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Abstract

Background/Aim: Tumor treatments remain unsatisfactory, as many patients continue to die despite therapy. There
is an urgent need for novel drug targets, particularly for rare tumors. In this study, we sought to identify genes with
prognostic significance for survival in patients with phaeochromocytoma or paraganglioma. We also examined
whether these genes are relevant in other tumor entities.

Patients and Methods: We mined the TCGA-based KM Plotter and studied 186 risk genes for phaeochromocytoma
and paraganglioma.

Results: Using Kaplan-Meier statistics, we performed 3,163 calculations based on 7,489 tumor biopsies and identified a
2-gene signature for phaeochromocytoma/paraganglioma (AQP4, FAM84H). Since the 186 risk genes are not exclusively
related to the development of phaeochromocytoma/paraganglioma alone, we also investigated their prognostic relevance
in 17 other tumor types. A clustered 12-gene signature has been found common in four other tumor entities (liver
hepatocellular carcinoma, renal clear cell carcinoma, renal papillary cell carcinoma, lung adenocarcinoma). This signature
consisted of BUB1, BUB1B, CDK1, CENPA, CKAP2L, IQGAP3, MKI67, NDC80, PBK, RRM2, TOP2A, and TTK.

Conclusion: Our analysis provides a basis for the development of a novel prognostic test to predict the survival time
of patients.
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Introduction

Neuroendocrine tumors belong to the group of cancers that
frequently metastasize and that are difficult to treat with
anticancer drugs. They are derived from the neuroectoderm
and some neuroendocrine tumor types of secret hormones
(e.g., adrenalin, noradrenalin). Phaeochromocytomas and
paragangliomas are rare tumors mainly deriving from
neuroectodermic adrenal tissue. Those deriving from
sympathetic paraganglia are termed paragangliomas. While
most phaeochromocytomas and paragangliomas represent
benign adenomas, some are malignant carcinomas,
indicating that these tumors may have specific genetic
alterations determining some for more benign and some
others for more malignant phenotypes. However, even
benign tumors can exert detrimental -effects, eg.
paragangliomas closely located to cranial nerves and
vasculature may lead to their compression or invasion (1).
Phaeochromocytomas and paragangliomas are usually
treated by surgery and radiotherapy rather than by drugs.

Gene signatures are in many cases used to select a
group of patients for whom a particular treatment will be
effective. The use of gene signatures to stratify tumors into
prognostic and predictive subtypes is rapidly growing, and
studies have shown increased numbers of gene signatures
in the more common cancers, yet for rare and uncommon
cancers gene signatures have not been studied in detail.
Genetic profiling of phaeochromocytomas and
paragangliomas revealed a considerably high genetic
instability and quite a number of risk genes (2-7). In the
present investigation, our study focused on identifying
genes and gene signatures with prognostic relevance for
patient survival as prognostic prediction models and tools
could contribute significantly to the clinical treatment of
patients. Current research is also focused on the
identification of novel therapeutic targets and identifying
subjects for optimal benefits of specific treatments.

The aim of the present study was to identify gene novel
signatures that are useful as prognostic tools for the
survival Therefore,

time of cancer patients. we

investigated the gene expressions deposited in the Cancer

Genome Atlas (TCGA) database (8). We identified two
gene signatures which have not been described before. In
addition, the genes of these gene signatures may also
serve as new targets for the development of novel targeted
drugs in the future (9).

Patients and Methods

Compilation of risk genes. For the appropriate literature
selection, we followed the PRISMA (Preferred Reporting
Items for Systematic reviews and Meta-Analyses)
guideline (https://www.prisma-statement.org) (Figure
1). We screened the PubMed Literature database with the
keywords “risk gene AND phaeochromocytoma AND
review” as well as “risk gene AND paraganglioma AND
review”. At total of 174 publications were identified for
phaeochromocytoma, and 145 articles for paraganglioma.
These papers were visually inspected and 21 publications
containing compilations of risk genes were selected for
our own compilation of 186 genes (Table I). These genes
are described in the literature to contribute to the
development and progression of phaeochromocytoma.
The expression of these genes was reported by the Cancer
Genome Atlas (TCGA) (9).

Kaplan-Meier survival statistics. The Kaplan-Meier statistics
is a standard technique to calculate the survival probability
of cancer patients according to their clinical, biochemical,
or molecular parameters. In the present study, we used the
KM Plotter algorithm (https://komplot.com/analysis) as
described (10, 11). To avoid type I errors of multiple
comparisons, we used false discovery rate corrections (12)
with a cut-off of 5%. The database of the KM Plotter consists
of 7,489 biopsies from different tumor types from TCGA,
including phaeochromocytoma and paraganglioma.

Our workflow is shown in Figure 2. We started by
analyzing all 186 genes in patients with phaeochro-
mocytoma/paraganglioma or 17 other tumor types,
respectively, using Kaplan-Meier statistics. Two
correlating genes in phaeochromocytoma/paraganglioma

and 12 commonly correlating genes in four other tumor
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Figure 1. Workflow to identify relevant risk genes for phaeochromocytoma and paraganglioma from PubMed according to the PRISMA guideline.

types were subsequently subjected to combined Kaplan-
Meier statistics. The prognostic relevance of these 2-gene
and 12-gene signatures were determined for either all
tumors or those subsets of tumors with high mutational
rates. This was done to prove whether the gene signatures
were also of prognostic value for survival in highly
mutated tumors that are usually more aggressive than
those with low mutational loads.

Results

Analyses of phaeochromocytoma- and paraganglioma-
related risk genes with the survival times of patients. We
performed Kaplan-Meier statistical calculations of 186
genes for 178 biopsies from phaeochromocytoma and
paraganglioma (Table I). Surprisingly, the mRNA
expression of only two genes (AQP4 and FAM83H)
significantly correlated with a worse prognosis of patients,
i.e., shorter overall survival times (p<0.05 and FDR<5%)
(Figure 3A and C). Then, we used the mean mRNA
expression profiles of both genes together for a combined

Kaplan-Meier analysis. As expected, a significant

correlation between high gene expression and short overall
survival was found (p=6.1x10-° and FDR=2%; Figure 3E),
indicating the prognostic value of this 2-gene signature.

It is generally accepted that tumor mutations not only
lead to carcinogenesis but also to tumor progression, and
failure of therapy due to tumor heterogeneity and
outgrowth of subpopulations with selection advantages in
the tumor evolution (13). Therefore, we further compared
subgroups of phaeochromocytoma and paraganglioma,
i.e., tumors with high and low mutation burden. Tumors
with high mutation burden and high expression of AQP4
alone, FAM83H alone, or the mean expression of both
genes had significant shorter overall survival times than
those with low expression of these genes (Figure 3B, D,
and F). These correlations were not detectable in tumors
with low mutation burden.

