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Abstract

Hepatocellular carcinoma (HCC) is one of the deadliest cancers due to its late diagnosis with the main risk factor being liver
cirrhosis (LC). Glycan structures from glycoproteins are usually altered in cancer. Blood plasma from 111 healthy and sick
donors was analyzed to determine the post-translational modifications (PTM) of intact Ax-, B[3-, and y-subunits of fibrinogen, a
glycoprotein predominantly produced in liver cells. Glycosylation and phosphorylation of the protein species were quantified by
liquid chromatography coupled to mass spectrometry to correlate PTMs to pathological cases. Quantities of the PTMs were used
for statistical classification by principal component analysis (PCA) and multivariate analysis of variance (MANOVA). As
relevant clinical finding, patients with liver disease (HCC and/or LC) were distinguished from individuals without relevant
chronic liver disease with 91% sensitivity and 100% specificity. Within the group of patients with liver disease, a robust
separation between LC and HCC was not possible. In more detail, the phosphorylation of Ac-subunit is decreased in HCC
patients, whereas the monophosphorylated state is significantly increased in LC patients. In terms of glycosylation, the amount of
O-glycans in the Ax-subunit is decreased in LC patients, while sialylation and fucosylation of N-type glycans of Bf3- and y-
subunits are increased in LC and HCC. Based on PTM of fibrinogen, starting from plasma we can assign the status of an
individual as healthy or as liver disease in less than 3 h.
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Introduction

Glycosylation is one of the most important post-translational
modifications (PTM) of proteins and in fact the vast majority
of human proteins are glycosylated. The glycan structures are
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highly variable and differ not only between different proteins;
the same protein usually carries many different glycans on a
single site, a phenomenon called microheterogeneity, which
gives rise to different protein species [1, 2]. Carbohydrate
chains can affect a protein’s solubility and stability, but most
importantly the complex structures of oligosaccharides are
used for highly specific interactions between cells and protein
receptors that are essential for life in multicellular organisms
[2—6]. If cancer cells start to grow abnormally, cell-cell com-
munication is severely changed and glycan structures are al-
tered in cancer cells [6—11]. In diagnosis and therapy of can-
cer, the role of glycosylation of proteins has become a major
field of interest. Analysis of patient-specific glycans of glyco-
proteins is a promising approach for cancer diagnosis [10-15].

Early diagnosis of cancer is crucial for success of curative
treatment. It was for example shown that biannual screening
for hepatocellular carcinoma (HCC), which is the most com-
mon type of liver cancer, reduces mortality by 37% [16]. Liver
cancer is the second most frequent cause of death from cancer
worldwide and its 5-year survival rate is the second lowest
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among all cancers [17, 18]. In the Western world, the main risk
factor for liver cancer is liver cirrhosis (LC), primarily caused
by viral hepatitis B or C (HBV or HCV), alcohol abuse, or
non-alcoholic steatohepatitis (NASH) [19, 20].

Several biomarkers are currently used to diagnose HCC,
but all of them suffer from low specificity [21, 22]. The most
important biomarker is alpha-fetoprotein (AFP), a human gly-
coprotein that is expressed during embryogenesis, giving 65%
sensitivity and 89% specificity in a highly genetically homo-
geneous population [21]. Other populations differ grossly
from this value. Measurement of the fucosylated AFP
glycoform L3 by immune affinity electrophoresis improves
sensitivity and specificity [21, 23]. Still an easy and facile
new diagnostic method for surveillance of patients at risk for
HCC is needed [24]. Several studies report changes of glyco-
sylation in patients with hepatocellular carcinoma [25-38].
For example, Tanabe et al. analyzed tryptic glycopeptides
from human serum of HCC patients by lectin affinity chroma-
tography and time-of-flight mass spectrometry. They found 12
HCC marker candidates including a multifucosylated alpha-1-
acid glycopeptide being significantly increased in HCC pa-
tients [27]. Zhu et al. analyzed PNGaseF released and
permethylated glycans from immuneprecipitated haptoglobin
from the serum of HCC and LC patients by MALDI-QIT-TOF
MS. They found bifucosylated haptoglobin increased in HCC
patients [30]. Yin et al. analyzed ceruloplasmin from HCC and
LC patients after digestion with trypsin and Endo F3 and
reported that core-fucosylation of ceruloplasmin is significant-
ly increased in alcohol-related HCC patients compared to
alcohol-related LC patients [32, 33].

Glycan structures from glycoproteins can be analyzed by
detection of specific glycan structures by antibodies, by chro-
matography techniques, by mass spectrometry (MS), and nu-
clear magnetic resonance (NMR) spectroscopy. Most often,
primary structures of glycans are obtained by mass spectrom-
etry. In a recent study, we developed a new technique for
analysis of glycoproteins from human plasma by using liquid
chromatography combined with mass spectrometry to obtain
reliable results for quantification of glycan compositions in a
very short time [39]. The ease of use and the fast time line for
an analytical process that should potentially enter the clinic is
essential in terms of cost and the patient’s comfort.

Fibrinogen is an abundant glycoprotein of human plasma
found in concentrations of about 2.5 mg/mL [40]. The three
subunits of fibrinogen (Ax, Bf3, and y) are glycosylated and/
or phosphorylated. Both N-glycans and O-glycans are
observed.

N-Glycosylation analysis of human plasma fibrinogen has
been described by Adamczyk et al. who found 53.0% of the
monosialylated biantennary complex-type N-glycan and
32.6% of the disialylated one [41]. A monofucosylated
glycoform was reported as monosialylated buiantennary gly-
can at 4.4 and 4.3% were assigned to the non-sialylated, non-
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fucosylated biantennary glycan [41]. N-Glycan sialylation af-
fects the clotting behavior of fibrinogen and is, thus, important
for formation of fibrin structures [42].

Zauner et al. analyzed tryptic and proteinase K digested
peptides of fibrinogen by nanoL.C-ESI-ion trap-MS and found
O-glycosylated peptides of the Ao-subunit carrying the sialyl-
T-antigen (GalNAc-Gal-NeuAc). These O-glycopeptides
were proposed as markers for urinary tract infection [43].

Phosphorylation of the Aa-subunit has been described at
several sites, of which Ser-3 and Ser-345 are the most domi-
nant [44—49]. In ovarian cancer patients, elevated levels of the
phosphorylated Aa-subunit were observed and quantified by
several analytical techniques [50].

