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Aberrant glycosylation-targeted disease biomarker devel-
opment is based on cumulative evidence that certain
glycoforms are mass-produced in a disease-specific
manner. However, the development process has been
hampered by the absence of an efficient validation
method based on a sensitive and multiplexed platform. In
particular, ELISA-based analytical tools are not adequate
for this purpose, mainly because of the presence of a pair
of N-glycans of IgG-type antibodies. To overcome the
associated hurdles in this study, antibodies were tagged
with oligonucleotides with T7 promoter and then allowed
to form a complex with corresponding antigens. An anti-
body-bound specific glycoform was isolated by lectin
chromatography and quantitatively measured on a DNA
microarray chip following production of fluorescent RNA
by T7-trascription. This tool ensured measurement of tar-
geted glycoforms of multiple biomarkers with high sensi-
tivity and multiplexity. This analytical method was applied
to an in vitro diagnostic multivariate index assay where a
panel of hepatocellular carcinoma (HCC) biomarkers
comprising alpha-fetoprotein, hemopexin, and alpha-2-
macroglobulin (A2M) was examined in terms of the serum
level and their fuco-fractions. The results indicated that
the tests using the multiplexed fuco-biomarkers provided
improved discriminatory power between non- hepatocel-
lular carcinoma and hepatocellular carcinoma subjects
compared with the alpha-fetoprotein level or fuco-alpha-
fetoprotein test alone. The developed method is expected

to facilitate the validation of disease-specific glycan bio-
marker candidates. Molecular & Cellular Proteomics 14:
10.1074/mcp.O114.043117, 782–795, 2015.

Protein-attached glycans are bio-synthesized by a subset
of glycosyltransferases mostly located in the endoplasmic
reticulum and the Golgi apparatus, and play various functional
roles at molecular and cellular levels including molecular in-
teractions, stability, immune function, adhesion, etc. How-
ever, cumulative lines of evidence indicate that aberrant gly-
cosylation is associated with various diseases including
cancer (1), either by influencing the functionality of proteins
and cells or as nonfunctional participants (2–4). Causal roles
of aberrant glycosylation have been widely investigated in the
development and progression of diseases, and significant
progress has been made in the realm of cancer research (5).
For these reasons, glycoproteins carrying aberrant glycans
have been targets for the development of in vitro diagnostics
(6).

Alpha feto protein (AFP)1-L3, a fucoform of AFP that is
retained by the Lens culinaris lectin (LCA), is an extensively
proven disease biomarker (7). AFP is frequently overex-
pressed in hepatic carcinoma cells and thus exists at high
concentrations in blood of patients with hepatocellular carci-
noma (HCC) (8). However, the onco-fetal protein is reported to
surge even under non-tumor disease conditions such as in-
flammation or abnormal pregnancy (9, 10). This indicates a
limited utility of AFP because of low specificity for prediction
or diagnosis of HCC. Because it has been reported that the
ratio of AFP-L3 to total AFP could be highly specific for HCC,
AFP-L3 has been a preferred HCC biomarker to AFP levels
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and extensive investigations culminated in FDA-approval of
an AFP-L3 lab test to determine the risk of developing liver
cancer in patients with chronic liver disease (11). Besides
AFP-L3, several glycan indicators of a relationship with cancer
states including CA15-3 and CA19-9, have been reported in
terms of relationship with cancer states (12, 13). Because of
the potential pitfalls in the clinical use of the glycan biomark-
ers, the need to analyze cancer-specific changes in glycan
structures and to use them as cancer biomarkers is thus
increasing and this has to be met to ultimately treat cancer
timely and efficiently (14).

However, the development of an aberrant glycosylation-
based cancer biomarker has been hampered by the absence
of an analytical tool to trace the protein glycan alterations in a
sensitive and quantitative manner. Blood is the most preferred
source for biomarker-based diagnostic tests, but it is often
difficult to measure proteins of medium- or low-abundance
levels at which most interesting biomarkers are believed to
exist (15, 16). Given the high complexity and high dynamic
range of proteins in blood, it is far more difficult to simultane-
ously measure a glycoform of multiple glycoproteins with
significantly different levels in blood. A possible modality
combining immunoprecipitation and a lectin blot analysis is
far from meeting an analytical sensitivity required for blood
tests. Moreover, antibody-based analyses, for example, the
lectin-based enzyme-linked immunosorbent assay (lectin-
ELISA) is not feasible for such purposes because of the pres-
ence of a pair of N-glycans on immunoglobulin G (17). A
methodological breakthrough is thus needed to advance ab-
errant glycosylation-based cancer biomarker development in
a clinical setting as well as to delineate the glycan structure-
function relationship in basic research.

Herein, we report a novel quantitative method by which a
specific glycoform can be quantitatively measured by using a
DNA-tagged antibody and lectin chromatography. With this
approach, we validated fucoform biomarkers through a case-
control study in a sensitive and multiplexing manner. With the
validation results as a basis, we suggested a fuco-index (If)
obtained from triple biomarkers that can differentiate non-
HCC and HCC more clearly than when AFP or AFP-L3 is used
alone. To our best knowledge, it is the first report that aberrant
glycan codes are utilized as an in vitro diagnostic multivar-
iate index assay (IVDMIA) in the development of cancer
biomarkers.

EXPERIMENTAL PROCEDURES

Stable Transfectants—Hep3B cells were transfected with plasmid
vector constructs carrying the human FUT8 gene or shRNA for the
gene using an electroporator (Neon™, Invitrogen) according to the
manufacturer’s instructions. The DNA sequences for shRNA are listed
in supplemental Table S1. The stable clone was screened and estab-
lished by RT-PCR and lectin blot analyses. Each clone was main-
tained at 37 °C in an RPMI 1640 medium containing 10% fetal bovine
serum and 1% antibiotic solution (penicillin/streptomycin, WelGene
Inc, Daegu, South Korea), supplied with 5% CO2. Mouse embryonic

fibroblast (MEF) and the Fut8�/� mutant cell line were kindly donated
by the Taniguchi group at the RIKEN. The human AFP gene was
stably transfected into both the parental and knock-out cells as
aforementioned.