Analyses of phaeochromocytoma-and paraganglioma-
related risk genes with the overall survival times of patients
with 20 other tumor types. The 186 risk genes may not be
specific exclusively for this tumor type but may also play
arole in other tumor types. Therefore, we addressed the
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Table I. Prognostic significance of mRNA expression of 186 genes for overall survival of cancer patients.

No. Genecode Name Tumor type Number p-Value FDR
1 ADAMTS1 ADAM metallopeptidase with None
thrombospondin-type motif
2 ADGRE1 Adhesion G protein-coupled receptor E1 Head-neck squamous cell carcinoma 499 8.1x107° 2%
3 AKR1B1 Aldo-keto reductase family 1 member B Stomach adenocarcinoma 371 1.9x107° 1%
4 AK5 Adenylate kinase 5 None
5 ALDH3A2 Aldehyde dehydrogenase 3 family member A2 None
6 ALK Anaplastic lymphoma receptor tyrosine kinase =~ Uterine corpus endometrial carcinoma 542 1.1x107° 1%
7 ANGPTL7 Angiopoietin-like 7 None
8 APAF1 Apoptotic peptidase activating factor 1 None
9 APOD Apolipoprotein D None
10 APOE Apolipoprotein E None
11 AQP4 Aquaporin 4 Pheochromocytoma and paraganglioma 178 6.5x107* 5%
Uterine corpus endometrial carcinoma 542 6.5x107* 1%
12 ARNT Aryl hydrocarbon receptor nuclear translocator None
13 ASCL1 Achaete-scute family BHLH transcription factor 1 Kidney renal papillary cell carcinoma 287 6.4x107° 1%
14  ATRX a-Thalassemia/mental retardation None
syndrome X-linked
15  BAP1 BRCA2 DNA repair-associated protein 1 None
16 ~ BMS1 BMS1 ribosome biogenesis factor Liver hepatocellular carcinoma 370 9.4x1077 1%
17  BRAF B-Raf proto-oncogene, serine/threonine kinase None
18 BUBI Budding uninhibited by benzimidazoles 1 Kidney renal clear cell carcinoma 530 1.0x107° 1%
homolog (yeast) mitotic checkpoint Kidney renal papillary cell carcinoma 287 5.3x107° 1%
serine/threonine kinase Liver hepatocellular carcinoma 470 1.6x107° 1%
Lung adenocarcinoma 504 1.6x107° 3%
Pancreatic ductal adenocarcinoma 177 2.4x107° 1%
19 BUBIB BUB1 mitotic checkpoint Kidney renal clear cell carcinoma 530 1.8x107° 1%
serine/threonine kinase B Kidney renal papillary cell carcinoma 287 9.0x107° 1%
Liver hepatocellular carcinoma 370 43x107° 1%
Lung adenocarcinoma 504 4.0x107° 1%
20 CA12 Carbonic anhydrase 12 Pancreatic ductal adenocarcinoma 177 3.8x107° 1%
21  CA4 Carbonic anhydrase 4 None
22 CARTPT Cocaine- and amphetamine-regulated Uterine corpus endometrial carcinoma 542 2.3x107° 1%
transcript protein
23 ccLis8 C-C motif chemokine ligand 18 None
24  CCNB2 Cyclin B2 Kidney renal clear cell carcinoma 530 2.6x10711 1%
Kidney renal papillary cell carcinoma 287 2.2x10710 1%
Lung adenocarcinoma 504 2.3x107* 5%
Pancreatic ductal adenocarcinoma 177 1.7x107° 1%
25  CD44 Hematopoietic cell E- and L-selectin ligand Kidney renal clear cell carcinoma 530 4.1x107° 1%
(= Hermes) Pancreatic ductal adenocarcinoma 177 8.3x107* 5%
26  CD8A T-lymphocyte differentiation antigen None
T8/Leu-2 subunit o
27  CD8B T-lymphocyte differentiation antigen None
T8/Leu-2 subunit 8
28  CD9 Motility-related protein-1 Pancreatic ductal adenocarcinoma 177 1.7x107* 2%
29  CDK1 Cyclin-dependent kinase 1 Kidney renal clear cell carcinoma 530 2.7x1078 1%
(=CDC2) Kidney renal papillary cell carcinoma 287 1.9x1071 1%
Liver hepatocellular carcinoma 370 1.2x107° 1%
Lung adenocarcinoma 504 6.8x107° 1%
pancreatic ductal adenocarcinoma 177 4.1x107° 1%
30 CDCA7L Cell division cycle-associated 7-like Liver hepatocellular carcinoma 370 3.3x107° 1%
31 CDH19 Cadherin 19 None
32 CDH9 Cadherin 9 Breast cancer 1,089 4.7x1077 1%
Ovarian cancer 373 1.6x107° 1%

Table I. Continued
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Table I. Continued