Two frequent genetic variants (single nucleotide polymor-
phisms, SNPs) of fibrinogen are known: rs6050 leads to the
amino acid exchange Thr312Ala on the Ax-subunit and
rs4220 leads to the amino acid exchange Arg448Lys on the
Bf3-subunit [40]. Both SNP were associated with increased
risk for vascular diseases [51-56].

The method based on mass spectrometry published by us
provides quantification of glycosylation, phosphorylation,
and of SNPs of fibrinogen within a few hours and involves a
simple procedure and is thus well suited for clinical diagnos-
tics [39]. To determine the glycosylation and phosphorylation
patterns of fibrinogen and to relate those to pathological states,
we analyzed samples from HCC patients, LC patients, and
healthy donors.

Experimental section
Plasma samples

Plasma samples from healthy donors were provided by the
Zentralinstitut fiir Transfusionsmedizin GmbH, Hamburg.
Blood from HCC and LC patients was drawn and immediately
centrifuged at 3500 rpm for 10 min. Supernatant plasma was
frozen and stored at — 80 °C. Prior to the blood draw, informed
consent was obtained and analysis of blood samples to detect
new biomarkers for HCC was approved by the local Ethics
Committee of the Medical Chamber Hamburg (PV3578).

Purification of fibrinogen

Fibrinogen was precipitated from 400 pL plasma by addi-
tion of cold ethanol to yield a final concentration of 8% (v/
v). The sample was centrifuged at 5000 rpm, —5 °C for
10 min. The pellet was washed with 8% ethanol (v/v) and
dissolved in 100 uL water containing urea (6 M) and di-
thiothreitol (100 mM). The sample was incubated for 20—
30 min at 37 °C for denaturation and reduction of
disulfides and subsequently diluted 10-fold with water
containing 0.1% (v/v) formic acid.
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Liquid chromatography

Ten to 100 puL of the samples (depending on the amount of
fibrinogen) was subjected to the LC-MS analysis (we usually
started with 20 pL sample and used more in rare cases where
the S/N of the mass spectrum was not sufficient; in case of
overloaded detectors, we reduced the amount to 10 uL).
Liquid chromatography was performed on a Dionex
Ultimate 3000 HPLC with an Aeris Widepore XB-C8
(250 x 2.1 mm, particle size 3.6 um) column. Samples were
run at 60 °C and a flow rate of 250 uL/min. Solvent A was
water containing 0.1% formic acid and solvent B was aceto-
nitrile containing 0.1% formic acid. The gradient was as fol-
lows: 0 min, 5% B; 5 min, 5% B; 82 min, 60% B; 84 min, 90%
B; 87 min, 90% B; 89 min, 5% B; 90 min, 5% B. Fibrinogen
subunits Ax, Bf3, and y elute at 39.3-41.4, 42.0-43.8, and
46.7-49.3 min, respectively.

Mass spectrometry

On-line detection was performed on an ESI-qTOF mass spec-
trometer (maXis, Bruker Daltonics) in positive ion mode.
Calibration was performed with a tuning mixture (Tuning
Mix ES-TOF, Agilent Technologies) in enhanced quadratic
mode. The following acquisition parameters were applied:
capillary voltage, 4500 V; end plate offset, 500 V; nebulizer
pressure, 3.0 bar; dry gas flow, 9.0 L/min; dry gas tempera-
ture, 190 °C; quadrupole low mass, 1200 m/z; in source CID,
40 eV; mass range, 5004000 m/z; spectra rate, 0.5 Hz.

Data processing

Chromatographic runs were analyzed in the area where the
subunits (Ax, B3, and y) eluted using the software
Compass DataAnalysis (Bruker Daltonics). Spectra were av-
eraged in each respective area and deconvoluted using the
maximum entropy algorithm implemented in Compass
DataAnalysis.

Quantification

Maximum entropy deconvoluted spectra were exported in
“xy” format and imported to MATLAB 2012a (The
MathWorks, Inc.). The different protein isoforms were quan-
tified by fitting the theoretical isotopic patterns to the experi-
mental spectrum using a MATLAB script. For a detailed ex-
planation of the quantification algorithm, see the Electronic
Supplementary Material (ESM).

Statistical analysis

Statistical analyses were performed with MATLAB 2012a and
SPSS Statistics 22 (IBM Corp.).

Results
HPLC analysis and mass spectrometry

Fibrinogen is predominantly synthesized in the liver.
Therefore, we assumed that liver diseases should affect the
PTMs of fibrinogen. The quantities and identity of the PTMs
of fibrinogen were analyzed by mass spectrometry. To achieve
this, we isolated fibrinogen from human blood plasma of
healthy donors, HCC, and LC patients by precipitation with
alcohol. Fibrinogen consists of three subunits, Ax, Bf3, and vy,
that are glycosylated and/or phosphorylated. The protein sub-
units were separated by chromatography and analyzed as in-
tact species by mass spectrometry to identify and quantify
their PTMs.

The different isoforms were quantified by fitting the theo-
retical isotopic patterns to the experimental spectrum (Fig. 1).
For a detailed explanation of the quantification procedure, see
the ESM. The resulting percentages of each isoform of every
subunit were statistically analyzed.

For each individual subunit, examples of spectra are shown
in Fig. 2 for two healthy donors (HE13 and HE17), for two
HCC patients (HCC11 and HCC19), and for two LC patients
(LC09 and LC11) (for sample details, cf. ESM Table S1).
Direct comparison of these spectra of each subunit already
shows differences between the three patho-physiological
states.

Both the B3- and the y-subunits from human fibrinogen
are N-glycosylated with biantennary complex-type glycans
[40, 41, 57, 58]. Each of the subunits shows six different
glycan compositions whose tentative structures are shown
in detail in the right hand panel of Fig. 2. Glycan structures
cannot be determined by mass spectrometry alone, the
structures shown are the most likely assumptions based
on biological and previous analytical work. In spectra of
the Bf3-subunit from HE13, HCC19, LC09, and LC11, all
signals are duplicated due to the heterozygous SNP rs4220
on the FGB gene that causes the amino acid exchange
R448K.

The two major glycoforms of the Bf3- and y-subunit are
S1 and S2. In samples of healthy individuals, like HE12
and HE17, the signal of the monosialylated glycoform S1
is larger than that of S2, but in many of spectra from HCC
and LC patients the signals of the disialylated glycoform
S2 becomes dominant, like in HCC19 and LCO09. This
indicates that sialylation is increased in HCC and LC
patients.

