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Abstract

Based on the histological features and outcome, the current WHO classification separates
thymomas into A, AB, B1, B2 and B3 subtypes. It is hypothesized that the type A thymomas
are derived from the thymic medulla while the type B thymomas are derived from the cortex.
Due to occasional histological overlap between the tumor subtypes creating difficulties in
their separation, the aim of this study was to provide their proteomic characterization and
identify potential immunohistochemical markers aiding in tissue diagnosis. Pair-wise com-
parison of neoplastic and normal thymus by liquid chromatography tandem mass spectrom-
etry (LC-MS/MS) of formalin fixed paraffin embedded tissue revealed 61 proteins
differentially expressed in thymomas compared to normal tissue. Hierarchical clustering
showed distinct segregation of subtypes AB, B1 and B2 from that of A and B3. Most notably,
desmoyokin, a protein that is encoded by the AHNAK gene, was associated with type A thy-
momas and medulla of normal thymus, by LC-MS/MS and immunohistochemistry. In this
global proteomic characterization of the thymoma, several proteins unique to different thy-
mic compartments and thymoma subtypes were identified. Among differentially expressed
proteins, desmoyokin is a marker specific for thymic medulla and is potentially promising
immunohistochemical marker in separation of type A and B3 thymomas.

Background

The thymus is an integral part of the adaptive immune system, playing a major role in the pro-
duction and development of lymphocytes starting at conception and continuing well into
childhood. Thymoma is a rare thoracic epithelial tumor of the anterior mediastinum that
occurs at a rate of 0.15 per 100,000 people (National Cancer Institute).[1] Thymoma research
is also complicated by the lack of tumor cell lines and animal models. In order to identify bio-
markers associated with thymoma types an archival set of formalin fixed paraffin embedded
(FFPE) patient tissues was used to profile protein expression differences by the use of liquid
chromatography tandem mass spectrometry (LC-MS/MS) based proteomics.

The World Health Organization (WHO) devised classification system for thymoma is sum-
marized in Table 1. This classification system is based on cell histology and lymphocyte to epi-
thelial cell ratio. This system divides thymomas based on cellular morphology in which those
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Table 1. Histological Features of the Thymomas.

Thymoma Subtype | % of Total Thymoma

A 4-7%
AB 28-34%
B1 9-20%
B2 20-36%
B3 10-14%

10 Year Survival Rate Morphological Features

95-100% -Spindle oval shaped cells without nuclear atypia
-Few or none nonneoplastic lymphocytes
-Encapsulated

90-100% -Same features as type A
-Rich in nonneoplastic lymphocytes

83-85% -Resembles normal functioning thymus
-Overwhelmingly rich in lymphocytes

71-83% -Plump cells with vesicular nuclei
-Heavy population of nonneoplastic lymphocytes

36—40% -Round or polygonal epithelial cells with mild or no atypia (sheet like structure)

-Very few lymphocytes

While the thymoma subtypes often share overlapping histological features (National Cancer Institute and Stanford Surgical Pathology), the clinical

outcomes differ.

doi:10.1371/journal.pone.0166494.t001

with oval or spindle shaped cells are designated as type A and those with plump or dendritic
cells are designated as type B. Any thymic carcinoma is classified as type C. The thymus con-
sists of two regions, the central medulla and the lymphocyte rich cortex on the periphery. Type
A thymomas originate from the medulla and type B thymomas originate from the cortex.
Studies have shown significant differences between survival and recurrence rates of the differ-
ent subtypes, suggesting that the current WHO classification is useful in clinical practice.[2, 3]
Subtypes AB, Bl and B2 have a large non-neoplastic lymphocyte presence that makes them
easy to distinguish from subtypes A and B3 by histology. However, differentiating between
type A and type B3 thymomas by histology is difficult in some cases because of the lack of T
lymphocyte infiltration resulting in dependence of pathologist observation of overlapping cell
shape and features. Thymomas A and B3 share similar immunohistochemical (IHC) staining
patterns for panCK (cytokeratin), p63, EMA (epithelial membrane antigen) and TdT. Thy-
moma subtypes A and B3 represent the opposite extremes of 10 year survival at 95-100% vs.
36-40% respectively.[3, 4] B3 thymomas, have a higher metastatic potential and patients may
benefit from radiation and/or chemotherapy in addition to thymectomy.[5, 6] For these rea-
sons, a biomarker with the ability to distinguish between type A and type B3 thymomas will be
clinically valuable in providing a supplementary objective diagnosis. Through the improve-
ment of thymoma subtype diagnosis, an appropriate treatment plan is devised for the specific
disease allowing for better patient outcome.

Previously, Sun et al. determined that proteins were differentially expressed in thymomas
B1 and B2 using homogenized resection specimens.[7] Strobel et al. previously assessed the
use of medullary and cortical markers to characterize thymoma subtypes.[8] Unfortunately,
these markers were not observed in the A and B3 subtypes. Another study identified protea-
some subunit 35t as means of distinguishing medulla vs. cortex derived A and B thymomas
respectively.[9] Our study further assessed the protein expression differences of thymomas by
profiling the proteome of FFPE archival tissue specimens of healthy thymus and thymomas A,
AB, B1, B2 and B3. Protein expression differences were assessed through pairwise comparisons
between normal thymus tissue and thymoma tumors of the five A/B subtypes. A protein
expression profile was identified to differentiate lymphocyte-rich tumors from lymphocyte-
poor. It was confirmed that onco-protein stathmin, identifies T lymphocyte content within the
tumor rather than the thymoma itself. The proteomics analysis also revealed that desmoyokin
was downregulated in subtype B3 relative to subtype A. Immunohistochemistry validation
confirmed that desmoyokin was found in the medulla and not the cortex. Since type A
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thymomas are derived from the medulla while B type are derived from the cortex, subtypes A
and B3 thymomas can be differentiated using desmoyokin IHC analysis.

This study performs the first comparative global proteomic profile of the thymus and the
five different thymoma subtypes. While several of the findings are supportive of what is known
of the thymus and thymomas, we propose the novel use of desmoyokin to distinguish between
type A and B thymomas based on the tumors’ region of origin within the thymus.

Methods

Formalin Fixed Paraffin Embedded Patient Tissue Processing and
Digestion

A total of 36 formalin fixed paraffin embedded patient tissues encompassing the five tumor sub-
types and normal thymus tissue were profiled by shotgun proteomics. Biological replicates
included 6 de-identified specimens for each diagnosis and no technical replicates were per-
formed, ultimately generating a total of 36 data files. The sample size was selected in consider-
ation of the statistical power as well as the time and cost associated with the preparation and
mass spectrometry experiment. Data from the mass spectrometry experiment was then used to
select protein candidates for orthogonal validation with immunohistochemistry using a tumor
microarray consisting of 71 tumor cores. Due to low sample quality of one thymoma A sample
the data set was rejected leaving 5 thymoma A data sets and 35 data sets total. Patient specimens
were selected from cases ranging from the years 2001 and 2012. The age range of the patients
was from 20 to 70 years with an average age of 54. Male to female ratio of the specimens used
for mass spectrometry studies was 16:15 (data unavailable for 5 specimens). The patient data for
the specimens in this study is detailed in S1 Table. All experimental work in this study was
approved by The Ohio State University Institutional Review Board (IRB). Four serial sections
from each specimen block were collected. One section was processed using a standard hematox-
ylin and eosin (H&E) protocol and specific tumorigenic areas were highlighted by a thoracic
pathologist.[10] Tissues were dried for 14 days prior to processing and digestion.

FFPE tissues were deparaffinized using octane then rehydrated using a graded ethanol
series (100%/90%/70%). Briefly, tissue slides were stained using 15% hematoxylin (Vector H-
3404, Burlingame, CA, USA) then counterstained with toluidine blue (Fisher Scientific, Fair
Lawn, NJ, USA). The toluidine blue was prepared as a stock solution by dissolving 500 mg of
toluidine blue into 50 mL 70% ethanol. Working solution consisted of toluidine blue stock
solution and 1% NaCl at a 1:9 ratio. Both hematoxylin and toluidine blue stains are compatible
with mass spectrometry proteomics. Excess stain was removed with water and the tissue was
dehydrated with a graded ethanol series (70%/95%/100%).[11]

Using the matching H&E stained tissue slide, the connective tissue surrounding the tumor
was removed with a scalpel and residual debris washed away with ethanol. The tissue cross-
links were reversed by incubating the tissue slides in boiling water for 20 minutes followed by
2 hours at 60°C. Each recovered tissue was digested on-slide with 0.01% (w/v) Trypsin (Pro-
mega, Madison, WI, USA) dissolved in 0.5% (w/v) RapiGest (Waters Corporation, Milford,
MA, USA) for 18 hours at 37°C. The digest was collected and debris removed by centrifuga-
tion. The supernatant was concentrated by vacuum centrifugation.

LC-MS/MS Data Collection

Tryptic peptide concentration was estimated by 280nm measurement using a Nanodrop spec-
trophotometer and for each sample 1500 ng of peptides were loaded onto a p-precolumn (Pep-
Map100, C18, 5 um, 100 A, 0.3 x 50 mm) at a flow rate of 20 pL/min for four minutes. Peptide
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separation was completed using a Dionex UltiMate 3000 RSLCnano HPLC system equipped
with an Easy-Spray PepMap C18 3um 100A 0.75x150 mm column (1.8kV, 275°C). A linear
gradient was used at a flow rate of 0.3 uL/minute from 2-28% Phase B (Phase A: 0.1% formic
acid and Phase B: 0.1% formic acid in acetonitrile) from 4-145 minutes followed by a column
wash and equilibration period. The total instrument acquisition time was 180 minutes. Data-
dependent acquisition on an Orbitrap Fusion was completed in top speed mode. Orbitrap full
scans (400-1600 m/z) were completed every four seconds (AGC:400K ions; 120K mass resolu-
tion; 50ms max injection time, 1 microscan) followed by quadruple isolation (1.4 Da) for CID
fragmentation. Fragment ion masses were measured in the linear ion trap (NCE: 35%, AGC:
100 ions; 250ms max injection time, parallelizable time was enabled). Ion fragmentation selec-
tion was limited to precursor ion charges 2-7 that exceeded 10K signal intensity and isolated
based on dynamic exclusion parameters (25s + 10ppm, repeat count:1).