No. Genecode Name Tumor type Number p-Value FDR
33  (CDT1 Chromatin-licensing and DNA replication factor 1 Esophageal adenocarcinoma 80 8.4x107* 3%
Liver hepatocellular carcinoma 370 1.9x107° 1%
Lung adenocarcinoma 504 1.4x107* 3%
34  CENPA Histone H3-like centromeric protein A Kidney renal clear cell carcinoma 530 1.2x10711 1%
Kidney renal papillary cell carcinoma 287 4.0x10712 1%
Liver hepatocellular carcinoma 370 2.9x1078 1%
Lung adenocarcinoma 504 1.2x107 3%
Pancreatic ductal adenocarcinoma 177 1.3x107* 1%
35 CFC1 Cripto, FRL-1, cryptic family 1 Breast cancer 1,089 1.6x107° 1%
36  CITED1 Cbp/P300-interacting transactivator with None
Glu/Asp-rich carboxy-terminal domain 1
37  CKAP2L Cytoskeleton-associated protein 2-like Kidney renal clear cell carcinoma 530 4.1x1077 1%
Kidney renal papillary cell carcinoma 287 1.2x1078 1%
Liver hepatocellular carcinoma 370 4.7x107° 1%
Lung adenocarcinoma 504 6.1x107° 2%
Pancreatic ductal adenocarcinoma 177 4.6x107° 1%
38 COL1A1 Collagen type I a 1 chain Kidney renal clear cell carcinoma 530 2.7x107* 5%
Kidney renal papillary cell carcinoma 287 5.1x 1078 1%
39 (COL3A1 Collagen type Il a1 chain Kidney renal papillary cell carcinoma 287 1.2x1077 1%
40  COL5A2 Collagen type V a2 chain Kidney renal papillary cell carcinoma 287 49x107° 1%
41  COL6A3 Collagen type VI a3 chain Kidney renal papillary cell carcinoma 287 1.0x107° 1%
42 CRISPLD1 Cysteine-rich secretory protein None
LCCL domain-containing 1
43 (SDE1 Cold-shock domain-containing E1 None
44  CSMD2 CUB and sushi multiple domains 2 Kidney renal papillary cell carcinoma 287 7.6x107° 1%
45  CTGF Connective tissue growth factor None
46 CYR61 Cysteine-rich protein 61 None
(= CCN1)
47  DCHS2 Dachsous cadherin-related 2 Kidney renal papillary cell carcinoma 287 3.4x107* 5%
Liver hepatocellular carcinoma 370 2.6x107* 5%
48 DLL4 8-Like canonical notch ligand 4 Cervical squamous cell carcinoma 304 4.0x107* 5%
Kidney renal papillary cell carcinoma 287 3.8x107* 5%
49  DLX2 Distal-less homeobox 2 Sarcoma 279 4.5x107° 1%
50 DNASE1L3  Deoxyribonuclease 1-like 3 None
51 DNMT3A DNA methyltransferase 3 a Liver hepatocellular carcinoma 370 1.6x107* 3%
Uterine corpus endometrial carcinoma 542 7.3x107° 2%
52  E2F4 E2F transcription factor 4 Esophageal squamous cell carcinoma 81 1.1x1075 1%
Kidney renal clear cell carcinoma 530 5.0x107° 1%
53  EGFR Epidermal growth factor receptor Bladder carcinoma 404 3.8x107° 1%
54  HLF (=EPAS1, Endothelial PAS domain protein 1 None
HIF24)
55  ERBB2 Erb-B2 receptor tyrosine kinase 2 Uterine corpus endometrial carcinoma 542 9.9x107° 1%
56  ERBB3 Erb-B2 receptor tyrosine kinase 3 None
57  ERBB4 Erb-B2 receptor tyrosine kinase 4 None
58  MAPKI (=ERK) Extracellular signal-regulated kinase 2 None
59  ESPL1 Extra spindle pole bodies-like 1, separase Kidney renal papillary cell carcinoma 287 1.0x10710 1%
Liver hepatocellular carcinoma 370 2.6x107° 1%
Lung adenocarcinoma 504 2.6x107° 1%
Sarcoma 259 3.8x107* 5%
Uterine corpus endometrial carcinoma 542 2.6x107% 1%
60  ESR1 Estrogen receptor 1 None
61 EZH2 Enhancer of zeste 2 polycomb Kidney renal clear cell carcinoma 530 3.9x107° 1%
repressive complex 2 subunit
Liver hepatocellular carcinoma 370 2.1x107° 1%

Table I. Continued
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Table I. Continued

No. Genecode Name Tumor type Number p-Value FDR
62  ESYT2 Extended synaptotagmin-like protein 2 Bladder carcinoma 404 1.3x107° 1%
(= FAM62B) Pancreatic ductal adenocarcinoma 177 5.7x107* 5%
63  FAM83H Family with sequence similarity 83 member H Lung adenocarcinoma 504 2.9x107* 5%
Pheochromocytoma and paraganglioma 178 1.7x107* 2%
64  FCERIA Fc e receptor la None
65  FCGBP Fc fragment of IgG-binding protein Liver hepatocellular carcinoma 370 2.8x107* 5%
Ovarian cancer 373 8.8.x107° 1%
66  FGF18 Fibroblast growth factor 18 Kidney renal papillary cell carcinoma 287 1.2x107° 1%
67  FGFR1 Fibroblast growth factor receptor 1 None
68 FH Fumarate hydrolase None
69  FKBP9 FK506-binding protein 9, 63 kDa Bladder carcinoma 404 8.2x107° 1%
Cervical squamous cell carcinoma 304 4.2x107* 5%
Head-neck squamous cell carcinoma 499 1.4x107 3%
70  FLT1 Fms-related receptor tyrosine kinase 1 Kidney renal papillary cell carcinoma 287 4.1x107° 1%
71 GABRA1 y-Aminobutyric acid (GABA) A receptor, al Ovarian cancer 373 3.5x107° 1%
72 GDNF Glial cell-derived neurotrophic factor Kidney renal papillary cell carcinoma 287 1.3x107° 1%
73 GFAP Glial fibrillary acidic protein Uterine corpus endometrial carcinoma 542 5.7x107° 2%
74  GJB6 Gap junction protein, 8 6, 30 kDa Kidney renal clear cell carcinoma 530 1.9x1077 1%
75  GJD2 Gap junction protein § 2 Breast cancer 1,089 2.6x107° 1%
Ovarian cancer 373 1.3x107* 3%
76  GNG4 G-Protein subunity 4 Kidney renal papillary cell carcinoma 287 1.6x107° 1%
77  GOT2 Glutamic-oxaloacetic transaminase 2 Esophageal squamous cell carcinoma 81 1.5%x10°3 5%
Head-neck squamous cell carcinoma 499 1.6x107* 5%
78  H3F3A H3 histone family member 3A None
79  HERC2 HECT and RLD domain-containing None
E3 ubiquitin protein ligase 2
80  HES6 Hes family BHLH transcription factor 6 Liver hepatocellular carcinoma 370 2.1x107* 3%
81  HEY1 Hes-related family BHLH transcription None
factor with YRPW motif 1
82  HKI Hexokinase 1 Head-neck squamous cell carcinoma 499 1.2x107° 1%
83 HK2 Hexokinase 2 None
84  HMGB3 High mobility group box 3 Kidney renal clear cell carcinoma 530 1.2x107* 3%
Sarcoma 259 43x107° 1%
85  HOMERI1 Homer scaffold protein 1 Esophageal adenocarcinoma 80 1.3x10°3 5%
86  HRAS V-Ha-Ras Harvey rat sarcoma viral Liver hepatocellular carcinoma 370 2.3x107* 5%
oncogene homolog
87  IDH1 Isocitrate dehydrogenase (NADP*) 1 Liver hepatocellular carcinoma 370 9.1x107° 2%
88 IDHZ2 Isocitrate dehydrogenase (NADP*) 2 None
89  IGFIR Insulin-like growth factor 1 receptor None
90 IL6 Interleukin 6 Kidney renal clear cell carcinoma 530 5.3x1078 1%
91  IQGAP3 1Q motif-containing GTPase activating protein 3 Kidney renal clear cell carcinoma 530 1.9x10710 1%
Kidney renal papillary cell carcinoma 287 1.4x1077 1%
Liver hepatocellular carcinoma 370 8.9x107° 1%
Lung adenocarcinoma 504 1.1x107* 3%
92  ACO1 Aconitase 1 None
(=IRP1)
93  KCNH2 Potassium voltage-gated channel Thymoma 118 8.3x10° 5%
subfamily H member 2 Uterine corpus endometrial carcinoma 542 5.4x107° 1%
94  KIFIB Kinesin family member 1B None
95  LEF1 Lymphoid enhancer-binding factor 1 Kidney renal clear cell carcinoma 530 2.2x107° 1%
Kidney renal papillary cell carcinoma 287 2.6x107° 1%
96  LILRA6 Leukocyte immunoglobulin-like receptor A6 None
97  LRRN3 Leucine-rich repeat neuronal 3 None
98  MAML3 Mastermind-like transcriptional coactivator 3 None

