
Abstract. Background/Aim: Genomic DNA copy number
alterations (CNAs) are frequent in tumors and have been
catalogued by The Cancer Genome Atlas project. Emergence
of chemoresistance frequently renders drug therapies
ineffective. Materials and Methods: We analyzed how CNAs
recurrently found in the genomes of TCGA patients of thirty-
one tumor types affect protein targets of antineoplastic (AN)
agents. Results: CNA deletions more frequently affected the
targets of AN agents than CNA amplifications. Interestingly,
in seven tumors we observed signs of compensatory CNAs.
For example, in glioblastoma multiforme, two target genes
(FLT1, FLT3) of the experimental drug sorafenib were
recurrently deleted, whereas another target (KDR) of
sorafenib was recurrently amplified. In renal clear cell
carcinoma, the target FLT1 of pazopanib, sunitinib,
sorafenib, and axitinib was recurrently deleted, whereas
FLT4 bound by the same drugs, was recurrently amplified.
Conclusion: Deletions of AN target proteins can be
compensated by amplification of alternative targets.

Tumor cells differ phenotypically from normal cells, for
example, by showing increased levels of proliferation and
evading apoptosis (1). At the genomic level, one common
variation of tumor cells is DNA copy number changes that
include both gene amplifications and deletions (2). When

these changes occur in germline cells, they are referred to as
DNA copy number variations (CNV). When they occur in
somatic cells, they are termed copy number alterations
(CNA) (3). It is believed that CNAs in genome sequences of
cancer patients (4) may play important roles in oncogenesis
and cancer therapy (5). 

An important reference data set on CNAs in patients
suffering from more than 30 different tumors was compiled
by The Cancer Genome Atlas (TCGA) project. A pan-
cancer study of these data analyzed the effect of CNAs on
known oncogenic drivers and tumor suppressor genes
(TSG) and identified potential new cancer drivers, TSGs
and biomarkers (6). This study also analyzed the length and
the distribution of somatic CNAs along the chromosomes,
identified regions that recurred significantly often and
compared the number of genes in amplified and deleted
regions (6). Subsequent studies (7, 8) of CNA data from
TCGA focused either on specific genes (e.g. PD-L1,
CD247, IRS4, IGF2) or on the relationship between copy
number events and gene expression (7, 9). From the 33
tumor types available at TCGA today, we processed the
data from 31 tumors in this study (glioblastoma multiforme,
kidney renal clear cell carcinoma, brain lower-grade
glioma, lung squamous cell carcinoma, liver hepatocellular
carcinoma, kidney renal papillary cell carcinoma, kidney
chromophobe carcinoma, breast invasive carcinoma, ovarian
serous cystadenocarcinoma, uterine carcinosarcoma, head
and neck squamous cell carcinoma, thyroid carcinoma,
prostate adenocarcinoma, colon adenocarcinoma, stomach
adenocarcinoma, bladder urothelial carcinoma, cervical
squamous cell carcinoma and endocervical adenocarcinoma,
sarcoma, acute myeloid leukemia, esophageal carcinoma,
pheochromocytoma and paraganglioma, rectum
adenocarcinoma, adrenocortical carcinoma, cholangio -
carcinoma, lymphoid neoplasm diffuse large B-cell
lymphoma, uveal melanoma, mesothelioma, thymoma,
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testicular germ cell tumors, uterine corpus endometrial
carcinoma, pancreatic adenocarcinoma). The original
publications on the datasets collected for these thirty-one
tumors focused on the rate of copy number alterations,
identification of recurrently amplified/deleted CNAs, the
distribution of CNAs along the chromosomes, identification
of oncogenes and TSGs, and clustered the tumors into
subtypes. Several follow-up studies have analyzed CNA
data from TGCA and analyzed copy number changes (10-
12), recurrent copy number variations/alterations (13-16),
the effect of CNAs on specific genes (17-21), identified
putative new druggable cancer driver genes (22), tried to
predict cancer relapse (23), and studied how cancer patients
may be grouped into subtypes (12, 18).

Tumor therapy often involves chemotherapy (24). The
current release of Drugbank (version 5.0.11, downloaded on
January 12, 2018) lists 477 drugs as antineoplastic (AN) agents
that are annotated to bind to 220 different protein targets.
Mapping the targets of AN agents to the KEGG database of
cellular pathways using the tool KEGG mapper (25) shows that
53 target proteins from this list belong to the PI3K-Akt
signaling pathway, 39 to metabolic pathways, 32 to the Rap1
signaling pathway, 30 to Th17 cell differentiation, 32 to the Ras
signaling pathway, and 38 to the MAPK signaling pathway. 

The aim of this project was to analyze how protein targets
of AN agents are affected by CNAs. To our best knowledge,
no prior study addressed a related question so far. The only
related work we are aware of is a study by Graham et al.
who recently reported that recurrent patterns of DNA copy
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Figure 1. Main steps of analysis workflow.

Figure 2. Overlap between the three gene sets.
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Table I. Drugs applied against lung carcinoma. The first column contains FDA-approved drugs against non-small cell lung cancer (58 drugs). The
second column contains a subset of the drugs from the first column after removing duplicated ones (25 drugs). The third column contains drugs
that were applied to lung squamous cell carcinoma patients in TCGA (16 drugs). The drugs marked in bold are found both in the second and third
column. Eight of sixteen drugs applied to lung squamous cell carcinoma patients in the TCGA panel were FDA-approved.

Approved drugs from Cancer.org                                                                   Compact list of approved drugs         Drugs applied for patients in TCGA

