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Cell Cycle M-Phase Genes Are Highly Upregulated
in Anaplastic Thyroid Carcinoma
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Background: Anaplastic thyroid carcinoma (ATC) accounts for only 3% of thyroid cancers, yet strikingly, it
accounts for almost 40% of thyroid cancer deaths. Currently, no effective therapies exist. In an effort to identify
ATC-specific therapeutic targets, we analyzed global gene expression data from multiple studies to identify
ATC-specific dysregulated genes.

Methods: The National Center for Biotechnology Information Gene Expression Omnibus database was sear-
ched for high-throughput gene expression microarray studies from human ATC tissue along with normal
thyroid and/or papillary thyroid cancer (PTC) tissue. Gene expression levels in ATC were compared with
normal thyroid or PTC using seven separate comparisons, and an ATC-specific gene set common in all seven
comparisons was identified. We investigated these genes for their biological functions and pathways.
Results: There were three studies meeting inclusion criteria, (including 32 ATC patients, 69 PTC, and 75
normal). There were 259 upregulated genes and 286 downregulated genes in ATC with at least two-fold change
in all seven comparisons. Using a five-fold filter, 36 genes were upregulated in ATC, while 40 genes were
downregulated. Of the 10 top globally upregulated genes in ATC, 4/10 (MMP1, ANLN, CEP55, and TFPI2) are
known to play a role in ATC progression; however, 6/10 genes (TMEM 158, CXCLS5, E2F7, DLGAPS5, MME,
and ASPM) had not been specifically implicated in ATC. Similarly, 3/10 (SFTA3, LMO3, and C20rf40) of the
most globally downregulated genes were novel in this context, while 7/10 genes (SLC26A7, TG, TSHR,
DUOX2, CDHI, PDESB, and FOXE]) have been previously identified in ATC. We experimentally validated a
significant correlation for seven transcription factors (KLF16, SP3, ETV6, FOXCI, SP1, EGFRI, and MAFK)
with the ATC-specific genes using microarray analysis of ATC cell lines. Ontology clustering of globally
altered genes revealed that “‘mitotic cell cycle’ is highly enriched in the globally upregulated gene set (44% of
top upregulated genes, p-value <107°°).

Conclusions: By focusing on globally altered genes, we have identified a set of consistently altered biological
processes and pathways in ATC. Our data are consistent with an important role for M-phase cell cycle genes in
ATC, and may provide direction for future studies to identify novel therapeutic targets for this disease.
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Introduction vast majority of cases has >90% cure rates. This contrasts

starkly with the fourth subtype of thyroid malignancy arising

UNLIKE MOST OTHER CANCERS, the incidence of epithelial
thyroid cancer is increasing worldwide. The most
common cancer arising from thyroid follicular cells is
broadly classified under the appellation differentiated thyroid
cancer (DTC) and is comprised of papillary thyroid cancer
(PTC), follicular thyroid cancer, and Hiirthle cell carcinoma.
Unlike most cancers, DTC is considered curable and in the

from follicular cells, anaplastic thyroid carcinoma (ATC),
which is highly aggressive and has no effective treatment.
Although ATC accounts for only 3% of thyroid cancer, it is
responsible for up to 40% of thyroid cancer related deaths. In
most cases, ATC patients do not survive more than a year post
detection (1). ATC is arguably the most lethal of all human
malignancies and carries a median survival time of only 4.3
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months, and the 5-year overall survival rate is less than 5%.
Clinically evident distant metastases are seen in more than
half of the patients at time of diagnosis. Even those without
metastases are considered to have advanced system disease,
and all ATC patients are classified by the American Joint
Committee on Cancer staging as stage IV at diagnosis. In
addition to the high mortality, ATC carries high morbidity in
that almost all patients develop airway compromise due to
local disease progression in the neck. In light of its rapid
growth rate, it is somewhat surprising that ATC is not sen-
sitive to any current systemic therapies, including radiation or
chemotherapy. Although several promising targeted thera-
pies (2-5) and multimodal treatment strategies (6,7) have
been explored, to date no therapy has been definitively pro-
ven to prolong survival in these patients. Clearly, novel
treatments are desperately needed.

Large-cohort gene expression studies comparing cancer to
control are powerful tools in uncovering novel oncogene
pathways; however, they often suffer from lack of repro-
ducibility. Indeed, differential genes expression in any one
experiment may be more due to confounding factors than
specific cancer effects. In light of this and the stark differ-
ences in survival between DTC and ATC, we sought to ad-
dress this deficiency and find genes and pathways uniquely
upregulated only in ATC tumors. In this study, we used gene
expression data from three major studies (GSE29265,
GSE33630, and GSE65144) comprising 32 ATC, 69 PTC,
and 75 normal thyroid patient tissue samples. We compared
gene expression profiles of ATC with normal thyroid and
PTC using seven separate comparisons, and identified an
ATC-specific set of genes altered in all seven comparisons.
Differentially expressed genes were further annotated to bio-
logical processes, cellular components and biological path-
ways to identify functional aspects of dysregulated genes.
These analyses revealed that cell cycle-related processes,
specifically mitotic cell cycle genes, were highly enriched
upregulated in ATC. In addition to confirming several known
ATC-related genes, our approach of combined analyses of
gene expression studies provides a novel set of genes involved
in ATC that may be relevant for future therapeutic strategies
in this disease.

Materials and Methods
Gene expression data analyses

The National Center for Biotechnology Information Gene
Expression Omnibus (GEO) database was searched for high-
throughput gene expression microarray studies that included
human ATC tissue as well as normal thyroid and/or PTC
tissue. Microarray studies based on immortalized ATC cell
lines were specifically excluded. The three studies using an
identical platform (Affymetrix Human Genome U133 Plus
2.0 Array) were selected for further analyses (GSE29265: 9
ATC, 20 PTC, 20 normal; GSE33630: 11 ATC, 49 PTC, 45
normal; and GSE65144: 12 ATC, 10 normal). Microarray
raw expression data (CEL files) were downloaded from the
GEO database and each dataset was analyzed separately
(Fig. 1). Normalization was performed using the Robust
Multiarray Average package, followed by annotation of
probes to human genes using the hgul33plus2.db package.
We used the Linear Models for Microarray Bioconductor
package for differential expression analysis. To discover
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ATC-specific genes, gene expression levels in the ATC group
were compared with PTC and normal groups in each dataset
separately, resulting in seven different comparisons. We
used the False Discovery Rate method to adjust the p-values
for multiple testing, which is Benjamini and Hochberg’s
method to control the false discovery rate. Gene lists sig-
nificantly differentially expressed in each comparison (us-
ing fold change (FC) >2.0 and adjusted p-value <0.01) were
filtered. Reproducible ATC-specific genes differentially
expressed in all seven comparisons (259 upregulated and
286 downregulated) were selected for further analyses
(Fig. 1). In order to understand the expression patterns of
differentially expressed genes, we performed cluster anal-
ysis using HPCluster program (8).