Also, the degree of fucosylation varies between individ-
uals. The Bf3- and the y-subunit of HCC19 and LC09 both
show large amounts of the fucosylated glycoform S1F, while
the other spectra only show a minor signal of this glycoform
(cf. below for a statistical analysis). However, glycoform S2F
is only found in LCO09 in considerable amounts.
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Fig. 1 Comparison of the experimental, the calculated, and the difference
curve with the associated glycan structures is shown; black, experimental
deconvoluted mass spectrum; blue, calculated mass spectrum; gray,
difference. A Ax-subunit from donor HE13; B Bf3-subunit from donor
HE13; and C y-subunit from donor HCC19. Mass spectrometry on the
level of top down analysis can only determine composition of glycans.
However, the body of literature available indicates the presence of the
structures listed above

Furthermore, we observed changes in the Ax-subunit.
Three intensive signals on the left hand side of the spectra
originate from non-, mono-, and diphosphorylated species.
On the right hand side, three smaller signals are observed,
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arising from the corresponding O-glycosylated glycoprotein
species [59]. The amount of monophosphorylation and
diphosphorylation is drastically altered comparing the spectra
in HCCI11 and in LCI1.

It has to be mentioned though that phosphorylation is con-
stantly added and removed in a living organism, changes in
phosphorylation may thus alternatively reflect a physiological
condition unrelated to liver disease.

Furthermore, sulfation accounts for nearly the same mass
difference like phosphorylation. However, since phosphoryla-
tion is extensively described for the Ao-subunit of human
fibrinogen, we assume phosphorylation to be responsible for
the signals observed.

In spectra of the Ax-subunit from HE17, HCC19, and
LCl11, all signals are duplicated due to the amino acid ex-
change T312A that is caused by the heterozygous SNP
rs6050 on the FGA gene.

To verify the identity of these post-translational modifica-
tions, we also performed other experiments. We digested the
isolated fibrinogen with sialidase or phosphatese, in order to
observe the expected mass shift in the mass spectra (see the
supplementary material of [39]).

We also perfomed various LC-MS/MS experiments on the
glycopeptides of fibrinogen to analyze the N-glycan structure
[39]. The mono- and disialylated glycopeptides
(**VDKDLQSLEDILHQVEN(Glycan)K>?) from the y-
subunit of human fibrinogen were identified by their fragmen-
tation pattern in the MS/MS spectra. In healthy samples, we
found 34.5% of the disialylated glycopeptide, which is in
good agreement with the data from Adamczyk et al. [41].

We also found the phosphopeptides
"ADS(PO4)GEGDFLAEGGGVR'® and
3SPGSTGTWNPGS(PO4)SER*® with high intensity. This is
in agreement with literature data that phosphorylation sites Ser-3
and/or Ser-345 are occupied in the mono- and diphosphorylated
species of the Ao-subunit. We also found minor signals of the
phosphorylated peptides at Ser-272, Thr-393, and Thr-486.
Phosphorylation at these sites could give rise to the minor
amount of the triphosphorylated Ao-subunit that is observed
in the mass spectra of the intact protein. Signals of O-glycosyl-
ated peptides (GalNAc-Gal-NeuAc) of the Ax-subunit were
observed as well, but not further analyzed due to low intensity.

Quantitative analysis of post-translational
modifications

In total, we analyzed 111 samples from which 30 were
from healthy donors, 42 were from HCC patients, 33 were
from LC patients, and 6 from patients with other unrelated
diseases. Single factor analyses of variance (ANOVA) and
Tukey’s post hoc tests were performed for all 32 quantified
protein species to determine differences between healthy
donors, HCC, and LC patients. The quantity of the
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Fig. 2 Mass spectra of the Ax- (left), B3- (middle), and y-subunit (right)
from human fibrinogen of six selected individuals are shown: two from
healthy donors (a), (b); two from HCC patients (c), (d); and two from LC
patients (e), (f). The Ax-subunits show three major signals from non-,
mono-, and diphosphorylated species and three minor signals from
corresponding O-glycosylated species. Duplication of all signals in the
spectra (b), (d), and (f) is caused by a single nucleotide polymorphism
(SNP) rs6050 resulting in amino acid exchange T312A resulting in a
mass with 30 Da less. Comparing healthy, LC, and HCC patients,
differences in the amount of phosphorylation are obvious from peak

corresponding isoform was used for the multivariate anal-
yses if p < 0.05. Boxplots of the 12 dominant proteoforms
of the Ax-, B3-, and y-subunit are shown in Fig. 3. The
corresponding p values are given in Table 1.

54000 54200 54400

m'z 48100 48300 48500 48700 m/z < Fucose

intensities. The B- and y-subunit each show signals from six
glycoforms (structures in right hand panel). Duplicated signals in Bf3-
spectra (a), (d), (e), and (f) are due to the SNP 54220 resulting in
amino acid exchange R448K. The abbreviations for these structures,
e.g., G2, G1S1, and so on, can be found at the top of the dotted lines
indicating each glycoform in the spectra of the B3- and y-subunit.
Additional signals arise from partial oxidation of methionines and loss
of the C-terminal of glutamine. High amounts of fucosylation are
observed in spectra (d) and (e). Loss of the C-terminal valine from the
Ao-subunit is observed in spectrum (e)

The results revealed that glycosylation and phosphoryla-
tion change in a complex pattern due to the physiological state
of each individual. Four general patterns of changed post-
translational modifications were observed:
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Fig. 3 Boxplots for the
percentages of the 12 dominant
phospho- and glycoforms (Ao-no
PO4, Ax-1 x PO4, Ax-2 x PO4,
Ax-O-glycosylated, B3-S1, Bf3-
S1F, Bf3-S2, BR-S2F, v-S1, y-
S1F, y-S2, and y-S2F) for healthy
donors, HCC, and LC patients.
The red line indicates the median;
the blue box shows the
interquartile range.
Corresponding p values of
Tukey’s post hoc tests are given in
Table 1. The fucosylated
glycoforms y-S1F and Bf3-S1F
are significantly increased in
HCC and LC patients compared
to healthy donors. The
monosialylated glycoform y-S1
is significantly decreased in HCC
patients compared to healthy
donors; LC patients show a wide
scatter. The complete set of
boxplots can be found in the ESM
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Table 1 p values of Tukey’s post hoc tests for the 12 dominant
phospho- and glycoforms of human fibrinogen. Significant p values (<
0.05) are shown in italics

Healthy vs. HCC Healthy vs. LC HCC vs. LC
Aax-0 x PO4 0.006 0.457 0.130
Aax-1 xPO4 0.677 <0.001 <0.001
Ax-2 xPO4 0.020 0.996 0.012
Ax-O-glyco 0.128 <0.001 <0.001
Bp3-S1 0.008 0.024 0.968
BR-S1F <0.001 <0.001 0.010
Bf3-S2 0.280 0917 0.116
Bf3-S2F 0.187 <0.001 0.020
v-S1 <0.001 <0.001 0.892
y-SIF 0.001 <0.001 0.008
v-S2 0.005 0.065 0.659
v-S2F 0.021 <0.001 0.001

First: Phosphorylation

(a) The non-phosphorylated state of the Ao-subunit is
found more often in HCC patients compared to
healthy donors (p =0.007) while diphosphorylation
is decreased (p =0.026) indicating decreased phos-
phorylation in liver cancer.