Methotrexate                                                                                                                   Methotrexate                                              Erlotinib
Methotrexate LPF (Methotrexate)                                                                                                                                                    Paclitaxel
Mexate (Methotrexate)                                                                                                                                                                     Vincristine
Mexate-AQ (Methotrexate)                                                                                                                                                             Pemetrexed
Abitrexate (Methotrexate)                                                                                                                                                                 Topotecan
Folex (Methotrexate)                                                                                                                                                                       Doxorubicin
Folex PFS (Methotrexate)                                                                                                                                                              Gemcitabine
Paclitaxel                                                                                                                           Paclitaxel                                               Oxaliplatin
Paclitaxel albumin-stabilized nanoparticle formulation                                                                                                                  Docetaxel
Abraxane (Paclitaxel albumin-stabilized nanoparticle formulation)                                                                                               Gefitinib
Taxol (Paclitaxel)                                                                                                                                                                             Vinorelbine
Afatinib dimaleate                                                                                                     Afatinib Dimaleate                                      Carboplatin
Gilotrif (Afatinib dimaleate)                                                                                                                                                             Irinotecan
Everolimus                                                                                                                        Everolimus                                                Cisplatin
Afinitor (Everolimus)                                                                                                                                                                    Temozolomide
Alectinib                                                                                                                             Alectinib                                                 Etoposide
Alecensa (Alectinib)                                                                                                                                                                                  
Pemetrexed disodium                                                                                             Pemetrexed disodium                                              
Alimta (Pemetrexed disodium)                                                                                                                                                                 
Brigatinib                                                                                                                           Brigatinib                                                        
Alunbrig (Brigatinib)                                                                                                                                                                                 
Atezolizumab                                                                                                                 Atezolizumab                                                     
Tecentriq (Atezolizumab)                                                                                                                                                                          
Bevacizumab                                                                                                                   Bevacizumab                                                     
Avastin (Bevacizumab)                                                                                                                                                                              
Carboplatin                                                                                                                      Carboplatin                                                      
Paraplat (Carboplatin)                                                                                                                                                                                
Paraplatin (Carboplatin)                                                                                                                                                                            
Ceritinib                                                                                                                              Ceritinib                                                         
Zykadia (Ceritinib)                                                                                                                                                                                    
Crizotinib                                                                                                                           Crizotinib                                                        
Xalkori (Crizotinib)                                                                                                                                                                                   
Ramucirumab                                                                                                                 Ramucirumab                                                     
Cyramza (Ramucirumab)                                                                                                                                                                           
Dabrafenib                                                                                                                        Dabrafenib                                                       
Tafinlar (Dabrafenib)                                                                                                                                                                                 
Docetaxel                                                                                                                           Docetaxel                                                        
Taxotere (Docetaxel)                                                                                                                                                                                  
Erlotinib Hydrochloride                                                                                       Erlotinib hydrochloride                                            
Tarceva (Erlotinib hydrochloride)                                                                                                                                                             
Gemcitabine hydrochloride                                                                               Gemcitabine hydrochloride                                         
Gemzar (Gemcitabine hydrochloride)                                                                                                                                                      
Gefitinib                                                                                                                             Gefitinib                                                         
Iressa (Gefitinib)                                                                                                                                                                                        
Pembrolizumab                                                                                                             Pembrolizumab                                                    
Keytruda (Pembrolizumab)                                                                                                                                                                       
Mechlorethamine hydrochloride                                                                    Mechlorethamine hydrochloride                                      
Mustargen (Mechlorethamine hydrochloride)                                                                                                                                          
Trametinib                                                                                                                         Trametinib                                                       
Mekinist (Trametinib)                                                                                                                                                                                
Vinorelbine Tartrate                                                                                                 Vinorelbine tartrate                                               
Navelbine (Vinorelbine tartrate)                                                                                                                                                               
Necitumumab                                                                                                                 Necitumumab                                                     
Portrazza (Necitumumab)                                                                                                                                                                          
Nivolumab                                                                                                                        Nivolumab
Opdivo (Nivolumab)                                                                                                                                                                                  
Osimertinib                                                                                                                       Osimertinib
Tagrisso (Osimertinib)                                                                                                                                                                               
According to https://www.cancer.org/cancer/non-small-cell-lung-cancer/about/what-is-non-small-cell-lung-cancer.html, lung squamous cell carcinoma
is a sub-type of non-small cell lung cancer.
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Table II. Drugs against breast cancer. The first column contains FDA-approved drugs against breast cancer (71), the second column contains the
compact list after removing duplicates (31 drugs), and the third column contains drugs that were applied to patients in the TCGA panel (38). Twenty-
three out of 38 drugs applied to TCGA-patients were FDA-approved drugs. The drugs marked in bold are found both in the second and third column.

Approved drugs from Cancer.org                                                                   Compact list of approved drugs         Drugs applied for patients in TCGA

Abemaciclib                                                                                                                     Abemaciclib                                             Tamoxifen
Verzenio (Abemaciclib)                                                                                                                                                                   Anastrozole
Methotrexate                                                                                                                  Methotrexate                                            Paclitaxel
Abitrexate (Methotrexate)                                                                                                                                                                Toremifene
Folex (Methotrexate)                                                                                                                                                                        Vincristine
Folex PFS (Methotrexate)                                                                                                                                                              Fluorouracil
Methotrexate LPF (Methotrexate)                                                                                                                                                 Capecitabine
Mexate (Methotrexate)                                                                                                                                                                    Doxorubicin
Mexate-AQ (Methotrexate)                                                                                                                                                               Letrozole
Paclitaxel                                                                                                                           Paclitaxel                                             Pegfilgrastim
Paclitaxel albumin-stabilized nanoparticle formulation                                                                                                                 Vinblastine
Taxol (Paclitaxel)                                                                                                                                                                           Trastuzumab
Abraxane (Paclitaxel albumin-stabilized nanoparticle formulation)                                                                                      Cyclophosphamide
Everolimus                                                                                                                       Everolimus                                              Prednisone
Afinitor (Everolimus)                                                                                                                                                                     Gemcitabine
Anastrozole                                                                                                                      Anastrozole                                             Carboplatin
Arimidex (Anastrozole)                                                                                                                                                              Megestrol acetate
Exemestane                                                                                                                      Exemestane                                              Rituximab
Aromasin (Exemestane)                                                                                                                                                                  Ixabepilone
Capecitabine                                                                                                                   Capecitabine                                              Cisplatin
Xeloda (Capecitabine)                                                                                                                                                                    Bevacizumab
Cyclophosphamide                                                                                                    Cyclophosphamide                                       Ifosfamide
Clafen (Cyclophosphamide)                                                                                                                                                             Triptorelin
Cytoxan (Cyclophosphamide)                                                                                                                                                          Epirubicin
Neosar (Cyclophosphamide)                                                                                                                                                           Exemestane
Docetaxel                                                                                                                           Docetaxel                                               Pemetrexed
Taxotere (Docetaxel)                                                                                                                                                                      Pamidronate
Doxorubicin hydrochloride                                                                               Doxorubicin hydrochloride                                 Goserelin
Epirubicin hydrochloride                                                                                    Epirubicin hydrochloride                                  Lapatinib
Ellence (Epirubicin hydrochloride)                                                                                                                                               Methotrexate
Eribulin Mesylate                                                                                                        Eribulin mesylate                                        Everolimus
Halaven (Eribulin mesylate)                                                                                                                                                             Mitomycin
Pamidronate Disodium                                                                                          Pamidronate disodium                                    Docetaxel
Aredia (Pamidronate disodium)                                                                                                                                                       Leuprolide
Toremifene                                                                                                                       Toremifene                                             Trabectedin
Fareston (Toremifene)                                                                                                                                                                      Vinorelbine
Fulvestrant                                                                                                                       Fulvestrant                                             Fulvestrant
Faslodex (Fulvestrant)                                                                                                                                                                    Mitoxantrone
Letrozole                                                                                                                            Letrozole                                                        
Femara (Letrozole)                                                                                                                                                                                    
Fluorouracil injection                                                                                             Fluorouracil injection                                             
5-FU (Fluorouracil injection)                                                                                                                                                                    
Gemcitabine hydrochloride                                                                               Gemcitabine hydrochloride                                         
Gemzar (Gemcitabine hydrochloride)                                                                                                                                                      
Goserelin acetate                                                                                                        Goserelin acetate                                                  
Zoladex (Goserelin acetate)                                                                                                                                                                       
Palbociclib                                                                                                                        Palbociclib                                                       
Ibrance (Palbociclib)                                                                                                                                                                                  
Ixabepilone                                                                                                                      Ixabepilone                                                      
Ixempra (Ixabepilone)                                                                                                                                                                               
Ribociclib                                                                                                                          Ribociclib                                                        
Kisqali (Ribociclib)                                                                                                                                                                                   
Lapatinib ditosylate                                                                                                 Lapatinib ditosylate                                               
Tykerb (Lapatinib ditosylate)                                                                                                                                                                    
Olaparib                                                                                                                              Olaparib                                                         
Lynparza (Olaparib)                                                                                                                                                                                   

