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Abstract In papillary thyroid carcinoma (PTC), metastasis is
a feature of an aggressive tumor phenotype. To identify protein
biomarkers that distinguish patients with an aggressive tumor
behavior, proteomic signatures in metastatic and non-
metastatic tumors were investigated comparatively. In partic-
ular, matrix-assisted laser desorption/ionization (MALDI)
imaging mass spectrometry (IMS) was used to analyze
primary tumor samples. We investigated a tumor cohort of
PTC (n=118) that were matched for age, tumor stage, and
gender. Proteomic screening by MALDI-IMS was performed
for a discovery set (n=29). Proteins related to the discrim-
inating mass peaks were identified by 1D-gel electrophoresis
followed by mass spectrometry. The candidate proteins were
subsequently validated by immunohistochemistry (IHC)
using a tissue microarray for an independent PTC validation
set (n=89). In this study, we found 36 mass-to-charge-ratio

(m/z) species that specifically distinguished metastatic
from non-metastatic tumors, among which m/z 11,608
was identified as thioredoxin, m/z 11,184 as S100-A10,
and m/z 10,094 as S100-A6. Furthermore, using IHC on
the validation set, we showed that the overexpression of
these three proteins was highly associated with lymph
node metastasis in PTC (p<0.005). For functional analysis
of the metastasis-specific proteins, we performed an
Ingenuity Pathway Analysis and discovered a strong
relationship of all candidates with the TGF-β-dependent
EMT pathway. Our results demonstrated the potential
application of the MALDI-IMS proteomic approach in
identifying protein markers of metastasis in PTC. The
novel protein markers identified in this study may be used
for risk stratification regarding metastatic potential in
PTC.
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Introduction

Among all thyroid cancers, papillary thyroid carcinoma
(PTC) is the most common well-differentiated cancer and
accounts for approximately 80–85% of all thyroid malig-
nancies [1, 2]. Lymphatic metastasis develops in approxi-
mately 30–80% of PTC patients [3, 4]; it can even be found
in very low-risk micro-PTC [5]. Recent studies have
demonstrated that the presence of cervical lymph node
metastasis is a significant prognostic factor for the
recurrence of the disease [3, 5]. This finding has significant
clinical relevance because tumor recurrence at the neck
accounts for one third of all PTC-related deaths. There is
no effective treatment for radioiodine-resistant metastatic
disease [6], which is demonstrated by a 10-year survival
rate of only 10% [2].

Considering the poor outcome in this PTC subgroup,
molecular characterization of the metastatic phenotype of
PTC and elucidation of its association with aggressive
clinical behavior are needed for the development of new
therapeutic strategies and for improving the patient risk
stratification. Considering epigenetic and genetic alterations
as the forces that drive carcinogenesis, genomic studies
have provided valuable information regarding the genetic
features of PTC [7, 8]. Proteomic approaches have opened
a new avenue into the pathogenesis of PTC as the
phenotype of a cell is determined by proteins and cannot
be precisely predicted based on genomic features alone.
Moreover, protein expression levels may be poorly correlated
to messenger RNA expression levels [9]; post-translational
modifications, such as phosphorylation, glycosylation, and
proteolytic processing, can significantly modify the functions
of proteins and the disease-specific characteristics of the cell
or tissue in which the protein is expressed.

Matrix-assisted laser desorption/ionization (MALDI)
imaging mass spectrometry (IMS) is a powerful tool for
the investigation of protein expression patterns via the
direct (in situ) analysis of tissue sections [10]. This method
has advantages over other proteomic approaches that
require tissue homogenization because it is based on the
cell morphology [11]. It allows the direct evaluation of
tumor cells, the determination of correlations with other
morphologic features such as tumor subtype, and the
investigation of small tumor tissue specimens [12]. Based
on these features, MALDI-IMS is a valuable tool for tissue
analysis and molecular histology [13]. In addition, it can be
used to determine the distribution of hundreds of molecules
in a single measurement without the requirement for
specific protein labeling [14]. MALDI-IMS has great

potential for use in oncology research due to its fast and
relatively inexpensive implementation that needs neither
antibodies nor radioactivity because of its non-targeted but
morphology-driven approach making MALDI-IMS suitable
for biomarker discovery experiments. To date, this tech-
nique has been successfully applied to analyze various
types of cancerous tissues, including human non-small cell
lung cancer, glioma, and ovarian, prostate, and breast
cancer [15–17]. Analyses of the resulting complex mass
spectrometry data sets using modern computational tools
have been used to identify the disease state, response
prediction, and patient prognosis-specific protein expres-
sion patterns [18].