Clinical Samples—Serum samples were obtained from various par-
ticipants at the Pusan National University Yangsan Hospital, Korea
with agreement to participate. The acquisition of samples was re-
viewed and approved by the Institutional Review Board (KRIBB-IRB-
20110808-04). Subjects with HCV, alcohol abuse, or nonalcoholic
steatohepatitis were excluded to minimize the associated confound-
ing factors. Blood specimens of HCC patients were obtained pre-
operatively and before administration of any drug. Blood samples
were taken into Clot-activator-treated polypropylene vacuum capil-
lary tubes (Vacuplus®, Medigene, Seoul, Korea) and then incubated
at room temperature for 30 min. After centrifugation at 1100 � g for
10 min to remove fibrinogen aggregates and other cellular compo-
nents, supernatants were collected, aliquoted, and frozen at �80 °C
until use. Once thawed, blood samples were consumed, and no
remnants were used for subsequent experiments.

Western and Lectin Blot Analyses—Proteins were resolved on 10-
12% SDS-PAGE gels and electrically transferred onto PVDF mem-
branes (Immobilon-P, Millipore). The membranes were blocked in
TBS buffer containing 0.05% (v/v) Tween 20 plus 5% (w/v) skim milk
for Western blot or 3% (w/v) BSA for lectin blot. Anti-A2M (Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-AFP (Abcam, Cambridge,
UK) antibodies were used as primary antibody, and biotin-conjugated
Aleuria aurantia lectin (AAL) and Lens culinaris lectin (LCA) were used
to probe glycan moieties. After incubation with HRP-labeled second-
ary antibodies (Cell Signaling Technology Inc., Danvers, MA) or HRP-
avidin conjugates (Vector Laboratories, Inc., Burlingame, CA), mem-
branes were allowed to react with ECLTM Western blotting detection
reagents (GE Healthcare, Hertfordshire, UK) and exposed to an x-ray
film for 1–2 min.

Reverse-transcription PCR—Total RNA was extracted from cells
using an RNeasy Miniprep kit (Qiagen, Hilden, Germany), quantified,
and used for synthesis of cDNA, which was used as templates for
RT-PCR. cDNA was synthesized from the total RNA using a reverse-
transcription kit (Nanohelix, Daejeon, South Korea), and 2 �g of cDNA
was used for PCR. A gene-specific primer pair with sequences of
5�-TGATGCCTCTGCAAACTTCC (forward) and 5�-CGTCCTTC-
CCAATTTCCTGT (reverse) was used to measure the mRNA level of
the human FUT8 gene.

Conjugation of Oligonucleotides to Antibodies—Double-stranded
oligonucleotides were prepared by incubating 10 �l each of biotinyl-
ated 70-mer oligonucleotides (100 pM) with 40-mer oligonucleotides
(100 pM) with unique sequences and a hydrazine-modified 30-mer
oligonucleotide (100 pM) containing T7 promoter sequences in a
thermocycler (MyCycler, Bio-Rad). Ten micrograms of antibodies was
treated with 1 M NaIO4 in PBS buffer under complete darkness. The
oxidized antibodies were incubated with the double-stranded oligo-
nucleotides at room temperature for 12 h and the formed aldehyde-
hydrazine linkage was stabilized by treatment with 5 mM NaBH4 at
room temperature for 1 h. The DNA-tagged antibody fraction was
prepared and preserved following desalting on a Zeba desalting
column with a molecular weight cut-off of 5 kDa (Thermo Scientific).

Immunoprecipitation and Lectin Chromatography—Secreted pro-
teome was retrieved from the conditioned medium of Hep3B or
HepG2 cells following filter-concentration using a Centricon filter
(Millipore) with a molecular weight cut-off of 10kDa. For detection of
targets in sera, serum samples were precleared with Protein G-cou-
pled Sepharose beads (Millipore) at 4 °C, and the supernatants were
retrieved for immunoprecipitation. One hundred microliters of the
conditioned media or the precleared, PBS-diluted serum was
incubated with 5 �g of an oligonucleotide-tagged anti-alpha-2-mac-
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roglubulin (Santa Cruz Biotechnology), anti-AFP (Abcam), and anti-
hemopexin (Abcam) monoclonal antibodies for 2 h at 4 °C. Antibody-
antigen complex was separated on various lectin columns. Beads
were extensively washed with 1 ml of PBS at 4 °C. The bound
antibody-antigen complexes for lectin chromatography were either
eluted or assayed as a bound form on lectin beads. The beads-bound
glycoforms were directly used for T7 polymerization reactions and
lectin/Western blot analyses following extensive washing.

Synthesis of RNA Transcripts—RNA transcripts were synthesized
using a T7 RNA polymerase kit (Promega, Madison, WI) according to
the manufacturer’s instruction. Briefly, DNA-tagged antibodies alone
or antigen-bound antibody conjugates were incubated at 37 °C in the
presence of 20 units of T7 polymerase in 50 �l of reaction buffer
containing 40 mM Tris (pH 7.9), 6 mM MgCl2, 2 mM spermidine, 10 mM

DTT, 10 mM NaCl, and 0.25 mM UTP-depleted NTPs plus either 0.25
mM Cyanine3- or Cyanine5-UTP (Enzo Life Sciences, Inc., Farm-
ingdale, NY).

DNA Microarray—Amine-coated slides (Luminano) were incubated
in 1% (w/v) glutaraldehyde (Sigma-Aldrich, St. Louis, MO) in PBS for
2 h, washed with distilled water, and air-dried. Oligonucleotide probes
as listed in supplemental Table S1 were dissolved at 50 pM in 3�sa-
line sodium citrate (SSC) buffer containing 0.05% SDS and spotted
on a slide using a microarray machine (Proteogen, Seoul, Korea). After
spotting, the slides were incubated in a humidity chamber (� 60%
humidity) at room temperature for 12 h, blocked by 2 mg/ml NaBH4

for 5 min, washed by 0.2% SDS for 5 min, and air-dried. The RNA
transcripts were diluted with a hybridization solution (5�SSC and
0.5% SDS) and hybridized with probes on a microarray chip with a
coverslip at 55 °C for 12 h. The coverslips were removed and then the
slides were washed with 2�SSC and 0.1% SDS for 10min and
air-dried. Slides were scanned in a fluorescence scanner (GenePix
4200 professional, Axon, Molecular Devices, USA). The fluorescence
intensity was measured using GenePix Pro 6.1 software (Axon).

Enzyme-linked Immunosorbent Assay—ELISA kits for AFP and
alpha-2-macroglobulin (A2M) were purchased from Abcam and
hemopexin (HPX) from USCN. All assays were performed basically
according to the manufacturers’ recommendations. Sera were diluted
2-, 50-, and 200- fold prior to assay with PBS for AFP, HPX, and A2M,
respectively.