Table II. Continued



number alterations in tumors reflect metabolic selection
pressures such as coordinated alteration of genes involved in
glycolytic metabolism (26). For 31 tumor types from the
TCGA dataset (see list above), we compared how recurrent
CNAs affected the set of protein targets of chemotherapeutic
drugs in comparison with a set of housekeeping genes and a
set of cancer hallmark genes.

Materials and Methods

Figure 1 summarizes the main steps of our analysis.

Data on copy number alterations. As mentioned, we analyzed
genomic data from the TCGA project on CNAs observed in patients
suffering from 31 different forms of tumors (listed in the
introduction section). Missing from this list are the data for lung
adenocarcinoma and skin cutaneous melanoma as these could not
be processed with the GISTIC2.0 tool (see below). The CNA data
of these patients (start and end position, chromosome, and segment
mean of CNA) were downloaded from the Genomic Data Commons
Portal (GDC portal) on September 29, 2017 (27).

Clinical data. From the clinical data provided at GDC, we extracted
information on which drug treatment was given to specific patients.
Thereby, the presence of CNAs in individual patient genomes was
associated with the drug treatment applied to these patients. In our
work, only data from patients that had both CNA and clinical data
available were used.

Antineoplastic agents and their targets. A list of 477 ANs together
with their target proteins was extracted from Drugbank (28) (version
5.0.11, downloaded on January 12, 2018). We considered only those
protein targets for which pharmacological action of the respective
drug molecule is reported as “yes” in Drugbank. These 477 AN
agents are reported to bind to 220 different protein targets (labeled
here by their Uniprot accessions numbers). After converting Uniprot

accession numbers to gene symbols, we were left with 218 genes.
As “tumor-specific” drugs, we considered those drugs that were
applied to the patients of a particular tumor entity according to the
TCGA data files. As shown in Tables I and II, for drugs against lung
cancer or breast cancer, these sets comprise a representative subset
of the FDA-approved drug treatments for these tumors types (8 out
of 16 and 23 out of 31), see https://www.cancer.gov/about-
cancer/treatment/drugs/cancer-type. The sets for lung squamous cell
carcinoma and breast cancer also included eight further drugs each
that are not FDA-approved, but applied to TCGA patients possibly
during ongoing clinical trials. Here, such drugs are labeled as
“experimental drugs”.

Gene Sets. Beside the set of protein targets of AN agents, we also
considered a set of 3804 housekeeping genes (29) (i.e. at least one
variant of these genes is expressed in all tissues uniformly;
downloaded from https://www.tau.ac.il/~elieis/HKG/ on January 13,
2018) and a set of 2,338 “hallmark genes” of cancer. The latter set
contains all human genes that are annotated in the Gene Ontology (30)
to at least one of 37 Gene Ontology terms that were described as
hallmarks of cancer (31) (downloaded from http://geneontology.org/
page/download-annotations on January 13, 2018). After converting
Uniprot accession numbers to symbols, this gave 2321 gene symbols
in the hallmarks of cancer gene set. Figure 2 shows the overlap of the
three gene sets.

Genes affected by CNAs. Genes that are recurrently affected by CNAs
were identified with the GISTIC2.0 tool version 2.0.22 (32) using
segmentation files and marker files created from the CNA data of the
tumor samples. Following Laddha et al. (33), we used 0.2 and -0.2
as thresholds for GISTIC2.0 to identify recurrent amplification and
deletion peaks and the genes contained in those peaks. Uniprot
accession numbers used by Drugbank were converted to gene
symbols used by GISTIC2.0 by making use of data from the HUGO
Gene Nomenclature Committee (HGNC database) (34) that were
downloaded in January 2017. Information on genes (chromosome,
start position, and end position) was based on data from Ensembl
(data downloaded from http://rest.ensembl.org on January 16, 2018).
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Table II. Continued

Approved drugs from Cancer.org                                                                   Compact list of approved drugs         Drugs applied for patients in TCGA

Megestrol acetate                                                                                                       Megestrol acetate                                                 
Neratinib maleate                                                                                                        Neratinib maleate                                                  
Nerlynx (Neratinib maleate)                                                                                                                                                                      
Tamoxifen citrate                                                                                                       Tamoxifen citrate                                                 
Nolvadex (Tamoxifen citrate)                                                                                                                                                                   
Pertuzumab                                                                                                                       Pertuzumab                                                       
Perjeta (Pertuzumab)                                                                                                                                                                                 
Thiotepa                                                                                                                              Thiotepa                                                         
Trastuzumab                                                                                                                   Trastuzumab                                                     
Kadcyla (Ado-trastuzumab emtansine)                                                                                                                                                     
Herceptin (Trastuzumab)                                                                                                                                                                           
Ado-trastuzumab emtansine                                                                                                                                                                      
Vinblastine Sulfate                                                                                                    Vinblastine sulfate                                                
Velban (Vinblastine sulfate)                                                                                                                                                                      
Velsar (Vinblastine sulfate)                                                                                                                                                                       



Results

General statistics. The aims of this work were (1) to test the
hypothesis that genomic CNAs observed in tumors affect the
protein targets of AN agents significantly more often than
expected by chance, (2) to test whether either amplifications
or deletions are more common, and (3) to study the potential
relevance for chemoresistance. In principle, one can expect
that eventually all genes except for the essential genes will be
affected by CNAs in some patients. Hence, to get more
meaningful results, our analysis was focused on the set of

recurrently occurring CNAs that appear statistically more
often in each individual tumor entity than expected by chance.
This strategy is similar to that used by Graham et al. (26).