LC-MS/MS Data Analysis

RAW data files were analyzed directly using MaxQuant (v.1.5.2.8).[12] Peptide-spectrum
matches (PSMs) were determined using the Andromeda search engine. Database searches were
conducted against FASTA database composed of a UniProt human database (taxon:9606, 20198
entries, May 2015), common Repository of Adventitious Proteins (cRAP V1.0, 116 entries,
http://www.thegpm.org/crap) (20326 total entries). MaxQuant search parameters included:
peptide length >5 amino acids, maximum of two tryptic missed cleavage events, dynamic mod-
ification for methionine oxidation and protein N-terminal acetylation, precursor mass tolerance
of 20 ppm and fragment mass tolerance of 0.5 Da. Peptide false discovery rate (FDR) was deter-
mined using a reverse decoy database. PSMs and protein level FDR were both set at 1%. The
corresponding protein identifications contained a minimum of one razor peptide. Total ion
current (TIC) normalization signal to noise ratio was set to 2. The majority protein identifier
was used to represent any protein groups. Precursor spectral feature information was shared
across 36 RAW files using the ‘match-between-runs’ feature (20/0.7 minute alignment/match).
A minimum of two unmodified unique/razor peptides was required for MaxLFQ quantitation.
These features are limited to the MaxQuant environment.[13]

Bioinformatic analysis was completed with the Perseus software (v.1.5.2.6) (http://www.
perseus-framework.org). Due to the nature of this experimental design a series of two-tailed t-
tests were used to determine differential protein expression with normal thymus being used as a
common control. Reverse and contamination proteins were removed and a final protein list was
produced by filtering based on a positive MaxLFQ intensity in at least three biological replicates
in either cancer or normal tissue. This process was repeated five times from a common matrix
of 1193 protein entries. MaxLFQ values were log, transformed. Missing values were imputed
under the assumption that the missing MaxLFQ intensity values are due to their corresponding
peptides being present in the digest but under the limit of detection of the mass spectrometer.
Missing value imputation was mimicked for low abundance proteins by bootstrapping MaxLFQ
intensity values from the normal distribution of all values. As is commonly completed in this
type of label-free proteomics experiment a 1.8 standard deviation downshift and 0.3 standard
deviation width was used for the random reselection of data.[12-14] A two-sample Student’s t-
test was used to determine statistically significant differential protein expression. To control for
multiple comparisons, the p-values were adjusted using a Benjamini-Hochberg approach.[15]

Gene Ontology Term Enrichment Analyses

Biological processes (GOTERM_BP_FAT) were investigated using the Database for Annota-
tion, Visualization and Integrated Discovery (DAVID, v.6.7).[16-18] Gene ontology (GO)
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analyses were performed on significant UniProt identifiers for each pairwise comparison inde-
pendently (q-value <0.20). The entire human genome (approximately 30000 genes total,
DAVID default) was used to assess gene ontology term enrichment when analyzing the com-
plete subtype datasets for high throughput global experiments. [16]

Immunohistochemistry

Immunohistochemistry was performed on normal, thymoma A, AB, B1/B2, B3 and lung squa-
mous cell carcinoma. Immunohistochemistry of tumor microarray (TMA) was selected as an
appropriate validation since it is a routine clinical procedure. The ability to assess biomarkers
through IHC facilitates potential future clinical use with existing equipment and protocols.
FFPE tissues were cut at 4um thickness on SuperFrost Plus slides. Slides were heated to 60°C
for one hour, cooled, deparaffinized then rehydrated using xylene and graded ethanol solu-
tions. Slides were quenched for 5 minutes in a 3% hydrogen peroxide aqueous solution to
block endogenous peroxidase. Tissue was pretreated with Target Retrieval Solution (Dako
S1699, Dako, Carpinteria, CA, USA) at pH 6.0. Tissues were stained with the Stathmin anti-
body (1:150, Santa Cruz sc-48362 mouse monoclonal, Santa Cruz, Dallas, TX, USA) for 60
minutes at room temperature using the Intellipath Autostainer Immunostaining System.
Detection was performed using 2 step Mach 3 Mouse HRP Polymer Detection (Biocare
M3M530L, Biocare, Concord, CA, USA) 20/20 minutes. The slides were counterstained with
Richard Allen hematoxylin (Thermo Scientific, Kalamazoo, MI, USA), dehydrated with graded
ethanol solutions, cleared with xylene and coverslipped. A tumor microarray consisting of 71
total biopsy tissue cores (9 thymoma A, 18 thymoma AB, 9 thymoma B1/B2, 15 thymoma B3,
3 thymic carcinoma, 7 normal thymus, 5 lung squamous cell carcinoma and 5 lymph node)
was used for IHC staining. The TMA specimens were derived from patients ages 20-69 with
an average age of 54. Male to female ratio of the specimen sources was 29:24 (data unavailable
for some specimens). The clinical data associated with samples used for the thymoma tumor
microarray is summarized in S2 Table. The tumor microarray was scanned digitally then
viewed for analysis using the Aperio Microscopy Viewer. Similarly, desmoyokin IHC scans
were performed using the AHNAK/desmoyokin antibody (1:400, Atlas Antibodies
HPA026643 rabbit polyclonal, Atlas Antibodies, Stockholm, Sweden). Antibodies to terminal
deoxynucleotidyl transferase (TdT) diluted at 1:25 were used to stain a tumor microarray to
serve as a control to define the presence of immature T lymphocytes in patient tissues.

Results
Protein in Thymus vs. Thymoma Comparison

A total of 1193 proteins were identified in our proteomic analysis of normal thymus and
tumor subtypes. Multiple pairwise comparisons were completed to determine differential pro-
tein expression between normal thymus tissue and each thymoma subtype. After stringent fil-
tering: 918, 999, 957, 1034 and 982 matched protein identifications (S3 Table) were retained
for A, AB, B1, B2 and B3 vs. normal thymus, respectively. There were 1,168 unique proteins in
the union of these datasets. Implementing a significance cut-off: 215, 469, 507, 470 and 456
proteins were determined to be differentially expressed in subtypes A, AB, B1, B2 and B3,
respectively. The union of these datasets yielded a total of 907 unique proteins. The union of
significantly differentially expressed proteins were evaluated by hierarchical clustering and
principle component analysis (Fig 1A and S1 Fig). There were 61 proteins that were differen-
tially expressed in all five tumor subtypes when compared to normal thymus tissue (Fig 1B
and S4 Table). Of these 61 proteins, 7 proteins belonging to the collagen family are downregu-
lated in thymomas in relation to normal thymus (Table 2). The collagens CO1A1, CO1A2,
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Fig 1. Clustering and Venn Diagram of Significant Proteins (q-value <0.20). A. Unsupervised clustering of the 35 individual thymus
samples reveal distinctive clustering within different subsets of normal and tumorous thymus tissue. This indicates the interpatient variability
does not exceed intersubtype variability. B. Proteins identified in thymoma samples were matched against normal thymus tissue to obtain a fold
change in protein expression. Proteins displaying a significant fold change of g-value 0.20 were compared between the different tumor
subtypes.

doi:10.1371/journal.pone.0166494.9001

CO3A1, CO5A1, CO6A1, CO6A2 and CO6A3 were distinguished by 17, 18, 7, 2, 20, 24 and 97
unique peptides respectively.

Proteins in Thymoma Subtypes Comparison

Cluster analysis of the 35 samples showed two distinct clusters. Cluster one consists of subtypes
AB, B1 and B2, while cluster two consists of subtype A and B3 and normal thymus. Further-
more, cluster two can be sub-clustered into subtypes A and B3 and normal thymus. Cluster
one was unable to be sub-clustered due to the heterogeneous proteomic signature from inter-
mixed T lymphocytes. The presence of T lymphocytes was confirmed in both H&E and IHC
imaging. DAVID was used to compare the gene ontology terms enriched in each thymoma
subtype (S5 Table). A qualitative analysis of the proteins identified in the different thymoma
samples was visualized as a Venn diagram (Fig 1B) and the proteins in each intersection are
provided in S4 Table. It is notable that 122 proteins were differentially expressed in thymomas
AB, Bl and B2 (intersection), the largest overlap in this analysis.
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Table 2. Collagen Proteins Differentially Expressed in Thymomas from Normal Thymus.