In the present study, we analyzed a cohort of patients with
PTC that was matched for size of the primary tumor (pT), age,
gender, and geographical origin to identify metastasis-related
changes in the protein expression patterns of the tumors.
Using this experimental design, we minimized the number of
variables with known genetic effects (e.g., age, gender, and
ethnicity) to reveal metastasis-related changes.

Materials and methods

Sample collection and tissue specimens

Frozen tissues and formalin-fixed paraffin-embedded tissues
from adult papillary thyroid cancer patients (mean age at
surgery, 35.7±7.6 years) were obtained from the Institute of
Radiation Medicine and Endocrinology, Minsk, Belarus. The
study was approved by the Ethics Committee of the Bavarian
General Medical Council (no. 00163) with informed consent
of the patients or their guardians. The specimens were
classified according to the UICC system [19] by pathologists
at the Thyroid Cancer Center, Minsk, and at Martha-Maria
Hospital, Munich. One hundred eighteen patients (29 in the
discovery set and 89 in the validation set) were recruited for
this study. Cases were matched as closely as possible on
tumor size (pT). The vast majority of cases in both tumor
groups (with lymph node metastasis (N1) vs. without lymph
node metastasis (N0)) of the discovery set were pT2 whilst
only four cases were pT4. Thus, the proportion of pT2 cases
compared with pT4 cases is very similar in the discovery and
the validation set of tumors (approx. 80% pT2 cases in each
set). The histomorphological and clinical characteristics of
the analyzed cases are listed in Table 1 as well as more in
detail in Tables 1 and 2 in the Electronic supplementary
material (ESM).

MALDI-IMS analysis

The frozen tissue samples were cryosectioned on conduc-
tive indium-tin-oxide-coated glass slides (Bruker Daltonik
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GmbH, Bremen, Germany), washed briefly in 70% and 100%
ethanol, dried, and covered directly with the MALDI matrix
(10 mg/ml sinapinic acid (Sigma-Aldrich, Taufkirchen,
Germany) in water/acetonitrile 40:60 (v/v) with 0.2%
trifluoroacetic acid (Applied Biosystems, Darmstadt,
Germany)). The MALDI matrix was applied using an
ImagePrep station (Bruker Daltonik GmbH, Bremen,
Germany) according to the manufacturer’s protocol. The
MALDI measurement was performed using an Ultraflex
III MALDI-TOF/TOF instrument in linear mode over a
mass range of 2,400–25,000 Da and a sampling rate of 0.1
GS/s using the FlexControl 3.0 and FlexImaging 2.1
software packages (Bruker Daltonik GmbH, Bremen,
Germany). The lateral resolution of MALDI-IMS was set at
200 μm; 200 laser shots were accumulated per pixel at a
constant laser power density. A ready-made protein standard
applied directly to the sample carrier was used to calibrate the
spectra (Bruker Daltonik GmbH, Bremen, Germany).

Following the MALDI-IMS analysis, the cryosections
were incubated in 70% ethanol to remove the matrix and
then washed in distilled water. Subsequently, the slides
were stained with hematoxylin and eosin (H&E), scanned
with the MIRAX DESK system (Carl Zeiss MicroImaging
GmbH, Göttingen, Germany), and co-registered with the
MALDI-IMS results to correlate the mass spectrometric
data with the histological features of the same section.

Protein extraction

Five 5-μm cryomicrotome sections from one frozen tissue
sample of case 6 from the pN1 cohort were selected based

on the significant MALDI-IMS discriminating peaks of that
case. The samples were immersed at a concentration of
200 mg/ml in a protein extraction solution containing 50-
mM sodium phosphate buffer (pH 7.4) and Roche
Complete Mini Protease Inhibitor Cocktail Tablets (Roche
Applied Science, Indianapolis, IN). The tissue samples
were manually homogenized on ice followed by sonication
on ice (ten times for 30 s each). The homogenates were
centrifuged at 12,000 rpm in a benchtop centrifuge at 4°C
for 30 min, and the supernatant was further processed. The
protein extract was precipitated for purification, enriched in
80% acetone overnight at −20°C and analyzed using 1D gel
electrophoresis (12% SDS gel). The protein concentration
was 100 μg/ml, as measured using the Bradford method
with BSA as the protein standard (Sigma-Aldrich,
Taufkirchen). All of the samples were stored at −80°C
until analysis.

One-dimensional gel electrophoresis

A 12% SDS gel was prepared using a standard protocol [20]
and 100 μg of the sample were applied to the gel. For
staining, we used 0.4% Coomassie Brilliant Blue R250
(Serva Electrophoresis GmbH, Heidelberg, Germany) in 50%
methanol and 12% acetic acid. In-gel digestion with trypsin
was performed according to published procedures [21].

