proteins ‘targetable’ for diseases. 

Companion biomarker as part of the drug development
The mutation study on the KRAS gene has opened a new era of 
targeted therapy, exemplifying the importance of discovering 
and testing an associated factor which affects responsiveness to 
a drug. After it had been reported that the HRAS gene shows a 
point mutation at codon 12 (19), similar mutations in KRAS and 
NRAS were reported (20, 21). Of note is the finding that the 
KRAS mutation status plays a critical role not as a drug target but 
as a predictive biomarker for tumor responsiveness to anti-EGFR 
monoclonal antibody therapies (22-24). Cetuximab and pan-
itumumab are anti-EGFR drugs developed for the treatment of 

colorectal cancer and were found to produce a response only in 
KRAS mutation-negative patients. This case reflects the im-
portance of a companion biomarker when devising a specific 
therapeutic regimen that is optimal for treatment based on the 
disease status of a particular patient and mirrors the future direc-
tion of diagnostics in the development of therapeutics. Directly 
or non-directly, the bio-molecular signature other than the target 
molecule will guide the treatment strategy, identify the right pa-
tients who will experience the best results in the response to a 
therapeutic agent, and help develop the best suited program of 
medication. 
　Pari passu with this direction, the Food and Drug Administra-
tion recently issued guidelines on ‘Companion Dx’ which sup-
port the development of innovative new targeted medicines and 
their corresponding diagnostic tests, and are intended to provide 
manufacturers with greater predictability (25). It is hoped that 
these guidelines will help the commercial therapeutic manu-
facturers develop the best suited drugs for responder populations 
and will spare non-responders from exposure to potential side ef-
fects of drugs that will not work for them. 
　There are, however, many obstacles to overcome to realize bona 
fide ‘personalized medicine’ with the aid of companion bio-
markers in cancer. There are only a few groups into which patients 
can be partitioned based on available companion biomarkers. 
Referring to the case above, every KRAS mutation-negative patient 
is not responsive to a single anti-EGFR monoclonal antibody. This 
implies that patients with a disease should be classified into multi-
ple groups by using multiple variables which evidently affect the 
pathological processes of a disease. In this sense, fulfillment of per-
sonalized medicine requires that classification of patients should 
be supported by sufficient information on genetic mutations be-
yond what has currently been discovered, as well as by expression 
profiles, post-translational modifications (PTMs), and time-de-
pendent variation of molecular signatures obtained from rigorous 
basic research. 

Alterations in the glycosylation status associated with cancer
Immature proteins are enzymatically synthesized in the endo-
plasmic reticulum (ER), and later undergo decoration with one or 
more chemical moieties, termed post-translational modification 
(PTM). Glycosylation is typically one of several PTMs that are usu-
ally found in eukaryotic cells and produced by enzymatic cataly-
sis, as opposed to non-enzymatic chemical reaction of glycation. 
Protein glycosylation can be classified into several types accord-
ing to the glycan linkage site: N-linked glycosylation, O-linked 
glycosylation, and glycophosphatidylinositol (GPI)-anchored 
glycosylation (Fig. 1). N-linked glycosylation is formed at the as-
paragine (N) site of the N-X-S/T sequence where S and T represent 
serine and threonine, respectively, and X can be any amino acid 
except proline. Mature N-linked glycan consists of a core struc-
ture containing 2 N-acetylglucosamine and 3 mannose residues, 
of which 2 mannoses are elongated with antenna formed by gal-
actose, N-acetylglucosamine, N-acetylgalactosamine, fucose, 
and sialic acid. O-linked glycosylation is a relatively late-stage 
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Fig. 1. Common glycosylation patterns in human cells. Secreted and 
transmembrane proteins can usually possess either N-linked or O-linked
glycans, or both. GPI anchored protein and glycosphingolipids are lo-
cated exclusively in membrane regions. O-GlcNAcylated proteins are 
usually found in the intracellular compartments, playing a role in modu-
lating cellular signals. Note that glycosylation is usually not clonal and
the glycan structures depicted for N-linked, O-linked, and glyco-
phingolipids illustrate one of the structural libraries.