Statistical Test—All statistics were conducted with MedCalc soft-
ware (Mariakerke, MedCalc Software bvba, Belgium) including the
derivation of the receiver operating characteristic (ROC) curve and the
area under the ROC (AUROC) values. The diagnostic performances
were compared by constructing the ROC curve, from which the
AUROC values and sensitivity and specificity that best discriminate
between non-HCC and HCC were derived. p � 0.05 was considered
statistically significant.

RESULTS

Scheme for Development of Analytical Method to Quantify
Glycoproteins with a Specific Glycan Structure—Many lines of
evidence indicate that a subtle change in protein–glycan
structures is associated with biological functions and various
diseases (1, 14, 18). Although protein glycan synthesis is a
nontemplate process and thus the glycan structures are het-
erogeneous, it is still necessary to identify and quantify spe-
cific glycoforms. Because an aberrant glycoform can be de-
veloped as a disease-specific biomarker, a multiplexing
technique with high analytical sensitivity and specificity is
increasingly demanded in the biomarker development pipe-
line. These unmet needs prompted us to develop an analytical

method to quantify biomarkers of interest with a specific
glycan structure.

For this, immunoglobulin G-type antibodies were tagged
with a double-stranded oligonucleotide with an identifiable
DNA sequence at the core mannosyl residues of N-glycan in
antibody (Fig. 1A). The IgG-type antibodies have a pair of
N-glycans at the CH2 domain in the constant region of the
heavy chain. The mannosyl dihydroxyl groups are oxidized by
NaIO4 treatment, thereby generating paired aldehyde groups
following ring opening (19), and these groups participate in
covalent bonding with a hydrazide functional group at the
5�-end of an oligonucleotide (Fig. 2B). The double-stranded
oligonucleotides are comprised of a pair of nucleotides, one
of which has a T7 promoter and an identifiable unique mRNA
coding sequence. The unique coding sequence serves as a
barcode and is used to specify an antibody and the bound
antigen. The overall procedure for quantification of targets is
depicted in Fig. 1C; the DNA-tagged antibody is admixed with
biofluidic sources of biomarkers, usually blood or conditioned
media, which are pretreated with RNase. A DNA-antibody-
antigen complex is trapped on a lectin affinity column through
interactions between glycans on an antigen and a lectin. The
DNA-tagged antibody is co-eluted with an antigen during the
elution step, and the amount of eluted antibody is proportional
to that of a lectin-bound glycoform of an antigen. Accordingly,
a specific glycoform of an antigen can be quantified from the
co-eluted, DNA-bound antibody, which is used as a template
for T7 transcription to produce fluorescent transcripts. The
transcripts are specifically identified and quantified on a DNA
microarray chip.

It was assumed that this method would be compatible with
multiplexed and highly sensitive quantification of targeted
glycoforms. Multiplexity becomes possible by using probe
cocktails containing a mixture of DNA-tagged antibodies.

An Antigen-unbound DNA-tagged Antibody does not Par-
ticipate in the Quantification—As described in Fig. 1, the
DNA-antibody-antigen complex can be captured through an-
tigen-attached glycan-lectin interactions. An analytical valida-
tion of our method began with tagging an anti-AFP monoclo-
nal antibody with oligonucleotides labeled with biotin. The
DNA-tagging procedure consists of a consecutive step com-
prising oxidation with NaIO4, covalent bonding between alde-
hyde-hydrazine groups, and stabilization with NaBH4. The
aldehyde-hydrazide reaction was found to occur spontane-
ously by simple incubation as assessed by incubation with
biotin hydrazide. The Western blot analysis indicates that,
despite the marginal presence of a heavy chain with two molar
nucleotides bound, the heavy chain of an antibody was linked
with oligonucleotides with a 1:1 stoichiometry (Fig. 2A), which
may be explained by competition between mannose-oligonu-
cleotide binding. It appears that the attachment of one oligo-
nucleotide molecule confers significant hindrance to the at-
tachment of another.
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For a targeted glycoform of a biomarker to be quantified by
RNA transcripts that are produced from the antibody-tagged
DNA as a template, it is critical that any free DNA-antibody
conjugates, that is, an antigen-unbound form, be separated
from the DNA-antibody-antigen complex. To this end, a bind-
ing test was performed where the DNA-tagged antibody was
run on a concanavalin-A (Con-A) column and the presence of
the DNA-tagged antibody was investigated in all fractions. As
seen in Fig. 2B, antibody was not detected in the elution
fractions, indicating that the DNA-tagged antibody can be
removed from Con-A beads by simple washing. It is assumed
that the lectin-glycan interactions were disturbed by altera-
tions in the N-glycan structure of the antibody during the

oxidation and attachment of bulky oligonucleotides. In con-
trast, the AFP-antibody complex was captured on a Con-A
column (Fig. 2C). These results indicate that glycans of AFP,
but not of the antibody, participated in the lectin-affinity chro-
matography, thereby supporting the notion that a specific
glycoprotein can be quantified without the interference of free
DNA-tagged antibody.

Next, we examined which lectin-glycan interactions were
disturbed by the DNA-tagging procedure, because it is nec-
essary to define the types of lectins that are applicable with-
out background during assays. To this end, five lots of com-
mercially available monoclonal antibodies were tagged with
oligonucleotides and their lectin-binding properties were