(b) In LC patients, however, the monophosphorylated
state is significantly increased compared to healthy
donors and HCC patients (p < 0.001).

Second: O-glycosylation

O-Glycosylation is decreased in LC patients compared to
healthy donors and HCC patients (p < 0.001).

Third: Sialylation of N-glycans

For both the B3- and the y-subunit, the amount of the
monosialylated glycoforms S1 is decreased in HCC samples
compared to healthy samples (p =0.019 and 0.001, respec-
tively). In agreement with this observation, glycoform S2 is
increased. LC patients show an extremely broad distribution
of the quantities of the S1 form in both subunits.

Fourth: Fucosylation of N-glycans

The fucosylated glycoforms S1F of the B3-subunit and of
the y-subunit are significantly increased in HCC and LC sam-
ples compared to healthy samples with LC samples showing
the highest increase for both subunits (p < 0.007). This fact is
similarly observed for the glycoform S2F for B3 and y
subunits.

Interestingly, elevated levels of the phosphorylated Ax-
subunit were also observed in ovarian cancer patients [50].

In agreement with data on other glycoproteins, we find an
enhanced fucosylation as the S1F glycan in Ax- and Bf3-sub-
units. Similarly S2F is also found at elevated levels during
HCC on the two subunits [27, 30, 33].

We performed a principal component analysis (PCA) using
the quantification of 12 protein species differing in phosphory-
lation and glycans (cf. Fig. 3) as variables. In terms of separat-
ing the three groups, we found that the first and the third di-
mensions of the PCA are much more important than the second
(and others). Therefore, we show only a two-dimensional plot
of the first versus the third principal component in Fig. 4. The
separation of the healthy samples from the rest is only achiev-
able if the third dimension is considered. Importantly, data from
healthy individuals have high values in principal component 1
(>—0.03) and high values in principal component 3 (> — 0.02).
Data points from HCC and LC patients are scattered over a
much larger area than those from healthy individuals. In the
PCA analysis, we can describe a region where all healthy indi-
viduals are very closely spaced found together. Of all of the 105
samples, 30 were originating from healthy individuals and the
remaining 75 samples from either HCC or LC patients. We find
seven HCC patients and two LC patients as false negatives in
the region of healthy individuals. Thus, 88% of the sick indi-
viduals are correctly classified. This leads to a sensitivity of
88% and a specificity of 100%.

PCA does not use information about the groups that are to
be separated. In contrast, multivariate analysis of variance
(MANOVA) calculates a set of canonical variables to give
the best separation between the target groups, here HCC,
LC, and healthy, as each sample is initially assigned to a target
group. We performed a MANOVA using the same 12 vari-
ables as before; the first and second canonical variables are
plotted in Fig. 5. Data points of healthy donors are located in
the lower left area of the plot, data points of HCC patients are
located in the central upper part of the plot, and data points of
LC patients are located in the lower right part of the plot.
Though the respective areas do overlap, there is a clear sepa-
ration between the three groups.

If we discriminate only between healthy and LC or HCC
patients, the MANOVA analysis misclassified no healthy in-
dividual as sick but seven HCC patients and one LC patient
were classified as healthy. This leads to a specificity of 100%
and the sensitivity of 92%.

Splitting data into training and test data sets

We also tested if a statistically valid model could be obtained
by splitting the data into two independent groups. For that, we
used 56 samples obtained chronologically first as a training
data set, locked the MANOVA parameters obtained, and sub-
sequently used the next 55 samples as validation data set.
Coordinates of the second set of 55 samples were calculated
using the coefficients from the MANOVA analysis of the first
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Fig. 4 Plot of the first and third principal component of the principal
component analysis using the quantities of 12 phospho- and glycoforms
as variables. Green diamonds, healthy donors; blue circles, HCC patients;
black crosses, LC patients. Data points of healthy donors are clustered in

56 samples. The results are shown in Fig. 7. Seven out of ten
samples from healthy donors are correctly classified. Two
more are found close to the border between healthy and
HCC patients. The remaining sample is clearly misassigned
in the area of HCC patients. In the validation dataset, separa-
tion between samples of HCC and LC patients is not convinc-
ing (cf. Fig. 7 bottom panel).

One patient diagnosed with HCC (V24) is located in the
area of healthy individuals and is thus a false negative call.
We obtained two further samples from this patient at the
later stage of disease progression (V32 and V29, cf. ESM
Table S5). The samples V32 and V29 classify in the LC
and HCC region, respectively.

the upper right part of the plot. Data points of HCC and LC patients are
each scattered over a larger area. Seven data points of HCC patients and
two data points of cirrhosis patients are located in the area of healthy
individuals. No healthy person is classified as having liver disease

In summary, this analysis shows that we are not able to
derive a statistically robust model yet. We strongly believe
that a much larger sample size for training will overcome this
problem. One might also include other parameter and/or gly-
coproteins in this analysis to stabilize the results.