Biological function and pathway analyses

Gene ontology enrichment analysis was performed on 545
ATC-specific genes using DAVID (9) to provide an overview
of the major biological process and cellular components.
Ingenuity pathway analysis (IPA) was used to identify ca-
nonical pathways represented by the ATC-specific gene set
(10). Network analysis was performed to search for defined
molecular interactions between genes (gene products). To
identify important transcription factors involved in the ATC-
specific gene set, we used MEME and TOMTOM software
tools. MEME was used to explore 5 kb upstream of specific
genes for the motifs of length (6-20bp), with stringent
threshold of e-value <1x107'°. Next the TOMTOM and
Jolma 2013 database was used to identify transcription fac-
tors which are likely to bind significantly ( p-value <0.01) to
their corresponding motifs (11). We used the motif—gene
relationship from MEME to look into the relationship be-
tween transcription factors (TF) and gene network. For each
gene, we identified upstream motifs and probable transcrip-
tion factors at a p-value cut-off of 0.01. We used a custom
Perl script to design a TF-gene network list and Cytoscape
3.2.1 was used to visualize this network.

Expression profiling of ATC and normal
thyroid cell lines

Gene expression microarray analysis was performed for
four ATC cell lines (THJ11T, THJ16T, THJ21T, THJ29T;
see reference Marlow et al. (12) for characterization of these
cell lines) and 3 normal primary thyroid cells (THJ-45N,
THIJ-101N, THJ-122N) using Affymetrix Human Genome
U133 Plus 2.0 Array. Briefly, RNA was extracted from cell
lines using TRIzol (Invitrogen) and chloroform (Sigma). The
18S/28S bands were verified on a 1% agarose gel. RNA
quality was assessed by Agilent Bioanalyzer. The RNA
products were column-purified (Affymetrix) and then in vitro
transcribed to generate biotin-labeled cRNA. The in vitro
transcription products were column purified, fragmented, and
hybridized onto Affymetrix U133 Plus 2.0 GeneChips® at
45°C for 16 hours. Subsequent to hybridization, the arrays
were washed and stained with streptavidin-phycoerythrin,
then scanned in an Affymetrix GeneChip® Scanner 3000. All
control parameters were confirmed to be within normal range
before normalization and data reduction was initiated. Raw
data was processed by MAS.5 (Affymetrix) and analyzed
using GeneSpring GX10.
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FIG. 1. Flowchart summarizing the study design. Three studies that included human anaplastic thyroid carcinoma (ATC)
tissue for gene expression microarrays were selected. Microarray raw expression data (CEL files) were downloaded from
the Gene Expression Omnibus database and each dataset was analyzed separately. Seven different comparisons were made
to compare ATC group with normal and papillary thyroid cancer (PTC) groups. ATC-specific genes common in all seven
comparisons were identified. These genes were further investigated for their biological functions, pathways, and tran-
scription factors. FC, fold change. Color images available online at www.liebertpub.com/thy
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Results
Discovery of novel ATC-specific genes

A total of seven comparisons were made to discover
genes differentially expressed in ATC as compared with
normal or PTC groups (Fig. 1). Enumeration of genes with
significant (adjusted p <0.01) changes in each comparison
are presented in Table 1. There were 545 genes (259 upre-
gulated and 286 downregulated) in ATC with at least two-
fold change globally present in 7/7 (100%) comparisons
(Table 1). Using a more stringent five-fold filter, 36 genes
were upregulated in ATC (Table 2), while 40 genes were
downregulated (Table 3). The heat map representing the
expression levels of 76 genes in individual samples is shown
in Fig. 2. Unsupervised cluster analysis of these genes re-
vealed three clustering patterns (Fig. 2). Cluster 1 represents
a set of genes that have low expression in the majority
of ATC samples and high expression in PTC and normal
samples. Cluster 2 represents genes with high expression in
ATC and low expression in PTC and normal samples.
Cluster 3 represents genes with low expression in ATC, high
expression in normal, and mixed expression in PTC sam-
ples. The 10 most upregulated genes in ATC were MMP1
(mean FC: 32.6), TMEM158 (mean FC: 23.1); CXCL5
(mean FC: 21.3); ANLN (mean FC: 17.4); E2F7 (mean FC:
14.51); DLGAP5 (mean FC: 13.0); CEP55 (mean FC:
12.57); RRM2 (mean FC: 12.5); TFPI2 (mean FC: 12.4);
and MME (mean FC: 12.2). Of these top globally upregu-
lated genes, four (MMPI, ANLN, CEP55, and COL5AI)
have been previously studied in the context of ATC (13-16);
however, the remaining six genes have not been specifically
implicated in ATC. The ten most downregulated genes in
ATC were SLC26A7 (mean FC: —46.1); C20rf40 (mean FC:
—44.4); TG (mean FC: —-35.9); TSHR (mean FC: —29.9);
SFTA3 (mean FC: -28.2); DUOX2 (mean FC: -27.6);
CDHI (mean FC: -25.3); PDESB (mean FC: -22.2); LMO3
(mean FC: -21.7); and FOXEI (mean FC: —20.5). For
downregulated genes, only three (SFTA3, LMO3, and
C20rf40 encoding the ECRG4 protein) were novel in this
context, while the seven other genes have been explicitly
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proposed or studied in the context of ATC tumor biology and
reviewed earlier (17).

Mitotic cell cycle is highly enriched
in ATC-specific genes

Gene ontology clustering analyses was conducted to asso-
ciate ATC-specific genes to different biological processes. A
total of 35 biological processes were significantly enriched in
globally upregulated ATC-specific genes (Table 4). Highly
enriched biological processes in the globallgl upregulated
genes are ‘‘M-phase” (50 genes, p=2x107%); “cell cycle
phase’” (54 genes, p=6x 10" 2); “mitotic cell cycle” (51 genes,
p=4x 1073 ); “mitosis” (41 genes, p=2X 10729); and ‘“‘nu-
clear division” (41 genes, p=2x10"2"). These results are
consistent with an important role for M-phase cell cycle genes
in ATC. In globally downregulated genes a total of 27 bio-
logical processes were significantly enriched (Supplementary
Table S1; Supplementary Data are available online at www
Jiebertpub.com/thy). The most enriched biological processes
are ““neuron development” (16 genes, p=>5.4x 10~); “neuron
differentiation” (18 genes, p=8.8x 10~); “neuron projection
development” (13 genes, p=1.8x10~*); and “endocrine sys-
tem development” (7 genes, p=3.2x107%).