NvA NvAB NvB1 NvB2 NvB3
Protein Name UniProt | g-value | Log,Fold | g-value| Log,Fold |qg-value| Log,Fold | g-value Log,Fold |q-value| Log,Fold
Header Change Change Change Change Change

CO1A1 Collagen | P02452 0.086 -1.705 0.024 -2.119 0.017 -1.816 0.004 -3.333 0.124 -1.659
alpha-1(1)

CO1A2 Collagen | P08123 0.017 -2.807 0.023 -2.275 0.019 -1.985 0.005 -3.261 0.023 -2.733
alpha-2(1)

CO3A1 Collagen | P02461 0.104 -2.235 0.005 -4.887 0.006 -2.915 0.009 -4.414 0.118 -2.510
alpha-1(lll)

CO5AT1 Collagen | P20908 0.040 -6.066 0.181 -3.392 0.022 -5.298 0.014 -5.711 0.124 -4.074
alpha-1(V)

CO6AT1 Collagen | P12109 0.080 -0.842 0.016 -1.075 0.011 -1.614 0.086 -1.374 0.040 -1.692
alpha-1(VI)

CO6A2 Collagen | P12110 0.072 -0.719 0.014 -1.087 0.018 -1.607 0.091 -1.556 0.038 -1.718
alpha-2(VI)

CO6A3 Collagen | P12111 0.066 -0.728 0.023 -0.907 0.017 -1.350 0.088 -1.341 0.016 -1.558
alpha-3(VI)

Seven collagen proteins were significantly differentially expressed between normal thymus and thymoma. The associated fold changes and significance are
listed in this table.

doi:10.1371/journal.pone.0166494.t002

Contribution of Lymphocyte Component to the Tumor Protein Profile

The WHO categorization of thymoma subtypes assesses T lymphocyte content. Specifically,
subtypes AB, Bl and B2 are lymphocyte-rich in contrast to lymphocyte-poor A and B3. The
data from this study demonstrated a pattern, which allowed for identification of candidate T
lymphocytes proteins found within thymoma samples. Prothymosin alpha, precursor of thy-
mosin o, is produced in the thymus and cleaved to regulate T lymphocyte proliferation.[19,
20] Thus, prothymosin alpha was selected as a T lymphocyte associated marker to establish a
pattern of expression for potential lymphocyte markers. The log, fold changes of prothymosin
alpha in AB, Bl and B2 in comparison to normal thymus were 1.73 (q-value 0.0107), 1.57 (q-
value 0.0120) and 0.862 (q-value 0.0902) respectively. Downregulation of prothymosin alpha
was observed in types A and B3 thymomas, with significant changes observed in B3, -1.68 (q-
value 0.247) and -1.65 (q-value 0.0262) respectively. Proteins following this pattern of exhibit-
ing downregulation or no change in subtype A and B3 thymomas while exhibiting upregula-
tion in A, Bl and B2 thymomas were assessed as T lymphocyte proteins candidates (56 Table).
A total of 263 proteins followed this expression pattern and was subsequently analyzed using
cluster analysis. A heatmap of the 263 proteins across the 29 thymoma samples was produced
after the MaxLFQ values were z-normalized (Fig 2A). Cluster analysis revealed distinctive clus-
tering based on T lymphocyte infiltration status with the exception of one thymoma B3 sam-
ple. Proteins with sample variation were observed and visualized in the top and bottom of the
heatmap. GO term molecular functions were assessed by DAVID (S7 Table) using the total
detected protein set as background. From the protein candidates, six of the proteins from this
list showed function associated with T lymphocytes in the GO term T Cell Differentiation
(G0O:0030217) (p-value 4.89 x 107%): CD3D, CD3E, ZAP70, BCL11B, LCK, and RPL22. The T
lymphocyte candidate proteins were visualized in a line plot of log, fold change, highlighting
proposed T lymphocyte protein expression pattern between subtypes using prothymosin alpha
and the proteins associated with T cell differentiation (Fig 2B). Lymphocyte infiltration status
of the different thymoma types was validated using anti-terminal deoxynucleotidyl transferase
(TdT) immunohistochemistry (Fig 3).
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Fig 2. Proteomic Profile Contribution of T Lymphocytes. A. Heatmap plot of the 263 T lymphocyte candidates across the 29 thymoma
samples produced after MaxLFQ values were z-normalized. Hierarchical clustering was performed using Euclidian distance and average
linkage using the Perseus software. B. Line plot of log2 fold change by subtype of the pattern associated with T lymphocyte infiltration.
Prothymosin alpha (red) is a known T lymphocyte associated protein found in the thymus. Proteins matching DAVID GO Term T Cell
Differentiation (GO:0030217) were highlighted in orange. Stathmin (blue) a protein assessed for subtype diagnosis potential. Ki67 (green) is

a known cell proliferation marker.

doi:10.1371/journal.pone.0166494.g002

The established onco-protein stathmin was evaluated as a potential marker for distinguish-
ing thymoma subtypes.[21-23] Stathmin was found to be upregulated in thymoma AB, B1 and
B2 in relation to normal thymus tissue (Fig 4B and 4C). Immunohistochemical staining of thy-
moma tissues with anti-stathmin showed that the protein was localized to the lymphocytes

infiltrating the thymus tissue (Fig 4A). In contrast, lung squamous cell carcinoma, an epithelial
tumor used as a positive staining control, stained heavily for stathmin in the epithelial cells.

Thus, data indicates that the elevation of stathmin detected in AB, B1 and B2 are T lymphocyte
in origin and not from the epithelial tumor.

Proteins associated with type A and B3 thymomas

Pairwise log, fold comparison of A and B3 thymomas was performed to assess for candidates
that differentiate between the two subtypes, and 90 proteins were determined to show signifi-
cant differences in expression (S3 Table). Gene ontology analysis through DAVID revealed
proteins associated with the terms anti-apoptosis (GO:0006916, p-value 1.50 x 10~°), negative
regulation of apoptosis (GO:0043066, p-value 1.90 x 10~%), negative regulation of programmed
cell death (GO:0043069, p-value 2.10 x 107%) and negative regulation of cell death

PLOS ONE | DOI:10.1371/journal.pone.0166494 November 10, 2016
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Fig 3. Intratumoral Lymphocytes Throughout Thymoma Subtypes. A. Histology of normal thymus and the
thymoma types: A, AB, B1, B2 and B3. Tissue samples were stained with hematoxylin and eosin. Images were captured
at 400x magnification. B. The different thymus specimens were stained with TdT (terminal deoxynucleotidyl transferase)
an established maker for developing T lymphocytes (40x magnification).

doi:10.1371/journal.pone.0166494.g003

(GO:0060548, p-value 2.10 x 1072) (S8 Table). These GO terms consists of an overlapping set
of 7 proteins: annexin 1, annexin 4, alpha B crystallin, DDAH (dimethylarginine dimethylama-
minohydrolase 2), heat shock protein 70, heat shock protein 90 and NFKB1 (nuclear factor of
kappa light polypeptide gene enhancer in B-cells 1) (Table 3).
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doi:10.1371/journal.pone.0166494.g004

Desmoyokin is associated with medulla of normal thymus and type A
thymomas

Desmoyokin, a protein encoded by the AHNAK (neuroblast differentiation-associated) gene,
was a protein of interest exhibiting a log, fold change of -1.81 (q-value 0.0668) in B3 thymomas
in relation to A thymomas with known associations with cancer. Expanding the analysis across
all tumor subtypes, desmoyokin was determined to be significantly downregulated in B1, B2
and B3 in comparison to normal thymus, while it was not determined to be significantly differ-
ent in A and AB tissues from normal thymus tissue (Fig 5B and 5C). Immunohistochemistry
staining of thymoma and normal thymus tissue using an antibody to desmoyokin confirmed
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Table 3. Anti-apoptotic Proteins were Differentially Expressed in Thymomas A and B3.

Protein Name UniProt Header g-value Log2 Fold Change (A/B3)
Annexin 1 P04083 0.138 -1.784
Annexin 4 P09525 0.121 -0.998
Alpha b crystallin P02511 0.087 -4.181
DDAH 2 095865 0.084 -2.019
HSP 70 P38646 0.023 0.798
HSP 90B1 P14625 0.135 -0.726
NFKB1 P19838 0.072 1.701

Gene ontology analysis determined that anti-apoptotic proteins in the set of 90 proteins showing significant
differences in protein expressions thymomas A and B3. Fold changes and significance are listed in this
table.

doi:10.1371/journal.pone.0166494.t003

that its expression was increased in subtype A (Fig 5A). A tumor microarray consisting of 36
viable cores was stained for desmoyokin expression and evaluated as negative, low or high.
These 36 cores were subtyped and 8 were subtype A, 7 were B1, 10 were B2 and 11 were B3.
AB thymoma cores were excluded due to the heterogeneity of the tumors. Results of this evalu-
ation were in agreement with mass spectrometry data as the tumor microarrays for type A thy-
moma stained significantly higher for desmoyokin than Type B thymomas. The chi-square
tests for associations between thymoma subtypes and desmoyokin resulted in a Pearson chi
squared value of 15.9, indicating that its abundance was significantly associated with subtype
(p-value 0.014). Association between thymoma A vs. grouped thymoma B (B1, B2 and B3) and
desmoyokin was also performed. The resulting Pearson chi squared value obtained was 15.8,
demonstrating significance (p-value 0.00038). We compared H&E, anti-desmoyokin and anti-
proteasome subunit B5t stained normal thymus tissue (Fig 5D). From this staining we
observed desmoyokin staining exclusively within the thymus medulla and found proteasome
subunit B5t staining uniquely within the cortex, as expected.[9] In summary, we show that the
protein desmoyokin is a potentially useful protein marker in difficult cases for differentiating
the diagnosis in thymomas A and B3 clinically.

Discussion

This study is the first global proteomic profiling of normal thymus and thymomas through the
use of archival patient tissues and LC-MS/MS. In this study we were able to identify protein
profiles of the different disease subtypes. We identified desmoyokin as a protein associated
with the thymus medulla, hence, a novel identification marker for type A thymomas.

It was determined that 61 proteins showed significant changes in expression level from nor-
mal thymus tissue. Seven of these 61 proteins belong to the collagen family, all of which were
at lower abundance in thymomas. Changes in collagen in cancer have been extensively studied
and reviewed [24]. During the cancer development process, remodeled collagen I, III, IV is
deposited while collagen that forms a physical barrier is degraded promoting tumor cell prolif-
eration and invasion. Dysregulation of collagen levels in the stroma can be oncogenic. Existing
studies have shown that COL1A1 (encoded by the collagen type 1 alpha 1 gene) has some pred-
icative value in tumor diagnosis and prognosis where it has been found to be upregulated and
downregulated in oral squamous cell carcinoma and hepatocellular carcinoma respectively.
[25-27] Another explanation for the observed collagen changes is the reversion of the atro-
phied adult thymus composed mostly of adipocytes and stroma. However, few studies have
been conducted on collagen composition changes in association with the thymus. To date, this
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Fig 5. Desmoyokin is Differentially Expressed in and A and B Thymomas. A.Thymus tissue of A, AB, B1, B2 and B3 were stained with
anti- desmoyokin antibody. The type A thymomas (A and AB) stained heavily while the type B (B1, B2 and B3) and normal thymus tissue
expressed low amounts of the protein (40x magnification). B. Bar graph displaying the intensity quantitation of desmoyokin for the thymus and
thymoma samples. Standard deviation is denoted in the error bars. (g- values: *** <0.05, ** 0.05-0.10 and * 0.10-0.20) C. Log, fold changes
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doi:10.1371/journal.pone.0166494.g005
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is the first evidence of collagen changes in association with thymomas. Future study on the
changes in collagen distribution factors in thymoma may further elucidate its role in
tumorigenesis.

