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Abstract 

Background/Introduction:  Penile cancer is a rare disease in demand for new therapeutic options. Frequently used 
combination chemotherapy with 5 fluorouracil (5-FU) and cisplatin (CDDP) in patients with metastatic penile cancer 
mostly results in the development of acquired drug resistance. Availability of cell culture models with acquired resist-
ance against standard therapy could help to understand molecular mechanisms underlying chemotherapy resistance 
and to identify candidate treatments for an efficient second line therapy.

Methods:  We generated a cell line from a humanpapilloma virus (HPV) negative penile squamous cell carcinoma 
(UKF-PEC-1). This cell line was subject to chronic exposure to chemotherapy with CDDP and / or 5-FU to induce 
acquired resistance in the newly established chemo-resistant sublines (PEC-1rCDDP2500, adapted to 2500 ng/ml CDDP; 
UKF-PEC-1r5-FU500, adapted to 500 ng/ml 5- FU; UKF-PEC1rCDDP2500/r5-FU500, adapted to 2500 ng/ml CDDP and 
500 ng/ml 5 -FU). Afterwards cell line pellets were formalin-fixed, paraffin embedded and subject to sequencing as 
well as testing for homologous recombination deficiency (HRD). Additionally, exemplary immunohistochemical stain-
ings for p53 and gammaH2AX were applied for verification purposes. Finally, UKF-PEC-1rCDDP2500, UKF-PEC-1r5-FU500, 
UKF-PEC1rCDDP2500/r5-FU500, and UKF-PEC-3 (an alternative penis cancer cell line) were tested for sensitivity to pacli-
taxel, docetaxel, olaparib, and rucaparib.

Results and conclusions:  The chemo-resistant sublines differed in their mutational landscapes. UKF-PEC-1rCDDP2500 
was characterized by an increased HRD score, which is supposed to be associated with increased PARP inhibitor and 
immune checkpoint inhibitor sensitivity in cancer. However, UKF-PEC-1rCDDP2500 did not display sensitivity to PARP 
inhibitors.

Keywords:  Penile carcinomas, Cell lines, Chemoresistance, Homologous recombination deficiency

Introduction
In developed countries penile cancer is a rare tumor. 
The incidence in Central Europe and the United States 
is about 1.0 per 100,000 men per year [1], but the inci-
dence tends to be higher in developing countries. The 

differences of incidence rates have been attributed to 
reduced hygiene standards, high rates of sexually trans-
mitted infections and a high rate of uncircumcised men 
[2]. There are HPV related and non-HPV related types 
of penile cancer [3]. The non-HPV related penile cancers 
are for example related to chronic inflammatory precur-
sor lesions, lack of neonatal circumcision and cigarette 
smoking [4]. The non-HPV related types are anticipated 
to behave more aggressively compared to HPV associated 
tumors [5, 6]. If the diagnosis is made early, the chances 
of recovery are excellent with overall 5-year relative 
survival rates of 97% for pTis/pTa tumors [1]. However, 
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many patients are diagnosed at an advanced stage [2]. 
For patients with metastatic disease, prognosis remains 
extremely poor, with overall 5-year survival rates of less 
than 5% [1].

In metastasized penile carcinoma, one of the frequently 
used chemotherapy regimens is a combination of cispl-
atin (CDDP) and 5-fluorouracil (5-FU) [7–9], but resist-
ance development and subsequent treatment failure 
are common. Progress on the clinical management of 
advanced penile cancer has been slow, partly due to the 
lack of appropriate preclinical models.  Recently, there 
have been reports about new penile cancer cell line mod-
els [10–18]. However, the number of (commercially) 
available cell line models is still low. Here, we established 
a new penile cancer cell line (UKF-PEC-1). Furthermore, 
development of acquired cancer cell drug resistance is 
difficult to study. In this context, drug-adapted cancer 
cell lines have been successfully used to study acquired 
drug resistance [19, 20]. Hence, we also established a set 
of sublines adapted to CDDP, 5-FU, and the combina-
tion of CDDP and 5-FU. The cell lines were characterized 
by sequencing and via OncoScan®Array to determine a 
homologous recombination repair (HRD) score. Addi-
tionally, we tested these cell lines and and an additional 
penile cancer cell line (UKF-PEC-3, [21]) for sensitivity to 
paclitaxel, docetaxel, olaparib, and rucaparib.