Fig. 2. Aberrant glycan structures commonly found in cancer. It is interest-
ing to note that N-linked glycans are substrate for various glycosyltransfer-
ases and consequently become bulky in cancer cells, as opposed to 
O-linked glycans that are often truncated by glycosidases. Sialyl Lewis 
antigens are frequently observed at the terminal region of O-linked
glycans and glycosphingolipids, although they can also be seen for 
N-linked glycans. 

event in the protein maturation and often occurs with the attach-
ment of glycans to serine and threonine, and, to a lesser extent, 
to hydroxyproline and hydroxylysine. O-linked glycans are 
formed in a stepwise fashion with sugars added incrementally. 
The most common type of O-glycosylation is observed in the 
‘mucin-type’ glycan where the reducing terminal N-acetylga-
lactosamine (GalNAc) is added and further extended with gal-
actose (Gal), N-acetylglucosamine (GlcNAc), and sialic acid. In 
addition to the mucin-type O-linked glycans, a variety of mamma-
lian proteins are known to have mannose, fucose, galactose or 
glucose as reducing terminal linkages. Especially, simple O- 
linked glycan comprising a single GlcNAc residue is observed to 
play an important role in the modulation of the biological activity 
of intracellular proteins (26), often competing with phosphoryla-
tion (27). GPI anchored proteins are linked at their carboxytermi-
nus through a phosphodiester linkage of phosphoethanolamine 
to a trimannosyl-non-acetylated glucosamine (Man3-GlcN) core. 
The reducing end of GlcN is linked to phosphatidylinositol which 
is then anchored by another phosphodiester linkage to the cell 
membrane through its hydrophobic region. The Man3-GlcN oli-
gosaccharide core may undergo various modifications during se-
cretion from the cell. GPI-anchored proteins also play a critical 
role in a variety of receptor-mediated signal transduction path-
ways, adhesion, and antigenicity (28). In addition to protein gly-
cosylation, glycan is attached to sphingolipids, thus forming gly-
cosphingolipids, which are generally called gangliosides. The 
glycan structures in glycoproteins and gangliosides have diverse 
roles in cell-cell recognition, molecular function and stability, 
and cell adhesion, etc (29). 
　A unique feature is that a glycoprotein shows heterogeneity in 

its glycan structure because it is synthesized using a non-tem-
plate-driven biosynthetic process in endoplasmic reticulum and 
Golgi body, and a lack of any proofreading machinery. In addi-
tion, the structure of the biosynthetic end product is dependent 
on the polypeptide backbone as well as a number of variable 
factors such as the expression levels of glycosidases and glyco-
syltransferases and the availability of substrates, which fluctuate 
during cell growth, differentiation and development (30, 31). 
Aberrant glycosylation, which is frequently observed in tumors, 
occurs with the perturbed expression of responsible glycosyl-
transferases and can depend on the availability of substrate 
saccharides. Among the best characterized glycosyltransferases 
is N-acetylglucosaminyltransferase V (GnT-V), which is overex-
pressed through regulation by the Ets-1 transcription factor in 
malignant cancer cells (32), and sialyltransferases (33), which 
are at least partly responsible for the generation of the poly-
lactosamine residues, polysialic acid or some gangliosides. The 
sialylated glycan structures including sialyl Lewis antigen (sLe) 
and sialyl Tn (sTn) are also observed on glycoproteins and gan-
gliosides in various cancer, which are frequently associated with 
poor prognosis in patients with breast (34), colon (35), stomach 
(36) cancer. Importantly, the presence of truncated O-glycans at 
the surface is a common feature in cancer, and consequently, 
antigenic peptide backbones are exposed (37). Glycosylation 
changes that are frequently observed in cancer are summarized 
in Fig. 2. 
　Aberrant glycosylation is a functional marker that can be used 
to gauge the clinic-pathogenic process in cancer. This notion is 
well illustrated by the functional role of the aberrant tissue in-
hibitor of metalloproteinase-1 (TIMP-1) in cancer invasion and 
metastasis (38). TIMP-1 is an endogenous glycoprotein which in-
hibits several matrix metalloproteinases (MMPs) in a 1：1 stoi-
chiometric manner, and is known to regulate cancer metastasis. 
In opposition to the previous reports on their relative avail-
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ability, we proposed that TIMP-1 is aberrantly glycosylated by 
initiation of GnT-V, and the aberrant TIMP-1 fails to tightly bind 
gelatinases possibly due to electrostatic repulsion and steric hin-
drances generated by newly attached bulky glycans. The miti-
gated affinity toward gelatinases is responsible for the loss of ge-
latinase inhibition by TIMP-1, resulting in enhanced cancer in-
vasive/metastatic potential of colon cancer cells. Lectin blot 
analysis following immunoprecipitation of TIMP-1 in colon tu-
mors pointed to the involvement of aberrant TIMP-1 in cancer 
progression. Mostly found in O-linked glycoproteins and gan-
gliosides, sialyl Lewis structures on tumor cells also function as a 
biomarker for the malignant potential of a tumor. They are rec-
ognized by specific endogenous lectins (E-selectin) on endothe-
lial cells and play an important role as the binding ligand for the 
lectin, allowing cancer cells to maintain firm adhesion in the 
presence of shearing forces in the early phase of extravassation 
during cancer metastasis (39, 40). Perhaps an inspiration could 
be extracted from the previous studies on the functional effects 
of aberrant glycosylation in cancer; while many of the glycan 
structures themselves are not tumor-specific, the appearance of 
those structures on a specific protein can be a useful biomarker 
that provides a molecular history of the development and pro-
gression of cancer and thereby contributes to guiding molecu-
larly targeted therapeutic options.