MS analysis and protein database search

After the SDS-PAGE bands were cut out and digested
with trypsin, the resulting peptides were separated on a

Table 1 Clinical characteristics of the PTC patients

Discovery set (FT) Validation set (FFPE)

Set characteristics MALDI-IMS S100A-10 (IHC) S100-A6 (IHC) TXN (IHC)

Mean age (range) 36.7 (30–44) 36.4 (30–46) 36.9 (30–46) 36.6 (30–46)

No. of patients 29 71c 89 79

No. of female (♀) patients 29 65c 79 71

No. of male (♂) patients 0 6c 10 8

No. of B-RAF-positive patientsa 3 3 3 3

No. of B-RAF-negative patientsa 10 38c 46 46

TNM classification [20]

pTN0b 14 pT2N0 19 4 pT1N0 14 pT2N0
1 pT3N0

26 6 pT1N0 20 pT2N0 20 4 pT1N0 15 pT2N0
1 pT3N0

pTN1b 11 pT2N1
4 pT4N1

52 5 pT1N1 40 pT2N1
2 pT3N1 5 pT4N1

63 6 pT1N1 46 pT2N1
2 pT3N1 9 pT4N1

59 5 pT1N1 45 pT2N1
2 pT3N1 7 pT4N1

FT frozen tissue, FFPE formalin-fixed, paraffin-embedded (tissue)
a No tumor tissue available for 30 cases of the B-RAF sequencing
bMALDI-IMS—more than 86% of pT2 and only females in the set; IHC—more than 74% of pT2 and 90% females in the set; all cases without an
observed distant metastasis
c Due to technical reasons, eight of 79 patient tissues could not be considered for the final analysis
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nano-RP-HPLC column (PepMap, LC Packings, Sunnyvale,
CA, USA) connected to a linear quadrupole ion trap mass
spectrometer (LTQOrbitrap XL, Thermo Scientific, Waltham,
MA, USA) equipped with a nano-ESI ion source. All of the
obtained MS/MS spectra were used as input for searches
in the UniRef100 human sequence database using
Mascot (v2.2.06, Matrix Science, London, UK). A final
evaluation of the protein/peptide identification results
was performed within the Scaffold 3 software frame-
work (Proteome Software, Portland, OR, USA).

Immunohistochemistry

For immunohistochemical validation of the selected proteins,
the sections of a tissue microarray containing 89 formalin-
fixed, paraffin-embedded tissues cores in triplicates were
prepared and incubated with the following primary antibodies:
mouse anti-S100-A10 (p11, the calpactin light chain) mono-
clonal antibody (Swant, Bellinzona, Switzerland; 1:50,000,
0.2 μg/mL), rabbit anti-S100-A6 Ab-9 polyclonal antibody
(Thermo Scientific, Waltham, MA, USA; 1:200, 0.5 μg/mL)
and thioredoxin-1 rabbit monoclonal antibody (Cell Signaling,
Beverly, MA; 1:500, 0.1 μg/ml). Detection was performed
using peroxidase-DAB (diaminobenzidine)-MAP chemistry
with an automated stainer (Ventana Discovery XT, Ventana,
Tuscon, AZ, USA).

The intensity of the staining was scored as follows:
completely negative (0), slightly stained (1), moderately
stained (2), and strongly stained (3). Scores of 0 and 1 were
considered negative (−), whereas scores of 2 and 3 (+) were
considered positive. The differences between the immunohis-
tochemical scores were analyzed using Fisher’s exact test. P
values of <0.05 were considered significant. All of the
statistical tests were performed using the R software package.

B-RAF (V600E) sequencing

To determine the presence of the T1796 mutation of the B-
RAF gene (T1796A), 100 ng of genomic DNA was
amplified using primers that spanned exon 15, as described
by Powell et al. [22]. After verifying the size of the
amplification product, the DNA was purified using a
QIAquick PCR Purification Kit (Qiagen, Hilden, Germany)
and analyzed for the mutation using a BigDye kit (Applied
Biosystems) in combination with an ABI3730xl capillary
electrophoresis DNA analyzer (Applied Biosystems).
The fluorograms were assessed using UGENE software
(Unipro, Novosibirsk, Russia).

Statistical analyses

Tumor-associated spectra were selected using FlexImaging
2.1 software (Bruker Daltonik GmbH, Bremen, Germany).

For this purpose, we defined in every tissue section regions
of interest (ROIs) that contained papillary thyroid cancer
tissue cell populations. One hundred of these extracted
mass spectra were randomly selected for each case and
processed further. This processing included recalibration,
normalization based on the total ion count, and peak
identification, using ClinProTools 2.2 software (Bruker
Daltonik GmbH, Bremen, Germany). Significant differ-
ences in peak intensity between the groups without and
with metastasis (pT2N0 and pT2N1/pT4N1) were deter-
mined using the Wilcoxon rank-sum test with a significance
cutoff of 0.05.