Table III lists the number of recurrently amplified and
deleted genes obtained by processing the raw CNA data for
the 31 considered tumors with the GISTIC2.0 program.
Specified is also how many of these amplifications/deletions
affect hallmark genes, housekeeping genes, and protein targets
of AN drugs. Note that, in this initial analysis, protein targets
of all 477 considered AN drugs were considered irrespective
of whether these drugs are actually being used to treat the
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Table III. Number of genes affected by CNAs in TCGA data for the 31 considered types of tumors.

Disease                                                          Number     Number    Recurrently Recurrently Amplified Deleted Amplified   Deleted  Amplified  Deleted 
                                                                      of cases     of cases     amplified       deleted          AN          AN     Hallmark  Hallmark   House-     House-
                                                                    considered    without         genes            genes         targets      targets      genes         genes      keeping    keeping 
                                                                                             pre-                                                                                                                           genes        genes
                                                                                         treatment

Breast-invasive carcinoma                        1,094         1,079             841              4,084             5            34           123             605          76            304
Glioblastoma multiforme                             590            568             231              2,176             4            12             20             286          20            190
Ovarian serous cystadenocarcinoma           570            569             470              3,144             3            30           102             463          34            246
Uterine corpus endometrial carcinoma       540            538             456              8,377             3            68             84          1,266          33            774
Kidney renal clear cell carcinoma               530            512          3,072              5,053           33            37           471             771        267            451
Head and neck squamous cell carcinoma      517            508             715              3,166             8            31           121             455          82            238
Brain lower grade glioma                            514            511             628              5,092             9            45           118             801          61            451
Thyroid carcinoma                                       505            500               10                     4             0              0               1                 1            0                1
Lung squamous cell carcinoma                   503            496          1,154              3,866           14            43           155             577        120            305
Prostate adenocarcinoma                             497            495             497              2,600             2            26             70             429          30            232
Colon adenocarcinoma                                 450            447             403              2,364             4            23             84             317          35            193
Stomach adenocarcinoma                            442            442          1,081              4,124             9            41           169             641          90            407
Bladder urothelial carcinoma                      412            402          1,248              3,049           12            31           232             458        134            266
Liver hepatocellular Carcinoma                  375            374             644              2,818             4            28           101             388          58            223
Cervical squamous cell carcinoma 
and endocervical adenocarcinoma             295            295          1,506              3,829           13            34           231             540        114            350

Kidney renal papillary cell carcinoma        290            290             299              6,132             5            59             52             922          17            501
Sarcoma                                                        260            259          2,602              8,101           28            82           407          1,201        232            759
Acute myeloid leukemia                              143            105                 3              3,714             0            29               1             593            0            344
Esophageal carcinoma                                 184            184             801              6,773             6            61           130          1,010          77            576
Pancreatic adenocarcinoma                          184            183             597              7,190             6            59             87          1,072          56            595
Pheochromocytoma and paraganglioma     178            177               56              5,840             1            52               9             911            5            513
Rectum adenocarcinoma                              164            163          1,116              5,663             9            40           190             853          92            508
Testicular germ cell tumors                         134            134          2,142              2,811           21            31           312             443        222            260
Thymoma                                                      124            122                 0              2,038             0            20               0             352            0            174
Kidney chromophobe                                     66              66               38                     1             1              0               8                 1            6                0
Adrenocortical carcinoma                              90              89             693              5,243             4            50             93             778          66            448
Mesothelioma                                                 87              86                 0              4,357             0            43               0             681            0           464,
Uveal melanoma                                             80              80             564              3,050             5            33             90             465          56            342
Lymphoid neoplasm diffuse 
large B-cell lymphoma                                 48              47             110              6,580             0            68             15          1,041          10            663

Uterine Carcinosarcoma                                 56              56             917              4,615           14            42           159             689          95            439
Cholangiocarcinoma                                       36              35               19              2,801             2            21               3             456            0            274
                                                                                                                                                                                                                          

Max                                                            1,094         1,079          3,072              8,377           33            82           471          1,266        267            774
Min                                                                  36              35                 0                     1             0              0               0                 1            0                0
Average                                                         321.23       316.52        739.13          4150.16        7.26       37.84      117.35        627.94     67.35       370.68



particular subtype of cancer. In acute myeloid leukemia 38 of
105 cases (26.57%) received treatment prior to the time when
the CNA data were taken. For glioblastoma (22 of 590 cases)
and kidney renal clear cell carcinoma (18 of 530 cases), the
number of such cases was around 4%. In all other tumors, the
fraction of pre-treated patients was below 3%. Hence, in all
tumors except for acute myeloid leukemia, the detected
amplifications and deletions are unlikely to reflect resistance
phenomena occurring in response to treatment (Table IV). As
shown in Table III, in twenty-nine out of thirty-one studied
tumors (the exceptions are thyroid carcinoma and kidney

chromophobe), the number of recurrently deleted genes
exceeded the number of recurrently amplified genes. However,
this difference between the lower number of amplifications
and the higher number of deletions was equally significant for
the sets of all genes, antineoplastic targets, hallmark genes,
and housekeeping genes (p-values 8.501e-09, 1.721e-08,
9.196e-09 and 8.367e-09, Wilcoxon test) and, hence, does not
reflect a peculiar property of AN target genes. Table V shows
that a similar behavior is observed for genes annotated to
specific cancer hallmarks.