Promises and limitations in the use of aberrant glycosylation 
as companion biomarker
In spite of tremendous progress in glycobiology and glycomics 
research, we are just at a primitive stage for predicting who will 
respond to a drug by examining the glycol-pattern or a specific 
glycan structure of a glycoprotein. To my knowledge, there is no 
direct evidence that glycosylation structure(s) is a reference that 
may be helpful to define appropriate and timely treatments. 
Although fucosylated AFP (AFP-L3) is upregulated in liver can-
cer, little is known about how the molecular function of AFP-L3 
may contribute to the development or progression of cancer. 
Any utilization of a companion biomarker, contrary to diag-
nostic or monitoring biomarkers, should be evidence-based. 
　Despite the lack of relevant evidence and information status 
quo, we can find some clues suggesting that the behavior of ther-
apeutic agents can vary with the glycosylation status of partic-
ular molecules. First, the transportation of a drug can be affected 
by the glycan structure of a transporter responsible for delivery 
into cells or any cellular compartments. Case in point, Chen et 
al. raised a relevant issue in their study, in which they suggested 
that mature N-linked glycans of the UT-A1 urea transporter are 
essential to UT-Al activity by contributing to the UT-A1 traffick-
ing into membrane lipid raft subdomains (41). This implies that 
the premature or aberrant glycans may be responsible for the 
malfunction of the transporter activity. Many of the membrane 
transporters, including P-glycoprotein, are glycoproteins and the 
identification of relevant drug transporters and their glycan sta-
tus need to be monitored. Second, glycosylation status can affect 
‘drug resistance’. ABC transporter is a glycoprotein that plays a 