Table I. Continued
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Table I. Continued

No. Genecode Name Tumor type Number p-Value FDR
99  MARCO Coactivator 3 mastermind-like None
100 MAX MYC-associated factor X None
101 MDH1 Malate dehydrogenase 1 None
102 MDH2 Malate dehydrogenase 2 None
103 MAP2K1 Mitogen-activated protein kinase kinase 1 None
(= MEK1)
104 MEN1 Menin 1 Liver hepatocellular carcinoma 370 3.5x107* 5%
105 MKI67 Marker of proliferation Ki-67 Kidney renal clear cell carcinoma 530 1.3x1077 1%
Kidney renal papillary cell carcinoma 287 7.0x107° 1%
Liver hepatocellular carcinoma 370 3.6x107° 1%
Lung adenocarcinoma 504 9.3x107° 2%
Pancreatic ductal adenocarcinoma 177 6.5x107° 1%
106 MMP9 Matrix metalloproteinase 9 Kidney renal clear cell carcinoma 530 2.3x107* 5%
107 MMP12 Matrix metalloproteinase 12 Kidney renal clear cell carcinoma 530 3.3x107° 1%
108 MTOR mammalian target of rapamycin None
109 MYC V-Myc avian myelocytomatosis viral Bladder carcinoma 504 5.8x107° 1%
oncogene homolog Kidney renal papillary cell carcinoma 287 4.1x107 5%
110 MYCN V-Myc avian myelocytomatosis viral None
oncogene neuroblastoma-derived homolog
111 MYO5B Myosin VB Pancreatic ductal adenocarcinoma 177 7.3x107° 1%
112 NDC80 NDC80 kinetochore complex component Kidney renal clear cell carcinoma 530 1.2x1071° 1%
Kidney renal papillary cell carcinoma 287 2.7x1077 1%
Liver hepatocellular carcinoma 370 3.3x1078 1%
Lung adenocarcinoma 504 1.8x107* 5%
113 NEFH Neurofilament, heavy polypeptide None
114 NEFM Neurofilament, medium polypeptide None
115 NES Nestin Kidney renal papillary cell carcinoma 277 1.6x107* 2%
116 NETO2 Neuropilin and tolloid-like 2 Kidney renal papillary cell carcinoma 287 9.1x107° 1%
Sarcoma 259 3.2x1077 1%
117 NF1 Neurofibromatosis 1 None
118 NPY Neuropeptide Y Uterine corpus endometrial carcinoma 542 1.4x107* 3%
119 NRAS Neuroblastoma RAS ciral (V-Ras) Liver hepatocellular carcinoma 370 3.4x107° 1%
oncogene homolog Pancreatic ductal adenocarcinoma 177 3.3x107* 3%
Sarcoma 259 4.8x10™ 5%
120 NRG3 Neuregulin 3 Stomach adenocarcinoma 371 3.0x107* 5%
Uterine corpus endometrial carcinoma 542 5.4x107° 1%
121 NTRK3 Neurotrophic receptor tyrosine kinase 3 Lung squamous cell carcinoma 495 1.8x107* 5%
122 OLIG1 Oligodendrocyte transcription factor 1 None
123 O0LIG2 Oligodendrocyte transcription factor 2 Breast cancer 1,089 3.8x107° 2%
124 P2ZRYZ2 Purinergic receptor P2Y2 Pancreatic ductal adenocarcinoma 177 8.5x107° 1%
125 PBK PDZ-binding kinase Kidney renal clear cell carcinoma 530 3.3x107° 1%
Kidney renal papillary cell carcinoma 287 4.2x1078 1%
Liver hepatocellular carcinoma 370 8.2x107° 2%
Lung adenocarcinoma 504 2.9x107* 5%
126 PCDHGA6 Protocadherin y subfamily A, 6 None
127 PCSK2 Proprotein convertase subtilisin/kexin type 2 None
128 (D274 Programmed death-ligand 1 None
(= PD-L1)
129 PENK Proenkephalin Uterine corpus endometrial carcinoma 542 6.1x107° 1%
130 EGLNZ Prolyl hydroxylase 1 Kidney renal clear cell carcinoma 530 1.7x107° 1%
(= PHD1)
131 PIK3AP1 Phosphoinositide-3-kinase adaptor protein 1 None
132 PIK3C2A Phosphatidylinositol-4-phosphate 3-kinase None

catalytic subunit type 2 a

Table I. Continued
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Table I. Continued

