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Background: Papillary thyroid cancer (PTC) is currently the most commonly diagnosed endocrine malignancy. In addition, the
sex- and age-adjusted incidence of PTC has exhibited a greater increase over the last 2 decades than in many
other malignancies. Thus, discovering noninvasive specific serum biomarker to distinguish PTC from cancer-
free controls in its early stages remains an important goal.

Material/Methods: Serum samples from 88 PTC patients and 80 cancer-free controls were randomly allocated into training or vali-
dation sets. Serum peptide profiling was performed by matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF-MS) after using weak cation exchange magnetic beads (WCX-MB), and the re-
sults were evaluated by use of ClinProTools™ Software. To distinguish PTC from cancer-free controls, quick clas-
sifier (QC), supervised neural network (SNN), and genetic algorithm (GA) models were established. The models
were blindly validated to verify their diagnostic capabilities. The most discriminative peaks were subsequent-
ly identified with a nano-liquid chromatography-electrospray ionization-tandem mass spectrometry system.

Results: Six peptide ions were identified as the most discriminative peaks between the PTC and cancer-free control
samples. The QC model exhibited satisfactory sensitivity and specificity among the 3 models that were vali-
dated. Two peaks, at m/z 2671.17 and m/z 1464.68, were identified as fragments of the alpha chain of fibrin-
ogen, while a peak at m/z 1738.92 was a fragment of complement component 4A/B.

Conclusions: MS combined with ClinProTools™ software was able to detect peptide biomarkers in PTC patients. In addition,
the constructed classification models provided a serum peptidome pattern for distinguishing PTC from cancer-
free controls. Both fibrinogen o and complement C4A/B were identified as potential markers for diagnosis of
PTC.
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Background

Thyroid cancer (TC) has a higher incidence than other common
endocrine malignancies and it constitutes 3-4% of newly di-
agnosed cancers annually [1,2]. The incidence of TC has also
increased substantially over the past 2 decades [3,4]. Papillary
thyroid cancer (PTC) is the most common type of thyroid cancer
diagnosed, and it accounts for up to 90% of all TC cases [5,6].
PTCs rarely exhibit clinically aggressive behavior and most re-
main indolent, with a disease-specific mortality rate of less
than 5% [6]. Nonetheless, a small proportion of patients with
PTC develop adverse symptoms, and a higher morbidity rate
is associated with patients with advanced-stage PTC [6,7]. A
risk of recurrence is also associated with PTC, with recurrence
occurring in 10-30% of PTC cases according to the stage at
diagnosis [8,9]. Thus, early and accurate diagnosis of PTC, as
well as timely treatment, is critical for improving the long-term
survival and recurrence incidence of PTC patients.

Physical examinations have had limited efficacy in the differ-
entiation of benign thyroid nodules from malignant thyroid
nodules unless there is an evident outcome. Fine-needle as-
piration biopsy (FNAB) of the thyroid is commonly considered
an effective screening test [10,11]. However, this is an inva-
sive procedure and can have serious complications. Moreover,
one of the major limitation of this method is a high occurrence
of non-diagnostic results [12] and around 10-20% non-diag-
nostic rates [13-15]. At the same time, valuable biomarkers
for papillary thyroid cancer have been sought by researchers,
such as calprotectin, interleukin4, cytokeratin19, and galectin-3;
unfortunately, these biomarkers either do not distinguish PTC
from a benign nodule, or have poor predictive value [16-19].
Consequently, there is an increasing need to identify novel
and clinically relevant biological markers to differentiate ma-
lignant thyroid nodules from benign lesions.

Proteomics is a powerful tool for identifying protein expres-
sion patterns that can differentiate among different disease
states in individuals. Since blood is the main compartment of
the body that flows through all tissues and carries compo-
nents from all tissue types, a “proteome analysis” of blood
serum samples should provide a pathological insight into tis-
sue turnover. Moreover, access to serum samples is relative-
ly straightforward compared with the collection of many oth-
er tissue types. Taken together, these factors support the use
of proteomic analysis for serum samples, and they facilitate
its use as a tool for the early diagnosis, treatment monitoring,
and prognostic assessment of PTC cases.

Matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF-MS) is a state-of-the-art technology
in proteomic research that has been used for the identification
and testing of disease-related proteins [20]. The use of weak

LiuZ etal.:
Detection and identification of serum peptides biomarker in papillary thyroid cancer
© Med Sci Monit, 2018; 24: 1581-1587

cation exchange magnetic beads (WCX-MB) has developed as
a complementary method by which small-molecule peptides
can be captured by the large surface area of MBs [21]. The
combination of MBs and MALDI-TOF-MS represents a unique
approach for the detection of lower-molecular weight peptides
and proteins in serum.

Therefore, in the present study, serum samples were collect-
ed from PTC patients and cancer-free controls (e.g., healthy in-
dividuals and benign thyroid node (BTN) patients) and these
were profiled by MALDI-TOF-MS following WCX-MB fraction-
ation and then were analyzed by ClinProTools™ 3.0 (CPT) soft-
ware (Bruker Daltonics). Three classification models were also
established and evaluated based on differentially expressed
peptides. These models were further verified with an indepen-
dent validation set.

Material and Methods

Patient selection and preparation of serum samples

This study was approved by the local institutional review board
and ethics committee and written informed consent was ob-
tained from each participant. We enrolled a total of 168 par-
ticipants, including 88 PTC patients (63 females, 25 males), 31
BTN patients (23 females, 8 males), and 49 healthy individu-
als (35 females, 14 males). The median age of the PTC group
was 47 years (range: 21-65). The cancer-free control group
was matched with the PTC group according to age and sex.
The patients that were pathologically diagnosed with PTC or
BTN were confirmed independently by 2 expert pathologists.
Patients with other tumors types, as well as inflammatory dis-
eases, were excluded from this study. An overview of the study
is provided in Figure 1.

Blood samples were collected prior to any therapeutic interven-
tion at the General Hospital of Jinan Military Command Region
(China). Briefly, the blood samples were collected in 5-mL vac-
utainer tubes and were incubated for 30 min at room temper-
ature for clotting. The samples were subsequently centrifuged
at 2000 rpm for 15 min. Isolated serum samples were stored
in Eppendorf tubes at —80°C for further analysis.

Peptide isolation by magnetic beads

Serum samples were fractionated by MB-WCX (Bruker Daltonics,
Bremen, Germany) according to a standard protocol (manu-
facturer’s instruction). Briefly, each 5-pL serum sample was
mixed with 10 pL of MBs and 10 pL of buffer in a 200-pL
tube. After mixing, the sample tubes were placed into a mag-
netic separator, and 1 min later the supernatant in each tube
was carefully removed. After the samples were bound to the
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Figure 1. A flowchart of this study. PTC — papillary thyroid
cancer; BTN — benign thyroid node; HI — healthy
individuals.

MBs and washed 3 times with 100 pL of MB cleaning buffer,
5 pL of MB elution buffer was added to the samples bound to
the magnetic beads. The suspended fluid samples were then
transferred into new 10-pL tubes after complete separation of
the MBs from the supernatants was achieved. Five pL of sta-
ble buffer was added to each tube before they were stored at
-20°C for MS analyses.

MALDI-TOF-MS analysis

One pL of each prepared sample was pipetted onto a polished
steel target (Bruker Daltonics, Bremen, Germany). After air-
drying the samples, 1 pL of a matrix solution of a-cyano-4-hy-
droxycinnamic acid (3 mg/ml in 2% trifluoroacetic acid/50%
acetonitrile) was applied to each spot. Droplets were dried at
room temperature and then immediately analyzed with an
Autoflexlll MALDI-TOF mass spectrometer (Bruker Daltonics)
with FlexControl software (version 3.4; Bruker). Mass spectra
were obtained in a positive ion linear mode at a mass range
of m/z 1-10 kDa. The MS analysis ion source settings for ion
source 1 and ion source 2 were 19.64 kV and 18.34 kV, respec-
tively. A profile was obtained by adding 20 spectra of 60 laser
shots, each with a laser power of 70%. A standard calibration
mixture of peptides and proteins was used for mass calibration
of the instrument prior to MS analysis. All of the tests were
performed in a blinded manner. To evaluate the stability and
repeatability of the MALDI-TOF mass spectrometer, a quality
control sample (pooled from 10 PTC patient serum samples)
was used to run 6 within-run assays during the experiment.