role in the efflux of various drug and organic cationic or neutral 
compounds (42). Many lines of evidence indicate that ABC 
transporter is responsible for multi-drug resistance via affecting 
the efflux of drugs. Although the glycomic nature of ABC trans-
porter family members has not been fully elucidated, we are 
close to being able to say that the glyco-profiles of ABC trans-
porters change with disease status and that altered glycosylation 
may affect the efflux of anti-cancer drugs. We can find a link be-
tween defective glycosylation of the ABC transporter and drug 
resistance from a recent study. Beretta et al. suggested that pa-
tients with oxaliplatin-refractory ovarian carcinomas may bene-
fit from non-Pt-based regimens which do not contain resist-
ance-associated protein (MRP) 1 and MRP4 substrates, showing 
that altered glycosylation of MRP1 is found in cells selected for 
resistance to the Pt drugs (43). Because the ABC transporter fam-
ily consists of a large number of transporter members, a systemic 
approach should be taken to identify transporters responsible for 
the efflux of a particular drug and to define glyco-moieties affect-
ing their activities. Third, the glycan status of a drug target pro-
tein may indirectly affect the interaction with biologics. No pro-
tein molecule behaves alone, and instead dynamically interacts 
with a library of binding partners. The nature of molecular inter-
actions usually belongs to one of the protein-protein, pro-
tein-nucleotide, protein-lipid, or protein-carbohydrate binding, 
although other interactions may exist. As expected, pro-
tein-carbohydrate interactions are most affected by the glyco-
sylation status. Lectins comprise a group of proteins that bind to 
the glycan portion of biomolecules and are divided into several 
types depending on their structures and the nature of interaction. 
Galectin is a very specialized lectin that shows an affinity for gal-
actose-containing glycans (44-46). There are 14 family members 
reported in human, each of which plays a distinct role in adhe-
sion, differentiation, growth, apoptosis, etc. Galectin-1 alone 
makes up a complicated interaction network with plasma mem-
brane proteins and peptidoglycans in the extracellular matrix 
(46-48). Because most monoclonal antibody-based anti-cancer 
drugs target plasma membrane proteins (e.g. EGFR), they are 
thought to be in a constant competition with other binding part-
ners such as galectin-1. The altered glycan structure of a target 
molecule for an anti-cancer drug may hinder or reinforce the in-
teractions with lectin-type molecules, which may in turn, affect 
the pharmacodynamic and pharmacokinetic properties of mon-
oclonal antibody-based anti-cancer biologics. These possibil-
ities await a definitive study on which target shows a different 
glycan pattern that is dependent on disease state, how the alter-
ation affects the interaction with any possible binding partner, 
and whether the perturbed interaction leads to changes in phar-
macodynamics and pharmacokinetics of therapeutics. 
　In spite of these potentials mentioned above, there are several 
limitations that may hamper the development of glyco-pattern(s) 
as companion cancer biomarkers. Most of these limitations de-
rive from the lack of assay methods required to monitor glyco-
syl-alterations with sufficient analytical and clinical validity. A 
majority of the monitoring of glycosyl-alteration has been per-
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Fig. 3. Poor selectivity of Lens culinaris (LCA) lectin in glycan recognition.
LCA binds, but not exclusively, to fucosylated N-glycans, and has group 
specificity toward glycans with similar structures. Together with relatively
low affinity compared to antibodies, this low selectivity of lectins may 
hamper their use as a probe for subtle changes in glycan moieties
in clinical settings.

formed by the use of lectin as probe (49). Despite the specificity 
and affinity toward glycans, there are limitations when lectins 
are used for clinical purposes. For instance, Lens Culinaris (LCA) 
is a lectin that is often used to monitor the fucosylated N-glycans 
in experimental settings. The Lectin Frontier Database (http:// 
riodb.ibase.aist.go.jp/rcmg/glycodb/LectinSearch), however, shows 
that LCA exhibits a broad specificity for fucosylated as well as 
non-fucosylated glycans, albeit a difference in the binding 
strength among the glycans (Fig. 3), and this low specificity is a 
common characteristic for most of lectins. Moreover, most com-
monly used lectins do not have a high affinity toward their bind-
ing glycan partners and show a dissociation constant (Kd) value 
in the range of 10-7-10-5 M except for a few toxin-ganglioside in-
teractions (50), for which Kd values are lower than those of most 
antibodies. The low sensitivity observed especially when mon-
itoring the glycans of sparse candidate biomarkers is attributable 
to the low affinity of lectins. These obstacles may be overcome 
by attempts to develop glycan-specific antibodies with sufficient 
specificity and affinity (51). Finally, the glycan library that has 
been found to exist in nature is not expansive enough to person-
ally classify every patient by using the glycan alone. This may 
imply that a glycan must be used as an auxiliary biomarker in 
combination with other biomarkers. A recent finding that gly-
cans are decorated by phosphorylation (52) is quite interesting 
in the sense that glycans can be further modified by another 
chemical moiety and accordingly, broaden the glycan library 
that can be used as companion biomarkers for given thera-
peutics.