Material and methods
Sample
An unfixed partial penectomy specimen of a 64-year-
old patient with a squamous cell carcinoma of the penis 
measuring 5.4  cm in largest dimension located primar-
ily on the foreskin was received by the Dr. Senckenberg 
Institute of Pathology, Frankfurt am Main for intraop-
erative frozen section diagnosis of the resection margins. 
The tumor was diagnosed as HPV independent penile 
squamous cell carcinoma, usual type, according to WHO 
classification of Tumours 5th Edition, Urinary and Male 
Genital Tumours. The tumor was excised in toto (R0) 
and showed infiltration of corpus spongiosum without 
infiltration of the urethra (pT2). Perineural invasion was 
noted (Pn1). The tumor was graded G2 on a scale of G1 – 
G3. The tumor showed usual type morphology and infil-
trative borders [22]. An adjacent lichen sclerosus was not 
noted. Additional p16 immunohistochemical staining by 
CINtec® Histology (Roche Diagnostics, Basel, Switzer-
land) antibody according to manufacturers’ instructions 
on Dako Autostainer link 48 (Agilent, Santa Clara, CA, 
USA) was negative. The patient received additional bilat-
eral inguinal lymphadenectomy showing 28 lymph nodes 
without tumor infiltration. One year later the patient 
developed a mediastinal metastasis. Two years after 

diagnosis of the squamous cell carcinoma the patient 
deceased. The cause of death is unknown.

Ethical statement
Formalin fixed and paraffin-embedded (FFPE) material as 
well as unfixed material was taken from the Dr. Sencken-
berg Institute of Pathology, University Hospital, Frankfurt 
am Main, Germany. The material was taken after diag-
nostics had been finished. It was double pseudonymized. 
Tissue sample and patient data used in this study were 
provided by the University Cancer Center Frankfurt 
(UCT). Written informed consent was obtained from the 
patient and the study was approved by the institutional 
review board of the UCT and the ethical committee at 
the University Hospital Frankfurt, according to the decla-
ration of Helsinki (project-number: SUG-02–2017).

Cell lines
For primary tumor cell line generation (UKF-PEC-1), a 
penile cancer specimen (diameter 5  mm) was removed 
from the primary tumor and dissected with a scalpel 
into little pieces and treated twice with trypsin (0.2%) for 
30 min afterwards. Trypsin was inactivated by 10% FBS. 
The tumor material was cultivated in epithelial medium 
(Sciencell, Carlsbad, CA, USA) until cell adhesion. Media 
was changed at five days intervals. The drug-resistant 
sublines UKF-PEC-1rCDDP2500 (adapted to 2500  ng/
ml CDDP), UKF-PEC-1r5-FU500 (adapted to 500  ng/ml 
5- FU), and UKF-PEC1rCDDP2500/r5-FU500 (adapted to 
2500  ng/ml CDDP and 500  ng/ml 5 -FU), were estab-
lished by continuous exposure to increasing drug con-
centrations, as described previously [21]. The sublines 
were derived from the Resistant Cancer Cell Line collec-
tion RCCL [23].

In addition, the penile carcinoma cell line UKF-PeC-3 
was derived from a HPV DNA subtype 16-positive tumor 
with a pT3 pN0 L0 G2 R0 [24].

All cell lines were grown in Iscove’s modified Dulbec-
co’s medium (IMDM) supplemented with 10% fetal calf 
serum (FCS; Gibco, Thermo Fisher Scientific Inc., USA), 
100  IU/ml penicillin and 100 µg/ml streptomycin as well as 
4 mM Glutamin at 37 °C. Mycoplasma testing was performed.

To determine population doubling times (PDT, in h), 
4 × 102 cells per well were plated into 96-well plates 
and incubated at 37  °C and 5% CO2. After 0, 1, 4 and 
7  days, 100  µl of CellTiter-Glo (Promega) was added 
to each well (according to manufacturer´s instruc-
tion) and luminescence was measured on a plate reader 
(TECAN Spark 20 M, Männedorf, Switzerland). Popula-
tion doubling times (in h) were then calculated for time 
points day 1 to day 4 (72  h) using http://​www.​doubl​
ing-​time.​com/​compu​te.​php, which uses the equation: 

http://www.doubling-time.com/compute.php
http://www.doubling-time.com/compute.php
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Doubling time = duration × log(2)/log(final cell num-
ber) − log(initial cell number). The growth curves were 
generated using GraphPad Prism 9.3.1.