FIG. 1. Overall scheme for quantitation of a specific glycoform in bio-fluids using DNA-tagged antibodies. A, A pair of N-glycans of
an antibody are oxidized with NaIO4 and then coupled with double-stranded oligonucleotides containing T7 promoter sequences. For
multiplexed tests, a probe mixture is prepared from multiple DNA-tagged antibodies, each of which has a distinct DNA sequence for
identification. B, The covalent bond is formed from an aldehyde group in N-glycans of an antibody and a hydrazide group at the 5� of the
oligonucleotides. The bond is stabilized with NaBH4 treatment. The oligonucleotide is a double-stranded DNA composed of a single strand with
a T7 promoter and a unique sequence and its complementary strand with biotin at the 5�-terminus. C, The probe mixture is mixed with a
bio-fluid such as serum or conditioned media to allow the formation of biomarker-antibody complexes. The biomarker-antibody complexes are
purified on a lectin column and used as a template for T7 transcription. Fluorescent dye-labeled UTP is used and the produced transcripts are
quantified on a DNA microarray chip.
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FIG. 2. Attachment of a DNA tag to the N-glycan of an antibody and the resultant erasure of lectin-bound glycan moieites. A,
N-glycans of an anti-AFP antibody was oxidized with 1 M NaIO4 to yield aldehyde functional groups, which were reacted with either hydrazine
biotin or 5�-hydrazine double-stranded oligonucleotide labeled with biotin. The formed bond was stabilized in the presence of 5 mM NaBH4.
Tagging was confirmed by an immunoblot analysis using HRP-conjugated streptavidin. B The erasure of lectin-bound glycan moieties was
tested by lectin-affinity chromatography. The DNA-tagged antibody was run on a Con-A column with a minimal flow rate and the presence of
the DNA-tagged antibody was tested by ab immunoblot analysis. The DNA-tagged antibody was found only in the pass-through (P) and
washing (W) fractions, but not in the elution (E) fractions. C, The DNA-tagged anti-AFP antibody was incubated with AFP to form an
antigen-antibody complex, and the complex was again run on a Con-A column under the same protocol as that in B. The lectin blot
analysis indicates the binding of the complex on a Con-A column. D, The binding of either intact or DNA-tagged antibody with various
lectins was tested including Con-A, LCA, AAL, DSA, L-PHA, E-PHA, SSA, and E-selectin. The lectin beads were precipitated by
centrifugation and the lectin-bound antibodies were assessed by an immunoblot analysis. Relative binding in the y axis indicates the ratio
of lectin-bound antibodies to the starting amounts after three rounds of washing with PBS. Values are means of three independent
experiments with standard error.
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monitored (Fig. 2D). It was found that lectins recognizing the
glycan moiety including the core N-glycan structure were
applicable to our strategy, including Con-A, LCA, L4-PHA,
and E4-PHA. Some lots of antibodies still carry affinity with
AAL and DSA. None of the antibodies were affected in the
interaction with SSA. It was interpreted that there exists a
fraction of antibodies that carry a certain glycoform that is not
affected by DNA attachment. However, when precleared with
the corresponding lectins, the undesirable glycoforms of the
antibody could be completely removed, and thus a few
rounds of a preclearing step allowed most antibodies to be
applicable to our purposes (supplemental Fig. S1), except for
sialic acid-binding lectins. Because most commercially avail-
able and home-made antibodies are not quality-controlled for
glycan structures, the preclearing step should be accompa-
nied for analytical robustness and reproducibility.

Production of Transcripts by T7 RNA-polymerase Using an
Antibody-attached Oligonucleotide as a Template—Double-
stranded oligonucleotide attached to an antibody has a T7-
promoter sequence that enables production of transcripts by
a RNA-polymerization reaction. When incubated with a DNA-
tagged antibody, T7 RNA-polymerase synthesized transcripts
in the presence of NTPs (Fig. 3A). A detectable amount of
molecules were observed in the absence of NTPs; this turned
out to be a fraction of oligonucleotides that had been attached
to antibodies and leaked during incubation. Treatment with
DNase could remove the DNA molecules and thus any pos-
sible interference in the analysis on a DNA microarray chip

(Fig. 3B). The produced molecule was confirmed to be RNA
transcripts by RNase treatment.

The production of transcripts was assessed with reaction
time. It increased with time and became saturated after 30
min of incubation (Fig. 3C). The T7 polymerase reaction time
was fixed at 30 min for the ensuing experiments.

An Analytical Feasibility Test—To test the feasibility of our
method, stable cell lines of Hep3B with overexpression or
down-regulation of fucosyltransferase 8 (hFUT8) gene were
generated by either forcible expression of hFUT8 gene or a
short hairpin RNA for hFUT8. Data obtained from the real-time
PCR indicated the establishment of two stable cell lines (Fig.
4A). For a more quantitative analysis, quantitative real-time
PCR was performed. From the analysis, the relative expres-
sion ratios for up- and down-regulation cells were 8.39 � 1.70
and 0.47 � 0.12, respectively, when compared with the ex-
pression level of parental cells (Fig. 4B). Total secreted pro-
teins were prepared from conditioned media of stably trans-
fected and parental cells, and each protein preparation was
differently diluted so that the input of A2M was equal as
assessed by an immunoblot analysis (Fig. 4C). An equal
amount of A2M was subjected to immunoprecipitation and
the immunoprecipitated proteins were blotted against anti-
A2M and AAL. Even though A2M was detectable by an im-
munoblot analysis, the fucoform of A2M could not be de-
tected in these conditions. In contrast, our method using
DNA-tagged anti-A2M antibody could differentiate the fuco-
sylation status under the same conditions as those for the

FIG. 3. Production of RNA tran-
scripts using the antibody-bound
oligonucleotides as a template. A, The
DNA-tagged antibody was incubated
with T7 polymerase in the presence or
absence of NTPs. The transcribed prod-
ucts were run on a 2.0% (w/v) agarose
gel. B, Production of RNA transcripts
were confirmed by treatment with
DNase, RNase, or RNase inhibitor. The
transcripts produced in the presence of
NTPs and RNase inhibitor were not ob-
served when RNase, not DNase, was
added. C, The time-course production of
RNA transcripts was monitored on an
agarose gel. The RNA production was
nearly saturated 20 min after on-set of
T7 transcription.
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immunoblot, and the measured levels were proportional to the
values obtained from the quantitative RT-PCR (Fig. 4D). In
addition to high sensitivity, specificity was also obtained in the
assay, where the RNA transcript of interest was detected on
an intended spot only.

Despite the evidence presented in Fig. 4, we reasoned that
the feasibility of our method should be tested in a more
demonstrative setting. Fig. 4 shows that the fucosylation level
of A2M could be differentiated between the parental and
shFUT8 cells. A characteristic of protein glycosylation is that
the level of a specific glycoform may differ depending on the
availability of substrate, cell conditions, etc. As shown in Fig.
5A, the glycan level is not likely to be uniformly altered by
shFUT8, and there appears to be a subset of proteins that
show an equivalent or even higher level of fucosylation in the
FUT8 knock-down cells, compared with the parental cells.
Because these nonanalytical variations need to be controlled
for improved test robustness and reproducibility of our
method, we performed a feasibility study with FUT8-knockout
cells in comparison with the parental cells. A lectin-blot anal-
ysis using AAL confirmed the complete disappearance of
fucosyltransferase activity (Fig. 5A). Human AFP was forcibly
expressed in both cell lines and purified (purity�95%) on an
anti-hAFP antibody-coupled affinity chromatography column
(Fig. 5B). The core-fucosylated and fucosylation-null hAFP

were expressed in the parental and MEF:FUT8�/� cells,
respectively.