For each disease, we then extracted from the GDC clinical
data files the names of the drugs that were prescribed to the
respective patients. The analysis was repeated with the same
numbers of cases considered as in Table III but focused on the
combined set of cancer-specific targets of these drugs, see
Table VI. This set of target proteins was termed “specific drug
targets” meaning that these are targets of the drugs that are
given to patients with this specific tumor entity. By way of
construction, the resulting numbers of affected genes were
now far smaller. In 18 tumors, no CNA-amplifications affected
the specific drug targets. In contrast, sarcoma behaved as an
outlier to the other extreme with eight amplified targets. In the
12 remaining tumors, only one or two cases were observed.
In contrast, in 23 tumors, CNA-deletions affected the specific
drug targets of these tumor types. Among the three tumors
(brain lower grade glioma, sarcoma, and mesothelioma)
showing the largest number of CNA-deleted targets (10, 11,
14) only mesothelioma showed significantly more deletions
than amplifications (adjusted p-value of 0.001, Fisher’s exact
test). When taking all tumor data together, the difference
between specific amplified/deleted targets for the 31 tumors
was significant (p-values of 0.00016, Wilcoxon rank test).
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Table IV. Treatment history of TCGA patients.

Disease                                                    Nr. of       Nr. of         Nr. of 
                                                               patients    patients      patients
                                                                  with      without        with 
                                                                 treatment  treatment    treatment 
                                                                   history      history        history
                                                                                              information is 
                                                                                               not available

Breast invasive carcinoma                         13         1079               2
Glioblastoma multiforme                           21           568               1
Ovarian serous cystadenocarcinoma           1           569               0
Uterine corpus endometrial carcinoma          2           538               0
Kidney renal clear cell carcinoma             18           512               0
Head and neck squamous 
cell carcinoma                                             9           508               0

Brain lower grade glioma                            3           511               0
Thyroid carcinoma                                       5           500               0
Lung squamous cell carcinoma                   7           496               0
Prostate adenocarcinoma                              2           495               0
Colon adenocarcinoma                                 3           447               0
Stomach adenocarcinoma                            0           442               0
Bladder urothelial carcinoma                     10           402               0
Liver hepatocellular carcinoma                   1           374               0
Cervical squamous cell carcinoma 
and endocervical adenocarcinoma              0           295               0

Kidney renal papillary cell carcinoma           0           290               0
Sarcoma                                                        0           259               1
Acute myeloid leukemia                            38           105               0
Esophageal carcinoma                                  0           184               0
Pancreatic adenocarcinoma                          1           183               0
Pheochromocytoma and 
paraganglioma                                             1           177               0

Rectum adenocarcinoma                              1           163               0
Resticular germ cell tumors                         0           134               0
Thymoma                                                      2           122               0
Kidney chromophobe                                   0             66               0
Adrenocortical carcinoma                            1             89               0
Mesothelioma                                               1             86               0
Uveal melanoma                                           0             80               0
Lymphoid neoplasm diffuse large 
B-cell lymphoma                                         1             47               0

Uterine carcinosarcoma                                0             56               0
Cholangiocarcinoma                                     1             35               0

Table V. Amplifications and deletions of genes annotated with various
cancer hallmarks. For this, we annotated human genes following Suzuki
et al. (31) according to ten listed hallmarks of cancer. For each
hallmark, we retrieved the genes that were annotated by GO terms of
the hallmark. We then checked the number of genes that were affected
by amplifications and deletions.

Hallmark                                                          p-Value              p-Value 
                                                                      (Wilcoxon)            (T-test)

Activating invasion and metastasis               2.41E-08            3.52E-09
Resisting cell death                                        1.09E-08            1.50E-09
Evading growth suppressors                         5.37E-09            2.91E-10
Avoiding immune destruction                       0.000299            0.000314
Inducing angiogenesis                                   1.72E-08            3.06E-09
Deregulating cellular energetics                   1.73E-07            6.77E-08
Genome instability and mutation                  2.36E-09             7.68E-11
Tumor promoting inflammation                    6.88E-09            1.27E-10
Enabling replicative immortality                  5.66E-08            4.99E-08
Sustaining proliferative signaling                 4.16E-08            9.16E-09



Following up on Table VI, Table VII lists the number of
patient genomes where tumor-specific AN targets were
affected by CNA mutations. This data show that, although
the absolute number of CNA-affected AN target proteins is
quite small (Table VII), the proportion of patients harboring
these CNAs is in fact rather high. Respective target
amplifications and deletions occur recurrently in a sizeable
fraction (0 to 90%) of all patients.

To get more insight into the molecular mechanisms at
place, Tables VIII and IX list the gene symbols of the tumor-
specific AN targets that were affected by CNA amplifications
and deletions (Table VI) and the respective drugs that were
applied to patients of these tumors. Experimental drugs were
marked by labelEXP, e.g. docetaxelEXP. For acute myeloid
leukemia that contains a sizeable fraction of pre-treated
patients (26.57%) no information about the applied drugs is
provided in the TCGA clinical data files, so we could not

identify recurrent CNA amplifications or deletions of cancer-
specific drug targets in this case. 

Comparison of Tables VIII and IX reveals that for some
tumors, there exist targets of the same drugs that were both
recurrently deleted and amplified in patients of the same
tumor type. Table X lists all such pairs.

Discussion

In this project, CNA and clinical data for 31 types of tumors
from the TCGA project were combined with information on
AN drugs from Drugbank. As shown in Table III, in 29
studied tumors, the number of recurrently deleted genes
exceeded the number of recurrently amplified genes. This
finding is generally concordant with the results of the TCGA
consortium who reported in their pan-cancer study that the 70
peak amplification regions contained a median of 3 genes
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Table VI. Specific drugs and drug targets of the specified disease and the number of observed CNA-amplifications or CNA-deletions affecting the
specific drug targets.

Disease                                                                                                               Number of             Number of            CNA-amplified        CNA-deleted 
                                                                                                                                drugs              targets proteins                 targets                      targets