Unsupervised hierarchical clustering of all samples was
performed within the R statistical environment (R Develop-
ment Core Team, 2009) using McQuitty linkage and the
Canberra distance measurement between protein profiles.

Protein set enrichment analysis

Protein set enrichment analysis was performed using
Ingenuity Pathway Analysis (Ingenuity Systems, Mountain
View, CA). The list of proteins (92) that were found to be
overexpressed in the node-positive PTC compared with
node-negative PTC by MALDI-IMS was uploaded to the
Ingenuity Pathway Analysis website (www.ingenuity.com)
and analyzed using default parameters. P values smaller
than 0.05 with a false discovery rate smaller than 0.25 were
accepted as statistically significant.

Results

Determination of discriminating expression profiles
between pT2N0 and pT2/4N1 PTC

To detect proteomic patterns that were associated with
lymph node status in thyroid tumors, we assessed the
protein profiles of a discovery set (n=29) and a validation
set (n=89) using MALDI-IMS and IHC, respectively. The
same tissue sections analyzed by MALDI-IMS were stained
with H&E, and the digital images were co-registered with
the MALDI-IMS results to correlate the mass spectrometric
data with the histological features. This procedure allowed
a histology-directed analysis of the mass spectra obtained
from the measured tissue samples.

To identify these proteomic mass patterns, we performed
an LC-MS/MS analysis. Proteins were extracted from tissue
and the complexity of the sample was reduced by 1D gel
electrophoresis. A slice of the low molecular weight
fraction was cut out, digested with trypsin, and analyzed
with LC-MS/MS. The resulting significant protein hits and
their intact protein masses were then compared with the
differentially expressed protein mass features of MALDI-
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IMS results. Validation of candidate proteins was per-
formed with IHC on a validation set.

The co-registration of discriminating peaks and H&E
stained tissue is illustrated in Fig. 1; the typical single mass
discriminating peaks for selected spectra differences between
tumor areas with and without metastasis are also shown.
Based on these promising preliminary results, we defined in
every tissue section ROIs that contained papillary thyroid
cancer tissue cell populations using the ClinProTools 2.2
software (Bruker Daltonik GmbH, Bremen, Germany).

On average, we resolved 100 to 150 peaks per case within
the mass range of m/z 3,000 to 16,000. In total, 36 m/z
species were found to discriminate papillary thyroid cancer
without lymph node metastasis (n=14) from thyroid cancer
with lymph node metastasis (n=15).

In the initial discovery experiment, we analyzed 29
tumor tissue samples (npT2N0=14, npT2N1=15), among

which 36 individual m/z species, representing specific
pN1 or pN0 tumor cell populations defined by the chosen
ROIs, were used for the comparative analysis. These 36 m/z
species are m/z 3,327, 5,651, 5,994, 6,295, 6,315, 6,449,
6,856, 6,886, 6,919, 6,954, 8,453, 8,489, 8,537, 8,625,
8,657, 9,264, 10,094, 10,130, 10,173, 10,211, 10,254,
10,294, 10,324, 10,360, 10,398, 10,496, 11,184, 11,310,
11,347, 11,383, 11,567, 11,608, 11,649, 13,789, 13,828,
and 13,897 and discriminated between the pN1 and the pN0
tumor samples.

The McQuitty Agglomeration Algorithm and Canberra
distance identified two clusters: one cluster contained only
the pT2/4N1 samples, whereas the other cluster contained
only the pT2N0 cases, excluding a single false-positive
case in each group. Representative m/z species and
visualized unsupervised clustering using spectral grouping
are shown in Table 2 as well as in Fig. 2.

Fig. 1 MALDI-IMS analysis of PTC. a Direct tissue mass spectro-
metric analysis reveals tissue-type-specific profiles, as shown in this
comparison of papillary thyroid cancer tissues (PTC) without (pN0)
and with lymph node metastasis (pN1) from n=29 individual patient
samples that were analyzed by MALDI-IMS. The overall average
spectra shown in the mass range of 10,770–11,970 Da (x-axis) were
obtained from PTC pN0 (green) and PTC pN1 (red) tissue areas. An
example of differentially expressed m/z species (m/z 11,310) is

indicated by an asterisk. Similar figures showing the m/z species of
our three candidates in detail can be found in the ESM. b Overlay of
H&E-stained tissue and tumor-specific m/z species after unsupervised
clustering. Only the red area was considered tumor tissue area of a
pT2N1 case and was used for the analysis. c Overlay of H&E-stained
tissue and tumor-specific m/z species after unsupervised clustering.
Only the green area was considered tumor tissue of a pT2N0 case and
was used for the analysis
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Protein identification

Protein identification after the discovery of significance in
the clinical context remains a challenge for MALDI-IMS.
Although peptide identification by MALDI-IMS is more
difficult than by LC-MS/MS, the direct identification of

tumor-specific peptides with a high molecular weight (e.g.,
4,300 Da) has been demonstrated [23]. Because the masses
of the detected discriminating proteins were in the range of
4,000–14,000 Da, we chose a different identification
strategy.

