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Abstract Radiation-induced human papillary thyroid
carcinomas (PTCs) show a high prevalence of fusions of
the RET proto-oncogene to heterologous genes H4 (RET/
PTCI) and ELEI (RET/PTC3), respectively. In contrast to
the normal membrane-bound RET protein, aberrant RET
fusion proteins are constitutively active oncogenic cyto-
solic proteins that can lead to malignant transformation
of thyroid epithelia. To detect specific tumor-associated
protein changes that reflect the effect of RET/PTC fusion
proteins, we analyzed normal thyroid tissues, thyroid
tumors of the RET/PTC1 and RET/PTC3 type and their
respective lymph node metastases by a combination of
high-resolution two-dimensional electrophoresis and matrix-
assisted laser desorption/ionization-mass spectrometry.
PTCs without RET rearrangements served as controls.
Several cytoskeletal protein species showed quantitative
changes in tumors and lymph node metastases harboring
RET/PTC1 or RET/PTC3. We observed prominent C-ter-
minal actin fragments assumedly generated by protease
cleavages induced due to enhanced amounts of the active
actin-binding protein cofilin-1. In addition, three truncated
vimentin species, one of which was proven to be headless,
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were shown to be highly abundant in tumors and metas-
tases of both RET/PTC types. The observed protein chan-
ges are closely connected with the constitutive activation of
RET-rearranged oncoproteins and reflect the importance to
elucidate disease-related typical signatures on the protein
species level.
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Abbreviations

PTC Papillary thyroid carcinoma

RET Rearranged during transfection proto-
oncogene

RET/PTC1 RET gene rearrangement with H4 gene

PTC1 Papillary thyroid carcinoma with RET/PTCI

RET/PTC3 RET gene rearrangement with ELE] gene

PTC3 Papillary thyroid carcinoma with RET/PTC3

PTCO PTC without RET rearrangement

TK Tyrosine kinase

TAPs Tumor-associated protein changes
MAPs Metastasis-associated protein changes
N Normal thyroid tissue

T PTC1-, PTC3-, PTCO-tumor

M Lymph node metastasis

IF Intermediate filaments

MAPK Mitogen-activated protein kinase
Introduction

The development of papillary thyroid carcinomas (PTCs)
has been reported in children exposed to radioactive fallout
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after the reactor accident in Chernobyl, particularly in
highly contaminated regions of Belarus. Molecular analysis
of post-Chernobyl PTC revealed, at short intervals after the
accident, a very high prevalence of RET proto-oncogene
rearrangements (Klugbauer et al. 1995; Nikiforov et al.
1997; Rabes et al. 2000). These rearrangements are char-
acterized by fusion of the RET tyrosine kinase (TK)-
encoding domain and 5’ parts of various other genes that
lead to the generation of different chimeric RET/PTC
oncogenes (for review, see Rabes 2001). The predominant
variants RET/PTC1 and RET/PTC3 involve the genes H4
(Greco et al. 1999; Pierotti et al. 1992) and ELE] (Santoro
et al. 1994; Bongarzone et al. 1994), respectively. RET/
PTC3 rearrangements prevail during the early, RET/PTCI
at later intervals after irradiation (Rabes et al. 2000).

The proto-RET encodes a membrane-associated receptor
TK that is produced at specific developmental stages in
cells derived from the neural crest including sympathic
ganglia, adrenal medulla and thyroid C cells, and cells of
the excretory system of the developing kidney. RET is the
receptor for the glial cell-derived neurotrophic factor
(GDNF) family. It is activated by its homodimerization and
autophosphorylation at specific tyrosine residues. RET
triggers several intracellular signaling cascades, which
regulate, dependent on the cell type, survival, differentia-
tion, proliferation, migration, chemotaxis, branching mor-
phogenesis, neurite outgrowth and synaptic plasticity
(Airaksinen et al. 1999; Sariola and Saarma 2003).

RET/PTC1 and RET/PTC3 are formed when RET
undergoes a translocation fusing its 3’ TK domain to a 5’
part of another gene that replaces the RET promoter, the
extracellular ligand binding domain and the membrane
anchoring domain. The genes that are predominantly fused
to RET, H4 and ELE] are ubiquitously expressed, including
thyroid follicular epithelium. It has been discovered that H4
is involved in the induction of apoptosis in thyroid follicular
epithelial cells (Celetti et al. 2004). ELE1 (ARA70) func-
tions as a transcriptional coactivator of androgen receptor
(Yeh and Chang 1996). Various functional consequences of
RET rearrangements have been discussed with regard to
oncogenic activation: (a) transcriptional activation of RET
due to the novel 5’ promoter of the chimeric genes, (b)
translocation of RET/PTC proteins into cytoplasm due to
the deletion of the transmembrane anchoring sequence, and
(c) constitutive upregulation of RET signaling due to the
dimerization potential of 5’ fused genes and tyrosine auto-
phosphorylation of RET/PTC proteins. As a consequence of
aberrant RET upregulation, the normal cell metabolism is
deranged. Protein alterations in PTC might reflect this
dysregulation due to RET gene rearrangements.