Discussion

We analyzed the quantities of the various phosphorylated
and O-glycosylated species of the Ax-subunit and the
quantities of N-type glycoforms of the Bf3- and of the y-
subunit of human fibrinogen. The intact subunits of
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Fig. 5 Alternative analysis of the data by MANOVA. Shown is a plot of
the first and second canonical variables from the MANOVA using the 12
phospho- and glycoforms as variables. Green diamonds, healthy donors;
blue circles, HCC patients; black crosses, cirrhosis (LC) patients. Data
points of healthy donors are clustered in the lower left part of the plot. Six
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data points of HCC patients are also located in the area of healthy donors.
Two additional data points of HCC patients and one of a LC patient are
lying on the boundary. A trend in separation of data points from HCC and
LC patients is visible with five patients with LC lying the area of HCC
patients and three HCC patients locate in the area of LC patients
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fibrinogen were isolated from human plasma by ethanol
precipitation followed by reversed phase liquid chromatog-
raphy coupled with mass spectrometry, which was used for
quantification. We showed recently that phospho- and
glycoforms can be very well quantified from mass spectra
of intact protein subunits as the ionization of proteins is
essentially dependent on the number of lysine and arginine
residues [39, 60]. We developed the method utilized here to
quantify phosphorylation and glycosylation species of
A«-, Bf3-, and 'y-subunits of fibrinogen in healthy individ-
uals [39]. Now we have extended this study to patients
with HCC and with LC. Glycosylation of glycoproteins
has been known for decades to be altered if a tumor is
present in the body [6—11]. To achieve a high degree of
specificity, we analyzed a glycoprotein that is predomi-
nantly synthesized in the liver, i.e., fibrinogen, to deter-
mine its PTMs as a function of the patho-physiological
state. We hypothesized that glycoproteins, whose biosyn-
thesis is predominantly in a given organ, should show the
largest effect of altered glycosylation and/or phosphoryla-
tion due to a tumor present in that organ. It has to be
remembered though that in initial cancer stages only a
small amount of cells are transformed and thus only a small
portion of the glycoproteins is altered. Additionally, almost
all hepatocellular carcinoma cases follow a period of liver
cirrhosis and in 81% of HCC patients LC is also present.
Thus, only very few cases with only HCC and no LC were
present in the data set.

We analyzed 111 samples, of which 30 originate from
healthy donors, 42 from HCC patients, 33 from LC pa-
tients, and 6 samples from patients with other diseases.
Statistical analyses for each individual PTM by ANOVA
revealed significant differences between healthy individ-
uals on one hand and HCC or LC patients on the other
for most PTMs of all subunits. The data was analyzed by
(i) an unbiased protocol, i.e., PCA, where the algorithm
does not know about the classification of the patient, and
(i1) by MANOVA where the information about the disease
status and thus membership of a target group is included in
the algorithm.

We observed an increase of fucosylated and sialylated
glycoforms of the fibrinogen Bf3- and y-subunits in sam-
ples from HCC or LC patients compared to those from
healthy individuals. This is in agreement with many pub-
lications that in cancer, glycoproteins from plasma often
show an increased fucosylation and sialylation [9-11,
25-27, 29, 30, 33]. In patients with HCC, we find an in-
crease of non-phosphorylated species and correspondingly
a decrease of diphosphorylation compared to healthy indi-
viduals and to LC patients (cf. Fig. 3). In LC patients, we
find a significant enhancement of monophosphorylation.
We did not perform site-specific analysis of phosphoryla-
tion which might change from healthy to diseased status. It

is important to note that single protein species cannot be
used as a specific biomarker because the distributions of
the quantities of healthy individuals, HCC, or LC patients
are too broad. However, a combined analysis of multiple
changes can give an improved performance for differenti-
ation of samples from healthy and sick individuals. Here,
we selected 12 protein species differing in phosphorylation
and glycosylation to analyze correlations between PTMs
and patho-physiological state.

We used two different statistical analyses to group the data,
i.e., PCA and MANOVA. The PCA as an unbiased method
already separates the healthy individuals from patients with
relevant chronic liver disease (LC and/or HCC) when using
PCA dimensions 1 and 3. As a result, the group of healthy
individuals includes seven HCC cases and two LC cases (cf.
Fig. 4). No healthy individual is found in the area of the LC or
HCC cases.

An even better separation was found when using the
MANOVA algorithm to separate the three patho-
physiological states, i.e., healthy, HCC, and LC. MANOVA
recasts the coordinates of the quantifications of the individual
protein species into a new coordinate system such that the best
separation of the target groups is obtained. MANOVA uses
information about the disease state of the individuals.

We used all dominant PTMs that have at least in one group
a significant amount present in the plasma samples to allow a
precise quantification. We did not consider PTMs that occur
only in very small quantities because of the inherent system-
atic error associated with quantification of components pres-
ent in very small amounts (cf. ESM).

Plotting of the first and second canonical variables revealed
a clear separation between healthy and HCC/LC samples (cf.
Fig. 5). However, the separation of LC from HCC samples
was not robust enough. MANOVA is superior for the problem
to assign a patho-physiological state from the quantification of
PTMs over many other statistical techniques including PCA
and various clustering protocols that also give a separation of
the three groups but are not as convincing. It should be noted
that the lower quality of the HCC/LC separation is probably
due to the fact that almost all HCC patients are also diagnosed
with LC.

Calculation of receiver operating characteristic requires
a discrimination parameter whose threshold is varied;
therefore, discriminant analysis was performed on the first
and second canonical variables, resulting in a posteriori
probabilities for each sample. Receiver operating charac-
teristics were calculated for the separation of healthy indi-
viduals versus patients with relevant chronic liver disease
(HCC and LC) based on the MANOVA with all 105 sam-
ples and 12 variables (cf. Fig. 6). The area-under-the-curve
value is 0.976.

If the portion of the liver with the tumor tissue is pro-
ducing a specific glycosylation pattern, the remaining
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Fig. 6 Receiver operating characteristics of the dataset of 105 individuals
with 30 classified as healthy and 75 as having liver disease, i.e., HCC or LC

healthy part of the liver may or may not produce the correct
glycosylation. So far it is not clear if the amount of PTMs
changes only in the tumor cells or if the global

glycosylation is altered by signals from the tumor cells.
A diagnostic test must be able to detect small changes to
indicate a tumor. Proliferation and also biosynthesis in tu-
mor cells is higher than in healthy tissue and thus in any
case one expects proportionally more proteins in plasma
that are synthesized by tumor cells.

To test for statistical validity of the analysis, the data set
was separated into two sets, the samples obtained chronolog-
ically first and the subsequent samples. Here, it turned out that
the statistical model is not robust enough yet and in the current
version cannot be used to discriminate between healthy and
liver disease (Fig. 7).

In order to improve the robustness of the diagnosis of
HCC or LC by mass spectrometric analysis of post-
translational modifications of fibrinogen, one would need
to acquire a much larger sample set with accompanying
information about the size of the tumor, a large enough
sample set for liver cirrhosis only patients, and a large
enough sample set for HCC patients without liver cirrhosis
to be able to clearly distinguish these cases. Other metadata
from a large sample size, like age, sex, and information

Fig. 7 Plot of the first and second 5r o ¢ Healthy
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MANOVA analysis for all 56 ¢ + LC
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. o cCos 7
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about ethnic origin of the individuals, would also contrib-
ute to stabilizing the analysis.