No. Genecode Name Tumor type Number p-Value FDR
133 PIK3C3 Phosphatidylinositol 3-kinase None
catalytic subunit type 3
134 PIK3CA Phosphatidylinositol-4,5-bisphosphate None
3-kinase catalytic subunit a
135 PIK3CB Phosphatidylinositol-4,5-bisphosphate Pancreatic ductal adenocarcinoma 177 4.5x107 5%
3-kinase catalytic subunit
136 PIK3CD Phosphatidylinositol-4,5-bisphosphate None
3-kinase catalytic subunit §
137 PMAIP1 Phorbol-12-myristate-13-acetate-induced Esophageal adenocarcinoma 80 8.9x107™* 3%
protein 1
138 PNMT Phenylethanolamine N-methyltransferase Uterine corpus endometrial carcinoma 542 3.9x107° 1%
139 PRKCB Protein kinase C None
140 PTGER4 Prostaglandin E receptor 4 None
141 PTX3 Pentraxin 3, long Kidney renal clear cell carcinoma 530 5.9x107° 1%
142 RBFOX1 RNA-binding protein, fox-1 homolog (C. elegans) 1 None
143 RET Ret proto-oncogene Kidney renal clear cell carcinoma 530 1.9x107° 1%
144 RFC4 Replication factor C subunit 4 Kidney renal clear cell carcinoma 530 54x10710 1%
Kidney renal papillary cell carcinoma 287 9.1x1077 1%
Liver hepatocellular carcinoma 370 4.7x1075 1%
145 PRPF31 Pre-mRNA processing factor 31 None
(=RP11)
146 RRM2 Ribonucleotide reductase M2 Kidney renal clear cell carcinoma 530 3.4x1078 1%
Kidney renal papillary cell carcinoma 287 4.7x10710 1%%
Liver hepatocellular carcinoma 370 2.3x107° 1%
Lung adenocarcinoma 504 1.1x107° 1%
Pancreatic ductal adenocarcinoma 177 1.6x107* 1%
147 RSPO2 R-Spondin 2 None
148 SCG3 Secretogranin 111 Uterine corpus endometrial carcinoma 542 8.0x107° 2%
149 SDCBP Syndecan-binding protein None
150 SDHA Succinate dehydrogenase complex None
flavoprotein subunit A
151 SDHAF2 Succinate dehydrogenase complex Kidney renal clear cell carcinoma 530 4.0x107° 1%
assembly factor 2
152 SDHB Succinate dehydrogenase complex None
iron sulfur subunit B
153 SDHC Succinate dehydrogenase complex subunit C None
154 SDHD Succinate dehydrogenase complex subunit D None
155 SERPINE1 Serpin family E member 1 Head-neck squamous cell carcinoma 499 3.7x107° 1%
Stomach adenocarcinoma 371 2.2x107° 1%
156 SETD2 SET domain-containing 2, histone None
lysine methyltransferase
157 SFT2D3 SFT2 domain-containing protein 3 Breast cancer 1,089 1.4x107° 1%
Ovarian cancer 373 9.5x107° 1%
Uterine corpus endometrial carcinoma 541 1.5x107* 5%
158 SLC12A5 Solute carrier family 12 (potassium/ Kidney renal clear cell carcinoma 530 2.5x107° 1%
chloride transporter), member 5
159 SLC25A11 Solute carrier family 25 member 11 None
160 SMC4 Structural maintenance of chromosomes 4 Kidney renal papillary cell carcinoma 287 1.6x107* 2%
Liver hepatocellular carcinoma 370 2.9x107* 5%
Pancreatic ductal adenocarcinoma 177 4.2x107° 1%
161 SMO Smoothened, frizzled class receptor None
162 S0X10 SRY-box transcription factor 10 Breast cancer 1,089 1.4x107° 1%
Ovarian cancer 373 9.5x107° 1%
Uterine corpus endometrial carcinoma 542 1.5x107* 5%

Table 1. Continued
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Table I. Continued

No. Genecode Name Tumor type Number p-Value FDR
163 SO0X4 SRY-box transcription factor 4 Liver hepatocellular carcinoma 370 2.6x107° 1%
164 STMNZ2 Stathmin 2 Kidney renal clear cell carcinoma 530 5.9x107% 2%
Kidney renal papillary cell carcinoma 287 4.5x10712 1%
165 SYNPR Synaptoporin Uterine corpus endometrial carcinoma 542 5.6x107° 2%
166 TBX3 T-Box transcription factor 3 Kidney renal papillary cell carcinoma 287 6.0x107° 1%
167 TBXAZR Thromboxane A2 receptor None
168 TCF4 Transcription factor 4 None
169 TGDS TDP-glucose 4,6-dehydratase None
170 TMEM127 Transmembrane protein 127 None
171 TMEM130 Transmembrane protein 130 None
172 TMEM45A  Transmembrane protein 45A Kidney renal clear cell carcinoma 530 1.2x107° 1%
Thyroid carcinoma 502 1.1x107° 1%
173 TOP2A DNA-topoisomerase 2A Kidney renal clear cell carcinoma 530 1.9x107° 1%
Kidney renal papillary cell carcinoma 287 1.0x107° 1%
Liver hepatocellular carcinoma 370 1.3x107° 1%
Lung adenocarcinoma 504 1.1x107* 3%
Pancreatic ductal adenocarcinoma 177 4.9x107° 1%
Sarcoma 259 52x107 5%
174 TRHDE Thyrotropin-releasing Uterine corpus endometrial carcinoma 542 1.1x107° 1%
hormone-degrading enzyme
175 TTCY Tetratricopeptide repeat domain 9 None
176 TTK Phosphotyrosine-picked threonine Kidney renal clear cell carcinoma 530 4.8x1078 1%
protein kinase Kidney renal papillary cell carcinoma 287 1.1x1078 1%
Liver hepatocellular carcinoma 370 6.5x107° 1%
Lung adenocarcinoma 504 1.6x107* 3%
Pancreatic ductal adenocarcinoma 177 1.3x107* 1%
Uterine corpus endometrial carcinoma 542 1.8x107° 1%
177 TWIST1 Twist family BHLH transcription factor 1 Kidney renal clear cell carcinoma 530 2.7x107 5%
Kidney renal papillary cell carcinoma 287 4.2x1077 1%
178 TYMS Thymidylate synthetase Liver hepatocellular carcinoma 370 2.9x107° 1%
Lung adenocarcinoma 504 2.6x107* 5%
179 VCL Vinculin Pancreatic ductal adenocarcinoma 177 4.4x107 5%
180 VEGFA Vascular endothelial growth factor A Cervical squamous cell carcinoma 304 4.5x107 5%
Kidney renal papillary cell carcinoma 287 1.6x1077 1%
Liver hepatocellular carcinoma 370 2.3x107° 1%
Uterine corpus endometrial carcinoma 542 2.1x107* 5%
181 VHL von Hippel Lindau gene Liver hepatocellular carcinoma 370 3.6x107° 1%
182 VIM Vimentin None
183 VIPR2 Vasoactive intestinal peptide receptor 2 Lung squamous cell carcinoma 495 1.0x107* 3%
184 VWF Von Willebrand factor None
185 WNT1 Wingless-type MMTV integration None
site family, member 1 (oncogene INT1)
186 ZWINT ZW10-interacting kinetochore protein Kidney renal papillary cell carcinoma 287 2.4x107* 3%
Liver hepatocellular carcinoma 370 1.8x1078 1%

FDR: False discovery rate.

question whether these risk genes may also be related to
the overall survival times of patients suffering from other
tumor types. The TCGA-based data repository of the
KMPlotter contained several other tumor types in addition
to phaeochromocytoma and paraganglioma with a total

number of 7,489 biopsies. We calculated the overall
of patients
phaeochromocytoma and paraganglioma but also with

survival times not only with

these other tumor types with a total number of 3,162
Kaplan-Meier statistics calculations. The plots shown in
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Figure 2. Workflow to identify phaeochromocytoma-related risk gene signatures.