Recent studies disclosed that the type of genetic alter-
ations is decisive for the tumor phenotype: RET/PTCI
rearrangements were found mainly in papillary and
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follicular variants, while in tumors with RET/PTC3 rear-
rangements the solid variant of PTC was most frequently
observed (Rabes et al. 2000; Thomas et al. 1999). The
presence and activity of RET/PTC mutant protein appears
sufficient to induce typical morphological changes that are
characteristic for PTC (Barone et al. 2001; Fischer et al.
1998; Mai et al. 2001; Fusco et al. 2002), but might be
different in PTC without RET/PTC rearrangement. To
explore if these differences are reflected by a specific
pattern of quantitative and/or qualitative protein changes,
we performed comparative proteome analyses of normal
thyroid tissues, thyroid tumor tissues and lymph node
metastases as a function of the type of RET rearrangement,
PTC1 or PTC3, and in PTC without RET rearrangement.
Soluble and insoluble protein fractions were extracted and
separated by high-resolution two-dimensional electropho-
resis (2-DE). Protein spots showing significant changes in
spot intensity, which are characteristic for PTC1 and/or
PTC3 tumors, were identified by matrix-assisted laser
desorption/ionization-mass spectrometry (MALDI-MS).
Sixty-two tumor-associated protein changes (TAPs) were
identified and could be assigned to different protein fami-
lies and functions. In this contribution, we focused on
TAPs that are related to the cytoskeleton.

Our analysis revealed several cytoskeletal protein spe-
cies, namely from actin, vimentin and the actin-binding
protein cofilin-1, showing marked quantitative changes
assumedly due to the constitutive activity of RET/PTC1 or
RET/PTC3 fusion proteins in the radiation-induced papil-
lary thyroid tumors investigated. It exemplifies that pro-
teomics provides the possibility to elucidate downstream
regulatory effects caused by genetic alterations and dem-
onstrates that the combination of molecular biology and
proteomics offers a valuable approach for in-depth analysis
of correlations between genomic alterations and phenotype
in human thyroid carcinomas.

Materials and methods
Tissue specimen

Normal human thyroid tissues, PTCs and their respective
lymph node metastases were studied. In a preceding
molecular analysis, the type of RET rearrangement, either
RET/PTCI1 or RET/PTC3 or missing RET rearrangement
(designated PTCO), has been determined (Rabes et al.
2000). The tumor material was obtained from 17 female
patients who had been exposed during childhood (mean
age 4.8 £+ 4.1 years) to the radioactive fallout after the
reactor accident in Chernobyl. The tissue samples have
been collected between 1997 and 1998 from these patients
(mean age at surgery 16.7 £ 4.0 years; tumor latency
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12.1 £ 0.43 years) with informed consent. They under-
went thyroidectomy at the Department of Surgery, Medical
High School of Minsk, Belarus. At surgery, small tissue
samples were frozen in dry ice and subsequently stored at
—80°C until further processing.

We compared sets of samples from each individual
patient comprising normal human thyroid tissue, primary
PTC and, if available, lymph node metastases. For PTC1,
material was obtained from six normal thyroid tissues, six
PTCs and three lymph node metastases. PTC3 samples
were analyzed from six normal thyroid tissues, five tumors
and five lymph node metastases. In case of PTCO, five
normal thyroid tissues, five thyroid carcinomas and three
lymph node metastases were studied. All samples were
histologically verified (Rabes et al. 2000).

Preparation of protein samples

Soluble and insoluble proteins were extracted from tissues
samples according to Klose (1999).