To identify these proteomic mass patterns, we performed
an LC-MS/MS analysis on case 6. Proteins were extracted
from tissue and the complexity of the sample was reduced
by 1D gel electrophoresis. A slice of the low molecular
weight fraction was cut out (see Fig. 3 in the ESM),
digested with trypsin and analyzed with LC-MS/MS. The
resulting significant protein hits and their intact protein
masses were then compared with the differentially
expressed protein mass features of MALDI-IMS results.
Ninety-two proteins were identified in the selected 1D gel
band with a probability of at least 95%. Two of these
proteins (S100-A10 and thioredoxin) were identified as
mass discriminating m/z species for pT2N1 tumor tissues
before. Validation of candidate proteins was performed with
IHC on a validation set. Because of the identification of
four strong related S100-proteins and the formerly pub-
lished identification of m/z 10,094 as S100-A6 by Sanders
et al. [24] S100-A6 was analyzed by IHC on the same
validation set.

Overexpression of S100-A6, S100-A10, and TXN
confirmed by immunohistochemistry

The three candidate proteins S100-A10 (p11, the ligand of
Annexin-II), S100-A6 (Calcyclin) and TXN (thioredoxin)
were further validated using IHC. In case of S100-A6 and
S100-A10, this validation was in particular important
because of a similar range of m/z species and conserved
protein domains within the S100 protein family. Therefore,
the monoclonal antibody mouse anti-S100-A10 (Swant,
Bellinzona) and the rabbit anti-S100-A6 Ab-9 polyclonal
antibody (Thermo Scientific, Waltham, MA, USA) were
chosen that are specific for one single S100 protein without
any known cross-reactions with other S100 family mem-
bers. Whereas antibody staining was nearly absent in all of
the normal thyroid tissues, positive staining was detected in
more than 50 of the 89 tumor cases (Table 3; Fig. 3). A
correlation analysis of the immunohistochemical staining
results with clinical data revealed that the overexpression of
S100-A10, S100-A6, and TXN was associated with
metastasis (p value for S100A10: 0.00018; p value for
S100-A6: 0.0013; p value for TXN: 0.00003; Fisher’s exact
test). There was a high overlap because more than 85% of
the stained pN1 cases were positive for all three tested
antibodies. The positive predictive value was between
85% (S100-A6) and 89% (S100A10), the negative
predictive value between 54% (S100-A10) and 71%
(TXN). Because of a high overlap in overexpression of

Table 2 Thirty-three discriminating m/z species overexpressed in
pT2/4N1 detected by MALDI-IMS

m/z species
MALDI-IMS

Theoretical
mass weight

Δm Protein name

5,651 5,655 4 Beta-defensin 110

5,994

6,295 6,297 2 Beta-defensin 130

6,315

6,449

6,856

6,886 6,886 0 FAM165B

6,919

6,954

8,453

8,537 8,542 5 Interleukin-8

8,625

8,657 8,658 1 CAMK2N2

10,094c 10,094c 0c S100-A6b

10,130

10,173

10,211

10,254

10,294

10,324

10,360

10,398 10,400 2 S100-P

10,496

11,184 11,187 3 S100-A10a, b

11,310

11,347

11,383

11,567

11,608 11,606 2 TXNa, b

11,649

13,789 13,789 0 HIST2H2BE

13,828 13,833 5 PHPT1

13,897

a Proteins were identified by LC-MS/MS and could be correlated to
corresponding masses derived from MALDI-IMS approaches. In order
to confirm these protein hits, they were further validated by IHC
b Proteins were further validated by IHC
c The mass weight described by Sanders et al. 2008 [24] was 10,094
and should most probably represent the S100A6 molecule without
starting methionin and with calcium bound
d A 5 Da was considered as MALDI-IMS measurement accuracy
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these proteins and similar classification values, one
single antibody shows nearly the same PPV as combi-
nation of these proteins while the S100-A10 antibody
shows best PPV and TXN antibody shows best NPV.

S100-A-10 antibody is also suggested because of its
very well technical staining results. The small percent-
age of available pN0 cases might contribute significantly to
the lower NPV in all three experiments.