Figure 4 and Figure 5 depict the 181 correlations which
were statistically significant (yellow marked, p<0.05, FDR
<5%). All others did not fulfill these criteria (blue marked).
Of the 181 statistically significant correlations, 56 were
associated with patient survival of one cancer entity, 22
with two cancer types, five with four and eight with five
tumor types. The mRNA expression of one gene correlated
with six tumor types.

We were interested to see which tumor types were
most frequently associated with significant Kaplan-Meier
correlations. As shown in Figure 6, renal papillary cell
carcinoma, renal clear cell carcinoma, and hepatocellular
carcinoma of the liver were the most frequently
correlating tumor types with 27 or more significant
associations, followed by lung adenocarcinoma, uterine
corpus endometrial carcinoma and pancreatic ductal
carcinoma (with 18 or more significant correlations). As
also mentioned above, phaeochromocytoma and
paraganglioma were only associated with two genes.

Based on the results shown in Figure 4, we
investigated which tumor types correlated most
frequently with the set of 186 genes. Out of the 18 tumor
entities studied, the four most frequently appearing
cancer types were renal papillary cell carcinoma, renal
clear cell carcinoma, liver hepatocellular carcinoma, and
lung adenocarcinoma (Figure 7). The expression of 18-32
genes correlated with worse overall survival of patients
with these four tumor types. Therefore, we selected these
four tumor types for our further analyses.

Overall survival analyses with a 12-gene signature. We
investigated the accumulation of significant correlations in
these tumor types in more detail. Renal papillary cell
carcinoma, renal clear cell carcinoma, liver hepatocellular
carcinoma, and lung adenocarcinoma showed significant
correlations with 12 genes in common (BUB1, BUB1B,
CDK1, CENPA, CKAP2L, IQGAP3, MKI67, NDC80, PBK, RRM2,
TOPZA, and TTK) (Table II, Figure 4 and Figure 5). Then,
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Figure 3. Kaplan-Meier curves of overall survival time for patients with phaeochromocytoma or paraganglioma and mRNA expression of (A, B) AQP4
alone, (C, D) FAM83H alone, or (E, F) the mean RNA expression of both genes together. The panels A, C, and E show the survival analyses if tumors
were subjected irrespective of whether they had high or low mutation rates, while the panels B, D, and F depict only those tumors with high mutation
rates. Tumors with high mutation rates are considered as more aggressive than those with low numbers of mutations. Hence, it is relevant to know
whether the identified candidate genes are also of prognostic significance in aggressive, highly mutated tumors.
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Figure 4. Color-coded plot of Kaplan-Meier analyses of 186 genes for 18 tumor types. The yellow color indicates each one significant correlation
between high mRNA expression in tumors and worse overall patient survival (p<0.05; FDR <5%). THYM, Thymoma; LUAD, lung adenocarcinoma;
UCEC, uterine corpus endometrial carcinoma; THCA, thyroid carcinoma; STAC, stomach adenocarcinoma; SRC, sarcoma; PCGC, pheochromocytoma
and paraganglioma; PADC, pancreatic ductal adenocarcinoma; OVCA, ovarian carcinoma; LIHC, liver hepatocellular carcinoma; KIRP, kidney renal
papillary cell carcinoma; KIRC, kidney renal cell carcinoma; HNSC, head and neck squamous cell carcinoma; ESCC, esophageal squamous cell
carcinoma; ESCA, esophageal adenocarcinoma; CESC, cervical squamous cell carcinoma; BRCA, breast cancer; BLCA, bladder cancer.

we used the mean mRNA expression of these 12 genes and
performed Kaplan-Meier analyses. As shown in Figure 7 A-
D, the high expression of this 12-gene signature correlated
with shorter overall survival in these four tumor entities
compared to its low expression (p<0.0001; FDR=1%).

We also performed Kaplan-Meier statistics for high or
low mutation burden and found a significant correlation for
patients with highly mutated hepatocellular carcinoma.
Their high mean expression of the 12-gene signature
correlated with shorter survival, while low expression was
associated with longer survival (p<0.00001; FDR=1%).

Refractory-free survival analyses with a 12-gene signature.
While overall survival times are measured from initial
diagnosis of the tumor to the death of the patient, it is also
interesting to study the refractory-free survival, i.e., the
time from initial diagnosis to the reappearance of a tumor
after therapy. Refractory-free survival is usually associated

with better life quality of a patient compared to overall
survival. Therefore, we performed Kaplan-Meier statistics
of the four tumor types mentioned above (renal papillary
cell carcinoma, renal clear cell carcinoma, liver
hepatocellular carcinoma, and lung adenocarcinoma)
regarding refractory-free survival times of the patients. As
shown in Figure 8, the high mean mRNA expression of
these 12 genes significantly correlated with shorter
refractory-free with
hepatocellular carcinoma (Figure 8A and B) or renal

papillary cell carcinoma (Figure 8C and D). This was true

survival times of patients

if all tumors were subjected to survival analysis (Figure
8A and C) (p<0.001; FDR <2%). Tumors with many
mutations are generally accepted as being more
aggressive than those with fewer mutations. Therefore, we
investigated whether this 12-gene signature is also
predictive of shorter survival in tumors with high
mutation rates. Indeed, high gene expression also

819



Ooko and Efferth: Prognostic Genes for Phaeochromocytoma and Paraganglioma

Number of significant correlations per gene

each two

each three each four each five each six

THYM

LUAD

UCEC

THCA

STAC

SRC

PCGC

PADC

OVCA

LIHC

KIRP

KIRC

HNSC

ESCC

ESCA

CESC

BRCA

BLCA

MYC
ESYT2 (FAM62B)
GID2
CDH9
E2F4
Gor2

SERPINE1
LEF1

DLL4
STMN2

TWISTL

COL1A1

EZH2

CD44 (= HERMES)
HMGB3

ZWINT

NETO2

TYMS

AQP4

FAM83H

NRG3

KCNH2

FKBP9
SFT2D3
SOX10

cDT1

NRAS

VEGFA
IQGAP3
NDC80

PBK

CCN82

BUB1

BUB1B

CDK1 (=CDC2)
CENPA
CKAP2L
MKI67

RRM2

TOP2A

TTK

Figure 5. Color-coded plot of Kaplan-Meier analyses of 186 genes for 18 tumor types. The yellow color indicates each two to six significant correlations
between high mRNA expression in tumors and worse overall patient survival (p<0.05; FDR <5%). THYM, Thymoma; LUAD, lung adenocarcinoma;
UCEC, uterine corpus endometrial carcinoma; THCA, thyroid carcinoma; STAC, stomach adenocarcinoma; SRC, sarcoma; PCGC, pheochromocytoma
and paraganglioma; PADC, pancreatic ductal adenocarcinoma; OVCA, ovarian carcinoma; LIHC, liver hepatocellular carcinoma; KIRP, kidney renal
papillary cell carcinoma; KIRC, kidney renal cell carcinoma; HNSC, head and neck squamous cell carcinoma; ESCC, esophageal squamous cell
carcinoma; ESCA, esophageal adenocarcinoma; CESC, cervical squamous cell carcinoma; BRCA, breast cancer; BLCA, bladder cancer.

indicated lower survival times of patients with high
mutation rates (Figure 8B and D) (p<0.0001; FDR <1%).