Two-dimensional gel electrophoresis

Proteins were separated by high-resolution 2-DE (Klose
and Kobalz 1995) using the Iso-Dalt-equipment (Hoefer
Scientific Instruments, San Francisco, CA, USA). IEF
(first dimension) was performed in rod gels (inner
diameter 1.5 mm, length 18 cm), containing 4% carrier
ampholytes (4 parts Servalyte, pH 5-7, Serva, Heidel-
berg, Germany; 1 part Pharmalyte, pH 3-10 and 1 part
Ampholine, pH 3.5-9.5, both Amersham Pharmacia
Biotech, Uppsala, Sweden), SDS-PAGE (second dimen-
sion) was run on gels (16 cm x 16 cm x 1.5 mm) with
a 10-16% polyacrylamide gradient (Zeindl-Eberhart and
Rabes 1992). 100 pg of protein sample (Lowry protein
assay kit, Sigma-Aldrich, Deisenhofen, Germany) was
applied for analytical silver-stained 2-DE gels (Jungblut
and Seifert 1990). In case of preparative Coomassie
Brilliant Blue R-250 (CBB R250; Merck, Darmstadt,
Germany)-stained 2-DE gels and immunoblots, 400 pg of
protein sample was used.

The soluble and the insoluble protein fractions of each
sample (n = 44) were analyzed by 2-DE at least twice.
Because of the variable amount of albumin, most notably
in the soluble fraction (1st run), the applied protein amount
was adjusted to approximately similar amounts of different
internal standard proteins which were similar in amount in
normal thyroid tissues, thyroid carcinomas as well as in
lymph node metastases (2nd run).

To elucidate potential protein variations, at first 2-DE
gels of normal human thyroid tissues and gels of corre-
sponding PTC1 or PTC3 tumor material were individually
compared (as gel pairs). All protein spots that show

differences in intensity in the PTCs investigated (n = 6 for
PTCI1; n =5 for PTC3) were defined as putative candi-
dates for TAPs. These were finally verified by cross-com-
parison of all TAPs in 2-DE gels. Only stringently
confirmed differences were accepted as TAPs. Gel com-
parisons were performed using the image analysis software
program TOPSPOT, which is available at http://www.
mpiib-berlin.mpg.de/2D-PAGE/. Representative 2-DE gels
of the soluble and the insoluble protein fractions of normal
thyroid tissues were used as master gels. Spot intensities
were normalized against protein spots of the soluble and
the insoluble protein fractions, respectively, which did not
vary between normal thyroid tissues, thyroid carcinomas or
lymph node metastases. In order to evaluate significant
TAPs, a Student’s ¢ test (P < 0.05) was performed. To
define PTC1- and/or PTC3-specific TAPs, all PTC1 and
PTC3 TAPs were verified by means of 2-DE gels of PTCO
material and their corresponding normal thyroid tissues.
Only significant TAPs observed in PTC1 and/or PTC3 gels
as compared to normal thyroid tissues, but not in PTCO
tumors were accepted as specific.

In addition, all TAPs observed in PTC1 and/or PTC3
gels were verified by means of the corresponding lymph
node metastases. Spots that were significantly changed in
intensity compared with their analogous TAPs (P < 0.05)
were defined as metastasis-associated protein changes
(MAPs). All PTC1 and/or PTC3 MAPs were compared
with 2-DE gels of lymph node metastases from PTCO
patients according to the criteria outlined above.

Protein identification

For protein identification, spots of interest were excised
from CBB-stained gels and subjected to in-gel digestion
using trypsin, alternatively GluC was used as an endopro-
teinase (Lamer and Jungblut 2001). The resulting peptides
were freed of salt and concentrated using ZipTipC,g pipette
tips (Millipore, Bedford, USA). Their masses were deter-
mined using a time-of-flight mass spectrometer (Voyager
Elite; Applied Biosystems, Framingham, USA) with delayed
extraction operated in the reflectron mode. The spectra were
calibrated using synthetic peptides with known molecular
mass as internal markers. Proteins were identified by peptide
mass fingerprinting (PMF) using the search algorithms
MS-Fit (http://prospector.ucsf.edu/) and/or Peptldent (http://
au.expasy.org/tools/peptident.html). The experimentally
derived peptide masses were compared against theoretical
peptide mass data of all human/rodent proteins stored in the
National Centre for Biotechnology Information (NCBI) and/
or SwissProt (SP) database, as described (Lamer and
Jungblut 2001; Zeindl-Eberhart et al. 2001). The tolerated
mass error was 100 ppm. Partial enzymatic cleavages leav-
ing two cleavage sites, acetylation of N-termini of proteins,
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pyroglutamate formation at N-terminal glutamine of pep-
tides, oxidation of methionine and modification of cysteine
by acrylamide were considered as possible modifications.
The primary identification criterion was a sequence coverage
>30%.