Hierarchical cluster analysis revealed a distinctive separation of the different thymoma sub-
types into two groups, with AB, B1 and B2 grouping together while A, B3 and normal thymus
formed a second group. The proteomic results in this study were then validated using IHC.
We concluded that lymphocyte presence contributed significantly to the clustering results.
The histology based subtype classification devised by the WHO defines AB, Bl and B2 thymo-
mas as possessing heavy non-neoplastic T lymphocyte infiltration. Thymoma AB contains
large pockets of lymphocytes within the epithelial cell structure in the type B-like regions. To
establish a pattern associated with T lymphocyte content, a marker with a known relationship
to T lymphocytes with specificity to the thymus was needed. Prothymosin alpha, the precursor
to thymomsin o1, was selected for this purpose. Thymosin ol is a peptide signaling molecule
mainly produced in the thymus that plays a role in the proliferation and maturation of T cells.
[28, 29] Due to the immersion of the biopsy tissue during the FFPE preservation process, free
active biomolecules were likely lost. However, thymosin 0.1 can be monitored through its
uncleaved precursor prothymosin alpha found inside epithelial tumor cells. The use of prothy-
mosin alpha as a surrogate for thymosin o1 was previously demonstrated in literature for
radioimmunoassays.[20, 30] Our proteomics analysis of FFPE archival tissue revealed that in
comparison to normal thymus tissue thymoma of AB, B1 and B2 types show an increase in
prothymosin alpha while thymomas A and B3 show a lower level of prothymosin alpha, con-
sistent with expected levels of T lymphocytes. Thus, using the expression pattern of prothymo-
sin alpha as a template, candidates for other T lymphocyte associated proteins were identified.
This finding also offers a potential explanation that tumor tissue may be abnormally producing
signaling factors leading to the proliferation of the infiltrating T lymphocytes.

A total of 263 unique proteins were identified as T lymphocyte associated protein candi-
dates. The clustering of this data set revealed segregation between thymoma samples associated
with the degree of lymphocyte infiltration with the exception of one B3 outlier. As thymoma
B3 originates from the thymus cortex, the site of lymphocyte maturation, a varying amount of
T lymphocytes may be present. It can be hypothesized that the outlier sample possessed a
higher lymphocyte content resulting in the observed grouping. Through DAVID GO term
analysis 6 of the proteins expressed multiple hits in functions associated with T lymphocytes in
the GO term T cell differentiation. CD3 delta (CD3D) and epsilon (CD3E) are chains of the
CD3 complex. CD3 is a component of the T-cell receptor complex, which also consists of the {
chain and either aff T-cell receptor or Y8 T-cell receptor. The T-cell receptor complex conveys
signals from the extracellular T cell receptor to intracellular signaling pathways.[31, 32] CD3D
is required for transition of the T cell from the double positive to the single positive stage.[33]
CD3E is necessary for progression of T cells past the double negative stages. The loss of CD3E
leads to absence of mature double and single positive thymocytes implicating its role in pre-
TCR development.[34-36] Brodeur et al. showed that the intracytoplasmic tail of CD3E is
essential for double negative to double positive transition.[37] Tyrosine kinase LCK (LCK),
tyrosine kinase ZAP-70 (ZAP70) and B-cell lymphoma/leukemia 11B (BCL11B), play roles in
the differentiation and survival of T lymphocytes.[38-43] LCK plays a role in pre-TCR signal-
ing at the double negative 3 (DN3) transition to double negative 4 (DN4) for the commitment
of alpha-beta T cells development.[44-46] Ribosomal protein, RPL22 is also essential for the
alpha-beta differentiation of T cells during the DN3 stage.[47-49] It is also notable that Ki67, a
well-established proliferation marker, was found in all 18 of the AB, Bl and B2 samples but
not in any of the A and B3 samples. In further support of the importance of lymphocyte contri-
bution to the protein profile, a high degree of overlapping proteins was found among
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thymoma AB, B1 and B2 samples which are characteristically lymphocyte-rich, as confirmed
by TdT IHC staining.

Stathmin, a protein involved in the regulation of microtubule dynamics, has been well
established as a marker for high cell proliferation rate.[50, 51] Stathmin is over-expressed in
several different cancer types.[23, 52-55] High levels of stathmin have been associated with
poor prognosis in multiple cancer types and resistance to drugs stabilizing microtubules, such
as taxane.[56] Furthermore, depletion of stathmin leads to cell cycle arrest in the G2 phase and
apoptosis.[57] Due to the known correlation between stathmin expression level and other epi-
thelial cancers, the differential expression of stathmin detected between the thymoma tumor
types was further investigated using IHC. The IHC staining showed that the stathmin was
localized to the T lymphocytes infiltrating the biopsy tissue, leading to the conclusion that
stathmin is a lymphocyte associated protein. The positive staining of stathmin in T lympho-
cytes is supported by previous studies, as stathmin plays a critical role in the activation of T
lymphocytes as a regulator of cell polarization and T lymphocyte migration from the vascular
compartment across tissue barriers.[57, 58] The use of stathmin to distinguish the different
thymoma subtypes is limited due to its staining of lymphocytes as opposed to the tumorous
epithelial cells themselves, as CD4 and CD8 are well-established THC targets for T lympho-
cytes.[59]

Comparison of the proteomic profiles between A and B3 revealed 90 proteins to be signifi-
cantly expressed differentially between the subtypes. Of these 90 proteins most were involved
in biological functions not obviously associated with cancer including sugar and amino acid
metabolism. Seven of these proteins are involved in anti-apoptotic processes. It is known that
some proteins may serve roles as either onco-proteins or tumor suppressors in different dis-
eases. Annexins 1 and 4 were found to be significantly downregulated in thymoma B3 relative
to thymoma A. Interestingly, decreases in Annexin 1 expression have been correlated to
esophageal and prostate cancer severity while showing the opposite relationship with pancre-
atic cancer.[60, 61] Annexin 4 while typically found over expressed in most tumors was found
to have the opposite relationship in prostate cancer.[62, 63] HSP70 expression is also higher in
thymoma B3 than A, consistent with its activity promoting cell survival.[64, 65] We found that
NFKBI1, which controls genes associated with processes such as apoptosis inhibition and cell
cycle progression, was expressed significantly higher in B3 thymoma.[66-68] DDAH2 is a pro-
tein that was found relatively expressed at a greater level in type A thymoma than in type B3.
There exists evidence that DDAH2 expression may be up or down regulated in different
tumor types, as exemplified by ovarian carcinoma and oral squamous cell carcinoma respec-
tively.[69, 70] High levels of proteins HSP90b1 and aB-crystallin are typically associated with
cancer progression.[62, 71-73] Surprisingly, these proteins were found to be significantly
more highly expressed in thymoma A over thymoma B3, despite B3 being the more severe dis-
ease. Differences in the site of origin of thymoma A and B3 may play a role in these unexpected
results. Since there is no previous work on these proteins in the context of thymoma, further
study and validation of these proteins is required to understand their specific roles in the dis-
ease process and to assess their potential as diagnostic and/or prognostic markers.

The search for a protein maker to differentiate types A and B3 thymomas for potential use
in clinical diagnosis led to the investigation of desmoyokin, the protein encoded by the
AHNAK (neuroblast differentiation- associated) gene. Protein candidates were selected for
further evaluation based on highest absolute fold change difference between thymomas A and
B3. Candidates included oB-crystallin (log,—4.18 fold change), protein s100-a10 (log,—2.13
fold change), protein s100-a6 (log,—2.05 fold change), desmoyokin (log,—1.81 fold change)
and galectin 7 (log, 3.58 fold change). The protein candidates were then further evaluated
through assessment of fold change between all thymoma subtypes and normal thymus tissue
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for expression level patterns. Protein s100-a10 and galectin 7 were only present in A and B3
thymomas respectively when matched with normal thymus tissue. Protein s100-a6 was found
to be elevated in A, AB, B2 and B3. While s100-a6 is a known tumor marker, its enhanced
expression in four of the thymoma subtypes excluded it as a useful marker to distinguish
between the different subtypes.[74] oB-crystallin showed elevated expression level in type A
thymoma while decreased expression in AB, B1, B2 and B3, significantly in B1 and B3.

Desmoyokin was significantly downregulated in all three B thymomas while exhibiting little
changes in type A and AB, supporting the fact that the protein is associated with the epithelial
cell derived thymoma tumors as opposed to T lymphocytes. Furthermore, we hypothesized
that desmoyokin serves as a marker distinguishing the thymus medulla from the cortex. Des-
moyokin was selected for further study through IHC of tumor microarray due to its signifi-
cance and expression level pattern between the A and B thymoma subtypes.