A number of studies that aim at identifying HCC from
changed fucosylation in glycoproteins have been published.
Yin et al. analyzed the core-fucosylation of serum proteins in
alcohol-related HCC and LC samples on the basis of isolated
glycopeptides whose fucosylation was quantified [32, 33].
Core-fucosylated glycopeptides from several proteins are in-
creased in alcohol-related HCC including fibronectin,
cadherin-5, and ceruloplasmin. The best statistical value
showed fibronectin at site 1007 with an AUC of 0.89, 93%
sensitivity, and 86% specificity. However, they could not dis-
tinguish other cases of HCC.

Tanabe et al. analyzed aleuria aurantia lectin enriched
glycopeptides from human serum by LC-ESI-Q-TOF [27].
Among 30,000 detected glycopeptides, they identified 12
HCC marker candidates with AUC values of 0.88-0.91.
One of the best candidates was a multifucosylated glyco-
peptide from alpha-1-acid glycoprotein with 83% sensitiv-
ity and 79% specificity. Therefore, 19 glycopeptides iden-
tified from alpha-1-acid glycoprotein were used for O-
PLS discriminant analysis resulting in partial separation
of samples from HCC, HCV, HBV patients and healthy
individuals.

We present here the first use of mass spectrometry of intact
proteins to quantify the protein species in order to detect can-
cer in a facile and speedy analysis. Compared to other studies
that tried to develop HCC biomarkers, we are using a multi-
variate approach that uses the quantities of 12 protein species
combined to differentiate the pathological cases. We achieve
an AUC of 0.976 for the separation of sick patient, i.e., HCC
and LC, from healthy donors.

The method presented here is very fast: the time from tak-
ing the blood plasma to the resultant quantification of the
PTMs and their interpretation takes less than 3 h, with an
instrument time of about 90 min required on the mass spec-
trometer resulting in marginal instrument cost per sample.

18t canonical variable

Classification of patients with other diseases

We also analyzed six samples from patients with other dis-
cases (cf. ESM Fig. S8). Three patients (V45, V25, and V54)
correctly classify as healthy with respect to HCC/LC. One of
these patients has coronary heart disease (V45) and the other
patient has a very small liver adenoma (V25) with very low
risk of transformation. The third individual has Hashimoto
thyroiditis (V54). Another patient with angiomyolipoma of
the liver (V20) is clinically diagnosed as HCC/LC patient
and correctly classifies in the HCC/LC region. A patient with
adenoma of the liver (V26) is located at the boundary between
healthy and HCC/LC. The sample of only one patient has to
be considered as clearly false positive. That patient has pan-
creatitis (V41) and classifies in the area of HCC/LC. It is
possible that inflammation of organs, such as pancreatitis,
change the glycosylation pattern such that the classification
is the same as for HCC/LC patients. To this regard, further
research with more samples is required.

Table 2 Information of the samples from patients who donated blood
multiple times at different stages of disease
Patient Sample Day Therapy
HCCO06/HCC13 HCC06 0 -
HCC13 +273 days —
HCCO05/V13/V33  HCCO05 0 no therapy

V13 + 539 days
V33 + 658 days

V11/v27 Vil 0 Inside Milan
V27 +315 days  Outside Milan

V24/V32/V29 V24 0 -

V32 +70 days  —

V29 +287 days —

HCC02 0

V3l + 679 days

Tyrosine kinase inhibitor

Tyrosine kinase inhibitor

HCCO02/V31 Outside Milan, no therapy

Metastatic, resection
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Analysis of fibrinogen from patients at different time
points

We performed an analysis of five patients during the progres-
sion and therapy of the disease to check if a consistent alloca-
tion to a group could be obtained. In fact for most patients only
small variation in the MANOVA plot was obtained (Fig. 8 and
Table 2) and only one patient moved from the border between
healthy and HCC to a clear HCC assignment. All others
stayed in the HCC area even though an anti-tumor therapy
had been started.

Conclusion

Our method provides quantitative information of the protein
species of human fibrinogen and is remarkably fast and facile.
Fibrinogen is precipitated from raw plasma by cold ethanol,
reduced/denatured and automatically analyzed within 3 h.
This technology may prove an easy way to determine patho-
logical states by analysis of PTMs of glycoproteins from plas-
ma samples in a few hours. We believe that a significantly
larger set of samples including many samples from other dis-
eases might stabilize the recognition of healthy vs. chronic
organ damage, e.g., HCC and/or LC.

Acknowledgments We sincerely thank Dr. M. Braun and Dr. L. Schmidt,
Zentralinstitut fiir Transfusionsmedizin GmbH, Hamburg, for providing
the plasma samples of healthy individuals. We also like to thank Dr. Maria
Riedner, Department of Chemistry, University of Hamburg, for assistance
with the mass spectrometry.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Schluter H, Apweiler R, Holzhutter HG, Jungblut PR. Finding
one’s way in proteomics: a protein species nomenclature. Chem
Cent J. 2009;3:11.

2. Moremen KW, Tiemeyer M, Nairn AV. Vertebrate protein glycosyl-
ation: diversity, synthesis and function. Nat Rev Mol Cell Biol.
2012;13(7):448-62.

3. Varki A. Biological roles of oligosaccharides—all of the theories
are correct. Glycobiology. 1993;3(2):97-130.

4. Lauc G, Pezer M, Rudan I, Campbell H. Mechanisms of disease:
the human N-glycome. Biochim Biophys Acta. 2016;1860(8):
1574-82

5. Varki A. Biological roles of glycans. Glycobiology. 2017;27(1):3—
49.

6. Zhao YY, Takahashi M, Gu JG, Miyoshi E, Matsumoto A,
Kitazume S, et al. Functional roles of N-glycans in cell signaling
and cell adhesion in cancer. Cancer Sci. 2008;99(7):1304-10.

@ Springer

10.

11.

12.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Vajaria BN, Patel PS. Glycosylation: a hallmark of cancer?
Glycoconj J. 2017;34(2):147-56.

Kobata A, Amano J. Altered glycosylation of proteins produced by
malignant cells, and application for the diagnosis and immunother-
apy of tumours. Immunol Cell Biol. 2005;83(4):429-39.
Dempsey E, Rudd PM. Acute phase glycoproteins: bystanders or
participants in carcinogenesis? Ann N Y Acad Sci. 2012;1253:122—
32.