Further analysis was conducted to associate ATC-specific
genes to different cellular components. A total of 18 cellular
components were significantly enriched (p <0.05) in globally
upregulated genes in ATC (Table 5). Examination of cellular
components revealed that ““spindle” (27 genes; p=8x107'%);
“microtubule cytoskeleton’ (43 genes, p=8x107'%); and
“chromosome centromeric region” (21 genes, p=2x10"'?)
are the most enriched cellular components in the upregulated
genes, and interestingly, these cellular components are all
involved in the M-phase of cell division. Taken together,
these data suggest that cell cycle and specifically M-phase are
biological processes critical to ATC. Analysis of down-
regulated genes revealed a total of 13 cellular components
significantly enriched (Supplementary Table S2). The most
enriched downregulated cellular components in ATC are

TABLE 1. NUMBER OF GENES WITH SIGNIFICANT (P<(0.01) CHANGES

Number Comparison Upregulated genes Downregulated genes Total

1 GSE65144 2318 3607 5925
ATC vs. Normal (USA)

2 GSE29265 2954 2459 5413
ATC vs. PTC (Chernobyl)

3 GSE29265 3703 3033 6736
ATC vs. Normal (Chernobyl)

4 GSE29265 2196 1678 3874
ATC vs. PTC (France)

5 GSE29265 2954 2871 5825
ATC vs. Normal (France)

6 GSE33630 7388 7372 14760
ATC vs. Normal (Chernobyl)

7 GSE33630 6459 6059 12518
ATC vs. PTC (Chernobyl)
More than two-fold in all seven comparisons 259 286 545
More than five-fold in all seven comparisons 36 40 76
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TABLE 2. MoST OVEREXPRESSED GENES IN ANAPLASTIC THYROID CARCINOMA

Gene symbol

Gene description

Chr

location FCl FC2 FC3 FC4 FC5 FC6 FC7

MMPI
TMEM158

CXCL5
ANLN
E2F7
DLGAPS

CEP55
RRM?2
TFPI2
MME
ASPM

UHRF1
MELK

LOCI100506303

TOP2A
SERPINE]

PBK
PRRI1
NUF2

COLI2AI
CDC20
TRIPI3
NUSAPI
LOX
BUBI

FOXDI
TPX2

BCATI

CDKN3
KIF20A
KIF15
KIF23
FAMS83D
NCAPG
DEPDCI
LOC375295

Matrix metallopeptidase 1 (interstitial
collagenase)
Transmembrane protein 158 (gene/

pseudogene)

Chemokine (C-X-C motif) ligand 5

Anillin, actin binding protein
E2F transcription factor 7

Discs, large (Drosophila) homolog-associated

protein 5

Centrosomal protein 55kDa
Ribonucleotide reductase M2

Tissue factor pathway inhibitor 2
Membrane metallo-endopeptidase
asp (abnormal spindle) homolog, microcephaly chrlq31

associated (Drosophila)

Ubiquitin-like with PHD and ring finger

domains 1

Maternal embryonic leucine zipper kinase
Uncharacterized LOC100506303
Topoisomerase (DNA) II alpha 170kDa
Serpin peptidase inhibitor, clade E (nexin,
plasminogen activator inhibitor type 1),

member 1

PDZ binding kinase
Proline rich 11

NDC80 kinetochore complex component,

homolog (S. cerevisiae)
Collagen, type XII, alpha 1
Cell division cycle 20

Thyroid hormone receptor interactor 13
Nucleolar and spindle associated protein 1

Lysyl oxidase

BUBI1 mitotic checkpoint serine/threonine

kinase

Forkhead box D1

Microtubule-associated, homolog (Xenopus

laevis)

Branched chain amino-acid transaminase 1,

cytosolic

Cyclin-dependent kinase inhibitor 3

Kinesin family member 20A
Kinesin family member 15
Kinesin family member 23

Family with sequence similarity 83, member D chr20q11.22
Non-SMC condensin I complex, subunit G

DEP domain containing 1
Uncharacterized LOC375295

chrl1q22.3 442 232 28.1 103 32.6 54.3 36.1
chr3p21.3 343 225 22,6 167 199 255 20.7

chrd4ql3.3 17.0 159 249 129 24.0 33.8 20.6
chr7pl5-p14 15.0 156 222 102 194 252 142
chr12q21.2 12.8 152 185 11.6 19.7 142 9.6
chr14q22.3 8.8 109 140 8.1 143 226 129

chr10q23.33 9.1 134 168 92 154 146 95
chr2p25-p24 8.6 9.1 169 7.7 150 21.8 &5
chr7q22 149 6.7 69 55 74 25.6 20.1
chr3q25.2 142 119 14.8 103 12.0 10.8 11.5
95 82 90 69 90 242 141

chr19p13.3 72 94 160 6.6 165 184 6.8
chr9pl3.2 72 84 159 58 139 164 93
— 93 63 100 6.6 9.8 223 10.1
chr17q21-q22 11.1 74 114 62 159 147 5.7
chr7q22.1 135 78 74 59 87 151 126
chr8p21.2 6.6 86 102 7.7 104 16.7 10.0
chr17q22 5.1 104 102 102 112 11.7 95
chrlq23.3 6.1 90 97 70 93 146 122
chréql2-q13 99 105 98 83 93 112 89
chrlp34.1 6.7 92 103 106 10.6 106 7.4
chr5p15.33 58 85 90 73 99 104 88
chrl5q15.1 64 52 9.0 51 104 162 5.8
chr5q23.2 174 52 67 52 6.6 9.1 179
chr2q14 51 65 76 50 72 162 99
chr5q12-q13 5.1 89 83 84 7.0 95 100
chr20q11.2 57 54 67 67 15 164 8.7
chrl2pl2.1 62 80 116 52 96 101 57
chr14q22 102 56 63 54 62 127 9.6
chr5q31 82 56 69 63 94 119 6.7
chr3p21.31 52 72 83 73 94 94 65
chr15q23 76 62 75 51 7.1 11.0 85
62 52 58 56 70 133 93

chr4p15.33 63 59 66 58 67 114 9.0
chrip31.2 59 64 65 64 67 90 85
chr2q31.1 91 69 62 58 59 50 6.1

All listed genes had greater than five-fold change in all seven comparisons; False Discovery Rate (FDR) adjusted p-value <0.01.