Breast invasive carcinoma                                                                                        38                           32                                2                              4
Glioblastoma multiforme                                                                                          37                           52                                2                              2
Ovarian serous cystadenocarcinoma                                                                        31                           19                                1                              3
Uterine corpus endometrial carcinoma                                                                    16                           15                                0                              5
Kidney renal clear cell carcinoma                                                                           17                           29                                2                              6
Head and neck squamous cell carcinoma                                                                18                           20                                1                              3
Brain lower grade glioma                                                                                         24                           37                                2                            10
Thyroid carcinoma                                                                                                      1                             1                                0                              0
Lung squamous cell carcinoma                                                                                16                           16                                2                              2
Prostate adenocarcinoma                                                                                          11                           10                                0                              3
Colon adenocarcinoma                                                                                             15                           27                                1                              4
Stomach adenocarcinoma                                                                                         22                           16                                0                              2
Bladder urothelial carcinoma                                                                                   20                           24                                2                              3
Liver hepatocellular carcinoma                                                                                12                           26                                0                              5
Cervical squamous cell carcinoma and endocervical adenocarcinoma                 12                           12                                0                              4
Kidney renal papillary cell carcinoma                                                                     14                           24                                1                              7
Sarcoma                                                                                                                     23                           34                                8                            14
Acute myeloid leukemia                                                                                             0                             0                                0                              0
Esophageal carcinoma                                                                                              11                             9                                0                              3
Pancreatic adenocarcinoma                                                                                      15                           14                                1                              1
Pheochromocytoma and paraganglioma                                                                    6                             3                                0                              2
Rectum adenocarcinoma                                                                                           12                             9                                2                              0
Resticular germ cell tumors                                                                                        5                             1                                0                              0
Thymoma                                                                                                                     8                           11                                0                              0
Kidney chromophobe                                                                                                  5                           18                                0                              0
Adrenocortical carcinoma                                                                                         10                           16                                0                              2
Mesothelioma                                                                                                            16                           30                                0                            11
Uveal melanoma                                                                                                         1                             0                                0                              0
Lymphoid neoplasm diffuse large B-cell lymphoma                                              23                           15                                0                              4
Uterine carcinosarcoma                                                                                            10                             8                                0                              4
Cholangiocarcinoma                                                                                                   3                             2                                0                              0



each, whereas 70 peak regions of CNA deletions contained a
median of 4 genes (6). Earlier studies (6, 9) reported that
CNAs promote carcinogenesis and/or tumor progression by
deleting tumor suppressor genes (TSGs). In agreement with
this, in the dataset studied here the patient genomes of 29
tumors contained at least one of 71 known TSGs (13) in their
list of genes recurrently deleted by CNAs. In the case of
uterine corpus endometrial carcinoma and lymphoid neoplasm
diffuse large B-cell lymphoma, even 22 of the 71 known TSGs
were recurrently affected by CNA deletions (Table XI).

The recurrently amplified/deleted genes of the 31 tumor
types had no protein-coding gene in common. This is not
unexpected as will be argued in the following. As shown in
Table III, recurrent CNA deletions affected on average 4150
genes, which is roughly 20% of all genes. If we assume that
the 31 considered tumors are unrelated, we would expect that
- by chance – an overlap of (0.2)31×20.000 genes=4×10–28

genes would be affected in all tumor groups. This number is
even smaller for amplified genes. This led to the expected
result that all three gene sets (AN targets, housekeeping
genes, and hallmark of the cancer genes) had no gene in
common that is affected by CNAs in all type of tumors.

Then, we compared how CNAs affect gene subsets
comprising antineoplastic (AN) target genes, housekeeping
(HK) genes, hallmark of cancer (HC) genes, or tumor-
specific AN target genes. Importantly, in all these gene sets,
significantly more genes were affected by deletions than by
amplifications. Hence, this observation is not specific to AN
target genes nor to tumor-specific AN target genes. 

The tumor-specific AN target genes recurrently affected
by CNA amplifications are epidermal growth factor receptor
(EGFR), FLT4, TYMS, TOP2A, KDR, VEGFA, BRAF, KIT,
PDGFRA, HDAC2, TUBB1, PTGS2 and FGFR1. These
genes belong to 13 types of tumors (Tables III and VIII). In
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Table VII. Number of cases when the specific AN targets were affected by CNAs.

Disease                                                                                                         Number of      Number of      Percentage of      Number of     Percentage of 
                                                                                                                        all cases          amplified          amplified            deleted             deleted 
                                                                                                                                                   cases                  cases                  cases                 cases
                                                                                                                               
Breast invasive carcinoma                                                                                1094                  596                  54.5%                  662                 60.5%
Glioblastoma multiforme                                                                                    590                  528                  89.5%                  170                 28.8%
Ovarian serous cystadenocarcinoma                                                                   570                  316                  55.4%                  526                 92.3%
Uterine corpus endometrial carcinoma                                                               540                      0                  0.00%                  206                 38.2%
Kidney renal clear cell carcinoma                                                                      530                  358                  67.6%                  468                 88.3%
Head and neck squamous cell carcinoma                                                           517                  155                  30.0%                  321                 62.1%
Brain lower grade glioma                                                                                    514                  147                  28.6%                  295                 57.4%
Thyroid carcinoma                                                                                               505                      0                    0.0%                      0                      0%
Lung squamous cell carcinoma                                                                           503                  291                  57.9%                  349                 69.4%
Prostate adenocarcinoma                                                                                     497                      0                    0.0%                  109                 21.9%
Colon adenocarcinoma                                                                                        450                    81                  18.0%                  268                 59.6%
Stomach adenocarcinoma                                                                                    442                      0                    0.0%                  128                 29.0%
Bladder urothelial carcinoma                                                                              412                  196                  47.6%                  227                 55.1%
Liver hepatocellular carcinoma                                                                          375                      0                    0.0%                  273                 72.8%
Cervical squamous cell carcinoma and endocervical adenocarcinoma            295                      0                    0.0%                  182                 61.7%
Kidney renal papillary cell carcinoma                                                               290                    41                  14.1%                    91                 31.4%
Sarcoma                                                                                                                260                  196                  75.4%                  225                 86.5%
Acute myeloid leukemia                                                                                      143                      0                    0.0%                      0                      0%
Esophageal carcinoma                                                                                         184                      0                    0.0%                  146                 79.4%
Pancreatic adenocarcinoma                                                                                 184                    40                  21.7%                    19                 10.3%
Pheochromocytoma and paraganglioma                                                             178                      0                    0.0%                    80                 44.9%
Rectum adenocarcinoma                                                                                     164                    69                  42.1%                      0                      0%
Resticular germ cell tumors                                                                                134                      0                       0%                      0                      0%
Thymoma                                                                                                             124                      0                       0%                      0                      0%
Kidney chromophobe                                                                                            66                      0                       0%                      0                      0%
Adrenocortical carcinoma                                                                                     90                      0                       0%                    60                 66.7%
Mesothelioma                                                                                                         87                      0                       0%                    68                 78.2%
Uveal melanoma                                                                                                    80                      0                       0%                      0                      0%
Lymphoid neoplasm diffuse large B-cell lymphoma                                           48                      0                       0%                    17                 35.4%
Uterine carcinosarcoma                                                                                         56                      0                       0%                    52                 92.9%
Cholangiocarcinoma                                                                                              36                      0                       0%                      0                      0%



the 18 remaining tumor types, no tumor-specific AN target
gene was amplified. As an example, amplifications of EGFR
gene copy numbers and overexpression of EGFR are known
to be one of the most common alterations in non-small-cell
lung carcinoma (NSCLC) cells (35-38) and are associated
with a poor prognosis and chemoresistance. Among the
histological subtypes of NSCLC, EGFR is most frequently
expressed in squamous cells (39). 