Stowell SR, Ju TZ, Cummings RD. Protein glycosylation in cancer.
Annu Rev Pathol. 2015;10:473-510.

Pinho SS, Reis CA. Glycosylation in cancer: mechanisms and clin-
ical implications. Nat Rev Cancer. 2015;15(9):540-55.

Ruhaak LR, Miyamoto S, Lebrilla CB. Developments in the iden-
tification of glycan biomarkers for the detection of cancer. Mol Cell
Proteomics. 2013;12(4):846-55.

Kailemia MJ, Xu G, Wong M, Li Q, Goonatilleke E, Leon F, et al.
Recent advances in the mass spectrometry methods for glycomics
and cancer. Anal Chem. 2018; 90(1):208-224.

Reis CA, Osorio H, Silva L, Gomes C, David L. Alterations in
glycosylation as biomarkers for cancer detection. J Clin Pathol.
2010;63(4):322-9.

Kailemia MJ, Park D, Lebrilla CB. Glycans and glycoproteins as
specific biomarkers for cancer. Anal Bioanal Chem. 2017;409(2):
395-410.

Zhang BH, Yang BH, Tang ZY. Randomized controlled trial of
screening for hepatocellular carcinoma. J Cancer Res Clin Oncol.
2004;130(7):417-22.

Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M,
et al. Cancer incidence and mortality worldwide: sources, methods
and major patterns in GLOBOCAN 2012. Int J Cancer.
2015;136(5):E359-86.

Siegel R, Ma JM, Zou ZH, Jemal A. Cancer statistics, 2014. CA
Cancer J Clin. 2014,64(1):9-29.

Flores A, Marrero JA. Emerging trends in hepatocellular carcino-
ma: focus on diagnosis and therapeutics. Clin Med Insights Oncol.
2014;8:71-6.

Schutte K, Schulz C, Malfertheiner P. Hepatocellular carcinoma:
current concepts in diagnosis, staging and treatment. Gastrointest
Tumor. 2014;1(2):84-92.

Zhou L, Liu J, Luo F. Serum tumor markers for detection of hepa-
tocellular carcinoma. World J Gastroenterol. 2006;12(8):1175-81.
Ertle JM, Heider D, Wichert M, Keller B, Kueper R, Hilgard P, et al.
A combination of alpha-fetoprotein and des-gamma-carboxy pro-
thrombin is superior in detection of hepatocellular carcinoma.
Digestion. 2013;87(2):121-31.

Aoyagi Y, Isokawa O, Suda T, Watanabe M, Suzuki Y, Asakura H.
The fucosylation index of alpha-fetoprotein as a possible prognostic
indicator for patients with hepatocellular carcinoma. Cancer.
1998;83(10):2076-82.

Stefaniuk P, Cianciara J, Wiercinska-Drapalo A. Present and future
possibilities for early diagnosis of hepatocellular carcinoma. World
J Gastroenterol. 2010;16(4):418-24.

Comunale MA, Wang MJ, Hafner J, Krakover J, Rodemich L,
Kopenhaver B, et al. Identification and development of fucosylated
glycoproteins as biomarkers of primary hepatocellular carcinoma. J
Proteome Res. 2009;8(2):595-602.

Ji ES, Hwang H, Park GW, Lee JY, Lee HK, Choi NY, et al.
Analysis of fucosylation in liver-secreted N-glycoproteins from hu-
man hepatocellular carcinoma plasma using liquid chromatography
with tandem mass spectrometry. Anal Bioanal Chem.
2016;408(27):7761-74.

Tanabe K, Kitagawa K, Kojima N, lijima S. Multifucosylated
alpha-1-acid glycoprotein as a novel marker for hepatocellular car-
cinoma. J Proteome Res. 2016;15(9):2935-44.

Tsai TH, Wang M, Di Poto C, Hu Y, Zhou S, Zhao Y, et al. LC-MS
profiling of N-glycans derived from human serum samples for



Fast and facile analysis of glycosylation and phosphorylation of fibrinogen from human plasma—correlation...

7977

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

biomarker discovery in hepatocellular carcinoma. J Proteome Res.
2014;13(11):4859-68. https://doi.org/10.1021/pr500460k.

Wang M, Long RE, Comunale MA, Junaidi O, Marrero J, Di
Bisceglie AM, et al. Novel fucosylated biomarkers for the early
detection of hepatocellular carcinoma. Cancer Epidemiol Biomark
Prev. 2009;18(6):1914-21.

Zhu J, Lin Z, Wu J, Yin H, Dai J, Feng Z, et al. Analysis of
serum haptoglobin fucosylation in hepatocellular carcinoma
and liver cirrhosis of different etiologies. J Proteome Res.
2014;13(6):2986-97.

de Oliveira RM, Ornelas Ricart CA, Araujo Martins AM. Use of
mass spectrometry to screen glycan early markers in hepatocellular
carcinoma. Front Oncol. 2017;7:328.

Yin H, Lin Z, Nie S, Wu J, Tan Z, Zhu J, et al. Mass-selected site-
specific core-fucosylation of ceruloplasmin in alcohol-related hepa-
tocellular carcinoma. J Proteome Res. 2014;13(6):2887-96.

Yin H, Tan Z, Wu J, Zhu J, Shedden KA, Marrero J, et al. Mass-
selected site-specific core-fucosylation of serum proteins in hepato-
cellular carcinoma. J Proteome Res. 2015;14(11):4876-84.

Zhang D, Huang J, Luo D, Feng X, Liu Y. Glycosylation change of
alpha-1-acid glycoprotein as a serum biomarker for hepatocellular
carcinoma and cirrhosis. Biomark Med. 2017;11(5):423-30.
Huang Y, Zhou S, Zhu J, Lubman DM, Mechref Y. LC-MS/MS
isomeric profiling of permethylated N-glycans derived from serum
haptoglobin of hepatocellular carcinoma (HCC) and cirrhotic pa-
tients. Electrophoresis. 2017;38(17):2160-7.

Xiang T, Yang G, Liu X, Zhou Y, Fu Z, Lu F, et al. Alteration of N-
glycan expression profile and glycan pattern of glycoproteins in
human hepatoma cells after HCV infection. Biochim Biophys
Acta. 2017;1861(5 Pt A):1036-45.