CONCLUSION

It is generally accepted that future therapeutic approaches will 

be more molecular-targeted and guided by evidence-based 
biomarkers. The direction toward theragnostics will eventually 
lead to personalized medicine in cancer, dramatically promot-
ing the efficiency of treatment. This implies that every possible 
companion biomarker that can help guide the therapeutic op-
tions should be developed to identify and classify patients ac-
cording to their potential responsiveness to specific drugs. 
Evidence is accumulating that the dynamism of glycan structures 
reflects the disease state in cancer, and some glycans are used to 
detect and monitor cancer. Evidence-based, unbiased in-
formation must be accumulated in advance for the glycan dyna-
mism to be used as a companion biomarker in clinical settings, 
and thereby contribute to personalized medicine. 

Acknowledgements
This work was supported by the ‘Convergence Research Center 
Program (2010K001302)’ of the Ministry of Education, Science 
and Technology and grants from the KRIBB Research Initiative 
Program (KGM0521113). 

REFERENCES

1. World Health Organization Report (2009) Global health 
risks: mortality and burden of disease attributable to selected 
major risks. 

2. Ross, J. S. and Ginsburg, G. S. (2002) Integrating diagnostics 
and therapeutics: revolutionizing drug discovery and patient 
care. Drug. Discov. Today 7, 859-864. 

3. Nowell, P. and Hungerford, D. (1960) A minute chromosome 
in human chronic granulocytic leukemia. Science 132, 1497. 

4. Lugo, T. G., Pendergast, A. M., Muller, A. J. and Witte, O. N. 
(1990) Tyrosine kinase activity and transformation potency 
of bcr-abl oncogene products. Science 247, 1079-1082. 

5. Druker, B. J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G. 
M., Fanning, S., Zimmermann, J. and Lydon, N. B. (1996) 
Effects of a selective inhibitor of the Abl tyrosine kinase on the 
growth of Bcr-Abl positive cells. Nat. Med. 2, 561-566. 

6. Slamon, D. J., Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, 
A. and McGuire W. L. (1987) Human breast cancer: correla-
tion of relapse and survival with amplification of the HER-2/ 
neu oncogene. Science 235, 177-182. 

7. Slamon, D. J., Leyland-Jones, B., Shak, S., Fuchs, H., Paton, 
V., Bajamonde, A., Fleming, T., Eiermann, W., Wolter, J., 
Pegram, M., Baselga, J. and Norton, L. (2001) Use of chemo-
therapy plus a monoclonal antibody against HER2 for meta-
static breast cancer that overexpresses HER2. N. Engl. J. Med. 
344, 783-792. 

8. Vogel, C. L., Cobleigh, M. A., Tripathy, D., Gutheil, J. C., 
Harris, L. N., Fehrenbacher, L., Slamon, D. J., Murphy, M., 
Novotny, W. F., Burchmore, M., Shak, S., Stewart, S. J. and 
Press, M. (2002) Efficacy and safety of trastuzumab as a single 
agent in first-line treatment of HER2-overexpressing meta-
static breast cancer. J. Clin. Oncol. 20, 719-726. 

9. Herbst. R. S., Fukuoka, M. and Baselga, J. (2004) Gefitinib-a 
novel targeted approach to treating cancer. Nat. Rev. Cancer 
4, 956-965. 

10. Ferrara, N. (2005) VEGF as a therapeutic target in cancer. 
Oncology 69 (Suppl. 3), 11-16. 



Aberrant glycosylation as companion cancer biomarkers
Jeong-Gu Kang, et al.

770 BMB reports http://bmbreports.org

11. Soda, M., Choi, Y. L., Enomoto, M., Takada, S., Yamashita, 
Y., Ishikawa, S., Fujiwara, S., Watanabe, H., Kurashina, K., 
Hatanaka, H., Bando, M., Ohno, S., Ishikawa, Y., Aburatani, 
H., Niki, T., Sohara, Y., Sugiyama, Y. and Mano, H. (2007) 
Identification of the transforming EML4-ALK fusion gene in 
non-small-cell lung cancer. Nature 448, 561-566. 