Immunoblotting

For immunoblotting, the soluble protein fraction of normal
thyroid tissue and the corresponding PTC1 tumor was used
for the immunodetection of p-cofilin-1, for vimentin the
insoluble protein fraction of normal thyroid tissue and the
corresponding PTC3 tumor was taken. After 2-DE, gel
areas containing spots of interest, namely human cofilin
(~25-14 kDa/pl ~ 6-8.2) and vimentin (~40-70 kDa/
pl ~ 4-6), were excised and blotted under semi-dry con-
ditions onto hydrophobic 0.2 pm PVDF (Bio-Rad, Hercu-
les, CA, USA) membranes (2 h at 1 mA/cmz). 50 mM
borate buffer, pH 9.0 containing 20% methanol was used as
anode/cathode buffer (Zeindl-Eberhart et al. 1997). The
cathode buffer was additionally supplemented with 0.1%
SDS (Sigma-Aldrich, Miinchen, Germany). The blotted
membranes were washed in TBS and blocked for 1 h in
PBS/0.1% Tween 20 (PBS/Tween) supplemented with 5%
non-fat dry milk powder (Bio-Rad). Afterward, the mem-
branes were incubated for 17 h at 4°C with the first anti-
body (in PBS/Tween, 5% dry milk), washed three times in
PBS/Tween, incubated for 1 h with the HRP-coupled sec-
ondary antibody (in PBS/Tween, 5% dry milk) and once
again washed three times. For immunodetection of
p-cofilin-1 and vimentin, the polyclonal antibodies p-cofi-
lin-1 (Ser3-R; Santa Cruz Biotechnology Inc., Santa Cruz,
USA) and vimentin (H-84; Santa Cruz Biotechnology Inc.)
as well as the monoclonal anti-vimentin (clone vim 13.2;
Sigma-Aldrich) were used at a dilution of 1:1,500. The
secondary antibodies (anti-rabbit, anti-mouse, respectively)
were used at a dilution of 1:5,000. The signals were
intensified using the enhanced chemoluminescence (ECL)
detection kit (Amersham Pharmacia Biotech, Uppsala,
Sweden). To strip off primary and secondary antibodies,
membranes were incubated (30 min at 50°C) in 62.5 mM
Tris—=HCI buffer (pH 6.7) supplemented with 100 mM
2-mercaptoethanol and 2% SDS (all Sigma). The immu-
nodetection was repeated as described above.

Results

The present study aimed at the identification of specific
protein changes induced by RET/PTC1 and/or RET/PTC3
fusion proteins. We analyzed sets of samples from indi-
vidual patients, comprising normal human thyroid tissue,
primary PTC and lymph node metastases of the PTC1 and
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PTC3 types, by a combination of high-resolution 2-DE and
MALDI-MS. PTC without RET rearrangements served as
controls for the determination of PTCI1 and/or PTC3
specificity.

2-DE patterns of the soluble and insoluble protein
fractions of all samples investigated were highly repro-
ducible. Representative 2-DE gels of both protein fractions
of PTC are shown in Figs. la (soluble proteins) and 2a
(insoluble proteins). Sixty-two quantitative PTCI1- and/or
PTC3-specific TAPs as well as specific MAPs were
detected and could be assigned to different protein families
and functions. A number of variant protein spots were
identified as proteins involved in metabolism, detoxifica-
tion, chaperone/stress response, signal transduction, trans-
port, ion channels, as well as proteins responsible for
protein synthesis and degradation or as cytoskeletal pro-
teins. In this publication, we describe changes concerning
proteins functionally associated with the cytoskeleton and
due to their appearance as different protein species.

Seven TAPs were identified in PTC1 and PTC3 tumors.
Four MAPs were detected by comparison with their anal-
ogous TAPs in PTC1 and PTC3 lymph node metastases.
The identified variant spots represent three distinct pro-
teins: actin, cofilin-1 and vimentin. They were shown to
give rise to more than one protein spot, i.e. different protein
species (Table 1).

Certain regions of the gels in Figs. la and 2a were
designated as region-1 and region-2. They include several
significant TAPs and MAPs. These regions are shown in
more detail in Figs. 1b and 2b, respectively. Additional
spots identified as TAPs and/or MAPs outside of these
regions are also marked by arrows in Figs. la and 2a.