Comparison of desmoyokin staining of thymus tissue with staining by hematoxylin and
eosin, and anti-proteasome subunit B5t revealed that regions were stained either exclusively
with desmoyokin or with proteasome subunit f5t. Proteasome subunit 35t is a protein previ-
ously described as expressed exclusively in the thymic cortical epithelial cells.[9] Use of protea-
some subunit 35 was selected as a negative control since has been shown to be unique to the
cortex. It is notable that Keratin 5 and Keratin 8 expression are also used as markers for
medulla and cortex but other studies have cast doubt on their specificity.[75-78] Our proteo-
mic data showed no significant difference in Keratin 5 or Keratin 8 expression in A vs. B3 thy-
moma subtypes. Other markers that have been associated with cortical thymus epithelial cells,
such as LY51 and CD205, were also not observed in our proteomic results. Thus, it was con-
cluded that desmoyokin is a marker present in the thymus medulla but not the cortex, provid-
ing objective identification of thymus cortex and medulla. Since type A thymomas are derived
from medullary thymus tissue and type B thymomas are derived from cortical tissue, desmoyo-
kin serves as a marker distinguishing tumor subtypes based on tissue of origin. Whether des-
moyokin observed in the thymus plays a role in tumorigenesis or the reason for this alteration
has yet to be determined. The desmoyokin protein may be downregulated in cancers.[79, 80]
Previous studies have shown that its levels negatively correlate with cell division rate. This pro-
tein is post-translationally modified through phosphorylation of serine and threonine, with
phosphorylation occurring in actively growing cells. A study by Lee et al. showed that des-
moyokin can function as a tumor suppressor through regulation of the TGFp/Smad pathway
leading to cell cycle arrest.[81] This study showed that desmoyokin expression was signifi-
cantly downregulated in B subtype thymomas compared to the A subtype thymomas and nor-
mal thymus tissue. The A subtype thymomas did not show a significant difference in
desmoyokin expression when compared to normal thymus tissue. It is clear that much remains
to be learned about the desmoyokin protein in the context of cancer.[81] One potential future
course of study is to study the phosphorylation states of the desmoyokin protein in thymomas
to assess for possible correlation with abnormal cell growth patterns. Thus, this protein is a tar-
get for future study not only as a marker for clinical function to distinguish between thymoma
types A and B3 but also to further elucidate the changes associated with tumorigenesis of thy-
momas from the different regions of the thymus.

Conclusion

This study is the first global proteomic characterization of all epithelial derived thymoma sub-
types compared to normal thymus, overcoming the challenges associated with studying a dis-
ease with no representative cell line or animal model. Challenges due to the rarity of this
disease were addressed through the utilization of FFPE tissues collected over two decades. The
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resulting proteomic characterization has led to the discovery of interesting potential biomarker
proteins: desmoyokin and stathmin. This study revealed that desmoyokin was downregulated
in thymus cortex tissue, the site of origin for subtype B thymomas but not subtype A thymo-
mas. This protein may allow for differentiation between thymomas based on their site of ori-
gin. The stathmin protein ultimately proved to be unsuitable for a disease biomarker to
separate thymoma subtypes, but its changes in abundance across these thymomas supports
existing knowledge of associated lymphocytic infiltration. These findings on desmoyokin and
stathmin have opened the possibility for several future studies exploring the role of the
immune system, the cell cycle, and cell motility pathways in the development of this disease.
The molecular data from this study also provide a new opportunity for comparison to other
cancers in an effort to elucidate the process of tumorigenesis.

Supporting Information

S1 Fig. Principal Component Analysis of Thymoma Subtypes. A. Scatterplot of the first two
principal components of the PCA B. Scree plot of the first eight principal components.
(EPS)

S1 Table. Patient Details for LC-MS/MS Experiment. Patient age and gender for tissue speci-
mens used for LC-MS/MS proteomics experiment.
(XLSX)

$2 Table. Patient Details for Tumor Microarray. Patient age and gender for tissue specimens
used for tumor microarray studies.
(XLSX)

S3 Table. Imputed Protein Lists. List of detected thymoma proteins and their associated
detected intensities and statistics in relationship to normal thymus. Note an imputed value
corresponding to low end detection values were used for proteins not detected in individual
samples.

(XLSX)

S4 Table. Intersections of Proteins Identified Between Subtypes Identifications of protein
components of each intersection in the Venn diagram of Fig 1B. (Attached Excel Spread-
sheet S5 Table)

(XLSX)

S5 Table. DAVID Gene Ontology Analysis. DAVID was used to analysis proteins lists signifi-
cantly (q-value <0.20) different between tumor and normal thymus tissue to assess Gene
Ontology for protein similar in function.

(XLSX)

$6 Table. T Lymphocyte Associated Protein Candidates. List of thymoma proteins deter-
mined to be potential T lymphocyte associated proteins and their associated statistics in com-
parison to normal thymus.

(XLSX)

S7 Table. DAVID Gene Ontology Analysis of T Lymphocyte Associated Protein Candi-
dates.
(XLSX)

S8 Table. DAVID Gene Ontology Analysis of Protein Showing Significant Differential
Expression AvB3.
(XLSX)

PLOS ONE | DOI:10.1371/journal.pone.0166494 November 10, 2016 16/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166494.s009

@° PLOS | ONE

Thymoma Proteomics

Author Contributions

Conceptualization: LW MAF CLH KS.

Data curation: OEB.

Formal analysis: OEB KS LW.

Funding acquisition: MAF.

Investigation: LW OEB KS MAF.

Methodology: LW OEB KS MAF.

Project administration: KS MAF.

Resources: KS MAF.

Software: OEB MAF.

Supervision: KS MAF.

Validation: LW KS.

Visualization: LW OEB.

Writing - original draft: LW.

Writing - review & editing: LW OEB KS CLH MAF.

References

1.

10.

11.

Engels EA. Epidemiology of thymoma and associated malignancies. J Thorac Oncol. 2010; 5(10 Suppl
4):8260-5. doi: 10.1097/JTO.0b013e3181f1f62d PMID: 20859116; PubMed Central PMCID:
PMCPMC2951303.

Kondo K, Yoshizawa K, Tsuyuguchi M, Kimura S, Sumitomo M, Morita J, et al. WHO histologic classifi-
cation is a prognostic indicator in thymoma. Ann Thorac Surg. 2004; 77(4):1183-8. doi: 10.1016/j.
athoracsur.2003.07.042 PMID: 15063231.

Okumura M, Ohta M, Tateyama H, Nakagawa K, Matsumura A, Maeda H, et al. The World Health Orga-
nization histologic classification system reflects the oncologic behavior of thymoma: a clinical study of
273 patients. Cancer. 2002; 94(3):624-32. PMID: 11857293.

Chen G, Marx A, Chen WH, Yong J, Puppe B, Stroebel P, et al. New WHO histologic classification pre-
dicts prognosis of thymic epithelial tumors: a clinicopathologic study of 200 thymoma cases from China.
Cancer. 2002; 95(2):420-9. doi: 10.1002/cncr.10665 PMID: 12124843.

Scorsetti M, Leo F, Trama A, D’Angelillo R, Serpico D, Macerelli M, et al. Thymoma and thymic carcino-
mas. Crit Rev Oncol Hematol. 2016. doi: 10.1016/j.critrevonc.2016.01.012 PMID: 26818050.

Ried M, Marx A, Gotz A, Hamer O, Schalke B, Hofmann HS. State of the art: diagnostic tools and inno-
vative therapies for treatment of advanced thymoma and thymic carcinoma. Eur J Cardiothorac Surg.
2015. doi: 10.1093/ejcts/ezv426 PMID: 26670806.

Sun QL, Fang WT, Feng J, Zhang J, Yang XH, Gu ZT, et al. Proteome analysis and tissue array for pro-
filing protein markers associated with type B thymoma subclassification. Chin Med J (Engl). 2012; 125
(16):2811-8. PMID: 22932072.

Strobel P, Hartmann E, Rosenwald A, Kalla J, Ott G, Friedel G, et al. Corticomedullary differentiation
and maturational arrest in thymomas. Histopathology. 2014; 64(4):557—66. doi: 10.1111/his.12279
PMID: 24236644.

Yamada Y, Tomaru U, Ishizu A, Kiuchi T, Marukawa K, Matsuno Y, et al. Expression of proteasome
subunit beta5t in thymic epithelial tumors. Am J Surg Pathol. 2011; 35(9):1296-304. doi: 10.1097/PAS.
0b013e3182237f5d PMID: 21836487.

Allen T. Hematoxylin and eosin. Laboratory Methods in Histotechnology Armed Forces Institute of
Pathology, Washington, DC. 1992; 53.

Shapiro JP, Biswas S, Merchant AS, Satoskar A, Taslim C, Lin S, et al. A quantitative proteomic work-
flow for characterization of frozen clinical biopsies: laser capture microdissection coupled with label-free

PLOS ONE | DOI:10.1371/journal.pone.0166494 November 10, 2016 17/21


http://dx.doi.org/10.1097/JTO.0b013e3181f1f62d
http://www.ncbi.nlm.nih.gov/pubmed/20859116
http://dx.doi.org/10.1016/j.athoracsur.2003.07.042
http://dx.doi.org/10.1016/j.athoracsur.2003.07.042
http://www.ncbi.nlm.nih.gov/pubmed/15063231
http://www.ncbi.nlm.nih.gov/pubmed/11857293
http://dx.doi.org/10.1002/cncr.10665
http://www.ncbi.nlm.nih.gov/pubmed/12124843
http://dx.doi.org/10.1016/j.critrevonc.2016.01.012
http://www.ncbi.nlm.nih.gov/pubmed/26818050
http://dx.doi.org/10.1093/ejcts/ezv426
http://www.ncbi.nlm.nih.gov/pubmed/26670806
http://www.ncbi.nlm.nih.gov/pubmed/22932072
http://dx.doi.org/10.1111/his.12279
http://www.ncbi.nlm.nih.gov/pubmed/24236644
http://dx.doi.org/10.1097/PAS.0b013e3182237f5d
http://dx.doi.org/10.1097/PAS.0b013e3182237f5d
http://www.ncbi.nlm.nih.gov/pubmed/21836487

@° PLOS | ONE

Thymoma Proteomics

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

mass spectrometry. J Proteomics. 2012; 77:433—40. doi: 10.1016/}.jprot.2012.09.019 PMID: 23022584;
PubMed Central PMCID: PMCPMC3835202.

Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Nat Biotechnol. 2008; 26(12):1367—-72. doi: 10.
1038/nbt.1511 PMID: 19029910.