Next, we compared the analytical sensitivity of our method
with that of immunoprecipitation coupled with a lectin-blot
analysis on a fluorescence basis. Various amounts of secreted
protein concentrates were subjected to immunoprecipitation
with an anti-hAFP antibody and resolved on a SDS-PAGE gel
(Fig. 5C). The hAFP bands were visualized with a secondary
antibody labeled with a fluorescent dye. As expected, only
hAFP produced from the parental MEF cells was detected by
AAL and a threshold value was observed at around 50 �g of
total proteins. When the same sample was used in our
method, less than 1 �g of total proteins was sufficient for
quantitative measurement of the fucoform of hAFP (Fig. 5D).
An extrapolation indicates an approximate 114-fold increase
in the analytical sensitivity (Fig. 5E). An increased analytical
sensitivity of our method was also confirmed by an experi-
ment using a serum specimen (supplemental Fig. S2). Possi-
ble modalities for quantification of a glycoform were com-
pared including immunoprecipitation/lectin blot analysis,
ELISA test using Fab fragment antibody as capture antibody,
ELISA test using PNGase-F-treated capture antibody, and
chemical labeling methods. Our method showed a far higher
analytical sensitivity compared with the other modalities.
ELISA tests using PNGase-F treated capture antibody and

FIG. 4. Highly sensitive and quantitative detection of fucoforms for alpha-2-macroglobulin in Hep3B cells with a varied expression
of FUT8. A–B, Fucosyltrasferase 8 (FUT8) was stably over-expressed or down-regulated by transfection of an FUT8 vector construct or shRNA,
respectively, into Hep3B cells. The alterations of FUT8 transcription levels were assessed by reverse-transcription polymerase chain reaction.
The quantitative analysis indicates an 8.39-fold increase and 53% suppression by stable transfection and RNA interference, respectively. C,
A2M expression was confirmed by an immunoblot analysis. Equal amounts of A2M were subjected to immunoprecipitation using an anti-A2M
antibody, and the immunoprecipitated proteins were investigated by blots against an anti-A2M antibody and the core-fucose-reactive AAL. D,
The same amounts of A2M as in C, were used to bind to a DNA-tagged anti-A2M antibody. The A2M-antibody complexes were allowed to bind
again on AAL-column beads, and the fluorescent RNA transcripts were produced in the presence of cy3-UTP and the bound complexes as
a template. The produced transcripts were quantified on a microarray chip.
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FIG. 5. Improved sensitivity of the DNA-tagged antibody-based approach compared with the immunoprecipitation-immunoblot
modality. A, Conditioned media were retrieved from Hep3B cells with either endogenously expressed or interfered levels of FUT8 expression.
Media were also taken from the wild-type and FUT8-knockout MEF cells. Responses of each secretome were tested against ALL. B, Human
AFP gene was forcibly expressed in either wild-type or FUT8-knockout MEF cells. The recombinant hAFP was purified on an anti-hAFP
antibody-conjugated column and the binding property in each fraction was investigated using an anti-hAFP antibody and ALL. HepG2 cells
were used as a positive control because the cell line shows a high expression of FUT8. C, The analytical sensitivity for the detection of
fucoforms was investigated through the immunoprecipitation (IP)-lectin blot modality. The conditioned media retrieved from the wild-type or
FUT-knockout cells were subjected to immunoprecipitation using an anti-hAFP antibody with protein inputs in a range of 0–300 �g.
Cy3-labeled secondary antibody was used for sensitive detection. D, The analytical sensitivity for the detection of fucoforms was also
investigated by the DNA-tagged antibody-based approach using the same conditioned media as used for C. Sub-microgram levels of proteins
were sufficient for fuco-hAFP to be detected on a DNA microarray chip. E, The analytical sensitivity of the DNA-tagged antibody-based
approach was compared with that of IP-lectin blot modality. The inset indicates the fluorescence intensities according to varied protein
amounts used for the IP-lectin blot analysis as described in C. Compared with the result obtained from an extrapolated curve for the IP-lectin
blot analysis, the DNA-tagged antibody-based approach allowed an approximately 114-fold increment in the analytical sensitivity in the
measurement of hAFP fucoforms. Values are means of three independent experiments with standard error.
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chemically labeled capture antibody also turned out to be
incompatible to this analytical purpose because of signifi-
cantly high threshold values. Besides analytical sensitivity, our
method was shown to be most compatible to the quantitative
measurement of a glycoform; ELISA tests using PNGase-F
treated capture antibody and chemically labeled capture an-
tibody showed significantly high threshold values, which is
thought to arise from the incomplete PNGase-F cleavage and
chemical binding reactions, respectively. Furthermore, a re-
producibility test (n � 9 for each concentration) resulted in an
average coefficient of variation (CV) of 9.65% (supplemental
Table S2). We concluded that our method is suitable for a
quantitative analysis of an otherwise undetectable specific
glycoform of a biomarker in bio-samples.

Clinical Application and Cross-validation—To apply our
method to the quantitative analysis of a fucoform of a bio-
marker, a standard curve was drawn from cy3- and cy5-
labeled RNA transcripts produced in separate tubes contain-
ing an antibody with an identical DNA template. The ratios of
the template were varied from 10:0 to 0:10, and the RNA
transcripts produced from each template were mixed. The
fluorescent intensity of the RNA mixture was measured on a
DNA microarray chip (Fig. 6A). Linearity at a log scale was
observed with R2 � 0.99 between the template ratio and the
Log2 ratio of fluorescence intensity at 532 nm and 635 nm in
a ratio range of 1:9 to 9:1 (Fig. 6B). Standard curves were
separately obtained in external ranges of 1:100–1:9 and 9:1–
100:1 (supplemental Fig. S3).

Our unpublished results revealed that AFP, HPX, and A2M
were differentially fucosylated depending on the disease
states in the liver. We attempted to apply our method to
clinical validation of the biomarker candidates. Oligonucleo-
tides with a specified DNA sequence were labeled to one of
anti-AFP, HPX, or A2M antibodies and a mixture of the DNA-
tagged antibodies was reacted with their respective antigens
in both non-HCC and HCC sera. After isolating the antigen-
antibody complexes on an AAL-conjugated column, RNA
transcripts were produced using cy3 (HCC) or cy5 (non-HCC)-
labeled UTP from the oligonucleotides as a template, and the
ratio of fluorescence intensity was measured on a microarray
chip, as seen in Fig. 6C. The representative results showed a
higher fucosylation ratio for each biomarker candidate in HCC
serum. The ratios of the fucoforms were calculated from the
relative fluorescence intensity, as fitted from the standard
curve shown in Fig. 6B.