On the other hand, in 23 tumors, CNA-deletions affected
specific drug targets of these tumor types. As shown in Table
IX, CNA deletions of AN targets affected (1) the two
enzymes bifunctional purine biosynthesis protein PURH
(gene name ATIC) (40) and a subunit of ribonucleotide
reductase (RRM1) that are both important for cell replication
(41); (2) the nuclear receptor NR1I2 that regulates the
metabolism and efflux of xenobiotics via CYP3A4 and
MDR1 (42); (3) the mitochondrial and nuclear DNA
topoisomerases TOP1MT and TOP2A; (4) the members of
the vascular endothelial growth factor receptor family
VEGFA, FLT1, FLT3, and (5) fibroblast grown factor
FGFR2; (6) estrogen receptor ESR2; (7) the signaling MAP
kinase MAPK11 and (8) the B-Raf Proto-Oncogen BRAF
that regulates the MAP kinase/ERK signaling pathway (43);
(9) the inhibitory cell surface receptor PDCD1 that is
involved in the regulation of T-cell function (44); and finally
(10) beta tubulin TUBB and the microtubule-associated
protein MAP1A that is almost exclusively expressed in the

brain (45, 46) (and was CNA-deleted in glioblastoma). As
all of these proteins have important roles in promoting
carcinogenesis, they have likely been selected as targets of
antineoplastic agents. As argued above, the CNA mutations
pre-existed before the onset of the therapy. 

These findings of rare CNA amplifications, but frequent
CNA deletions of tumor-specific drug targets have clear
consequences on drug development. In the future,
considering CNA frequencies should certainly become a
standard element of drug design efforts. These data also
suggest that genomes of tumor patients may contain
“compensating” mutations where one target protein of a drug
is deleted and another target protein of the same drug is
amplified. Unfortunately, due to space reasons we are
restricted to discussing only a few of these cases in more
detail.

In renal clear cell carcinoma patients that were subsequently
treated with the drug molecules pazopanib, sunitinib, sorafenib,
and axitinib, the target protein FLT1 of these drugs was
recurrently deleted (in 55 samples), whereas another target
protein, FLT4, of the same drugs was recurrently amplified (in
337 samples). Overall, 36 samples had both deleted FLT1 and
amplified FLT4. FLT4 encodes a tyrosine kinase receptor of
the same protein family as vascular endothelial growth factors
C and D. In agreement with what is expected from the
observed CNA amplification, FLT4 was previously reported to
be overexpressed in kidney clear cell carcinoma (47). Besides
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Table VIII. Gene names that were recurrently amplified by CNAs. The drugs that bind to the respective AN target proteins are given in brackets.
Tumors having no amplified AN targets and that are not listed in Table X are not shown.

Disease                                                               Target gene (Drug name)

Breast invasive carcinoma                                TOP2A (MitoxantroneEXP, Doxorubicin), EGFR (Lapatinib)
Glioblastoma multiforme                                  KDR (CabozantinibEXP, SorafenibEXP), EGFR (ErlotinibEXP, GefitinibEXP)
Ovarian serous cystadenocarcinoma                VEGFA (Bevacizumab)
Uterine corpus endometrial carcinoma            -
Renal clear cell carcinoma                                FLT4 (Sunitinib, Sorafenib, Axitinib, Pazopanib), BRAF (Sorafenib)
Head and neck squamous cell carcinoma        TYMS (CapecitabineEXP, PemetrexedEXP, FluorouracilEXP)
Brain lower grade glioma                                 KIT (ImatinibEXP, SorafenibEXP), EGFR (ErlotinibEXP, AfatinibEXP)
Thyroid carcinoma                                            -
Lung squamous cell carcinoma                        TYMS (Pemetrexed), EGFR (Erlotinib, Gefitinib)
Prostate adenocarcinoma                                  -
Colon adenocarcinoma                                      VEGFA (Aflibercept, Bevacizumab)
Stomach adenocarcinoma                                 -
Bladder urothelial carcinoma                            EGFR (ErlotinibEXP), VEGFA (BevacizumabEXP)
Liver hepatocellular carcinoma                        -
Cervical squamous cell carcinoma and           -
endocervical adenocarcinoma
Renal papillary cell carcinoma                         FLT4 (Sunitinib, Sorafenib, Pazopanib)
Sarcoma                                                             PDGFRA (Pazopanib), HDAC2 (VorinostatEXP), FLT4 (SorafenibEXP, Pazopanib), 
                                                                           TUBB1 (DocetaxelEXP), KIT (Imatinib, SorafenibEXP, Pazopanib), KDR (SorafenibEXP, 
                                                                           Pazopanib), PTGS2 (SulindacEXP), FGFR1 (SorafenibEXP)
Pancreatic adenocarcinoma                               TYMS (CapecitabineEXP, Fluorouracil)
Rectum adenocarcinoma                                   TOP2A (Etoposide), VEGFA (Aflibercept, Bevacizumab)



being a recurrent target of CNA deletions here, FLT1 was also
reported to be frequently silenced through promoter
hypermethylation in renal clear cell carcinoma (48).

In lung squamous cell carcinoma patients subsequently
treated with the drug erlotinib, one of its targets, NR1I2, was
recurrently deleted (in 20 samples) and another target,
epidermal growth factor receptor (EGFR), was recurrently
amplified (in 186 samples). Nine samples had NR1I2 deleted
and EGFR amplified at the same time. In brain lower grade
glioma, NR1I2 and EGFR were also deleted and amplified,

respectively. Beside these two genes, the target KIT of
sorafenib was amplified while FLT4 and FGFR1 were
deleted.

There exist also cases where the same target protein can
be either amplified or deleted. For example, Table X shows
that, FLT4 (target of sorafenib and pazopanib), and PTGS2
(target of sulindac) were observed to be either amplified or
deleted in different sarcoma samples. FLT4 was amplified in
57 samples, and was deleted in 36 samples. PTGS2 was
amplified in 63 samples, and was deleted in 32 samples.
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Table IX. Names of genes that were recurrently deleted by CNAs. The drugs that bind to the respective AN target proteins are given in brackets.
Tumors having no deleted AN targets and that are not listed in Table VIII are not shown.