FC1:
FC2:
FC3:
FC4:
FCs5:
FCé6:
FC7:

“anchoring junction” (12 genes, p=4.1x107%); “endo-
plasmic reticulum’ (29 genes, p=2.8 X 1074); and ‘‘adherens

GSE65144:
GSE29265:
GSE29265:
GSE29265:
GSE29265:
GSE33630:
GSE33630:

ATC (n=12) vs. Normal (n=10).
ATC (n=9) vs. PTC from Chernobyl Tissue Bank (n=10).
ATC (n=9) vs. Normal from Chernobyl Tissue Bank (n=10).
ATC (n=9) vs. PTC from the Ambroise Paré Hospital, France (n=10).
ATC (n=9) vs. Normal from the Ambroise Paré Hospital, France (n=10).
ATC (n=11) vs. Normal from Chernobyl Tissue Bank (n=45).
ATC (n=11) vs. PTC from Chernobyl Tissue Bank (n=49).
Chr, chromosome; FC, fold change.

junction” (10 genes, p=4.2x 107%).

Next, IPA was used to associate the 545 ATC-specific
genes (including up- and downregulated) to known canonical

pathways. IPA analyses revealed that the 31 pathways most
affected by ATC-specific genes include canonical pathways
likely to play an important role in cell cycle M-phase: ““cell
cycle: G2/M DNA damage checkpoint regulation” (49
genes, p=2.0% 1074); “mitotic roles of polo-like kinase’” (66
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TABLE 3. MosT UNDEREXPRESSED GENES IN ANAPLASTIC THYROID CARCINOMA

Gene Chr

symbol Gene description location FCl FC2 FC3 FC4 FC5 FC6 FC7

SLC26A7  Solute carrier family 26, member 7 chr8q23 -101.8 -10.7 -23.0 -9.5 -26.1 -116.0 -36.0

C2orf40 Chromosome 2 open reading frame 40 chr2ql2.2 -257 -37.0 -27.8 =292 -252 909 -753

TG Thyroglobulin chr8q24 452 -119 -156 -95 -150 -88.5 —65.6

TSHR Thyrotropin receptor chrl4q31 -409 -199 -21.7 -11.6 -156 -57.8 —419

SFTA3 Surfactant associated 3 chr14ql13.3 —479 -23.6 -155 -25.6 -16.7 -29.5 -39.0

DUOX2 Dual oxidase 2 chr15q15.3 -147 240 -163 -148 -122 -53.6 -57.8

CDHI Cadherin 1, type 1, E-cadherin chr16q22.1 -304 -70 -68 -6.6 -74 —-655 -53.8
(epithelial)

PDESB Phosphodiesterase 8B chr5q13.3 -120 -94 -93 -6.1 -8.7 -543 -559

LMO3 LIM domain only 3 (thombotin-like 2) chr12p12.3 -13.1 -23.0 -11.6 -17.1 -8.8 —-22.0 -56.7

FOXEI Forkhead box E1 (thyroid transcription chr9q22 -384 -85 -104 57 -11.1 432 -26.8
factor 2)

ZBED?2 Zinc finger, BED-type containing 2 chr3ql3.2 -21.1 =175 223 -145 -19.0 -29.7 -17.9

RMST Rhabdomyosarcoma 2 associated chr12q23.1 -18.6 -30.0 -19.5 -26.6 -20.7 -11.5 -144
transcript (non-protein coding)

TXNLI Thioredoxin-like 1 chr18q21.31 -17.7 -6.2 -125 -6.7 -159 =349 -13.0

ENPP5 Ectonucleotide pyrophosphatase/ chr6p21.1 -26.1 -79 59 -63 -63 =277 -242
phosphodiesterase 5 (putative)

TCERGIL Transcription elongation regulator chr10qg26.3 -55 -16.6 -74 -142 72 -16.2 -333
1-like

TMEM30B Transmembrane protein 30B chrl4q23.1 -169 -11.3 -92 -104 -100 -232 -19.0

MAL2 Mal, T-cell differentiation protein 2 chr8q23 -26.1 -12.1 -89 -109 -11.6 -15.1 -12.3
(gene/pseudogene)

PCP4 Purkinje cell protein 4 chr21¢q22.2  -27.1 -7.6 -13.1 -88 -180 -139 53

PPPIRI4C Protein phosphatase 1, regulatory chr6q24.3 -14.0 -10.8 -10.5 -96 -164 -189 -12.1
(inhibitor) subunit 14C

STXBP6 Syntaxin binding protein 6 (amisyn)  chrl4ql2 -153 -11.6 -52 -109 -6.1 -17.5 -24.7

SLC6AI13  Solute carrier family 6 chr12pl3.3 -143 -74 97 -102 -146 -206 -94

(neurotransmitter transporter,
GABA), member 13

CD24 CD24 molecule chroq21 -215 -62 -63 -63 -75 -20.6 -l6.1
NKX2-1 NK2 homeobox 1 chrl4ql3 -193 80 -70 83 -73 -15.6 -184
CLDNS Claudin 8 chr21¢q22.11 -183 -79 -11.8 —-6.0 -158 -173 -6.2
HSD17B6  Hydroxysteroid (17-beta) chr12ql3 -220 -54 -113 -59 -129 -187 5.7
dehydrogenase 6
ID4 Inhibitor of DNA binding 4, dominant chr6p22.3 -141 -56 91 -51 -109 223 -93
negative helix-loop-helix protein
KCNJ16 Potassium inwardly-rectifying channel, chr17q24.3 -84 -115 82 -76 59 -18.1 -164
subfamily J, member 16
CLU Clusterin chr8p21 -6.1 -143 -73 -77 =56 -13.1 -21.7
ESRPI Epithelial splicing regulatory protein 1 chr8q22.1 -109 86 58 -69 57 -157 -17.7
MAOA Monoamine oxidase A chrXpll1.3 -92 -88 -6.1 -87 —-68 -143 -15.0
NEBL Nebulette chr10p12 -120 -64 9.0 51 92 -179 -74
KLHLI4 Kelch-like family member 14 chr18ql12.1 -93 77 -73 55 72 -184 -114
MUCI5 Mucin 15, cell surface associated chrl1pl4.3 -11.7 -76 56 -78 -6.2 -143 -12.8
HOPX HOP homeobox chrdql2 -126 -79 -60 -7.1 -6.1 -133 -11.0
ATP13A4  Atpase type 13A4 chr3q29 -7.8 =120 -63 -103 -6.6 -74 -12.6
CLDN3 Claudin 3 chr7q11.23 -58 -71 70 =56 -7.1 -141 -11.2
AFAPIL2  Actin filament associated protein chr10g25.3 -66 -69 -97 55 -90 -9.6 5.1
1-like 2