Cox J, Hein MY, Luber CA, Paron |, Nagaraj N, Mann M. Accurate proteome-wide label-free quantifica-
tion by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol Cell Proteo-
mics. 2014; 13(9):2513-26. doi: 10.1074/mcp.M113.031591 PMID: 24942700; PubMed Central
PMCID: PMCPMC4159666.

Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M. Andromeda: a peptide search
engine integrated into the MaxQuant environment. J Proteome Res. 2011; 10(4):1794-805. doi: 10.
1021/pr101065j PMID: 21254760.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. Journal of the Royal Statistical Society Series B (Methodological). 1995; 57(1):289—
300.

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44-57. doi: 10.1038/nprot.2008.211 PMID:
19131956.

Huang DW, Sherman BT, Tan Q, Kir J, Liu D, Bryant D, et al. DAVID Bioinformatics Resources:
expanded annotation database and novel algorithms to better extract biology from large gene lists.
Nucleic Acids Res. 2007; 35(Web Server issue):W169-75. doi: 10.1093/nar/gkm415 PMID: 17576678;
PubMed Central PMCID: PMCPMC1933169.

Huang da W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths toward the compre-
hensive functional analysis of large gene lists. Nucleic Acids Res. 2009; 37(1):1-13. doi: 10.1093/nar/
gkn923 PMID: 19033363; PubMed Central PMCID: PMCPMC2615629.

Haritos AA, Goodall GJ, Horecker BL. Prothymosin alpha: isolation and properties of the major immuno-
reactive form of thymosin alpha 1 in rat thymus. Proc Natl Acad Sci U S A. 1984; 81(4):1008-11. PMID:
6583693; PubMed Central PMCID: PMCPMC344752.

Tsitsiloni OE, Heimer E, Felix A, Yialouris PP, Vamvoukakis J, Voelter W, et al. Radioimmunoassays
for the C-terminus of prothymosin alpha and the N-terminus of parathymosin alpha for the measurement
of the levels of alpha-thymosins in human cancer. J Immunol Methods. 1994; 169(2):163-71. PMID:
7510758.

He X, Liao Y, Lu W, Xu G, Tong H, Ke J, et al. Elevated STMN1 promotes tumor growth and invasion in
endometrial carcinoma. Tumour Biol. 2016. doi: 10.1007/s13277-016-4869-5 PMID: 26815505.

Novak M, Lester J, Karst AM, Parkash V, Hirsch MS, Crum CP, et al. Stathmin 1 and p16(INK4A) are
sensitive adjunct biomarkers for serous tubal intraepithelial carcinoma. Gynecol Oncol. 2015; 139
(1):104—11. doi: 10.1016/j.ygyno.2015.07.100 PMID: 26206555; PubMed Central PMCID:
PMCPMC4586950.

Liu X, Liu H, Liang J, Yin B, Xiao J, Li J, et al. Stathmin is a potential molecular marker and target for the
treatment of gastric cancer. Int J Clin Exp Med. 2015; 8(4):6502—9. PMID: 26131279; PubMed Central
PMCID: PMCPMC4483895.

Fang M, Yuan J, Peng C, Li Y. Collagen as a double-edged sword in tumor progression. Tumour Biol.
2014; 35(4):2871-82. doi: 10.1007/s13277-013-1511-7 PMID: 24338768; PubMed Central PMCID:
PMCPMC3980040.

Polanski M, Anderson NL. A list of candidate cancer biomarkers for targeted proteomics. Biomark
Insights. 2007; 1:1-48. PMID: 19690635; PubMed Central PMCID: PMCPMC2716785.

Chen C, Mendez E, Houck J, Fan W, Lohavanichbutr P, Doody D, et al. Gene expression profiling iden-
tifies genes predictive of oral squamous cell carcinoma. Cancer Epidemiol Biomarkers Prev. 2008; 17
(8):2152-62. doi: 10.1158/1055-9965.EPI-07-2893 PMID: 18669583; PubMed Central PMCID:
PMCPMC2575803.

Hayashi M, Nomoto S, Hishida M, Inokawa Y, Kanda M, Okamura Y, et al. Identification of the collagen
type 1 alpha 1 gene (COL1A1) as a candidate survival-related factor associated with hepatocellular car-
cinoma. BMC Cancer. 2014; 14:108. doi: 10.1186/1471-2407-14-108 PMID: 24552139; PubMed Cen-
tral PMCID: PMCPMC40155083.

Serafino A, Pierimarchi P, Pica F, Andreola F, Gaziano R, Moroni N, et al. Thymosin alphat as a stimu-
latory agent of innate cell-mediated immune response. Ann N'Y Acad Sci. 2012; 1270:13-20. doi: 10.
1111/j.1749-6632.2012.06707.x PMID: 23050812.

Pierluigi B, D’Angelo C, Fallarino F, Moretti S, Zelante T, Bozza S, et al. Thymosin alpha1: the regulator
of regulators? Ann N'Y Acad Sci. 2010; 1194:1-5. doi: 10.1111/j.1749-6632.2010.05465.x PMID:
20536444.

PLOS ONE | DOI:10.1371/journal.pone.0166494 November 10, 2016 18/21


http://dx.doi.org/10.1016/j.jprot.2012.09.019
http://www.ncbi.nlm.nih.gov/pubmed/23022584
http://dx.doi.org/10.1038/nbt.1511
http://dx.doi.org/10.1038/nbt.1511
http://www.ncbi.nlm.nih.gov/pubmed/19029910
http://dx.doi.org/10.1074/mcp.M113.031591
http://www.ncbi.nlm.nih.gov/pubmed/24942700
http://dx.doi.org/10.1021/pr101065j
http://dx.doi.org/10.1021/pr101065j
http://www.ncbi.nlm.nih.gov/pubmed/21254760
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://dx.doi.org/10.1093/nar/gkm415
http://www.ncbi.nlm.nih.gov/pubmed/17576678
http://dx.doi.org/10.1093/nar/gkn923
http://dx.doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
http://www.ncbi.nlm.nih.gov/pubmed/6583693
http://www.ncbi.nlm.nih.gov/pubmed/7510758
http://dx.doi.org/10.1007/s13277-016-4869-5
http://www.ncbi.nlm.nih.gov/pubmed/26815505
http://dx.doi.org/10.1016/j.ygyno.2015.07.100
http://www.ncbi.nlm.nih.gov/pubmed/26206555
http://www.ncbi.nlm.nih.gov/pubmed/26131279
http://dx.doi.org/10.1007/s13277-013-1511-7
http://www.ncbi.nlm.nih.gov/pubmed/24338768
http://www.ncbi.nlm.nih.gov/pubmed/19690635
http://dx.doi.org/10.1158/1055-9965.EPI-07-2893
http://www.ncbi.nlm.nih.gov/pubmed/18669583
http://dx.doi.org/10.1186/1471-2407-14-108
http://www.ncbi.nlm.nih.gov/pubmed/24552139
http://dx.doi.org/10.1111/j.1749-6632.2012.06707.x
http://dx.doi.org/10.1111/j.1749-6632.2012.06707.x
http://www.ncbi.nlm.nih.gov/pubmed/23050812
http://dx.doi.org/10.1111/j.1749-6632.2010.05465.x
http://www.ncbi.nlm.nih.gov/pubmed/20536444

@° PLOS | ONE

Thymoma Proteomics

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Tsitsiloni OE, Stiakakis J, Koutselinis A, Gogas J, Markopoulos C, Yialouris P, et al. Expression of
alpha-thymosins in human tissues in normal and abnormal growth. Proc Natl Acad Sci U S A. 1993; 90
(20):9504—7. PMID: 8415730; PubMed Central PMCID: PMCPMC47597.

Clevers H, Alarcon B, Wileman T, Terhorst C. The T cell receptor/CD3 complex: a dynamic protein
ensemble. Annu Rev Immunol. 1988; 6:629-62. doi: 10.1146/annurev.iy.06.040188.003213 PMID:
3289580.

Kuhns MS, Davis MM, Garcia KC. Deconstructing the form and function of the TCR/CD3 complex.
Immunity. 2006; 24(2):133-9. doi: 10.1016/j.immuni.2006.01.006 PMID: 16473826.

Dave VP, Cao Z, Browne C, Alarcon B, Fernandez-Miguel G, Lafaille J, et al. CD3 delta deficiency
arrests development of the alpha beta but not the gamma delta T cell lineage. EMBO J. 1997; 16
(6):1360—70. doi: 10.1093/emboj/16.6.1360 PMID: 9135151; PubMed Central PMCID:
PMCPMC1169733.

Dedarnette JB, Sommers CL, Huang K, Woodside KJ, Emmons R, Katz K, et al. Specific requirement
for CD3epsilon in T cell development. Proc Natl Acad Sci U S A. 1998; 95(25):14909-14. PMID:
9843989; PubMed Central PMCID: PMCPMC24549.

Wang N, Wang B, Salio M, Allen D, She J, Terhorst C. Expression of a CD3 epsilon transgene in CD3
epsilon(null) mice does not restore CD3 gamma and delta expression but efficiently rescues T cell
development from a subpopulation of prothymocytes. International Immunology. 1998; 10(12):1777—
88. doi: 10.1093/intimm/10.12.1777 PMID: 9885898

Malissen M, Gillet A, Ardouin L, Bouvier G, Trucy J, Ferrier P, et al. Altered T cell development in mice
with a targeted mutation of the CD3-epsilon gene. EMBO J. 1995; 14(19):4641-53. PMID: 7588594
PubMed Central PMCID: PMCPMC394561.

Brodeur JF, Li S, da Silva Martins M, Larose L, Dave VP. Critical and multiple roles for the CD3epsilon
intracytoplasmic tail in double negative to double positive thymocyte differentiation. J Immunol. 2009;
182(8):4844-53. doi: 10.4049/jimmunol.0803679 PMID: 19342663.

Gelkop S, Gish GD, Babichev Y, Pawson T, Isakov N. T cell activation-induced Crkll binding to the
Zap70 protein tyrosine kinase is mediated by Lck-dependent phosphorylation of Zap70 tyrosine 315. J
Immunol. 2005; 175(12):8123-32. PMID: 16339550.