Fig. 2 Heatmap of all 29 tumor tissues that were analyzed by
MALDI-IMS after unsupervised hierarchical clustering. The number
of the patient is shown on the right; the corresponding color code is
shown on the left (red, pT2N1; green, pT2N0). The 36 discriminating
mass species are shown at the bottom (from left to right;
corresponding m/z species to our validated candidate proteins are red
highlighted and underlined). The green rectangles indicate over-
expression of a specific m/z species in one tissue; red indicates
diminished expression. Less intensive rectangles indicate a greater

difference in expression compared with the darker ones. Our three
candidates (m/z 10,094, 11,184, and 11,608) were altogether overex-
pressed in four cases, two of them together in seven (m/z 10,094 and
11,184) and 11 cases (m/z 11,184 and 11,608) of the pT2N1 group.
Case 6 was chosen for further LC-MS/MS because of its most typical
pT2N1-spectra profile with strong overexpression of metastasis-
specific m/z species. Most of the m/z species were over-represented
in metastatic patients, which resulted in the proteomic pattern that
separated pT2N0 from pT2N1 (p value, 0.00003)

Table 3 Results obtained for
the discovery and validation sets

aFisher’s exact test
bPositive predictive value
cNegative predictive value

Discovery set (MALDI-IMS) Validation set (IHC)

Antibody n.a. S100-A10 S100-A6 TXN

Cluster/score N0 N1 0/− 1/± 0/− 1/± 0/− 1/±

pT2N0 13 1 14 5 17 9 15 7

pT2N1 1 14 12 40 13 50 6 51

p value 0.00003a 0.00018a 0.0013a 0.00003a

PPVb 93.33% 88.88% 84.75% 87.93%

NPVc 92.87% 53.85% 56.67% 71.42%
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B-RAF mutation V600E

Sixty of 118 tumors were characterized for the presence of
the B-RAF (V600E) mutation. Among the characterized
tumors, 54 cases (90%) did not carry the B-RAF (V600E)
mutation, whereas six cases (10%) were positive for this
mutation. We could not find any statistical relationship
between overexpression of one of our three candidates and
B-RAF (V600E) mutation that may be up to statistical
problems concerning the small number of B-RAF (V600E)
positive patients in this cohort.

Pathway enrichment analysis

In order to identify pathways that are specifically deregulated
in metastatic PTC the candidate proteins identified using
MALDI-IMS (Table 2) were subjected to a protein set core
analysis. Significantly over-represented pathways associated
with the candidate proteins were the TGF-β-depending
epithelial–mesenchymal transition (EMT) (Fig. 4) and the
actin cytoskeleton signaling pathway. Interestingly, 11 out 92
(12%) of the proteins that were specifically upregulated in
node-positive compared with node-negative tumors
identified by LC-MS/MS in one of the node-positive

cases (case 6) are part of the TGF-β-dependent EMT
and actin cytoskeleton pathways.

Discussion

The majority of PTC cases demonstrate a slow growth and
an excellent overall prognosis [4]. Despite this favorable
clinical outcome, approximately 15% of PTC cases dem-
onstrate a more aggressive behavior and present local
invasion, treatment resistance, recurrence and distant
metastases [25]. Lymph nodes are the most frequent
metastatic sites in PTC; lymph node metastasis indicates a
high risk for disease recurrence and poor survival [26].
Therefore, it is important to identify biomarkers that
indicate an aggressive outcome in PTC. The ability to
detect such biomarkers in blood or serum would potentially
improve the treatment in finding high-risk groups for
recurrence.

To identify biomarkers in tumor tissues, we investigated
the proteomic profiles of PTC cases with or without lymph
node metastasis that were matched for the following: age at
diagnosis, gender, ethnicity, and tumor size. This carefully
matched cohort allowed us to employ an advanced

Fig. 3 Representative immunohistochemical staining of S100-A10,
S100-A6, and TXN in normal thyroid (left side) and tumor tissues
(from top to bottom: S100-A10, S100-A6, thioredoxin; from left to

right: normal thyroid tissue (score, −), papillary thyroid tissue (score, −),
and papillary thyroid tissue (score, +)
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MALDI-IMS approach to identify 36 m/z species that
discriminated metastatic from non-metastatic tumor cases in
a discovery cohort (Fig. 2). Interestingly, three proteins,
S100-A6, TXN, and S100-A10, were found to represent
molecular markers of metastasis in PTC. This finding was
confirmed by the overexpression of these proteins in lymph
node-positive PTC in an independent validation cohort.