GPRC5A G protein-coupled receptor, family C, chrl12pl3 88 52 -61 =51 =50 -94 8.0

group 5, member A

SH3BGRL2 SH3 domain binding glutamic acid- chr6ql4.1 -58 -64 57 -13 -6.7 -79 15
rich protein like 2
MYOS5B Myosin VB chr18q21 -70 -62 50 57 53 -9.0 -9.2

All listed genes had greater than five-fold change in all seven comparisons; FDR adjusted p-value <0.01.
FC1: GSE65144: ATC (n=12) vs. Normal (n=10).

FC2: GSE29265: ATC (n=9) vs. PTC from Chernobyl Tissue Bank (n=10).

FC3: GSE29265: ATC (n=9) vs. Normal from Chernobyl Tissue Bank (n=10).

FC4: GSE29265: ATC (n=9) vs. PTC from the Ambroise Paré Hospital, France (n=10).

FC5: GSE29265: ATC (n=9) vs. Normal from the Ambroise Paré Hospital, France (n=10).

FC6: GSE33630: ATC (n=11) vs. Normal from Chernobyl Tissue Bank (n=45).

FC7: GSE33630: ATC (n=11) vs. PTC from Chernobyl Tissue Bank (n=49).
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FIG. 2. Heatmap represents clustering of 76 ATC-specific genes into three distinct clusters. Each sample is represented as
a column, whereas each gene is represented as a row. Direction and magnitude of expression is represented by the color
ranging from high expression (red) to low expression (green). Color images available online at www.liebertpub.com/thy

genes, p=2.3x10"%); “salvage pathways of pyrimidine
ribonucleotides” (93 genes, p=5.4x10"*); “pyrimidine
deoxyribonucleotides de novo biosynthesis 1°° (22 genes,
p=2.0x1072); “regulation of cellular mechanics by calpain
protease”” (57 genes, p=3.0x107%); “ATM signaling”
(59 genes, p=3.6x107"); and ““cell cycle control of chro-
mosomal replication” (27 genes, p=4.4x 107%) (Fig. 3). The
majority of genes in these pathways showed upregulation.
Together, these data reinforce the likelihood that cell cycle
M-phase may play a major role in ATC tumor biology.

Network analysis of ATC-specific genes

IPA software was further used to explore functional rela-
tionships between these up- and downregulated genes based
on known interactions using multiple datasets, resulting in 25
networks. The four highest scoring networks (score >39) are
shown in Fig. 4. The top diseases and functions associated
with these three networks are cancer, cell death and survival,
organismal injury and abnormalities, cell cycle, cellular
movement, reproductive system development and function,
and cellular assembly and organization. The data on all 25
networks is presented in Supplementary Table S3.

Identification of transcription factors

Transcription factor regulation is a critical dimension of
gene expression regulation. We used MEME and TOMTOM

software tools to identify transcription factors predicted to
affect the expression of the 545 ATC-specific genes (see
Methods). The resulting transcription-gene network was vi-
sualized using Cytoscape. There were 23 transcription factors
predicted to be involved in the regulation of the 545 ATC-
specific genes (Fig. 5, p-value <0.005). These 23 transcrip-
tion factors were enriched for a cluster of transcription factors
belonging to the SP/KLF family (SP1, SP3, SP8, KLF14, and
KLF16). Other transcription factors identified in this analysis
were CPEBI, EGRI, ELKI, ETV6, GLI2, FOXCI, FOXGI,
MAFK, MEF2D, ONECUTI, ONECUT3, PAXI, PAX9,
ZBTB49, ZIC3, ZFP740, ZNF524, and ZNF740.