Tumor- and metastasis-associated protein changes
detected in PTCI and PTC3 samples

Several characteristic changes in protein abundance were
detected in 2-DE gels of the soluble protein fractions of
PTC1 and/or PTC3 samples. In region-1 (Fig. 1b), three
prominent protein spots (23, 24 and 25) are marked by
arrows in 2-DE gels of normal thyroid tissues (N). All
these spots showing the same apparent p/ (5.6) but dif-
fering with regard to their Mr (37, 33 and 28 kDa) were
identified by PMF as N-terminally truncated actin. In
PTC1 and PTC3 tumors (T), the amount of these actin
species is markedly elevated. Significantly increased
intensities were also registered for spots 24 and 25 in
lymph node metastases (M) of PTC1 and for spot 23 in
PTC3. In PTCO material, no significant changes of these
spots could be observed. Interestingly, the intensity of the
full-length actin (43.0 kDa/pl 5.3) did not vary signifi-
cantly in the investigated tissue material, its position is
marked in Fig. la.
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Fig. 1 Different actin species
showed tumor-associated
intensity changes in PTC1 and
PTC3. a 2-DE gel of soluble
proteins from papillary thyroid
carcinoma. 100 pg of soluble
proteins was separated in the
first dimension by isoelectric
focusing using 4% carrier
ampholytes (pH 3-10).
Separation in the second
dimension was performed using
an acrylamide gradient
(10-16%) followed by silver
staining. Mr axis was calibrated
by standard proteins (Serva).
Framed area designated as
region-1 shows tumor-
associated protein changes
(TAPs) (arrows). These were
identified by PMF as actin
species. The quantitative
changes are shown in more
detail in b. The variant spot 334
was identified as the activated
actin-binding protein cofilin-1
(arrow), the position of
phosphorylated cofilin-1
(p-col-1) is encircled and shown
in supplement Figure 2a. The
identity of all TAPs is
summarized in Table 1. b In the
soluble protein fractions of
normal thyroid tissues (N),
papillary thyroid carcinomas of
the PTC1 and PTC3 type (T)
and in lymph node metastases
(M), three different spots (23,
24 and 25) representing actin
were detected (region-1). PTCO
samples served as a control

(N, T, M) for the determination
of PTC1 and/or PTC3
specificity. Arrows in PTC-T
and -M areas indicate identified
spots showing significant
changes (P < 0.05) in protein
abundance between normal and
PTC or between tumors and
lymph node metastases

Spot 334 (Fig. 1a; supplement Figure 1a), identified as
cofilin-1 (16.0 kDa/pI 8.0), showed a significantly increased
intensity in PTC1 tumors. Cofilin-1 was also detected in the
insoluble protein fraction (spot 534) (Fig. 2a; supplement
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Figure 1b). Here, it displayed significantly elevated amounts
in PTC1 tumors as well as in PTC3 tumors and lymph node
metastases (Table 1). Spots 334 and 534 were not detectable
by an antibody directed against p-cofilin-1 (recognizing
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Fig. 2 Different vimentin
species were found in PTC1 and
PTC3 as tumor-associated
intensity changes. a Two-
dimensional gel of insoluble
proteins from papillary thyroid
carcinoma. 100 pg of soluble
proteins was separated by high-
resolution 2-DE, the resulting
gel was subjected to silver
staining. Framed area
designated as region-2 shows
protein spots (arrows) identified
by PMF as vimentin (spots 3-1,
3-2 and 3-3). The quantitative
changes are shown in more
detail in b. The protein spot 534
identified as cofilin-1 is marked
by an arrow and listed in
Table 1. b In the insoluble
protein fractions of papillary
thyroid carcinomas of the PTC1
and PTC3 type (T), three variant
spots (spots 3-1, 3-2, and 3-3)
identified as vimentin were
detected (arrows). PTCO
samples served as a control

(N, T, M) for the determination
of PTC1 and/or PTC3
specificity. No significantly
altered protein amounts were
found in the comparison
between PTC and lymph node
metastases for the above-
mentioned variants.

¢ Immunodetection of headless
vimentin. Spot 3-1 was detected
by the antibody v-II, directed
against a C-terminal region of
vimentin (clone vim 13.2,
Sigma), but was not detected by
the antibody v-I, directed
against the head region of
vimentin (H-84, Santa Cruz)
(N normal thyroid tissue,