We hypothesized that the level of a fucoform may be a
discriminator when normalized by the total amount of bio-
marker proteins. Accordingly, a logarithmic ratio of the nor-
malized fucoform can be derived by the following equation.

Normalized fucoform

� Log2 (Fuc�BHCC/[B]HCC/Fuc�Bnor/[B]nor)

� Log2 (Fuc�BHCC/Fuc�Bnor) – Log2([B]HCC/[B]nor)

[where Fuc-B and [B] indicate the fucoform and total amount
of the biomarker (B), respectively, in normal (nor), or hepato-
cellular carcinoma (HCC) sera].

As expressed in the above equation, the normalized fuco-
form ratio was calculated by subtracting the Log2 ([B]HCC/
[B]nor) from the Log2 (Fuc-BHCC/Fuc-Bnor) value. This equation
can be interpreted that the fucoform ratio is normalized by the
abundance ratio. This normalization is necessary in that a
simple change in abundance without alterations in fucosyla-
tion was more often than not observed in non-HCC speci-
mens. This often brings about a misinterpretation that a fuco-
form appears to change. Normalization by an amount ratio
(that is, Log2 ([B]HCC/[B]nor), which was obtained from ELISA
tests, serves to rule out a possibility of such false positivity for
non-HCC specimens and thus to enhance specificity of our
method. Fig. 6D shows the Log2 ratios of a fucoform, the total
amount, and the normalized fucoform for AFP, HPX, and A2M
in a clinical specimen used in Fig 6C. We performed a larger-
scale validation with 196 sera consisting of 104 non-HCC and
92 HCC sera. The non-HCC sera are again composed of sera
obtained from 41 healthy volunteers, 29 hepatitis B patients,
and 34 cirrhosis patients. Subjects with HCV infection, NASH,
and a record of alcohol abuse were excluded, and the number
of HBV subjects was set to be almost equal (p � 0.05)
between non-HCC and HCC. Their baseline characteristics
are provided in Table I. In this case-control study, sera of
three healthy volunteers who showed no indications for liver
diseases in the blood tests and developed no liver-associated
diseases during 5-year follow-ups were combined and used
for reference sera. Their baseline characteristics are de-
scribed in supplemental Table S3. Fig. 6E shows the normal-
ized fucoform ratio for AFP, HPX, and A2M obtained from the
fucoform ratio. The abundance ratios used for normalization
are shown in supplemental Fig. S4, and one can follow up
how the normalized fucoform ratios for AFP were derived by
measuring on microarray chips and ELISA tests through sup-
plemental Table S4. The normalized fucoform ratio shows an
increasing tendency as liver disease advances from healthy
conditions to hepatocellular carcinoma. In addition, there was
a distinct fucoform pattern for HCC, as differentiated by the
pattern for healthy volunteers and non-HCC patients.

Statistical Analysis Proves Clinical Validity of a Fuco-index
Obtained from the AFP/HPX/A2M Test—An in vitro diagnosis
multivariate index assay (IVDMIA) is defined as a test that
“combines the values of multiple variables using an interpreta-
tion function to yield a single, patient-specific result that is
intended for use in the diagnosis of disease or other conditions,
or in the cure, mitigation, treatment, or prevention of disease”
(20). Although there are ongoing debates surrounding the issue,
the concept is based on the premise that combined information
derived from multiple biomarkers may be mutually complemen-
tary and outperform any individual biomarker. We tested
whether this approach would render enhanced diagnostic per-
formance for HCC when applied to our method.
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Each of the normalized fucoform values for AFP, HPX, and
A2M was variably weighted and fuco-indices were calculated
from the sum of the weighted values. Modeling to derive the
best diagnostic performance resulted in weight values of 0.53,
0.29, and 0.18 for AFP, HPX, and A2M, respectively. The
overall diagnostic fuco-index (If) was derived from the equa-

tion in Fig. 7A. Fig. 7B shows a dot plot for the distribution of
the indices derived from 196 clinical specimens. The If index
values lay in the range of approximately �0.5–2.5, and the
cut-off value of 0.38 gave sensitivity and specificity of 83.7%
and 86.5%, respectively. The receiver operating curve re-
vealed a significantly improved diagnostic performance for

FIG. 6. Application of the DNA-tagged antibody-based glycol-detection method to clinical specimens. A, An antibody with a DNA tag
was split into two vials with varied ratios ranging from 10:0 to 0:10. RNA transcripts were produced in each vial using cy3- or cy5-labeled UTP
and the transcripts were quantified on a DNA microarray chip with triplicate probe spots. B, A standard curve was drawn from the fluorescent
intensity obtained from A. The log2 ratio of fluorescence intensity at 532 nm and 635 nm was plotted against two template ratios with a range
of 1:9 to 9:1. Linearity was observed at a logarithmic scale with a correlation coefficient (R2) of 0.99 (n � 3) and a separate standard curve was
obtained outside the ranges, as seen in supplemental Fig. S3. C, Fucoforms of AFP, hemopexin (HPX), and alpha-2-macroglobulin (A2M) were
simultaneously analyzed from a control and an HCC specimen. The separately produced transcripts were pooled and spotted on a microarray
chip with a control and each target-complementary sequence. Cy3- and cy5-UTP were used for HCC and control specimens, respectively. D,
The log2 ratio of fucoforms obtained from C was plotted together with that of the serum level of the three biomarkers, which was derived from
the ELISA results. The normalized fucoform ratios were derived from equation 1. E, The normalized fucoform ratios of the three biomarkers were
plotted for 196 specimens obtained from 41 healthy volunteers, 29 hepatitis B, 34 cirrhosis, and 92 HCC patients. Each result is an average
value of triplicate tests.
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the fuco-index in this case-control study, compared with the
diagnostic values for the AFP level or AFP-L3 alone (p �

0.001). The area under ROC value was 0.889 for the fucoform
index, which was significantly higher than those obtained
from the AFP-L3 (0.809) and AFP level (0.723) tests (Fig. 7C).
The ROC curves and related AUROC values are compared
with different combinations of weight values in supplemental
Fig. S5, and a statistical analysis showed that a weight com-
bination of 0.53/0.29/0.18 gives the highest AUROC value. As
summarized in Table II, the ROC-based statistical analysis
indicates improved diagnostic performance for HCC with sen-
sitivity and specificity values of 83.7% and 86.5%, respec-
tively, when compared with those derived by either AFP
level or AFP-L3 alone. Significantly improved sensitivity was
achieved by the panel of biomarkers over AFP-L3 with 77
cases diagnostically positive among 92. More importantly,
improvements in both sensitivity and specificity were
achieved over the AFP-level test with 90 negative results
among 104 non-HCC subjects (Fig. 7D). The preliminarily built
model needs to be further validated in an independent test set
so that the model can be fixed and universally applied to
diagnostic purpose for HCC. For this, we prepared an inde-
pendent test set comprising 27 non-HCC (13 normal, six
hepatitis B, and eight cirrhosis specimens) and 23 HCC spec-
imens collected from an independent hospital and measured
the fucoform ratio and protein levels using the DNA-tagged
antibody method and ELISA, respectively. We also applied
the same equation 1 and formula in Fig. 7A to the test set to
derive the normalized fuco-indices for the respective biomark-
ers and the fuco-index (If), respectively. The application of this
identical method to the independent test set also showed a
similar diagnostic performance to that of the training set,
yielding a sensitivity of 82.6% and a specificity of 81.4% with
an AUROC value of 0.857. Not only did the use of any of
individual biomarkers yield a lower AUROC value, but the
application of the formula in Fig. 7A also gave the best diag-
nostic performance in terms of sensitivity, specificity and
AUROC (supplemental Fig. S6), demonstrating that our
method was fixed and established for subsequent applica-
tions to other sample sets.

Taken together, the present results indicate that our
method provides a sophisticated and sensitive way of mea-
suring the levels of specific glycoforms of biomarkers. The
analytical validity of our method was cross-validated by prov-
ing the clinical validity of the triple-biomarker fuco-index for
HCC in a case-control study. The fuco-index (If) derived from
the normalized fucoform level of AFP, HPX, and A2M ren-
dered improved discriminatory power over the existing diag-
nostic options at hand.

DISCUSSION

Aberrant protein glycosylation has been observed during
cancer development and progression and the pathological
implications of aberrant glycosylation have been elucidated in
several functional studies (2, 21–23). One of the best charac-
terized features is the role of aberrant glycans of tissue inhib-
itor of metalloproteinase-1 during invasion of colon cancer
cells (2). The tetra-antennary adducts created by GnT-V play
an interfering role in the tissue inhibitor of metalloproteinase-
1/gelatinases interactions, thereby resulting in elevated gela-
tinase activity and enhanced invasive potential in colon can-
cer. Given the functional role of aberrant glycosylation in
cancer, many groups have attempted to utilize pecific glyco-
forms as cancer biomarkers for various clinical purposes.
Despite the plausibility of this strategy, rapid progress has not
been made, particularly because of the absence of an efficient
validation method that guarantees sensitive traceability of
aberrant glycosylation, compatibility with multiplexed analy-
sis, and analytical robustness.

One feasible analytical platform would be to modify sand-
wich ELISA by replacing the primary antibody with various
lectins of interest. However, there is a critical problem about
platform in that immunoglobulin G-based antibodies used as
a capture antibody have a pair of N-glycans (17) and that
lectin can bind to the capture antibody, thereby interfering
with intended biomarker-lectin interactions. Several ap-
proaches to remove the lectin-bound N-glycan have been
explored (24–26), but they require time-consuming steps and
are inefficient for various reasons. Firstly, PNGase-F treat-
ment has been attempted to enzymatically cleave N-glycans
off an IgG molecule to generate deglycosylated antibody, but
the enzymatic reaction is quite inefficient: N-glycans of an IgG
molecule is located inside a pair of Fc domains and thus
PNGase-F treatment produces quite a small fraction of degly-
cosylated IgGs. Denatured conditions using detergents fol-
lowing reducing agents enhances the cleavage process but it
adversely affects the binding properties of an antibody. The
cleavage of glycan-containing Fc region from IgGs would
provide another option to address the interference by N-gly-
can. However, the digestion is imperfect and, moreover, an
additional clearing step based on protein-A or G affinity chro-
matography should be accompanied to remove the cleaved
Fc fragments. A significant amount of loss of antibodies could
occur during the clearing step and the integrity of antibody

TABLE I
Baseline characteristics of the subjects

Characteristic

Non-HCC (n � 104)
HCC

(n � 92)
Healthy

volunteers
(n � 41)

Chronic
hepatitis

B (n � 29)

Cirrhosis
(n � 34)

Age (yr) 42 � 13 45 � 11 48 � 9 49 � 10
Gender (M/F) 28/13 21/8 25/9 66/26
Etiology

HBV 0 29 34 69
HCV 0 0 0 0
Alcohol 0 0 0 0
NASH 0 0 0 0
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may not be preserved because of relatively harsh elution
conditions of low pH. Lastly, chemical modifications of N-
glycans using small molecules are conceptually similar to our
method, but the applications were not proven for various
lectins. On the contrary, our method was applied under chem-
ically mild conditions and, more importantly, compatible to
the usage of most lectins, except for such sialic acid-bound
lectins as SSA, through a simple DNA-tagging procedure (Fig.
2 and supplemental Fig. S1). Another possible platform would
be to combine immunoprecipitation (IP) and a lectin-blot anal-

ysis, as shown in Fig. 5C. However, this method did not
appear to be sensitive enough to monitor a specific glycoform
of sparse proteins. In particular, it was thought to be even
more difficult to apply the IP/lectin blot method to validate
glycan biomarkers in serum or plasma that shows a signifi-
cantly high dynamic range of proteins and severe complexity.
Compared with the IP/lectin-blot method, our method
showed far higher analytical sensitivity, which was demon-
strated for biomarkers both from conditioned media and sera
(Figs. 5D–E and 6, supplemental Fig. S2). We expect that our

FIG. 7. Derivation of a fuco-index through an in vitro diagnostic multivariate index assay and the classification performance among
HCC and non-HCC specimens. A, A fuco-index (If) was derived from an algorithm with weight values of 0. 53, 0.29, and 0.18 for AFP, HPX,
and A2M, respectively. The ROC curve was simulated with varied weight values and the fixed weight values were obtained from the highest
AUROC. B, The fuco-index was dot-plotted for non-HCC and HCC specimens. C, AFP level alone, AFP focuform ratio, and the fuco-index were
used to derive ROC curves. The AUROC value obtained from the If was 0.889, which was significantly higher than the values for the fucoform
ratio and AFP level alone (0.809 and 0.723, respectively) (p � 0.001). D, The IVDMIA analysis resulted in diagnostic performance for HCC with
sensitivity and specificity values of 83.7% and 86.5%, respectively, where 77 of 92 cases were diagnostically positive, and 90 of 104 non-HCC
subjects were negative. E, The previously built model was applied to a test set to validate in an independent set, which comprised 27 non-HCC
(13 normal, six hepatitis B, and eight cirrhosis specimens) and 23 HCC specimens, and were collected independently of the training set (i.e.
196 specimens). The results gave a similar diagnostic performance to that of training set with a sensitivity of 82.6% (versus 83.7%) and a
specificity of 81.4% (versus 86.5%).