Experimental validation of identified
transcription factors

For experimental validation of identified transcription fac-
tors, we performed gene expression microarray analysis of four
ATC cell lines (THJ11, THJ16, THIJ21, THI29) along with
three normal primary cells (THJ45N, THJ101IN, THJ122N).
Correlations between expression levels of these transcription
factors with their regulated ATC-specific genes were checked.
We were able to validate a significant correlation for seven
transcription factors (KLF16, SP3, ETV6, FOXCI, SP1,
EGFRI, and MAFK) with the ATC-specific genes (Fig. 6).
The cell line gene expression microarray data is submitted to
the GEO database (GSE85457).
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TABLE 4. OVEREXPRESSED BIOLOGICAL PROCESSES
Biological process Count p-Value
G0:0000279 ~M phase 50 2.13x 1073
G0:0022403 ~ cell cycle phase 54 6.10x 10732
G0:0000278 ~ mitotic cell cycle 51 4.84%107!
G0:0007067 ~ mitosis 41 2.66x107%
G0:0000280 ~ nuclear division 41 2.66x107%
GO0:0000087 ~M phase of mitotic cell cycle 41 5.60x 107
GO:0048285 ~ organelle fission 41 1.39% 10728
G0:0022402 ~ cell cycle process 57 491x107%
GO:0007049 ~ cell cycle 64 3.98x107%
GO0:0051301 ~cell division 37 7.66x107%°
GO:0007059 ~ chromosome segregation 16 1.20x107%
G0:0007346 ~ regulation of mitotic cell cycle 20 1.54%x 107
GO0:0051726 ~ regulation of cell cycle 27 5.18x107%
G0:0007017 ~ microtubule-based process 23 3.75x107%
GO0:0000075 ~ cell cycle checkpoint 15 9.89x 107
G0:0007093 ~ mitotic cell cycle checkpoint 10 1.71x107%
GO:0010564 ~regulation of cell cycle process 14 2.13x107%
GO0:0051783 ~regulation of nuclear division 10 1.95x 107
G0:0007088 ~regulation of mitosis 10 1.95%x107%
G0:0007051 ~ spindle organization 9 4.45x107%
G0:0000226 ~ microtubule cytoskeleton organization 14 4.46x 107
GO0:0051329 ~ interphase of mitotic cell cycle 12 5.68x107%
GO0:0051325 ~ interphase 12 7.62%x107%
GO0:0031577 ~ spindle checkpoint 6 8.14x107%
GO0:0030071 ~regulation of mitotic metaphase/anaphase transition 7 9.88x 107
GO0:0007052 ~ mitotic spindle organization 6 0.0030
GO0:0007010 ~ cytoskeleton organization 22 0.0032
GO0:0008283 ~ cell proliferation 22 0.0033
GO0:0000070 ~ mitotic sister chromatid segregation 7 0.0216
GO0:0045841 ~negative regulation of mitotic metaphase/anaphase transition 5 0.0234
GO0:0007094 ~ mitotic cell cycle spindle assembly checkpoint 5 0.0234
GO:0000819 ~ sister chromatid segregation 7 0.0255
GO0:0051784 ~negative regulation of nuclear division 5 0.0347
GO:0045839 ~ negative regulation of mitosis 5 0.0347
G0:0006260 ~ DNA replication 13 0.0426
TABLE 5. OVEREXPRESSED CELLULAR COMPONENTS
Cellular components Count p-Value
GO0:0005819 ~ spindle 27 8.14x107'8
G0:0015630 ~ microtubule cytoskeleton 43 8.17x107'°
GO:0000775 ~ chromosome, centromeric region 21 2.24x107"2
G0:0000793 ~ condensed chromosome 21 4.92x107"?
GO0:0000779 ~ condensed chromosome, centromeric region 16 4.14x 10711
GO:0000777 ~condensed chromosome kinetochore 15 1.24x107'°
G0:0000776 ~ kinetochore 15 8.00x 107
G0:0044430 ~ cytoskeletal part 43 1.61x1077
G0:0005694 ~ chromosome 28 1.35%107%°
GO0:0005856 ~ cytoskeleton 50 6.12x107%
G0:0044427 ~ chromosomal part 24 1.96x107%
GO0:0005874 ~ microtubule 20 3.48x107%
G0:0043228 ~ non-membrane-bounded organelle 72 5.68x107%
G0:0043232 ~ intracellular non-membrane-bounded organelle 72 5.68x107%
G0:0000922 ~ spindle pole 8 0.0007
GO0:0005876 ~ spindle microtubule 7 0.0046
GO:0030496 ~ midbody 6 0.0065
GO:0005815 ~ microtubule organizing center 15 0.0336
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FIG. 3. Important pathways represented by anaplastic thyroid carcinoma-specific genes identified using Ingenuity
Pathway Analysis. Horizontal bars represent percentage of overlapping genes in a pathway. Red color signifies upregu-
lation, green color signifies downregulation, and white color represents no overlap with dataset. Yellow line plots the —log
(p-value) of pathway membership of genes in a specific pathway. Color images available online at www.liebertpub.com/thy

Changes in expression of genes associated
with immune infiltration

Recent studies show that immune reaction, involving
tumor-associated macrophages and lymphocytic infiltration, is
associated with decreased survival in advanced thyroid cancer

(18,19). Furthermore, ATC tumors as a group tend to have
significant macrophage infiltration, up to 50% of tumor mass
in some cases (20). To place our data in context with these
findings, we compiled a list of genes associated with ‘‘tumor
associated macrophages,” ‘“‘lymphocytic infiltration,” and
““phagocytosis by macrophages™ (Table 6). We then analyzed
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FIG. 4. Four top-scoring networks from Ingenuity Pathway Analysis of anaplastic thyroid carcinoma specific genes. Each
gene is represented as a node, and an edge represents an interaction between two nodes. Red nodes indicate upregulated
genes, whereas green indicates downregulated genes. White nodes indicate genes not present in ATC-specific gene set. A
solid line represents direct functional interaction, while a dotted line represents an indirect interaction. An arrow indicates
action of a gene product on a target. Blue bars denote cellular compartments. Color images available online at www

Jiebertpub.com/thy

the expression of these genes in our ATC samples. We found 1
gene significantly downregulated (FC <0.5-fold) and 27 genes
significantly upregulated (FC >2-fold) in ATC samples (Fig. 7).
CSFIR (mean FC: 3.6) encodes for the cell surface receptor for
colony stimulating factor 1 (CSF1), a cytokine which controls
the production, differentiation, and function of macrophages.
Other immune related genes highly upregulated in ATC are
CXCLS5 (mean FC: 21.3); SERPINEI (mean FC: 10.1); THBS1
(mean FC: 6.9); and GJB2 (mean FC: 5.7); LGALSI (mean FC:
5.4); CCRI (mean FC: 5.2); HGF (mean FC: 3.7); and CLIC4
(mean FC: 3.0). Several members of a family of immuno-
globulin Fc receptor genes including FCGR2A (mean FC: 5.8);
FCERIG (mean FC: 4.8); and FCGR2B (mean FC: 3.1) were
also upregulated in ATC (Table 6).

Discussion

Our study was designed to provide new insights into ATC-
specific tumor biology in humans. By leveraging publicly
available gene expression data to identify genes altered un-
iquely and reproducibly in ATC, we provide evidence that
cell cycle control genes are dysregulated in ATC. Several
previous ATC studies have attempted to leverage global gene
expression assays such as expression microarrays to inves-
tigate gene dysregulation in ATC. Three of these provided the
raw data for the present study. In 2012, Hebrant et al. (data
deposited online as GSE33630) compared mRNA expression
profiles of 11 ATC, 49 PTC tumors, and 45 adjacent normal
thyroids and found that the majority of genes altered in ATC
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FIG. 5. Transcription factor regulation network of ATC specific genes. Genes (blue rectangles) with at least two-fold
change in expression were included in MEME and TOMTOM analysis to identify transcriptional factors (green rectangle)
that regulate ATC specific genes. Color images available online at www.liebertpub.com/thy

were also altered in PTC (16). They identified a nine-gene
signature that clustered ATC from PTC, consisting of down-
regulation of NELL2, SPINT2, MARVELED2, DUOXAI,
RPH3AL, TBX3, PCYOXI1, C5orf41, and PKP4 in ATC.
These were subsequently confirmed using RT-PCR. Tomas
et al. compared mRNA expression in 9 ATCs, 20 PTCs, and
20 normal thyroids in an effort to identify Chernobyl-specific
gene expression signatures (data deposited online as
GSE29265), but there is no corresponding manuscript at this
time. Von Roemeling et al. (data deposited online as
GSE65144) examined mRNA expression signatures from 12
ATC and 13 normal thyroids (21). They performed extensive
validation directed toward alterations in fatty acid metabo-
lism identified by the gene expression study but did not
perform gene ontology or pathway clustering. There are also
additional genomic or transcriptomic ATC studies leveraging
different technologies that have been reported in the literature
(22-29). These were not included, as our methods necessi-
tated using data derived from a single platform. It is, how-
ever, notable that to date none of these individual studies
have led to a therapy for ATC that has demonstrated im-
proved survival in clinical trials.