Discussion

The aim of the present investigation was, first, to
investigate whether genes whose expression has been
correlated to the onset of phaeochromocytoma and
paraganglioma may also be relevant for the outcome of
this disease, i.e., for the survival of patients. Since these
genes are not exclusively specific for phaeochromocytoma/
paraganglioma, we assumed that they might also be
relevant for the survival of patients suffering from other
tumor types than phaeochromocytoma/paraganglioma.
Therefore, a second aim of his study was to see whether
the genes with prognostic relevance for the survival of

phaeochro-mocytoma or paraganglioma patients may also
predict survival of patients with other tumor types. Based
on literature mining, we compiled 186 risk genes for
phaeochromocytoma/paraganglioma. As risk genes may
contribute to carcinogenesis and tumor progression, their
final role for the lifetime expectancy of cancer patients is
not that well understood. To identify prognostic
biomarkers for patient survival that may also serve as
possible targets for future drug developments, we
subjected the mRNA expression of these genes in 178
biopsies of phaeochromocytoma and paraganglioma
deposited in the TCGA database to Kaplan-Meier survival
analyses. Unexpectedly, the expression of only two genes
(AQP5 and FAM83H) significantly correlated with short
survival times of patients. Since the 186 genes are not
exclusively related to the development of phaeochro-
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Figure 6. Number of genes significantly correlating with survival of cancer patients. The expression of all 186 genes in patients with
phaeochromocytoma (red bar) or patients with 17 other tumor types (blue bars) has been subjected to Kaplan Meier survival analyses. The number
of genes whose mRNA expression significantly correlated with short survival times (p<0.05; FDR <5%) were represented as bar diagram.

mocytoma/paraganglioma alone, we also investigated
their prognostic value in 17 other tumor types.
Interestingly, we observed a cluster of 12 genes that
commonly appeared in four tumor types (renal papillary
cell carcinoma, renal clear cell carcinoma, hepatocellular
carcinoma, and lung carcinoma).

While most phaeochromocytomas and paragangliomas
are benign and only a fraction exerts malignant features
such as metastasis, the other four tumor types are
malignant. Hence, it can be speculated that the two genes
we identified in phaeochromocytoma and paraganglioma
may be more associated with benign tumor growth, while
the other 12 identified genes are related to malignant
cancer growth. Interestingly, the majority of proteins
encoded by these 12 genes have functions in mitosis or
DNA metabolism, while the two genes with prognostic
significance for phaeochromocytoma had other functions
(water homeostasis, cell migration) (Table II). Aberrant
and DNA metabolism
characteristics of cancer, and it is plausible that genes

mitosis are well-known

related to these two biological processes have prognostic
value for malignant rather than for benign tumor growth.

The MKI-67 gene represents a surrogate marker to
monitor the proliferative capacity of tumors. Its encoding
protein Ki-67 is widely used as prognostic marker in many
cancer types including the carcinoma types studied here
(14). Ahigh Ki-67 score is associated with high proliferation,
and rapid proliferating tumor cells are generally more
susceptible to chemotherapy than slowly growing ones.

On the other hand, AQP4 and FAM83H may be valuable
biomarkers to predict survival of phaeochromocytoma/
paraganglioma with limited malignant potential. A role of
AQP4 has been described on other tumors of the brain
such as low-grade glioma (15, 16). AQP4 aggregation
influences plasma membrane dynamics to alter cell
proliferation, invasiveness, migration, and apoptotic
potential in glioma cells.

FAMB83H has a role for cell migration. Hence, this gene
may play a role in metastatic phaeochromocytoma. FAM83H
and other members of the FAM83 family are involved in
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Table II. Prognostic significance of mRNA expression of selected genes for overall survival of patients with phaeochromocytoma/paraganglioma,
renal clear cell carcinoma, renal papillary carcinoma, or lung adenocarcinoma.

Gene code Name Function Tumor No. p-Value FDR Prognostic
type marker
(Reference)
AQP4 Aquaporin 4 Water-selective channel, brain PCPG 178 6.5x107* 5%
BUB1 Budding uninhibited by water homeostasis KIRC 530 1.0x10° 1% (36,37)
benzimidazoles 1 homolog Mitosis: mitotic spindle checkpoint; KIRP 287 53x107° 1% (18, 38)
(yeast) mitotic checkpoint serine/threonine protein kinase; LIHC 470 1.6x10° 1% (39-42)
Serine/threonine kinase Other functions: DNA damage response, LUAD 504 1.6x107° 3% (43-48)
aneuploidy, cancer development
BUBIB BUB1 mitotic checkpoint Mitosis: mitotic spindle checkpoint function KIRC 530 1.8x10 1%
Serine/threonine kinase B and normal mitosis progression. KIRP 287 9.0x107° 1%
Other functions: cancer development; LIHC 370 4.3x107° 1% (49)
proper chromosome segregation LUAD 504 4.0x10° 1% (37,43, 45,
47,50-52)
CDK1/CDC2  Cyclin-dependent kinase 1 Mitosis: essential for G,/M transition. KIRC 530 2.7x10% 1% (10, 36,53)
Serine/threonine protein kinase KIRP 287 6.5x1071!1 1%
LIHC 370 1.2x10° 1% (19,40, 42-66)
LUAD 504 6.8x107° 1% (44,47, 67-72)
CENPA Histone H3-like centromeric ~ Mitosis: assembly of kinetochore KIRC 530 1.2x107'! 1%
protein A proteins andprogress KIRP 287 4.0x107'? 1% (73)
through mitosis, chromosome LIHC 370 29x10°% 1% (19, 55, 64, 74-76)
segregation, and cytokines. LUAD 504 12x107* 3% (69,77,78)
Other functions: component
of a modified nucleosome
of nucleosome-like structure
CKAP2L Cytoskeleton-associated Mitosis: mitotic spindle formation KIRC 530 4.1x107 1% (20,79)
protein 2-like and cell cycle progression KIRP 287 1.2x10% 1% (80)
in neural progenitor cells LIHC 370 4.7x107° 1%
LUAD 504 61x107° 2% (81)
FAM83H Family with sequence Keratin cytoskeleton disassembly; PCPG 178 1.7x107* 2%
similarity 83 member H epithelial cellmigration; LUAD 504 29x10™* 5%
calcification of tooth enamel
IQGAP3 1Q motif-containing GTPase Regulation of actin cytoskeleton KIRC 530 1.9x107'0 1% (82,83)
activating protein 3 organization; signal transduction; KIRP 287 1.4x107 1%
cancer development LIHC 370 8.9x107° 1% (21, 84-86)
LUAD 504 1.1x107* 3%
MKI67 Marker of proliferation Ki-67  Mitosis: chromosome segregation KIRC 530 1.3x107 1%
and mitosis; chromosome KIRP 287 7.0x107° 1%
dispersion following nuclear LIHC 370 3.6x10° 1% (87-89)
envelope disassembly LUAD 504 9.3x10° 2% (22,90-93)
NDC80 NDC80 kinetochore Mitosis: contains microtubule- KIRC 530 1.2x107%° 1% (94)
complex component binding domain;stabilizes KIRP 287 2.7x107 1%
microtubule-Kinetochore interactions; LIHC 370 3.3x10°% 1% (65,95-99)
proper chromosome segregation LUAD 504 1.8x10™* 5% (100)
PBK PDZ-binding kinase Mitosis: destabilizes TP53 and KIRC 530 3.3x107° 1% (23)
attenuates G,/M checkpoint; KIRP 287 4.2x10°% 1% (101)
Serine/threonine protein kinase; LIHC 370 82x10° 2% (58,102-109)
Other functions: tumor development; LUAD 504 29x107* 5% (110-113)
lymphoid cell activation and
testicular functions
RRM2 Ribonucleotide reductase DNA: catalyzes the formation KIRC 530 3.4x10% 1% (114-118)