TABLE II
Diagnostic performances of If index for HCC

Fuc-{AFP,HPX,A2M} Fuc-AFP AFP

AUROC (S.E.) 0.889 (0.0261) 0.809 (0.0343) 0.723 (0.0377)
95% CI 0.836–0.929 0.746–0.861 0.655–0.784
Sensitivity (%) 83.7 75.0 64.1
Specificity (%) 86.5 83.7 72.1
p value p � 0.001 p � 0.048 N/A

(vs. AFP and Fuc-AFP) (vs. AFP)
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method can also be applied to the monitoring and validation
of various lectin-traceable aberrant glycosylations of biomark-
ers, thereby advancing aberrant glycosylation-targeted bio-
marker development.

Biomarker development pipeline is believed to consist of
three distinct phases as proposed by Rifai et al. (15); initial
discovery phase, prevalidation phase including verification
and qualification, and final validation phase. Prevalidation is
conducted through multiplexing analytical methods by which
potentially promising biomarkers are squeezed from a pool of
biomarker candidates characterized by a high false-positive
rate. On the contrary, the final validation phase must be
implemented by a low-plexity, but high-throughput analysis in
a more user-friendly manner. Our method is compatible to
multiplexity but may require relatively more time and sera than
single-step analysis platforms such as microarray. Thus, our
method is thought to be best applicable to prevalidation step
in which a mixture of oligonucleotide-tagged antibodies can
be used to select final biomarker candidates showing good
diagnostic performances.

Several modalities are available for diagnosis and surveil-
lance of HCC, and they can be classified into instrumentation-
based imaging including ultrasonography and blood tests.
AFP has been the core biomarker for HCC, but because of the
low sensitivity of the biomarker guidelines of the American
Association for the Study of Liver Diseases do not include the
usage of the AFP test for HCC surveillance for high-risk pa-
tients (27). AFP-L3%, an LCA-retained fuco-fraction of AFP,
has been suggested as a means to complement the unsatis-
factory clinical outcomes that are particularly observed for
HCC patients with low AFP serum level (28, 29). However,
studies failed to support the increased validity of AFP-L3%
over the use of AFP alone. Instead, a marginal gain is that the
ratio may be useful in risk stratification when combined with
the total AFP level test (30). Because it is widely accepted that
total AFP level and AFP-L3% are less discriminative between
cirrhosis and HCC groups, comparison of sensitivity and
specificity values between case-control studies may not pro-
vide meaningful information. That is, the comparison is only
meaningful between tests within a case-control study. Our
method enabled comparison of the diagnostic performance of
the tests using either total AFP alone, AFP-L3%, or multi-
panel fuco-biomarkers composed of A2M, hemopexin, and
AFP. The outcome was that the fuco-index derived from the
three biomarkers may be useful for improved diagnosis and
surveillance of HCC. It should be noted that our study is
unique in that AAL was used instead of LCA and the fuco-
index was derived from the weighted sum of the individual
biomarker values as an approach termed “in vitro diagnostic
multivariate index assays.” Our preliminary data (supplemen-
tal Fig. S7) suggested that AAL, but not LCA, clearly discrim-
inates between fuco- and non-fucoforms.

IVDMIA is based on the test results of multiple biomarkers
and their weighted values to capture a signature or pattern of

diseases. Modeling of the variation of the contribution by each
component produces an index by which the classification
performance can be improved compared with a single bio-
marker assay, as demonstrated in the OVA1 blood test (31).
Because the algorithm derived from the computational anal-
ysis does not include any rational hypothesis or interpreta-
tions, it may weaken confidence in the adoption of results
obtained from IVDVIA. Conversely, this may imply that great
care must be taken during the process of algorithm derivation
in IVDVIA and the process should be based on a rigorous and
sound statistical background (32). The fuco-index (If) was
generated from promising and portable evidence in this pre-
liminary validation study and this became possible as a result
of the sensitive, multiplex assay platform of our method.
However, we recognize that the algorithm in Fig. 7A must be
further refined with multi-site clinical specimens with minimal
biases through a sufficiently large-scale study. In particular, it
is worthwhile to note that IVDMIA is vulnerable to risks that
disease-independent artifacts may be captured, particularly
when depending on unintended biased samples with con-
founding factors (33). In this sense, our method warrants
validation through prospective collections of clinical speci-
mens that include random subsets of cases and controls. It is
also important to test whether a nonlinear modeling will render
better discriminatory power for diagnosis and surveillance in
such clinical settings (32).

The modality of our method is based on comparative mea-
surements of a fraction of a specific glycoform between
reference and test sets. This raises a critical issue about
designating reference specimens. Reference samples with
unidentified bias or confounding factors may endanger the
reliability of our method. We secured three sets of serum
samples with serum levels of AFP, HPX, and A2M that belong
to the median ranges observed for normal healthy subjects
(34–36), and designated them as a reference set. Moreover, a
3-year follow-up investigation minimizes the uncontrollable or
unperceived bias, such as lead-time bias. Nonetheless, the
issue of bias or confounding factors during sample collection,
storage, and processing may remain (33, 37). For this reason,
it would be of paramount importance to secure a true “gold-
standard reference set” that can be fully applied to our
method through more vigorous investigation.

Conclusively, our method makes it possible to trace various
disease-specific glycan alterations in various bio-fluids in a
highly sensitive and robust manner. This platform can be in
particular deployed to biomarker development in which aber-
rant glycoforms are targeted and quantified. We expect that
fine-tuned methods according to researchers’ various purposes
will facilitate the development of aberrant glycosylation-based
biomarkers, a field of research that is currently faltering.
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