T PTC3 tumor tissue)

pl

MW

77.0—

70.0—

43.0—

33.0—

27.0—

c 33
32 e .
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phosphorylated serine 3) indicating that these spots represent ~ but was not assignable as TAP due to no significant changes
dephosphorylated cofilin-1. The phosphorylated variant of  in the tumor samples investigated. Its position is marked in
cofilin-1 was proven at 16.0 kDa/pl 6.4 by immunoblotting,  Fig. la (and depicted in supplement Figure 2).
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Table 1 PTCI1 and PTC3 tumor-associated protein changes detected in 2-DE gels determined by PMF-MALDI-MS and identified as proteins

associated with the cytoskeleton

2-DE Spot SwissProt/NCBI* Papillary thyroid carcinoma
——— identification -
Spot kDa/pl (MS Sc.%) AA  kDa/pl Acc. no. Identified PTC1 PTC3 PTCO
no. observed total calculated protein
TAP MAP TAP MAP TAP MAP
(P) P) P) P) @ P
25 28/5.6 34% 232 25.8/5.7  A29861* Actin 1(0.006) 11 (0.004) 1 (0.006) + + +
24 33/5.6 32% 375 42/53 P60709  Actin 1(0.004) 11(0.02) 1(0.04 + + +
23 37/5.7 30% 375 42/53 P60709  Actin 1(0.002) + 1(0.002) 11 (0.05) + +
Actin  43/5.3 Gel comparison 375 42/5.3 P60709  Actin beta (nt) + + + + + +
334 16.0/8.0 62% 116 18.5/8.2 P23528  Cofilin-1 1(0.007) + + + + +
p-col-1 16.0/6.4 Antibody 116 18.5/8.2  P23528  p-cofilin-1 + + + + + +
3-1 44/44  58% 466 53.7/5.0 P08670  Vimentin 1(0.001) + 1(0.01) + + +
3-2 47/46  57% 466 53.7/5.0 P08670  Vimentin 1(0.0004) + 1(0.03) + + +
3-3 49/48  45% 466 53.7/5.0 P08670  Vimentin 1(0.002) + + + + +
Vim.  55.0/5.1 Aantibody 466 53.7/50 P08670  Vimentin (nt) + + + + + +
534 16.0/8.0 62% 116 18.5/8.2  P23528  Cofilin-1 1(0.002) + 1(0.0002) 11 (0.02) + +

The identified protein spots originated from CBB-stained 2-DE gels of either normal thyroid tissues or from PTC1 or PTC3 tumor tissues. Spots
25, 24, 23 and 334 were detected in the soluble protein fraction, spots: 3-1, 3-2, 3-3, and 534 in the insoluble protein fraction. For the evaluation
of MS data, the database SwissProt or *NCBI was used. For comparison, the non-truncated forms of actin (nt) and vimentin (nt) and the
phosphorylated form of cofilin-1 were added (actin was identified by gel comparison; vimentin (nt) and p-cofilin were identified by

immunoblotting)

Sc.% sequence coverage, AA amino acids, Acc. no. accession no., TAP tumor-associated protein changes (quantitative protein changes signif-
icantly altered in the comparison between normal and PTC), MAP metastases-associated protein changes (quantitative protein changes signif-
icantly altered in the comparison between PTC and lymph node metastases), (nf) non-truncated protein, p-col-1 phosphorylated form of-cofilin-1

Degree of protein amount: T, increased as TAP compared with control; 11, increased as MAP compared with tumor tissue

P, significant protein changes as evaluated by Student’s ¢ test, P < 0.05; +, present, not significantly changed

In region-2 (Fig. 2b), three different spots (3-1, 3-2 and
3-3) of different Mr and pI (44, 47 and 49 kDa/pl 4.4, 4.6
and 4.8) were identified as vimentin, member of the
intermediate filament (IF) family. All these spots were
defined as TAPs because of their significantly elevated
intensities in PTC1 and PTC3 tumors as compared to
normal thyroid tissues. Such increased spot intensities were
not observed in PTCO tumors and lymph node metastases.
These vimentin species were identified as different N-ter-
minally truncated vimentin by PMF. For spot 3-1 (44 kDa/
pl 4.4), the lack of the N-terminal head domain was con-
firmed by immunoblotting (Fig. 2c). An additional spot
was identified as vimentin by immunoblotting. Due to its
apparent mass and p/ (55 kDa/pl 5.1) in 2-DE gels, it is
reasonable to assume that it represents a full-length variant
of vimentin. Interestingly, the intensity of this spot did not
vary significantly in the tumors investigated. For compar-
ison, its position is marked in Fig. 2a and b. The relative
intensities of the different vimentin species detected as
TAPs in PTC1 and PTC3 samples, PTCO served as control,
are graphically depicted in Fig. 3. Immunoblotting and the
application of specific antibodies directed against the N- or
C-terminal region of vimentin, respectively, led to the
detection of additional vimentin species of different Mr and

pl (40-44 kDa/pl 4.3-4.4). However, these species were
not significantly changed in intensity and could not be
defined as TAPs (supplement Figure 3).