of deoxyribonucleotides

Table II. Continued
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Table II. Continued

Gene code Name Function Tumor No. p-Value FDR Prognostic
M2 from ribonucleotides type marker
(Reference)
KIRP 287 4.7x10" 1% (101, 119)
LIHC 370 23x107° 1% (24, 25,62,
104, 120-129)
LUAD 504 1.1x10° 1% (45, 46,91,
131-139)
TOP2A DNA-topoisomerase 2A DNA: catalyzes breaking and rejoining KIRC 530 1.9x107° 1% (26,27,114,
of DNA strands to allow DNA strand 118, 140-142)
passing; chromatin condensation, KIRP 287 1.0x107° 1%
chromatid separation, and the LIHC 370 1.3x107° 1% (45, 46,91, 104,
relief of torsional stress 105, 125, 126,
during DNA replication 134, 143-151)
LUAD 504 1.1x10™* 3% (45, 46,91,
133,152-159)
TTK Phosphotyrosine-picked Mitosis: chromosome alignment at the KIRC 530 4.8x107% 1%
threonine protein kinase centromere during mitosis; centrosome KIRP 287 1.1x10°% 1%
duplication and proper chromosome LIHC 370 6.5x107° 1% (85,160)
segregation during mitosis LUAD 504 1.6x10™* 3% (157,161,162)

KIRC, Kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung
adenocarcinoma; PCPG, phaeochromocytoma and paraganglioma; FDR: false discovery rate.

diverse cancer types and play a role for poor survival
prognosis (17). The 12 genes associated with shorter survival
times of the four carcinoma types are partwise well-known
for their prognostic role (e.g.,, BUB1, CDK1, RRM2, TOP2A),
partwise their prognostic value is not well studied yet (e.g.,
AQP4, FAM83H, CKAP2L, TTK), and our investigation provides
further evidence to consider them as valuable biomarkers in
the future. As the majority of investigations come from
Chinese authors, it comes as no surprise that tumor types
thatare very common in China (i.e, hepatocellular carcinoma,
lung adenocarcinoma) have been more frequently studied
than others (ie, kidney cancers) (Table II).

We were not only interested identifying single prognostic
markers but also studying entire gene signatures. The
clustering of 12 genes in the four carcinoma types is
remarkable, and forming the mean mRNA expression value
of these 12 genes even improved the statistical significance
in the Kaplan-Meier statistics making this gene signature a
powerful tool to predict the survival probability of patients.
Although other signatures have been reported in the
literature related to several pathways and mechanisms (e.g.,

ferroptosis, immune response, glycolysis, etc.) (18-27), the
mitosis-related 12-gene signature described in the present
study is novel and not described before.

We also investigated the mean mRNA expression of
AQP4 and FAM83H and found an improved statistical
significance to predict survival of phaeochromocytoma
and paraganglioma patients compared to the expression
of both genes alone. Hence, this may serve as a novel 2-
gene signature for these tumor types.

Novel biomarkers are not only valuable for the survival
prognosis of patients but also for development of novel
strategies for individualized treatment options. Mitosis
and the DNA are also important treatment targets for
classical anticancer drugs such as Vinca alkaloids, taxanes,
alkylating agents, platin derivatives, and antimetabolites.
Hence, the proteins encoded by the genes identified here
may serve as novel targets for drug development.

During the past years, it became more and more clear
that the current armamentarium of targeted drugs
addressing the currently known drug targets can improve
therapy success of cancer patients to some extent, but
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Figure 7. Kaplan-Meier statistics of overall survival times of patients with (A) hepatocellular carcinoma, (B) renal clear cell carcinoma, (C) renal
papillary cell carcinoma, or (D) lung adenocarcinoma and the mean mRNA expression of a 12-gene signature consisting of BUB1, BUB1B, CDK1,

CENPA, CKAP2L, ISGAP3, MKI67, NDC80, PBK, RRM2, TOP2A, and TTK.

satisfying long-term cures are not reachable in many cases.
Therefore, new targets for new drugs are urgently required.

The biomarkers we found in our investigations were
mainly related to the mitotic spindle and DNA metabolism.
Mitosis and the DNA are also important treatment targets
for classical anticancer drugs such as Vinca alkaloids,
and

taxanes, alkylating agents,

antimetabolites. However, the proteins identified in this

platin derivatives,

study are novel candidates for targeted treatment. Some of
the proteins encoded by the genes we identified are already
used as drug targets (e.g., TOP2A, CDK1) (28, 29), others are
recognized but not yet largely exploited for drug discovery

(30-35). Hence, there is considerable potential to identify
novel inhibitors in the future for the proteins encoded by the
genes identified in the present investigation.
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identified candidate genes are also of prognostic significance in aggressive, highly mutated tumors.
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