CLINICAL RESEARCH

Peptide identification

Sequences of the differential peptides were separated and iden-
tified with nano-liquid chromatography-electrospray ionization-
tandem mass spectrometry (nano-LC/ESI-MS/MS) by using an
Aquity UPLC system (Waters) and a LTQ orbitrap XL mass spec-
trometer (Thermo Fisher) equipped with a nano-ESI source.
Briefly, the peptide solutions were loaded onto a C18 trap col-
umn (nanoACQUITY) (180 uymx20 mmx5 pm) at a flow rate
of 15 pL/min. The desalted peptides were then enriched by a
C18 analytical column (nanoACQUITY) (75 pmx150 mmx3.5 pm
symmetry) at a flow rate of 400 nL/min. Mobile phases A (5%
acetonitrile, 0.1% formic acid) and B (95% acetonitrile, 0.1%
formic acid) were applied to the analytical columns. Gradient
elution profiles were: 5%B / 50%B / 80%B / 80%B / 5%B / 5%B
over 100 min. The MS instrument was operated in a data-de-
pendent mode. A full scan ranged from 400 m/z to 2000 m/z
with a resolution of 100 000. MS/MS spectra were limited to
2 consecutive scans per precursor ion, followed by 60 s of dy-
namic exclusion. The obtained chromatograms were analyzed
with BioworksBrower3.3.1 SPI, and mass lists were determined
based on a database search with Sequest™ [IPI Human (3.45)].
The parent ion and fragment mass relative accuracy values
were set at 50 ppm and 1 Da, respectively.

Statistical analysis

CPT software was used to analyze spectra of the serum sam-
ples. Data analysis was performed with raw-data pretreatment,
including baseline subtraction on spectra, total ion current
(TIC) normalization, recalibration, and smoothing. The signal-
to-noise ratio was set greater than 5, and a mass shift of no
more than 0.1% was determined to align the spectra. Peaks
were screened by using the t test or the Wilcoxon rank sum
test (according to the normality of data distribution). P-values
less than 0.05 indicated statistically significant differences.
Receiver operating characteristic (ROC) curve and area un-
der the ROC curve (AUC) values were calculated to assess the
discriminative capacities of the serum peptide ions identified
(Figure 2). Three different algorithms — quick classifier (QC),
supervised neural network (SNN), and genetic algorithm (GA)
— were used for model analyses and for the selection of pep-
tide peaks. Recognition capacity and 20% leave-one-out cross-
validation were calculated for all 3 algorithms as indicators of
their performance. A total of 100 samples (52 from PTC pa-
tients and 48 from cancer-free controls) were used as train-
ing samples for the classification models. To determine the
clinical applicability of the constructed models, external vali-
dation was performed for a set of samples obtained from 36
PTC patients and 32 cancer-free controls. Sensitivity and spec-
ificity values were calculated for the QC, SNN, and GA models.
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Table 2. The m/z peak values that were included in each of the
;g classification models.
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ficient of variation (CV) values of selected peaks ranged from
14.30% to 24.99% (Supplementary Table 1), and this range 3904.96 3244.66
is considered acceptable for the analysis of complex biologi- 392206 2663.66
cal samples [22].
4250.2 4213.07
CPT software identified a total of 97 unique protein peaks 4697.85 5905.22
between the PTC patient samples and the cancer-free control =~ oo
- - . . 5905.22 6663.57
samples. In a univariate statistical analysis, 6 peptide peaks ~ ~7°7%% T
exhibited significant differences between the 2 sets of sam- 6630.37 7008.3
ples (Table 1). ROC curves were used to further analyze the 197822 """""""""""""""""""""""""""""""""""""""""

diagnostic capacity of these 6 peaks. In particular, the pep-
tides with m/z 5905.22, 2671.17, 1464.68, 1738.92, 6630.37,
and 1978.22 had the highest discriminative power between
the PTC patients and the cancer-free controls and their AUC
values ranged from 0.75-0.83 (Table 1).

Establishment of classification models and blind validation

It has been observed that the use of multiple disease mark-
ers provides more reliable differentiation compared with use
of a single marker. Therefore, 3 mathematical algorithms —
QC, SNN, and GA - were established to generate prediction

Table 1. Relative intensities (mean +SD) of the most discriminative peaks (m/z) in the serum samples obtained from PTC patients

versus cancer-free controls.