Discussion

PTC1 and PTC3 tumors are characterized by H4/RET and
ELE1/RET fusion proteins, respectively. In contrast to
membrane-bound RET protein, RET fusion proteins have
been described to be oncogenic cytosolic proteins that may
lead to malignant transformation of the thyroid epithelial
cells. The identified TAPs reflect the effects of these RET/
PTC fusion proteins.

In this study, we focused on TAPs concerning proteins
whose function is associated with the cytoskeleton. Seven
variant 2-DE spots were identified as cytoskeletal proteins,
or proteins related to cytoskeletal functions. They could be
assigned to three different proteins, namely actin, vimentin
and cofilin-1. Most of the detected protein changes were
observed in both types of tumor, indicating that they
showed no exclusive PTC1 or PTC3 specificity.

The untruncated actin protein was present in 2-DE gels
at 43 kDa in comparable amounts in normal thyroid
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Fig. 3 Quantitation of vimentin species detected as tumor-associated
intensity changes in PTC1 and PTC3. Relative intensity (mean = SD)
of different vimentin species (spots 3-1, 3-2 and 3-3) in normal
thyroid tissues (PTC-N), papillary thyroid carcinomas (PTC-T) and
lymph node metastases (PTC-M) of the PTC1 and PTC3 type and in
PTCO controls. PTC1-N (n = 6), PTC1-T (n = 6), PTCI-M (n = 3),
PTC3-N (n = 6), PTC3-T (n=15), PTC3-M (n =15), PTCO-N
(n =5), PTCO-T (n = 5), PTCO-M (n = 3)

tissues, thyroid tumors and lymph node metastases. In the
soluble protein fractions, we observed several additional
protein spots representing actin. These were proven as C-
terminal fragments by PMF and showed markedly elevated
intensities in PTC1 and PTC3 tumors as well as in lymph
node metastases. In PTCO samples, these actin species
were also detectable, but did not display significant chan-
ges in tumors and metastases.

The increased amount of some actin species in PTC1
and PTC3 tumors might indicate an enhanced reorganiza-
tion of the actin cytoskeleton and might be an indirect
proof for these activities. Elevated intensities of two spots,
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identified as the activated dephosphorylated actin-binding
protein cofilin-1, a key factor for actin filament remodeling
and enhancing actin dynamics (Carlier et al. 1999), found
in PTC1 and PTC3 tumors, are in favor for this hypothesis.

Fragmentation of actin may induce actin species and
occur due to subtilisin or tryptic cleavage leading to the
formation of C-terminal fragments of 37 kDa (Kiessling
et al. 1995; Khaitlina and Strzelecka-Golaszewska 2002;
Muhlrad et al. 2004) and 34 kDa (Muhlrad et al. 2004),
respectively, and correspond to the spots 23 and 24
observed in this investigation. Actin fragmentation might
also be induced due to increased levels of activated cofilin-
1. Binding to F-actin, it affects conformational changes of
the actin filament leading to exposure of subtilisin and
trypsin cleavage sites. Protease cleavage initiates a partial
disruption of the longitudinal contact between filaments,
but not a structural destruction (Muhlrad et al. 2004). Due
to preparation of tissue samples for separation of proteins
by 2-DE, these actin fragments became visible. However,
verification of the exact subtilisin cleavage sites by PMF
did not succeed.

The same actin species have also been found in 2-DE
gels of some human mammary and hepatocellular carci-
nomas (unpublished results), though with much lower
amounts as compared to PTC1 and PTC3. This suggests
that these actin species might be connected to a general
reorganization of the actin cytoskeleton in tumor cells.
Actin fragments of 15 and 31 kDa were observed in
apoptotic cells of certain tumor cell lines as a result of
caspase-3-mediated cleavages (Mashima et al. 1999;
Brockstedt et al. 1998). These typical apoptotic actin
fragments were not detected in our 2-DE gels and are in
line with the immunohistochemical proof that apoptosis is
a rare event in PTC1 and PTC3 (Basolo et al. 1997).

The full-length vimentin protein was present in 2-DE
gels of the insoluble protein fractions at 55 kDa in com-
parable amounts in normal thyroid tissue, thyroid tumors
and in lymph node metastases. Three different truncated
vimentin species, significantly increased in PTCI1 and
PTC3 tumors, were identified. They were proven as
C-terminal fragments by PMF. Spot 3-1 was confirmed by
an N-terminal head domain-specific vimentin antibody as
headless (Andreoli and Trevor 1994) vimentin.