Therefore, in an effort to identify more robust ATC-
specific therapeutic targets, we analyzed data from multiple

gene expression microarray studies to identify globally al-
tered genes. Combining microarray gene expression data
from multiple laboratories or array platforms can have con-
founding batch effects leading to false discoveries (30).
Many methods exist for removing batch effects from data,
however, batch adjustments may bias the results and sys-
tematically induce incorrect group differences in down-
stream analyses (31). Rather than follow a more traditional
approach (combined analysis), we instead performed sepa-
rate comparisons in each dataset followed by identification of
statistically significant, differentially expressed genes, which
repeatedly appeared in each comparison. We identified a
gene signature comprising 259 upregulated and 286 down-
regulated genes with at least two-fold change globally pres-
ent in all seven comparisons. This gene set was able to
differentiate ATC samples from PTC and normal samples,
and could have possible utility as a molecular diagnostic tool
in discerning ATC from poorly differentiated PTC, although
this is merely a conjecture at this point.

Our data are consistent with an important role for control
of the M-phase of the cell cycle in ATC tumor biology, in that
a surprising concentration of ATC-specific genes impinge
on this pathway. To our knowledge, this is the first report
that reveals dysregulation of this pathway in ATC. This is
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TABLE 6. CHANGES IN EXPRESSION OF GENES ASSOCIATED WITH IMMUNE INFILTRATION
Gene Chr
symbol Gene description location FCl FC2 FC3 FC4 FC5 FC6 FC7
MMPI1 Matrix metallopeptidase 1 (interstitial chrl1q22.3 442 232 281 103 326 543 36.1
collagenase)
CXCL5 Chemokine (C-X-C motif) ligand 5 chr4q13.3 170 159 249 129 240 338 20.6
SERPINEI  Serpin peptidase inhibitor, clade E, chr7q22.1 135 78 74 59 87 151 12.6
member 1
COLIA2 Collagen, type I, alpha 2 chr7q22.1 90 39 52 39 53 215 78
THBS1 Thrombospondin 1 chr15ql5 51 45 66 39 98 145 42
MMP9 Matrix metallopeptidase 9 chr20q 70 40 65 41 54 147 66
11.2-q13.1
FCGR2A Fc fragment of IgG, low affinity Ila, chrlq23 81 20 39 28 45 126 6.6
receptor (CD32)
GJB2 Gap junction protein, beta 2, 26 kDa chr13ql1-q12 84 50 61 37 56 54 55
ANPEP Alanyl (membrane) aminopeptidase chr15q25-q26 39 38 37 42 46 118 72
LGALS1 Lectin, galactoside-binding, soluble, 1 chr22q13.1 8.0 2.9 53 4.9 7 7.2 2.3
CCRI Chemokine (C-C motif) receptor 1 chr3p21 71 36 56 39 54 67 38
FCERIG Fc fragment of IgE, receptor for; gamma chrlq23 70 22 34 22 37 109 44
polypeptide
EIF4EBP] Eukaryotic translation initiation factor 4E  chr8p12 46 3.6 38 36 42 65 49
binding protein 1
SPHKI1 Sphingosine kinase 1 chr17q25.2 49 36 50 29 51 51 40
ACTNI Actinin, alpha 1 chr14q24| 56 26 43 27 46 57 28
14q22-q24
HGF Hepatocyte growth factor (hepapoietin A; chr7q21.1 25 39 44 45 46 31 28
scatter factor)
MAP4K4 Mitogen-activated protein kinase kinase chr2ql1.2-q12 38 32 51 25 41 45 23
kinase kinase 4
SOD2 Superoxide dismutase 2, mitochondrial chr6q25.3 38 36 48 24 29 42 35
CSFIR Colony stimulating factor 1 receptor chr5q32 32 27 36 28 40 52 33
C5ARI Complement component 5a receptor 1 chr19q 28 23 28 22 30 67 44
13.3-q13.4
MICB MHC class 1 polypeptide-related chr6p21.3 30 25 32 25 34 50 29
sequence B
CRI Complement component (3b/4b) receptor chrlq32 38 28 25 27 26 39 39
MMPI14 Matrix metallopeptidase 14 (membrane-  chrl4qll-ql2 78 20 20 23 27 29 21
inserted)
FCGR2B Fc fragment of IgG, low affinity IIb, chrlq23 27 22 25 23 23 53 43
receptor (CD32)
CLIC4 Chloride intracellular channel 4 chrlp36.11 49 20 23 20 22 41 3.3
SIRPA Signal-regulatory protein alpha chr20p13 39 26 29 23 25 28 23
TLR4 Toll-like receptor 4 chr9q33.1 29 24 26 23 21 20 21
OCLN Occludin chr5q13.1 -74 55 40 46 -45 -99 -83

All listed genes had greater than two-fold change in all seven comparisons; FDR adjusted p-value <0.05.

FCl1:
FC2:
FC3:
FC4:
FCs5:

GSE65144:
GSE29265:
GSE29265:
GSE29265:
GSE29265:
FC6: GSE33630:
FC7: GSE33630:
Ig, immunoglobin; MHC, major histocompatibility complex.

ATC (n=12) vs. Normal (n=10).

particularly interesting in light of the fact that our analysis
made use of publicly available datasets; these were deposited
after analysis and reporting of the individual data. As such,
the individual up- and downregulated genes were, by defi-
nition, altered in these original datasets. In many cases,
however, they were ‘“‘buried’’ in the middle of the data as
altered but not in the “‘top” list either by p-value or fold-
change value. Our analysis focused attention from these
several thousand potentially important genes identified in
each individual comparison to a manageable and enriched set

ATC (n=9) vs. PTC from Chernobyl Tissue Bank (n=10).

ATC (n=9) vs. Normal from Chernobyl Tissue Bank (n=10).