Mass (m/z) PTC patients Cancer-free controls P* AUC**

5905.22 1649.17 28.45+11.79 <0.000001 0.83
""""""" 267117 1s46t664 21598907 00000106 078
""""""" 146468 6431306  1099t432 0000792 076
""""""" 173892 691x252 425214 ooo0l13 o077
 es3037 2461214 121061 0000350 076
""""""" 197822 221066 308067 0000244 075

* Calculated based on a t-test or the Wilcoxon test; ** area under the ROC curve.
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Table 3. Diagnostic performances of the QC, SNN, and GA models.
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Genetic algorithm

Diagnostic parameter Quick Classifier

Supervised Neural Network

Recognition capacity (%) 90.95 89.44 93.98
Cross validation (%) 82.90 81.50 70.28
Sensitivity (%) 84.38 87.50 90.32
Specificity (%) 78.13 72.41 65.52
A
3 3 5]
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Fugure 3. Identification of serum peptides present at higher levels in PTC patients. Sequencing of select serum peptides was achieved
with LTQ-Orbitrap-MS/MS. (A) Peak m/z 2671.17 (sequence: K.SYKMADEAGSEADHEGTHSTKRGHA.K) was identified as a
fragment of fibrinogen alpha chain with an ion score of 196. (B) Peak m/z 1738.92 (sequence: RNGFKSHALQLNNRQI.R) was
identified as a fragment of Complement C4B with an ion score of 64.

models based on a training set containing randomly selected
samples. The combinations of peaks that were used by each of
the models are listed in Table 2. Both recognition capacity and
cross-validation for all 3 models were evaluated (Table 3). To
verify the accuracy of these 3 models, additional samples ob-
tained from 36 PTC patients and 32 cancer-free controls were
analyzed. The sensitivity and specificity of the classification
of these 2 groups of samples by the QC, SNN, and GA models
were 84.38%, 87.50%, and 90.32%, and 78.13%, 72.41%, and
65.52%, respectively (Table 3). The QC model exhibited the best
efficiency in distinguishing PTC from the cancer-free controls.

Identification of peptide peaks

The peptide peaks with the greatest discriminatory power
were identified next. The corresponding peptide ions were
m/z 5905.22, m/z 2671.17, m/z 1464.68, and m/z 1738.92.
Peptide peaks m/z 2671.17 and m/z 1464.68 had amino acid
sequences of K. SYKMADEAGSEADHEGTHSTKRGHA.K and
DSGEGDFLAEGGGVR.G, respectively, which corresponded to
fragments of fibrinogen alpha chain protein (Figure 3A). The
Mascot score was 196. Precursor ion m/z 1738.92 correspond-
ed to a fragment of complement component 4A/B (Figure 3B)
with the sequence RNGFKSHALQLNNRQI.R. The Mascot score
was 64. In contrast, the amino acid sequence of peptide peak
m/z 5905.22 could not be identified. An unknown modifica-
tion on this peptide may have contributed to this result [23].

Discussion

Currently, PTC is the most common type of endocrine cancer
diagnosed, and it usually presents as a nodule in the thyroid
gland. A diagnosis of PTC typically depends on diagnostic im-
aging, although it can be difficult to distinguish between PTC
and benign nodules. Hence, a need exists for the discovery
and identification of biomarkers of PTC. More recently, char-
acterization of low-molecular weight serum peptides has been
an area of active research. MALDI-TOF MS is a user-friend-
ly method that is able to perform peptide profiling with high
sensitivity, resolution, and accuracy, albeit in a low-through-
put manner. The aim of the present study was to identify se-
rum peptides present in PTC patients and not in cancer-free
controls in order to assess the utility of using peptide profil-
ing for the detection of PTC.