12. Vo, T. T. and Letai, A. (2010) BH3-only proteins and their ef-
fects on cancer. Adv. Exp. Med. Biol. 687, 49-63. 

13. Farmer, H., McCabe, N., Lord, C. J., Tutt, A. N., Johnson, D. 
A., Richardson, T. B., Santarosa, M., Dillon, K. J., Hickson, 
I., Knights, C., Martin, N. M., Jackson, S. P., Smith, G. C. and 
Ashworth, A. (2005) Targeting the DNA repair defect in BRCA 
mutant cells as a therapeutic strategy. Nature 434, 917-921. 

14. Masamura, S., Santner, S. J., Heitjan, D. F. and Santen, R. J. 
(1995) Estrogen deprivation causes estradiol hypersensitivity 
in human breast cancer cells. J. Clin. Endocrinol. Metab. 80, 
2918-2925. 

15. Baxter, E. J., Scott, L. M., Campbell, P. J., East, C., Fourouclas, 
N., Swanton, S., Vassiliou, G. S., Bench, A. J., Boyd, E. M., 
Curtin, N., Scott, M. A., Erber, W. N. and Green, A. R. ; Cancer 
Genome Project (2005) Acquired mutation of the tyrosine kin-
ase JAK2 in human myeloproliferative disorders. Lancet 365, 
1054-1061. 

16. Liu, P., Cheng, H., Roberts, T. M. and Zhao, J. J. (2009) 
Targeting the phosphoinositide 3-kinase pathway in cancer. 
Nat. Rev. Drug Discov. 8, 627-644. 

17. Swaroop, A., Chew, E. Y., Bowes, Rickman, C. and Abecasis, 
G. R. (2009) Unraveling a multifactorial late-onset disease: 
from genetic susceptibility to disease mechanisms for age-re-
lated macular degeneration. Annu. Rev. Genomics Hum. 
Genet. 10, 19-43. 

18. Johnson, A. D. and O'Donnell, C. J. (2009) An open access 
database of genome-wide association results. BMC Med. 
Genet. 10, 6. 

19. Reddy, E. P., Reynold, R. K., Santos, E. and Barbacid, M. A. 
(1982) A point mutation is responsible for the acquisition of 
transforming properties of the T24 human bladder carcinoma 
oncogene. Nature 300, 149-152. 

20. Capon, D. J., Seeburg, P. H., McGrath, J. P., Hayflick, J. S., 
Edman, U., Levinson, A. D. and Goeddel, D. V. (1983) 
Activation of Ki-ras2 gene in human colon and lung carcino-
mas by two different point mutations. Nature 304, 507-513. 

21. Bos, J. L., Toksoz, D., Marshall, C. J., Verlaan-de Vries, M., 
Veeneman, G. H., van der Eb, A. J., van Boom, J. H., Janssen, 
J. W. and Steenvoorden, A. C. (1985) Amino-acid sub-
stitutions at codon 13 of the N-ras oncogene in human acute 
myeloid leukaemia. Nature 315, 726-730. 

22. Lièvre, A., Bachet, J. B., Boige, V., Cayre, A., Le Corre, D., Buc, 
E., Ychou, M., Bouché, O., Landi, B., Louvet, C., André, T., 
Bibeau, F., Diebold, M. D., Rougier, P., Ducreux, M., 
Tomasic, G., Emile, J. F., Penault-Llorca, F. and Laurent-Puig, 
P. (2008) KRAS mutations as an independent prognostic factor 
in patients with advanced colorectal cancer treated with 
cetuximab. J. Clin. Oncol. 26, 374-379. 

23. Amado, R. G., Wolf, M., Peeters, M., Van Cutsem, E., Siena, 
S., Freeman, D. J., Juan, T., Sikorski, R., Suggs, S., Radinsky, 
R., Patterson, S. D. and Chang, D. D. (2008) Wild-type KRAS 
is required for panitumumab efficacy in patients with meta-
static colorectal cancer. J. Clin. Oncol. 26, 1626-1634. 