Fischer A, Picard C, Chemin K, Dogniaux S, le Deist F, Hivroz C. ZAP70: a master regulator of adaptive
immunity. Semin Immunopathol. 2010; 32(2):107—16. doi: 10.1007/s00281-010-0196-x PMID:
20135127.

Negishi I, Motoyama N, Nakayama K, Nakayama K, Senju S, Hatakeyama S, et al. Essential role for
ZAP-70 in both positive and negative selection of thymocytes. Nature. 1995; 376(6539):435-8. doi: 10.
1038/376435a0 PMID: 7630421.

Hernandez-Hoyos G, Sohn SJ, Rothenberg EV, Alberola-lla J. Lck activity controls CD4/CD8 T cell line-
age commitment. Immunity. 2000; 12(3):313-22. PMID: 10755618.

Ikawa T, Hirose S, Masuda K, Kakugawa K, Satoh R, Shibano-Satoh A, et al. An essential developmen-
tal checkpoint for production of the T cell lineage. Science. 2010; 329(5987):93-6. doi: 10.1126/
science.1188995 PMID: 20595615.

Liu P, Li P, Burke S. Critical roles of Bcl11b in T-cell development and maintenance of T-cell identity.
Immunol Rev. 2010; 238(1):138—49. doi: 10.1111/j.1600-065X.2010.00953.x PMID: 20969590.

Chiang YJ, Hodes RJ. T-cell development is regulated by the coordinated function of proximal and distal
Lck promoters active at different developmental stages. Eur J Immunol. 2016. doi: 10.1002/gji.
201646440 PMID: 27469439.

Van Laethem F, Tikhonova AN, Pobezinsky LA, Tai X, Kimura MY, Le Saout C, et al. Lck availability
during thymic selection determines the recognition specificity of the T cell repertoire. Cell. 2013; 154
(6):1326—41. doi: 10.1016/j.cell.2013.08.009 PMID: 24034254; PubMed Central PMCID:
PMCPMC3792650.

van Oers NS, Lowin-Kropf B, Finlay D, Connolly K, Weiss A. alpha beta T cell development is abolished
in mice lacking both Lck and Fyn protein tyrosine kinases. Immunity. 1996; 5(5):429-36. PMID:
8934570.

Murre C. Ribosomal proteins and the control of alphabeta T lineage development. Immunity. 2007; 26
(6):751-2. doi: 10.1016/j.immuni.2007.06.001 PMID: 17582347.

Anderson SJ, Lauritsen JP, Hartman MG, Foushee AM, Lefebvre JM, Shinton SA, et al. Ablation of ribo-
somal protein L22 selectively impairs alphabeta T cell development by activation of a p53-dependent
checkpoint. Immunity. 2007; 26(6):759—72. doi: 10.1016/j.immuni.2007.04.012 PMID: 17555992.

Hager-Theodorides AL, Rowbotham NJ, Outram SV, Dessens JT, Crompton T. Beta-selection: abun-
dance of TCRbeta-/gammadelta- CD44- CD25- (DN4) cells in the foetal thymus. Eur J Immunol. 2007;

PLOS ONE | DOI:10.1371/journal.pone.0166494 November 10, 2016 19/21


http://www.ncbi.nlm.nih.gov/pubmed/8415730
http://dx.doi.org/10.1146/annurev.iy.06.040188.003213
http://www.ncbi.nlm.nih.gov/pubmed/3289580
http://dx.doi.org/10.1016/j.immuni.2006.01.006
http://www.ncbi.nlm.nih.gov/pubmed/16473826
http://dx.doi.org/10.1093/emboj/16.6.1360
http://www.ncbi.nlm.nih.gov/pubmed/9135151
http://www.ncbi.nlm.nih.gov/pubmed/9843989
http://dx.doi.org/10.1093/intimm/10.12.1777
http://www.ncbi.nlm.nih.gov/pubmed/9885898
http://www.ncbi.nlm.nih.gov/pubmed/7588594
http://dx.doi.org/10.4049/jimmunol.0803679
http://www.ncbi.nlm.nih.gov/pubmed/19342663
http://www.ncbi.nlm.nih.gov/pubmed/16339550
http://dx.doi.org/10.1007/s00281-010-0196-x
http://www.ncbi.nlm.nih.gov/pubmed/20135127
http://dx.doi.org/10.1038/376435a0
http://dx.doi.org/10.1038/376435a0
http://www.ncbi.nlm.nih.gov/pubmed/7630421
http://www.ncbi.nlm.nih.gov/pubmed/10755618
http://dx.doi.org/10.1126/science.1188995
http://dx.doi.org/10.1126/science.1188995
http://www.ncbi.nlm.nih.gov/pubmed/20595615
http://dx.doi.org/10.1111/j.1600-065X.2010.00953.x
http://www.ncbi.nlm.nih.gov/pubmed/20969590
http://dx.doi.org/10.1002/eji.201646440
http://dx.doi.org/10.1002/eji.201646440
http://www.ncbi.nlm.nih.gov/pubmed/27469439
http://dx.doi.org/10.1016/j.cell.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/24034254
http://www.ncbi.nlm.nih.gov/pubmed/8934570
http://dx.doi.org/10.1016/j.immuni.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17582347
http://dx.doi.org/10.1016/j.immuni.2007.04.012
http://www.ncbi.nlm.nih.gov/pubmed/17555992

@° PLOS | ONE

Thymoma Proteomics

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

37(2):487-500. doi: 10.1002/€ji.200636503 PMID: 17273993; PubMed Central PMCID:
PMCPMC2651467.

Lopez F, Belloc F, Lacombe F, Dumain P, Reiffers J, Bernard P, et al. Modalities of synthesis of Ki67
antigen during the stimulation of lymphocytes. Cytometry. 1991; 12(1):42-9. doi: 10.1002/cyto.
990120107 PMID: 1999122.

Nemunaitis J. Stathmin 1: a protein with many tasks. New biomarker and potential target in cancer.
Expert Opin Ther Targets. 2012; 16(7):631—4. doi: 10.1517/14728222.2012.696101 PMID: 22686589.

Hemdan T, Linden M, Lind SB, Namuduri AV, Sjostedt E, de Stahl TD, et al. The prognostic value and
therapeutic target role of stathmin-1 in urinary bladder cancer. Br J Cancer. 2014; 111(6):1180-7. doi:
10.1038/bjc.2014.427 PMID: 25072257; PubMed Central PMCID: PMCPMC4453855.

Wang F, Xuan XY, Yang X, Cao L, Pang LN, Zhou R, et al. Stathmin is a marker of progression and
poor prognosis in esophageal carcinoma. Asian Pac J Cancer Prev. 2014; 15(8):3613-8. PMID:
24870766.

Machado-Neto JA, Saad ST, Traina F. Stathmin 1 in normal and malignant hematopoiesis. BMB Rep.
2014; 47(12):660-5. PMID: 24667172; PubMed Central PMCID: PMCPMC4345509. doi: 10.5483/
BMBRep.2014.47.12.020

Chen J, Abi-Daoud M, Wang A, Yang X, Zhang X, Feilotter HE, et al. Stathmin 1 is a potential novel
oncogene in melanoma. Oncogene. 2013; 32(10):1330-7. doi: 10.1038/onc.2012.141 PMID:
22665054.

Hassan MK, Watari H, Mitamura T, Mohamed Z, El-Khamisy SF, Ohba Y, et al. P18/Stathmin1 is regu-
lated by miR-31 in ovarian cancer in response to taxane. Oncoscience. 2015; 2(3):294—-308. PMID:
25897432; PubMed Central PMCID: PMCPMC4394135. doi: 10.18632/oncoscience.143

Carney BK, Cassimeris L. Stathmin/oncoprotein 18, a microtubule regulatory protein, is required for sur-
vival of both normal and cancer cell lines lacking the tumor suppressor, p53. Cancer Biol Ther. 2010; 9
(9):699-709. PMID: 20200495.

Filbert EL, Le Borgne M, Lin J, Heuser JE, Shaw AS. Stathmin regulates microtubule dynamics and
microtubule organizing center polarization in activated T cells. J Immunol. 2012; 188(11):5421-7. doi:
10.4049/jimmunol.1200242 PMID: 22529300; PubMed Central PMCID: PMCPMC3358357.

Whiteland JL, Nicholls SM, Shimeld C, Easty DL, Williams NA, Hill TJ. Immunohistochemical detection
of T-cell subsets and other leukocytes in paraffin-embedded rat and mouse tissues with monoclonal
antibodies. J Histochem Cytochem. 1995; 43(3):313-20. PMID: 7868861.

Paweletz CP, Ornstein DK, Roth MJ, Bichsel VE, Gillespie JW, Calvert VS, et al. Loss of annexin 1 cor-
relates with early onset of tumorigenesis in esophageal and prostate carcinoma. Cancer Res. 2000; 60
(22):6293-7. PMID: 11103786.

Bai XF, Ni XG, Zhao P, Liu SM, Wang HX, Guo B, et al. Overexpression of annexin 1 in pancreatic can-
cer and its clinical significance. World J Gastroenterol. 2004; 10(10):1466—70. PMID: 15133855;
PubMed Central PMCID: PMCPMC4656286. doi: 10.3748/wjg.v10.i10.1466

Wei B, Guo C, Liu S, Sun MZ. Annexin A4 and cancer. Clin Chim Acta. 2015; 447:72-8. doi: 10.1016/,.
cca.2015.05.016 PMID: 26048190.

Xin W, Rhodes DR, Ingold C, Chinnaiyan AM, Rubin MA. Dysregulation of the annexin family protein
family is associated with prostate cancer progression. Am J Pathol. 2003; 162(1):255—61. doi: 10.1016/
S0002-9440(10)63816-3 PMID: 12507908; PubMed Central PMCID: PMCPMC1851111.