To the best of our knowledge, this is the first study to ana-
lyze differences in serum peptide profiles among PTC patients
and cancer-free controls by using WCX-MB fractionation fol-
lowed by MALDI-TOF-MS, with the analysis of data performed
by CPT software. Six peptides were identified that exhibited
higher discriminative capacities. Moreover, 3 of the peptides
were identified based on both univariate and multivariate (QC)
statistical analyses (2671.17 Da, 1464.68 Da, and 1738.92 Da
peaks) (Table 1). Based on the observation that combinations
of biomarkers can increase sensitivity and specificity of de-
tection [24,25], we employed different algorithms to generate
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classification models. As a result, different combinations of
peptide peaks were used to generate 3 classification models.
Differences in the algorithms that were used to establish the
models account for the differences in the combination of pep-
tides they evaluated [26]. It has been demonstrated that clas-
sification models tend to achieve better results with data that
are similar to those which they were originally constructed
from compared with data that derive from a new set of sam-
ples [27]. Thus, cross-validation did not adequately assess the
diagnostic capacity of the models examined. For this reason,
external validation has been identified as an important step
in defining the diagnostic capacity of generated models [28].
Therefore, independent test sets were used to evaluate the ac-
curacy of the classification models generated in this study. The
best differentiating capacity and satisfactory values of sensitiv-
ity (84.38%) and specificity (78.13%) were associated with the
QC model. However, it is also possible that the use of all 3 mod-
els could provide a more reliable approach for PTC screening.

Application of nano-LC/ESI-MS/MS resulted in the identifica-
tion of 2 potential PTC serum biomarkers: fibrinogen a and
complement C4A/B. Fibrinogen that is synthesized by hepato-
cytes plays a significant role in blood coagulation and mediates
platelet aggregation [29]. Fibrinogen has also been shown to
enhance the proliferation and migration of malignant tumor
cells in patients [30,31], and higher levels of fibrinogen o chain
fragments have been detected in biliary tract cancer [32], liver
cancer [33], and gastric cancer [34]. However, by contrast, we
found fibrinogen o at significantly lower concentrations in PTC
sera relative to the controls. It is noted fibrinogen has low lev-
els in patients after operation [35] and patients with a higher
concentration of plasma fibrinogen levels had a worse progno-
sis [36]. Then, the lower levels of fibrinogen may be related to

Supplementary Table
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indolent character and good prognosis. Thus, circulating frag-
ments from unmodified or post-translationally modified pro-
teins generated in a tumor microenvironment have the poten-
tial to serve as diagnostic or prognostic markers.

Another peptide peak was identified as a fragment of Complement
C4A/B, a hydrolytic fragment of complement C4. C4A/B contrib-
utes to the propagation of activation pathways that lead to the
formation of a membrane-associated complex that attacks for-
eign antigens [37]. In recent studies, a possible role for comple-
ment activation in tumor growth and oncogenic capabilities has
been identified [38,39], particularly in hypopharyngeal squa-
mous cells [40,41], colorectal cancer [42], lung cancer [43], and
breast cancer [44]. It is possible that higher levels of complement
components and activation fragments in plasma are the result
of cancer cells that are resistant to complement-mediated cy-
totoxicity, and this leads to a sustained release of complement
fragments. In the present study, the higher levels of C4A/B that
were detected in the PTC samples suggest that this complement
protein can potentially serve as a biomarker for diagnosing PTC.

Conclusions

In this study, peptidome patterns from WCX-MB-purified se-
rum samples were directly profiled with MALDI-TOF-MS, and
a classification model was generated that effectively distin-
guished PTC patients from benign tumors and healthy con-
trols. Moreover, nano-LC/ESI-MS/MS identified fibrinogen a
chain and complement component 4A/B as potential biomark-
ers for distinguishing PTC. Our future studies will be aimed at
developing antibodies against the candidate markers identi-
fied and to verify their efficacy in a large preoperative cohort.

Supplementary Table 1. Coefficient of variation (CV) values determined for the ion intensities of ten different peaks identified in ten
pooled PTC serum samples by MALDI-TOF MS.

Mass CV (%)

1546.069 24.18
"""""""""""""""""""""""" 26717 18
""""""""""""""""""""""" 2663308 31
""""""""""""""""""""""" 86020 238
"""""""""""""""""""""""" 205575 227
""""""""""""""""""""""" 4056434 w0
""""""""""""""""""""""" 4093956 a3l
""""""""""""""""""""""" s8196 206
""""""""""""""""""""""" 7759919 1826
""""""""""""""""""""""" 0276545 2499
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