ATC (n=9) vs. PTC from the Ambroise Paré Hospital, France (n=10).
ATC (n=9) vs. Normal from the Ambroise Paré Hospital, France (n=10).
ATC (n=11) vs. Normal from Chernobyl Tissue Bank (n=45).

ATC (n=11) vs. PTC from Chernobyl Tissue Bank (n=49).

of ~500 (FC >2) and ~ 70 (FC >5) genes. This supports our
hypothesis that our combinatorial approach may help to focus
attention toward genes that are reproducibly and consistently
altered, and thus may be imputed to possibly hold an in-
creased likelihood of playing an important functional role.
Internal validation of our approach is provided in that among
the top 10 over- and under-expressed ATC-specific genes, 40%
and 70% respectively, have been the focus of previous inves-
tigations in ATC. For example, thyroglobulin (TG) and thy-
rotropin receptor (TSH-R) are universally lost in ATC (17).
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FIG. 7. Heatmap representing 28 immune related genes significantly changed in ATC. Each sample is represented as a
column whereas each gene is represented as a row. Direction and magnitude of expression is represented by the color
ranging from high expression (red) to low expression (green). Color images available online at www.liebertpub.com/thy

CDHI, an important regulator of epithelial-mesenchymal
transition, has likewise been shown to be downregulated in
ATC (32,33). Conversely, matrix metalloproteinase-1 (MMP1),
important for allowing invasion and metastasis, is highly
overexpressed in ATC (16,34). Poorly differentiated thy-
roid carcinoma specimens have profound deregulation of
genes involved in cell adhesion and intracellular junctions,
with changes consistent with an epithelial-mesenchymal
transition (35). A significant upregulation of the “‘cell cycle
progression”” was found by the functional profiling of undif-
ferentiated and well-differentiated thyroid tumors (33). These
confirmatory findings notwithstanding, the more interesting
genes are the ones not yet described in the context of ATC
tumor biology, as these may suggest novel therapeutic targets
or strategies for this disease. A few of the more promising
leads will be further explored here, although space limitations
preclude an exhaustive analysis.

One highly upregulated gene, novel in the context of ATC,
was C-X-C motif chemokine 5 (CXCL5). CXCLS5 is known to
play a role in macrophage regulation, and ATC tumors tend to
have significant macrophage infiltration. As our study utilized
publicly available datasets, determination of macrophage in-
volvement in the ATC tumors included in this study is not
possible. It is likely that the CXCL5 upregulation may reflect

inclusion of macrophage RNA in the analyses, but it is also
possible that CXCLS5 also may play a role in ATC tumor bi-
ology. CXCLS5 has recently been implicated in mediating cell
proliferation, migration and invasion in colorectal cancer and
is associated with metastasis and worse prognosis in gas-
tric and breast cancer (36,37). Another novel, ATC-specific
overexpressed gene encodes the disks large-associated protein
5 (DLGAPS), a component of the kinetochore responsible for
stabilizing microtubules and the spindle apparatus. This pro-
tein is relatively unstudied in tumor biology, but recently was
shown to have a potential role in hepatocellular cancer. Liao
et al. demonstrated overexpression of DLGAP5 mRNA to be
common in tumor samples from liver cancer patients, and that
in vitro RNA-interference mediated silencing of DLGAP5
inhibited proliferation and invasion (38). One of the novel,
ATC-specific underexpressed genes was C2orf40, which en-
codes the esophageal cancer—related gene 4 (ECRG4) protein,
a tumor suppressor affecting cancer cell migration, invasion
and cell cycle regulation and downregulated in esophageal and
breast cancer (39,40).

Our transcription factor analysis identified several tran-
scription factors likely to be important in ATC tumor biology.
We performed further experimental validation of the identi-
fied transcription factors using four ATC cell lines along with
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three normal primary cells. We were able to validate a sig-
nificant correlation for seven transcription factors (KLF16,
SP3, ETV6, FOXCI, SP1, EGFRI, and MAFK) with the ATC-
specific genes (Fig. 6). Specificity-Protein/Krueppel Like
Factor (SP/KLF) transcription factors (including SP1, SP3, and
KLF 16 identified in the present study) comprise an emerging
group of proteins that are thought to regulate fundamental
cellular processes including cell cycle and growth control,
metabolic pathways, and apoptosis. There is emerging evi-
dence that expression of genes known to play pivotal roles in
metastasis and cell proliferation are regulated by the Sp family
of proteins (41). NTRK3/ETV6 is a known fusion oncogene
(42,43) and results in more extensive disease and aggressive
pathology of PTC in the pediatric population (44). FOXCI is a
member of the Forkhead box family transcription factors and is
known to promote melanoma by activating the MST1R/PI3K/
AKT pathway (45). Although transcription factors have tra-
ditionally been considered undruggable targets, recent suc-
cesses in this arena call this into question (46—49). Taken
together, these data suggest that pharmacologic targeting of
transcription factors upregulated in ATC (KLF16, SP3, ETV6,
and FOXC1) might be an area for future investigations in de-
veloping novel ATC therapeutics.

Thyroid cancers are heavily infiltrated with macrophages
(18) and the density of tumor-associated macrophages is in-
creased in advanced thyroid cancers including ATC (19). The
presence of a high density of macrophages may influence the
overall gene expression profile in ATC. Several upregulated
genes encoding cytokine, chemokine and matrix metallopro-
teinases are highly expressed by tissue resident macrophages.
We found several genes associated with ‘‘tumor-associated
macrophages (TAMs),” “lymphocytic infiltration™ and *“phago-
cytosis by macrophages’ including CSFIR (mean FC: 3.6),
highly upregulated in ATC samples (Table 6). Macrophages
depend on CSF-1 for differentiation and survival. The CSFIR
inhibitor has been used to target TAMs in a mouse proneural
GBM model, which significantly increased survival and re-
gressed established tumors (50). TAMs are emerging as a
promising therapeutic target and our results suggest that
CSFI1R inhibition could have translational potential for ATC
treatment.

In conclusion, we have demonstrated that multiple cell
cycle M-phase genes are highly upregulated in ATC. Several
of the genes identified as ATC-specific are novel in the
context of ATC tumor biology and provide a strong rationale
supporting their potential as possible therapeutic targets in
ATC. Additionally, transcription factor regulation of ATC-
specific gene sets suggest the SP/KLF transcription factor
family as additional potential therapeutic targets. Our data
strongly suggest that therapeutic strategies targeting pro-
cesses critical for cell cycle mitosis may be of particular
value in ATC and deserve further investigation.
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