Zhang Y, Zhu J, Yin H, Marrero J, Zhang XX, Lubman DM. ESI-
LC-MS method for haptoglobin fucosylation analysis in hepatocel-
lular carcinoma and liver cirrhosis. J Proteome Res. 2015;14(12):
5388-95.

Miyahara K, Nouso K, Dohi C, Morimoto Y, Kinugasa H, Wada
N, et al. Alteration of N-glycan profiles in patients with chronic
hepatitis and hepatocellular carcinoma. Hepatol Res.
2015;45(9):986-93.

Nagel T, Meyer B. Simultaneous characterization of sequence poly-
morphisms, glycosylation and phosphorylation of fibrinogen in a
direct analysis by LC-MS. Biochim Biophys Acta. 2014;1844(12):
2284-9. https://doi.org/10.1016/j.bbapap.2014.09.021.

Weisel JW. Fibrinogen and fibrin. Adv Protein Chem. 2005;70:
247-99.

Adamczyk B, Struwe WB, Ercan A, Nigrovic PA, Rudd PM.
Characterization of fibrinogen glycosylation and its importance
for serum/plasma N-glycome analysis. J Proteome Res.
2013;12(1):444-54.

Dang CV, Shin CK, Bell WR, Nagaswami C, Weisel JW.
Fibrinogen sialic acid residues are low affinity calcium-binding
sites that influence fibrin assembly. J Biol Chem. 1989;264(25):
15104-8.

Pacchiarotta T, Hensbergen PJ, Wuhrer M, van Nieuwkoop C,
Nevedomskaya E, Derks RJ, et al. Fibrinogen alpha chain O-
glycopeptides as possible markers of urinary tract infection. J
Proteome. 2012;75(3):1067-73.

Beranova-Giorgianni S, Zhao Y, Desiderio DM, Giorgianni F.
Phosphoproteomic analysis of the human pituitary. Pituitary.
2006;9(2):109-20.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Blombaeck B, Blombaeck M, Edman P, Hessel B. Amino-acid
sequence and the occurrence of phosphorus in human fibrinopep-
tides. Nature. 1962;193:833-4.

Seydewitz HH, Kaiser C, Rothweiler H, Witt I. The location of a
second in vivo phosphorylation site in the A alpha-chain of human
fibrinogen. Thromb Res. 1984;33(5):487-98.

Wind M, Gosenca D, Kubler D, Lehmann WD. Stable isotope
phospho-profiling of fibrinogen and fetuin subunits by element
mass spectrometry coupled to capillary liquid chromatography.
Anal Biochem. 2003;317(1):26-33.

Zahedi RP, Lewandrowski U, Wiesner J, Wortelkamp S, Moebius J,
Schutz C, et al. Phosphoproteome of resting human platelets. J
Proteome Res. 2008;7(2):526-34.

Tagliabracci VS, Wiley SE, Guo X, Kinch LN, Durrant E, Wen J,
et al. A single kinase generates the majority of the secreted
phosphoproteome. Cell. 2015;161(7):1619-32.

Ogata Y, Heppelmann CJ, Charlesworth MC, Madden BJ, Miller
MN, Kalli KR, et al. Elevated levels of phosphorylated fibrinogen-
alpha-isoforms and differential expression of other post-
translationally modified proteins in the plasma of ovarian cancer
patients. J Proteome Res. 2006;5(12):3318-25.

Klovaite J, Nordestgaard BG, Tybjaerg-Hansen A, Benn M.
Elevated fibrinogen levels are associated with risk of pulmonary
embolism, but not with deep venous thrombosis. Am J Respir Crit
Care Med. 2013;187(3):286-93.

Ong KL, Tso AW, Cherny SS, Sham PC, Lam KS, Jiang CQ, et al.
A genetic variant in the gene encoding fibrinogen beta chain pre-
dicted development of hypertension in Chinese men. Thromb
Haemost. 2010;103(4):728-35.

Ko YL, Hsu LA, Hsu TS, Tsai CT, Teng MS, Wu S, et al.
Functional polymorphisms of FGA, encoding alpha fibrinogen,
are associated with susceptibility to venous thromboembolism in
a Taiwanese population. Hum Genet. 2006;119(1-2):84-91.
Carter AM, Catto AJ, Kohler HP, Ariens RA, Stickland MH, Grant
PJ. Alpha-fibrinogen Thr312Ala polymorphism and venous throm-
boembolism. Blood. 2000;96(3):1177-9.

Zhang JJ, Yu LH, Yin YY, Lu Q, Lei L, Xiao J, et al. Association
between two functional fibrinogen-related polymorphisms and is-
chemic stroke: a case-control study. Genet Test Mol Biomarkers.
2013;17(11):789-93.

Suntharalingam J, Goldsmith K, van Marion V, Long L, Treacy
CM, Dudbridge F, et al. Fibrinogen a alpha Thr312Ala polymor-
phism is associated with chronic thromboembolic pulmonary hy-
pertension. Eur Respir J. 2008;31(4):736-41.

Townsend RR, Heller DN, Fenselau CC, Lee YC. Determination of
the sialylation pattern of human fibrinogen glycopeptides with fast
atom bombardment. Biochemistry. 1984;23(26):6389-92.
Townsend RR, Hilliker E, Li YT, Laine RA, Bell WR, Lee YC.
Carbohydrate structure of human fibrinogen. Use of 300-MHz 1H-
NMR to characterize glycosidase-treated glycopeptides. J Biol
Chem. 1982;257(16):9704-10.

Zauner G, Hoffmann M, Rapp E, Koeleman CA, Dragan I, Deelder
AM, et al. Glycoproteomic analysis of human fibrinogen reveals
novel regions of O-glycosylation. J Proteome Res. 2012;11(12):
5804-14.

Behnken HN, Ruthenbeck A, Schulz JM, Meyer B. Glycan analysis
of prostate specific antigen (PSA) directly from the intact glycopro-
tein by HR-ESI/TOF-MS. J Proteome Res. 2014;13(2):997-1001.

@ Springer


https://doi.org/10.1021/pr500460k
https://doi.org/10.1016/j.bbapap.2014.09.021

	Fast...
	Abstract
	Introduction
	Experimental section
	Plasma samples
	Purification of fibrinogen
	Liquid chromatography
	Mass spectrometry
	Data processing
	Quantification
	Statistical analysis

	Results
	HPLC analysis and mass spectrometry
	Quantitative analysis of post-translational modifications
	Splitting data into training and test data sets

	Discussion
	Classification of patients with other diseases
	Analysis of fibrinogen from patients at different time points

	Conclusion
	References