N-terminally truncated vimentin has been observed by
2-DE (Lee et al. 2001; Nylund and Leszczynski 2004) and
described as a result of a progressive degradation due to
cleavage by caspase (Fujita et al. 2003; Morishima 1999;
Hashimoto et al. 1998) or by human immunodeficiency
virus type 1 protease (HIV-1PR) (Shoeman et al. 2001).
However, the occurrence of N-terminally truncated
vimentin does not seem to cause an overt perturbation of
IF network because parts of it are able to bind to intact
vimentin (Andreoli and Trevor 1994).
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Recent reports showed that the head region of vimentin is
responsible for its DNA-binding properties (Shoeman et al.
1999; Wang et al. 2000). N-terminal fragments liberated
from the IF fail to reassemble (Byun et al. 2001) but are
capable to enter into the nucleus and to induce alterations of
chromatin distribution (Shoeman et al. 2001) and nuclei
with prominently invaginated morphology (Sarria et al.
1994). Supposed that the percentage of C-terminal vimentin
in PTC1 and PTC3 tumors is proportional to that of liber-
ated N-terminal head vimentin, it is reasonable to assume
that these amounts might exert a striking influence on
nuclear morphology. An influence on nuclear morphology
has been observed in primary human thyroid epithelial cells
infected with a RET/PTC1 retroviral construct leading to
irregular nuclear contours (Fischer et al. 1998).

The constitutive activation of different components of
the MAPK (mitogen-activated protein kinase) pathway
became apparent in PTC developing after radiation expo-
sure as a result of RET, NTRKI (Rabes et al. 2000) or
B-RAF gene rearrangements (Ciampi et al. 2005), but
also in sporadic PTC harboring B-RAF point mutation
(Nikiforova et al. 2003). The constitutive RET signaling in
PTC1 and PTC3 tumors, whereby RAS-RAF-MAPK
pathway is permanently activated (Fagin 2004; Fusco et al.
2005), influences certain cytoskeletal proteins as proven by
our 2-DE studies, namely actin, cofilin-1 and vimentin.

An influence of continuous RET signaling on actin
reorganization is corroborated by observations that in PC-
PTC cells (rat thyroid epithelial cell line transfected with
RET/PTCI) many thick actin bundles arranged in long
stress fibers were detected, while parental cells had very
few and short actin filaments (Barone et al. 2001). Fibro-
blasts (NIH3T3) and mammary epithelial cell lines
(MCF7) microinjected with RET/PTC1 do not form stress
fibers, indicating that RET/PTC elicits a signaling pathway
selectively active in thyroid cells (Barone et al. 2001). This
observation could be confirmed, because the different actin
species could not be detected in 2-DE gels of mouse
NIH3T3 cells transfected and transformed by the human
RET/PTC1 oncogene (kindly provided by M.A. Pierotti;
our unpublished results).

RAS acts as a central regulator of the cofilin dephos-
phorylation pathway. The cooperation of two RAS-initi-
ated signaling pathways is required to induce cofilin
activation by dephosphorylation, a RAS-RAF-MEK and a
RAS-PI3K effector cascade (Nebl et al. 2004). Cofilin-1
dephosphorylation is finally induced by serine-phosphatase
1 and A2 (Samstag et al. 1996). It was reported that con-
stitutively active phosphatases are involved in signal
transduction due to the presence/activity of rearranged RET
oncogene (Sakai et al. 1989). In addition, cofilin was
detected to be induced in NIH3T3 cell lines expressing
RET-MEN2A or RET-MEN2B, suggesting that an increase

of cofilin contributes to the malignant properties of RET
mutant protein-synthesizing cells (Watanabe et al. 2002).

Components of the MAPK pathway may also interact
with vimentin, an indirect target of RAF-1, indicating that
RAF-1 is linked to changes of the cytoskeletal architecture
(Janosch et al. 2000). By immunohistochemical investiga-
tions, no detectable differences in vimentin amount
between PTC with and without RET rearrangement could
be detected (Soares et al. 1998; Vasko et al. 2007). How-
ever, discrimination of different protein species is not
possible by immunohistochemistry. The enhanced amount
of the different vimentin species observed in PTC1 and
PTC3 tumors but not in PTCO tumors reflects, therefore,
the influence of constitutively active RET signaling.

In conclusion, our observation that distinct protein
species of different cytoskeletal proteins, namely actin,
vimentin as well as the actin-binding protein cofilin-1 were
found to be significantly enhanced in PTC1 and PTC3
tumors and partially in lymph node metastases suggests
that these modified protein amounts are induced by the
activation of a single truncated rearranged gene. This
reflects the importance to elucidate disease-related typical
signatures on the protein species level.
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