Disease                                                               Target gene (Drug name)

Breast invasive carcinoma                                TUBA1A (Vinblastine), TUBB3 (Ixabepilone), PGR (Megestrol acetate), ESR2 (Tamoxifen)
Glioblastoma μultiforme                                   FLT1 (SorafenibEXP), FLT3 (SorafenibEXP)
Ovarian serous cystadenocarcinoma                RRM1 (Gemcitabine), PSMB1 (BortezomibEXP), ESR2 (TamoxifenEXP)
Uterine corpus endometrial carcinoma            RRM1 (GemcitabineEXP), PGR (Megestrol acetate), ESR1 (TamoxifenEXP, FulvestrantEXP), 
                                                                           ESR2 (TamoxifenEXP), VEGFA (BevacizumabEXP)
Renal clear cell carcinoma                                FLT1 (Sunitinib, Sorafenib, Axitinib, Pazopanib), CRBN (ThalidomideEXP), FLT3 (Sunitinib, 
                                                                           Sorafenib), NR1I2 (ErlotinibEXP), RAF1 (Sorafenib), FGFR2 (ThalidomideEXP)
Head and neck squamous cell carcinoma        RRM1 (GemcitabineEXP), BCL2 (PaclitaxelEXP), MTOR (EverolimusEXP)
Brain lower grade glioma                                 TUBA1A (VinblastineEXP), TOP1MT (IrinotecanEXP), FLT4 (SorafenibEXP), 
                                                                           NR1I2 (ErlotinibEXP), GSR (Carmustine), PDCD1 (PembrolizumabEXP), TYMS 
                                                                           (CapecitabineEXP), FGFR2 (ThalidomideEXP), ESR2 (TamoxifenEXP), FGFR1 (SorafenibEXP)
Lung squamous cell carcinoma                        TUBB (VincristineEXP, Vinorelbine), NR1I2 (Erlotinib)
Prostate adenocarcinoma                                  LHCGR (Goserelin), MAPT (Docetaxel), CYP17A1 (Abiraterone)
Colon adenocarcinoma                                      MAPK11 (Regorafenib), TYMS (RaltitrexedEXP, Capecitabine, Fluorouracil, FloxuridineEXP), 
                                                                           PGF (Aflibercept), FGFR2 (Regorafenib)
Stomach adenocarcinoma                                 MAP2 (Docetaxel, PaclitaxelEXP), NR3C1 (DexamethasoneEXP, MethylprednisoloneEXP)
Bladder urothelial carcinoma                            HDAC2 (VorinostatEXP), BCL2 (PaclitaxelEXP), TUBE1 (VinblastineEXP)
Liver hepatocellular carcinoma                        TOP2A (DoxorubicinEXP), MAPK11 (Regorafenib), BRAF (Regorafenib, Sorafenib), 
                                                                           FGFR2 (Regorafenib), FRK (Regorafenib)
Cervical squamous cell carcinoma and           MAP2(PaclitaxelEXP), TUBB1(PaclitaxelEXP), TOP1(Topotecan), ALPPL2(AmifostineEXP)
endocervical adenocarcinoma

Renal papillary cell carcinoma                         IFNAR2 (Interferon Alfa-2b, RecombinantEXP), RRM1 (GemcitabineEXP), FLT1 (Sunitinib, 
                                                                           Sorafenib, Pazopanib), FLT3 (Sunitinib, Sorafenib), MS4A1 (RituximabEXP), 
                                                                           GART (PemetrexedEXP), IFNAR1 (Interferon Alfa-2b, RecombinantEXP) 
Sarcoma                                                             RET (SorafenibEXP), PDGFRB (SorafenibEXP, Pazopanib), FLT1 (SorafenibEXP, Pazopanib), 
                                                                           HDAC3 (VorinostatEXP), FLT4 (SorafenibEXP, Pazopanib), BRAF (SorafenibEXP), 
                                                                           TYMS (PemetrexedEXP), PTGS2 (SulindacEXP), CYP19A1 (LetrozoleEXP), 
                                                                           ATIC (PemetrexedEXP), MAP2 (DocetaxelEXP), PGR (Megestrol acetateEXP), 
                                                                           MAP4 (DocetaxelEXP), FGFR1 (SorafenibEXP)
Acute myeloid leukemia                                   
Esophageal carcinoma                                       RRM1 (GemcitabineEXP), TUBB1 (Docetaxel, PaclitaxelEXP), BCL2 (PaclitaxelEXP)
Pancreatic adenocarcinoma                               RRM1 (Gemcitabine)
Pheochromocytoma and paraganglioma          RRM1 (GemcitabineEXP), TUBB (VincristineEXP)
Adrenocortical carcinoma                                 RET (SorafenibEXP), BRAF (SorafenibEXP)
Mesothelioma                                                    PDGFRB (SunitinibEXP), CSF1R (SunitinibEXP), HDAC2 (VorinostatEXP), 
                                                                           FLT1 (SunitinibEXP), ATIC (Pemetrexed), HDAC3 (VorinostatEXP), FLT3 (SunitinibEXP), 
                                                                           FLT4 (SunitinibEXP), TUBB (VinorelbineEXP), MTOR (TemsirolimusEXP, EverolimusEXP), 
                                                                           VEGFA (BevacizumabEXP) 
Lymphoid neoplasm diffuse                              DHFR (Methotrexate), TUBA1A (Vinblastine), TNFSF11 (Lenalidomide), 
large B-cell lymphoma                                    NR3C1 (Dexamethasone, Prednisone, PrednisoloneEXP)

Uterine carcinosarcoma                                    TUBB1 (Docetaxel, Paclitaxel), BCL2 (Paclitaxel), MAP4 (Docetaxel, Paclitaxel), 
                                                                           MAPT (Docetaxel, Paclitaxel)



The aim of this work was to test the hypothesis whether
the protein targets of AN agents in tumors are affected by
genomic copy number alternations (CNAs) more strongly
than expected by chance. Based on CNAs and clinical data
from the TCGA repository, we found that the genome
sequences of tumor patients generally contain more
recurrently deleted CNAs than recurrently amplified CNAs.
This is also the case for CNAs affecting target genes of the
specific AN for this tumor. Interestingly, we observed certain
signs of apparently compensating effects of CNAs. The data
available for this study enabled us to identify CNA
alterations that existed prior to therapy and that may render
certain chemotherapies more or less effective. In the future,
it would be desirable to also collect time-series CNA data of
tumor patients at the time of diagnosis and at later time
points. This would point to CNA alterations caused by
application of certain chemotherapies and thus reflect
chemoresistance.
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