24. Eberhard, D. A., Johnson, B. E., Amler, L. C., Goddard, A. D., 

Heldens, S. L., Herbst, R. S., Ince, W. L., Jänne, P. A., Januario, 
T., Johnson, D. H., Klein, P., Miller, V. A., Ostland, M. A., 
Ramies, D. A., Sebisanovic, D., Stinson, J. A., Zhang, Y. R., 
Seshagiri, S. and Hillan, K. J. (2005) Mutations in the epi-
dermal growth factor receptor and in KRAS are predictive and 
prognostic indicators in patients with non-small-cell lung can-
cer treated with chemotherapy alone and in combination with 
erlotinib. J. Clin. Oncol. 23, 5900-5909. 

25. The Food and Drug Administration (2005) Drug-Diagnostic 
Co-Development Concept Paper (Draft-Not for Implementa-
tion). 

26. Holt, G. D. and Hart, G. W. (1986) The subcellular dis-
tribution of terminal N-acetylglucosamine moieties. Locali-
zation of a novel protein-saccharide linkage, O-linked 
GlcNAc. J. Biol. Chem. 261, 8049-8057. 

27. Wang, Z., Gucek, M. and Hart, G. W. (2008) Cross-talk be-
tween GlcNAcylation and phosphorylation: site-specific 
phosphorylation dynamics in response to globally elevated 
O-GlcNAc. Proc. Natl. Acad. Sci. U.S.A. 105, 13793-13798. 

28. Maeda, Y. and Kinoshita, T. (2011) Structural remodeling, traf-
ficking and functions of glycosylphosphatidylinositol-anch-
ored proteins. Prog. Lipid. Res. 50, 411-424. 

29. Yu, R. K., Tsai, Y. T., Ariga, T. and Yanagisawa, M. (2011) 
Structures, biosynthesis., functions of gangliosides-an overview. 
J. Oleo. Sci. 60, 537-544. 

30. Helenius, A. and Aebi, M. (2001) Intracellular functions of 
N-linked glycans. Science 291, 2364-2369. 

31. Roth, J. (2002) Protein N-glycosylation along the secretory 
pathway: relationship to organelle topography and function, 
protein quality control, and cell interactions. Chem. Rev. 102, 
285-303. 

32. Ko, J. H., Miyoshi, E., Noda, K., Ekuni, A., Kang, R., Ikeda, Y. 
and Taniguchi, N. (1999) Regulation of the GnT-V promoter 
by transcription factor Ets-1 in various cancer cell lines. J. Biol. 
Chem. 274, 22941-22948. 

33. Dall'Olio, F. and Chiricolo, M. (2001) Sialyltransferases in 
cancer. Glycoconj. J. 18, 841-850. 

34. Cazet, A., Julien, S., Bobowski, M., Krzewinski-Recchi, M. A., 
Harduin-Lepers, A., Groux-Degroote, S. and Delannoy, P. 
(2010) Consequences of the expression of sialylated antigens 
in breast cancer. Carbohydr. Res. 345, 1377-1383. 

35. Itzkowitz, S. H., Bloom, E. J., Kokal, W. A., Modin, G., 
Hakomori, S. and Kim, Y. S. (1990) Sialosyl-Tn. A novel mucin 
antigen associated with prognosis in colorectal cancer 
patients. Cancer 66, 1960-1966.

36. Ma, X. C., Terata, N., Kodama, M., Jancic, S., Hosokawa, Y. 
and Hattori, T. (1993) Expression of sialyl-Tn antigen is corre-
lated with survival time of patients with gastric carcinomas. 
Eur. J. Cancer 29A, 1820-1823.

37. Burchell, J. M., Mungul, A. and Taylor-Papadimitriou, J. 
(2001) O-linked glycosylation in the mammary gland: 
changes that occur during malignancy. J. Mammary Gland 
Biol. Neoplasia 6, 355-364. 