Thus far, the most prominent prognostic marker in PTC
for disease recurrence, progression, and metastasis is the B-
RAF mutation (V600E). Several studies have reported a
correlation of this marker with tumor invasion and
metastasis [27], with radioactive iodine-refractory and
FDG-PET-positive differentiated thyroid cancers [28], and
its use for preoperative risk stratification in papillary
thyroid cancer [7]. Although the B-RAF (V600E) mutation
has been established as a prognostic risk factor, the
correlation between its occurrence and advanced PTC is
not obvious because only 36% of B-RAF (V600E)-positive
tumors have demonstrated disease recurrence, whereas 12%
of B-RAF (V600E)-negative tumors also present advanced
PTC [7]. Thus, the mechanism by which B-RAF (V600E)
induces tumor aggressiveness remains unclear. It was
shown recently that B-RAF (V600E) mutation is associated
with epithelial–mesenchymal transition papillary thyroid
cancer [29]. In the present study, only a small portion of the
N1 cases harbored the B-RAF (V600E) mutation; therefore,
B-RAF (V600E) is unlikely to play an important role in
tumor aggressiveness according to our tumor cohort. This
finding strongly supports the search efforts for biomarkers
among other gene alterations, such as TSP-1, that are also
important for tumor invasion and metastasis [27].

To date, several other biomarkers have been tested for
their potential to predict lymph node involvement in PTC
[30–32]; however, none of them have entered clinical
practice, which could be due in part to the use of
inappropriately matched tumor cohorts in previous studies.
To reduce the variability of the experimental data to a
maximum, we matched the tumors of the discovery set
according to as many parameters as possible (such as age,
gender, and tumor size). Using this study design revealed
S100-A6, TXN, and S100-A10 as novel candidate bio-
markers for metastasis in PTC. Moreover, to our best
knowledge, this report is the first to identify proteomic
markers of lymph node metastasis in PTC. We also
demonstrated the potential of using MALDI-IMS to detect
differences in proteomic patterns among tumor groups
based on an in situ analysis of the tissue sections and
showed its significantly higher accuracy and sensitivity in
predicting tumor subgroups than normally found in classic
approaches like IHC which is a result of its semi-
quantitative abilities. Our strategy to compare PTC cases
that were highly matched and that only differed with
respect to lymph node involvement differs from the
strategies used in other studies that compared either
different variants of PTC (aggressive tall-cell variants vs.
indolent conventional PTC [32] or primary PTC and the
corresponding lymph node metastasis [33] at the mRNA
level. Interestingly, in the study reported by Wreesmann et
al., MUC1 was identified as a potential biomarker for the
aggressive behavior of PTC; they also demonstrated the
genomic amplification and dysregulation of MUC1 at the
mRNA level and the overexpression of MUC1 protein by

Fig. 4 TGF-β-related pathway
generated from our candidate
proteins using Ingenuity
Pathway Analysis (lime green—
proteins detected by MALDI-
IMS, identified by LC-MS/MS,
and validated using IHC
(Table 2); dim gray—proteins
identified by LC-MS/MS on
case 6 (Table 3 in the ESM);
yellow arrows indicate direct
relationship between TGF-β and
one of our identified proteins
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immunohistochemistry [32]. MUC1 is located in chromo-
some band 1q21, which is very close to the loci of two
candidate biomarkers identified in the present study: S100-
A10 and S100-A6, mapped to chromosome bands 1q21.3
and 1q23, respectively. Considering this genetic associa-
tion, the chromosomal region 1q21–1q23 is likely impor-
tant for tumor aggressiveness in PTC.

The present study identified three novel protein markers
for metastasis in PTC: S100-A10, TXN, and S100-A6. In
initial IHC experiments on five pT2N1 patients of our
discovery set, we could observe a correlation in over-
expression of these candidate proteins between the lymph
node metastases and their primary tumors (Fig. 2 in the
ESM). Overexpression of S100-A6 has been reported in
several types of cancer such as hepatocellular carcinoma
[34], malignant melanoma [35], and in papillary thyroid
carcinoma. In contrast, a reduced expression was observed
in anaplastic thyroid carcinomas and in normal thyroid
tissue [36, 37]. Further, a correlation of S100-A6 expres-
sion level and the tumor grade was observed in colorectal
cancer [38] and pancreatic cancer [39] [40]. In primary
colorectal cancer lesions, an overexpression was detected at
the invading fronts and in liver metastases. These observa-
tions suggest that S100-A6 could be involved in the
stimulation of tumor cell invasion [38]. Since S100-A6
expression was detected both in tumor and stroma cells, it
has been proposed that S100-A6 regulates pulmonary
fibroblast proliferation [41]. Therefore it is likely that
S100-A6 also might modulate tumor progression by
regulating proliferation of tumor-associated fibroblasts. In
papillary thyroid carcinoma, Sofiadis et al. reported
different isoforms of S100-A6 using LC-MS/MS analysis
and showed that PTC can be distinguished from follicular
thyroid tumors only by the S100-A6 biomarker [42]. In this
study, the expression of S100-A6 was in reported to be
independent from the presence of B-RAF-mutations.