Nylandsted J, Brand K, Jaattela M. Heat shock protein 70 is required for the survival of cancer cells.
Ann N'Y Acad Sci. 2000; 926:122-5. PMID: 11193027.

Rohde M, Daugaard M, Jensen MH, Helin K, Nylandsted J, Jaattela M. Members of the heat-shock pro-
tein 70 family promote cancer cell growth by distinct mechanisms. Genes Dev. 2005; 19(5):570-82. doi:
10.1101/gad.305405 PMID: 15741319; PubMed Central PMCID: PMCPMC551577.

Okamoto T, Sanda T, Asamitsu K. NF-kappa B signaling and carcinogenesis. Curr Pharm Des. 2007;
13(5):447—-62. PMID: 17348842.

Karin M. Nuclear factor-kappaB in cancer development and progression. Nature. 2006; 441(7092):431—
6. doi: 10.1038/nature04870 PMID: 16724054.

Staudt LM. Oncogenic activation of NF-kappaB. Cold Spring Harb Perspect Biol. 2010; 2(6):a000109.
doi: 10.1101/cshperspect.a000109 PMID: 20516126; PubMed Central PMCID: PMCPMC2869521.

Kim YS, Hwan JD, Bae S, Bae DH, Shick WA. Identification of differentially expressed genes using an
annealing control primer system in stage Il serous ovarian carcinoma. BMC Cancer. 2010; 10:576. doi:
10.1186/1471-2407-10-576 PMID: 20969748; PubMed Central PMCID: PMCPMC2974737.

Khor GH, Froemming GR, Zain RB, Abraham MT, Omar E, Tan SK, et al. DNA methylation profiling
revealed promoter hypermethylation-induced silencing of p16, DDAH2 and DUSP1 in primary oral

PLOS ONE | DOI:10.1371/journal.pone.0166494 November 10, 2016 20/21


http://dx.doi.org/10.1002/eji.200636503
http://www.ncbi.nlm.nih.gov/pubmed/17273993
http://dx.doi.org/10.1002/cyto.990120107
http://dx.doi.org/10.1002/cyto.990120107
http://www.ncbi.nlm.nih.gov/pubmed/1999122
http://dx.doi.org/10.1517/14728222.2012.696101
http://www.ncbi.nlm.nih.gov/pubmed/22686589
http://dx.doi.org/10.1038/bjc.2014.427
http://www.ncbi.nlm.nih.gov/pubmed/25072257
http://www.ncbi.nlm.nih.gov/pubmed/24870766
http://www.ncbi.nlm.nih.gov/pubmed/24667172
http://dx.doi.org/10.5483/BMBRep.2014.47.12.020
http://dx.doi.org/10.5483/BMBRep.2014.47.12.020
http://dx.doi.org/10.1038/onc.2012.141
http://www.ncbi.nlm.nih.gov/pubmed/22665054
http://www.ncbi.nlm.nih.gov/pubmed/25897432
http://dx.doi.org/10.18632/oncoscience.143
http://www.ncbi.nlm.nih.gov/pubmed/20200495
http://dx.doi.org/10.4049/jimmunol.1200242
http://www.ncbi.nlm.nih.gov/pubmed/22529300
http://www.ncbi.nlm.nih.gov/pubmed/7868861
http://www.ncbi.nlm.nih.gov/pubmed/11103786
http://www.ncbi.nlm.nih.gov/pubmed/15133855
http://dx.doi.org/10.3748/wjg.v10.i10.1466
http://dx.doi.org/10.1016/j.cca.2015.05.016
http://dx.doi.org/10.1016/j.cca.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/26048190
http://dx.doi.org/10.1016/S0002-9440(10)63816-3
http://dx.doi.org/10.1016/S0002-9440(10)63816-3
http://www.ncbi.nlm.nih.gov/pubmed/12507908
http://www.ncbi.nlm.nih.gov/pubmed/11193027
http://dx.doi.org/10.1101/gad.305405
http://www.ncbi.nlm.nih.gov/pubmed/15741319
http://www.ncbi.nlm.nih.gov/pubmed/17348842
http://dx.doi.org/10.1038/nature04870
http://www.ncbi.nlm.nih.gov/pubmed/16724054
http://dx.doi.org/10.1101/cshperspect.a000109
http://www.ncbi.nlm.nih.gov/pubmed/20516126
http://dx.doi.org/10.1186/1471-2407-10-576
http://www.ncbi.nlm.nih.gov/pubmed/20969748

@° PLOS | ONE

Thymoma Proteomics

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

squamous cell carcinoma. Int J Med Sci. 2013; 10(12):1727-39. doi: 10.7150/ijms.6884 PMID:
24155659; PubMed Central PMCID: PMCPMC3805925.

Rodriguez-Vicente AE, Quwaider D, Benito R, Misiewicz-Krzeminska |, Hernandez-Sanchez M, de
Coca AG, et al. MicroRNA-223 is a novel negative regulator of HSP90B1 in CLL. BMC Cancer. 2015;
15:238. doi: 10.1186/s12885-015-1212-2 PMID: 25880332; PubMed Central PMCID:
PMCPMC4404064.

Chin D, Boyle GM, Williams RM, Ferguson K, Pandeya N, Pedley J, et al. Alpha B-crystallin, a new inde-
pendent marker for poor prognosis in head and neck cancer. Laryngoscope. 2005; 115(7):1239—-42.
doi: 10.1097/01.MLG.0000164715.86240.55 PMID: 15995513.

Ho PY, Chueh SC, Chiou SH, Wang SM, Lin WC, Lee IL, et al. AlphaB-crystallin in clear cell renal cell
carcinoma: tumor progression and prognostic significance. Urol Oncol. 2013; 31(7):1367-77. doi: 10.
1016/j.urolonc.2012.01.015 PMID: 22417627.

Nipp M, Elsner M, Balluff B, Meding S, Sarioglu H, Ueffing M, et al. S100-A10, thioredoxin, and S100-
A6 as biomarkers of papillary thyroid carcinoma with lymph node metastasis identified by MALDI imag-
ing. Journal of molecular medicine. 2012; 90(2):163—-74. doi: 10.1007/s00109-011-0815-6 PMID:
21938494

Dooley J, Erickson M, Larochelle WJ, Gillard GO, Farr AG. FGFR2l1Ib signaling regulates thymic epi-
thelial differentiation. Dev Dyn. 2007; 236(12):3459-71. doi: 10.1002/dvdy.21364 PMID: 17969154.

Bleul CC, Corbeaux T, Reuter A, Fisch P, Monting JS, Boehm T. Formation of a functional thymus initi-
ated by a postnatal epithelial progenitor cell. Nature. 2006; 441(7096):992—-6. doi: 10.1038/nature04850
PMID: 16791198.

Klug DB, Carter C, Crouch E, Roop D, Conti CJ, Richie ER. Interdependence of cortical thymic epithelial
cell differentiation and T-lineage commitment. Proc Natl Acad Sci U S A. 1998; 95(20):11822—7. PMID:
9751749; PubMed Central PMCID: PMCPMC21724.

Danzl NM, Jeong S, Choi Y, Alexandropoulos K. Identification of novel thymic epithelial cell subsets
whose differentiation is regulated by RANKL and Traf6. PLoS One. 2014; 9(1):e86129. doi: 10.1371/
journal.pone.0086129 PMID: 24465914; PubMed Central PMCID: PMCPMC3897650.

Shtivelman E, Bishop JM. The human gene AHNAK encodes a large phosphoprotein located primarily
in the nucleus. J Cell Biol. 1993; 120(3):625-30. PMID: 8381120; PubMed Central PMCID:
PMCPMC2119538.

Shtivelman E, Cohen FE, Bishop JM. A human gene (AHNAK) encoding an unusually large protein with
a 1.2-microns polyionic rod structure. Proc Natl Acad Sci U S A. 1992; 89(12):5472—6. PMID: 1608957;
PubMed Central PMCID: PMCPMC49314.

Lee IH, Sohn M, Lim HJ, Yoon S, Oh H, Shin S, et al. Ahnak functions as a tumor suppressor via modu-
lation of TGFbeta/Smad signaling pathway. Oncogene. 2014; 33(38):4675—-84. doi: 10.1038/onc.2014.
69 PMID: 24662814; PubMed Central PMCID: PMCPMC4180639.

PLOS ONE | DOI:10.1371/journal.pone.0166494 November 10, 2016 21/21


http://dx.doi.org/10.7150/ijms.6884
http://www.ncbi.nlm.nih.gov/pubmed/24155659
http://dx.doi.org/10.1186/s12885-015-1212-2
http://www.ncbi.nlm.nih.gov/pubmed/25880332
http://dx.doi.org/10.1097/01.MLG.0000164715.86240.55
http://www.ncbi.nlm.nih.gov/pubmed/15995513
http://dx.doi.org/10.1016/j.urolonc.2012.01.015
http://dx.doi.org/10.1016/j.urolonc.2012.01.015
http://www.ncbi.nlm.nih.gov/pubmed/22417627
http://dx.doi.org/10.1007/s00109-011-0815-6
http://www.ncbi.nlm.nih.gov/pubmed/21938494
http://dx.doi.org/10.1002/dvdy.21364
http://www.ncbi.nlm.nih.gov/pubmed/17969154
http://dx.doi.org/10.1038/nature04850
http://www.ncbi.nlm.nih.gov/pubmed/16791198
http://www.ncbi.nlm.nih.gov/pubmed/9751749
http://dx.doi.org/10.1371/journal.pone.0086129
http://dx.doi.org/10.1371/journal.pone.0086129
http://www.ncbi.nlm.nih.gov/pubmed/24465914
http://www.ncbi.nlm.nih.gov/pubmed/8381120
http://www.ncbi.nlm.nih.gov/pubmed/1608957
http://dx.doi.org/10.1038/onc.2014.69
http://dx.doi.org/10.1038/onc.2014.69
http://www.ncbi.nlm.nih.gov/pubmed/24662814