38. Kim, Y. S., Hwang, S. Y., Kang, H. Y., Sohn, H., Oh, S., Kim, 
J. Y., Yoo, J. S., Kim, Y. H., Kim, C. H., Jeon, J. H., Lee, J. M., 
Kang, H. A., Miyoshi, E., Taniguchi, N., Yoo, H. S. and Ko, 
J. H. (2008) Functional proteomics study reveals that 
N-Acetylglucosaminyltransferase V reinforces the invasive/ 
metastatic potential of colon cancer through aberrant glyco-
sylation on tissue inhibitor of metalloproteinase-1. Mol. Cell. 



Aberrant glycosylation as companion cancer biomarkers
Jeong-Gu Kang, et al.

771http://bmbreports.org BMB reports

Proteomics. 7, 1-14. 
39. Ben-David, T., Sagi-Assif, O., Meshel, T., Lifshitz, V., Yron, 

I. and Witz, I. P. (2008) The involvement of the sLe-a selectin 
ligand in the extravasation of human colorectal carcinoma 
cells. Immunol. Lett. 116, 218-224. 

40. Shirure, V. S., Henson, K. A., Schnaar, R. L., Nimrichter, L. 
and Burdick, M. M. (2011) Gangliosides expressed on breast 
cancer cells are E-selectin ligands. Biochem. Biophys. Res. 
Commun. 406, 423-429. 

41. Chen, G., Howe, A. G., Xu, G., Fröhlich, O., Klein, J. D. and 
Sands, J. M. (2011) Mature N-linked glycans facilitate UT-A1 
urea transporter lipid raft compartmentalization. FASEB J. In 
press. 

42. Hollenstein, K., Dawson, R. J. and Locher, K. P. (2007) 
Structure and mechanism of ABC transporter proteins. Curr. 
Opin. Struct. Biol. 17, 412-418.

43. Beretta, G. L., Benedetti, V., Cossa, G., Assaraf, Y. G., Bram, 
E., Gatti, L., Corna, E., Carenini, N., Colangelo, D., Howell, 
S. B., Zunino, F. and Perego, P. (2010) Increased levels and 
defective glycosylation of MRPs in ovarian carcinoma cells 
resistant to oxaliplatin. Biochem. Pharmacol. 79, 1108-1117. 

44. Leffler, H., Carlsson, S., Hedlund, M., Qian, Y. and Poirier, 
F. (2004) Introduction to galectins. Glycoconj. J. 19, 433-440. 

45. Fred Brewer, C. (2002) Binding and cross-linking properties 
of galectins. Biochim. Biophys. Acta. 1572, 255-262. 

46. Liu, F. T. and Rabinovich GA. (2005) Galectins as modulators 
of tumour progression. Nat. Rev. Cancer 5, 29-41. 

47. Camby, I., Le Mercier, M., Lefranc, F. and Kiss, R. (2006) Galec-
tin-1: a small protein with major functions. Glycobiology 16, 
137R-157. 

48. Garner, O. B. and Baum, L. G. (2008) Galectin-glycan lattices 
regulate cell-surface glycoprotein organization and signaling. 
Biochem. Soc. Trans. 36, 1472-1477. 

49. Wu, A. M., Lisowska, E., Duk, M. and Yang, Z. (2009) Lectins 
as tools in glycoconjugate research. Glycoconj. J. 26, 
899-913. 

50. Duverger, E., Frison, N., Roche, A. C. and Monsigny, M. 
(2003) Carbohydrate-lectin interactions assessed by surface 
plasmon resonance. Biochimie 85, 167-179. 

51. Ahn, H. J., Kim, Y. S., Lee, C. H., Cho, E. W., Yoo, H. S., Kim, 
S. H. Ko, J. H. and Kim, S. J. (2011) Generation of antibodies 
recognizing an aberrant glycoform of human tissue inhibitor 
of metalloproteinase-1 (TIMP-1) using decoy immunization 
and phage display. J. Biotechnol. 151, 225-230. 

52. Yoshida-Moriguchi, T., Yu, L., Stalnaker, S. H., Davis, S., 
Kunz, S., Madson, M., Oldstone, M. B., Schachter, H., Wells, 
L. and Campbell, K. P. (2010) O-mannosyl phosphorylation 
of alpha-dystroglycan is required for laminin binding. Science 
327, 88-92.