S100-A10, the second candidate protein, binds to tissue
plasminogen activator (tPA) and plasminogen, thereby
stimulating the tPA-dependent plasmin production. S100-
A10 also co-localizes plasminogen with the urokinase-type
plasminogen activator (uPA)-uPAR complex, which results
in the stimulation of uPA-dependent plasmin formation on
the surface of cancer cells. A loss of S100-A10 from the
extracellular surface of cancer cells results in a significant
loss of plasmin formation. Moreover, S100-A10 knock-
down in tumor cells leads to a dramatic decrease in
extracellular matrix degradation and invasiveness as well
as reduced metastasis [43]. It is widely accepted that the
plasminogen activation system plays a central role in
mediating cancer progression [44]. The plasminogen
activation system has been extensively studied as a target
for anticancer therapy using a variety of approaches [45].
The key role of S100-A10 in regulating plasminogen

activation makes it an attractive target for the development
of novel cancer therapies.

The protein TXN is an oxidoreductase enzyme that
contains a dithiol-disulfide active site. Experimental studies
have suggested that TXN is an important regulator of the
G1 phase of the cell cycle that functions by regulating
cyclin D1 transcription and the ERK1/2/AP-1 signaling
pathways [46]. Furthermore, TXN contributes to many
functional hallmarks of cancer, including increased prolif-
eration, resistance to cell death and increased angiogenesis.
TXN expression is associated with aggressive tumor
growth, therapy resistance and decreased patient survival
[47]. Moreover, the A2-S100-A10 complex is a substrate
for TXN [43] and therefore, it is also directly associated
with plasmin production.

Notably all three proteins are part of the TGF-β-
dependent EMT pathway (Fig. 4). Thus, these proteins are
linked to network that controls the EMT in tumors. In this
network, TGF-β plays a complex but not entirely known
role: it may function both as a tumor suppressor in early
stages of tumor development and as tumor promoter in late
stages of tumor progression [48, 49]. TGF-β promotes
tumor progression and metastasis by exerting pleiotropic
effects on the neoplastic cells, including induction of EMT,
and on the surrounding stroma [50]. Increased expression
of TGF-β occurs in many human cancers and correlates
with enhanced invasion and metastasis. [51, 52] One of the
key events during the transition of an epithelial cell into a
mesenchymal cell is the so-called robust remodeling of the
actin cytoskeleton. As demonstrated in Fig. 4, functional
pathway analysis identified cytoskeletal reorganization as
one of the major processes regulated by the proteins that we
identified in our study. The candidate proteins, S100-A10
and S100-A6, were shown to be overexpressed in metas-
tasized PTC by MALDI-IMS while ACTG1 and COTL1
were identified to be present in one pT2N1 case using LC-
MS/MS. S100-A6 and S100-A10 which were furthermore
validated by immunohistochemistry are known to be
involved in the temporal regulation of actin cytoskeleton
remodeling at the leading edge of a migratory cells. Both
S100-A6 and S100-A10 are directly regulated by TGF-β.
Feighery et al. [53] reported that S100-A6 could play an
important role in immune mediated renal EMT and the
ensuing fibrosis as well as in other TGF-β-dependent
cellular EMT-processes like other S100-proteins. Several
reports indicate cooperation of TGF-β and Ras/MAPK
pathways in promoting EMT. Moreover a study by Grande
et al. [54] has shown that EGF-dependent activation of Ras/
MAPK stimulates TGF-β-induced EMT.

A major defining characteristic of the plastic response of
human epithelial tumor cells to EMT-inducing growth
factors is the expression of stromal remodeling proteases
and their specific inhibitors. Activation of the serine
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protease plasminogen (a prominent component of the
epidermal matrix) to the broad-spectrum protease plasmin
provides a fundamental mechanism for initiating extracel-
lular matrix proteolysis [55]. This system is regulated by
the accessibility of activators and inhibitors at the cell
surface, as well as in the pericellular environment. High
expression of the uPA and its receptor uPAR have been
linked to poor prognosis in cancer patients [56].

In conclusion, using MALDI-IMS, we identified the
novel proteomic biomarkers S100-A6, TXN, and S100-A10
in addition to 33 yet unreported candidate proteins in
metastatic PTC. These markers may be important for risk
stratification and are potential targets for the development
of novel therapeutic strategies. Additional studies are
required to understand the complex role of these candidates
and the influence of TGF-β-induced EMT on tumor
aggressiveness and migration. Therefore, a suitable knock-
down model on these three candidates would be very
interesting. Another approach could be to look over
patient’s serum for the presence of our candidate proteins.
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