Viability assay (MTT Assay)
Cell viability was tested by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye 
reduction assay after 120  h of incubation modified as 
described previously [21]. Cells (2 × 104/100 µL per well 
in 96-well plates) were incubated in the presence or 
absence of drug for 120 h. Then, 25 µL of MTT solution 
(2 mg/mL (w/v) in PBS) were added per well, and. plates 
were incubated at 37 °C and 5 % CO2for 4 h. Afterwards, 
cells were lysed and incubated overnight, using 100 µL of 
a buffer containing 20% (w/v) sodium dodecylsulfate and 
50% (v/v) N,N-dimethylformamide (pH 4.7) at 37°C and 
5 % CO2. Absorbance was determined at 560 nm and 620 
nm on a plate reader (TECAN Spark 20M, Tecan Group 
Ltd., Männedorf, Switzerland). After subtraction of the 
background absorption, the results were expressed as the 
percentage of viability relative to control cultures that 
received no drug. Drug concentrations that inhibited cell 
viability by 50% (IC50) were determined using CalcuSyn 
(Biosoft, Cambridge, UK).

Production of a cell block from cell cultures
Cell line cultures were centrifuged and cells pellets were 
resuspended in phosphate-buffered saline. After addition 
of formalin and incubation another centrifugation step 
was added. Thereafter, protein glycerin and ethanol 96% 
were added followed by centrifugation. Cell pellets were 
subject to conventional tissue draining machine and pro-
cessed in normal pathology routine.

DNA extraction and library preparation
All laboratory work was performed according to manu-
facturer’s instructions. Representative tumor material of 
the primary tumor was macrodissected. The cell lines 
were formalin fixed and paraffin embedded and taken 
as whole slides. The purification of DNA and RNA from 
FFPE tissue samples was performed using the Maxwell® 
RSC Instrument (Promega Corporation, Madison, Wis-
consin, USA) with the Maxwell® RSC FFPE Plus RNA 
Kit (Promega Corporation, Madison, Wisconsin, USA) 
and QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, 
Germany), respectively. The concentration of DNA 
and RNA was measured with the Qubit 4 Fluorom-
eter (Invitrogen, Thermo Fisher, Waltham, Massachu-
setts, USA). For the library preparation 20  ng for the 
OncomineTM Comprehensive Assay v3 (Thermo Fisher, 
Waltham, Massachusetts, USA) were used. A 540 chip 
was applied.

DNA Quality control
For quality assurance the DNA and RNA were analyzed 
by DNA and RNA Screen Tape assay  with the Agilent 
4200 TapeStation  (Agilent Technologies, Santa Clara, 
California, USA). This  automated electrophoresis solu-
tion is used to determine the integrity, too.  The RIN 
and DIN (RNA and DNA Integrity Number) are soft-
ware algorithms for determining RNA and DNA quality, 
respectively. RIN and DIN values range from 1 to 10; 10 
being completely intact DNA or RNA, 1 being completely 
degraded. Next-generation sequencing: OncomineTM 
Comprehensive Assay v3 (Thermo Fisher, Waltham, Mas-
sachusetts, USA). Data analysis was performed using the 
analysis software platforms provided by ThermoFisher. 
The primary analysis of the sequencing data was com-
pleted by Torrent SuiteTM software. Afterwards data 
were analyzed with the Ion ReporterTM software (ver-
sion 5.12.0.0), filter chains Oncomine Variants 5.10 and 
Oncomine Extended 5.12 were used. Genomic altera-
tions were identified by the alignment on the reference 
genome hg19 (GRCh37) available at www.​ncbi.​nlm.​nih.​
gov. To achieve reliable results, only alterations with ful-
filled quality criteria were considered, such as allele fre-
quency ≥ 5% and a coverage of at least 500 × for the Ion 
S5TM. Classification and interpretation of detected fil-
tered and unfiltered variants were evaluated. The variant 
annotation provided by the respective software was man-
ually reviewed according to the online databases ClinVar 
[25] and Cosmic [26]. Other databases used for validation 
were: gnomAD, OncoKB, dbSNP and cBioPortal (avail-
able online). For this study, the annotation of pathogenic-
ity of the detected variants was determined according 
to the ClinVar classification in: “benign”, “likely benign”, 
“uncertain significance”, “likely pathogenic”, “pathogenic”. 
To achieve a consistent approach of naming all variants, 
sequence variant nomenclature was carried out in con-
cordance with the guidelines by the Human Genome 
Variation Society (HGVS).

Oncoscan array
DNA and RNA isolation
For DNA isolation from formalin-fixed, paraffin-embed-
ded (FFPE) patient tumor tissue and FFPE-processed 
primary parental cells and the adapted chemo-resistant 
sublines were used. Areas with high tumor content were 
marked on hematoxylin and eosin (H&E)-stained slides 
with a 2  μm tissue section by experienced pathologists 
(RW). Afterwards, tissue cores (1.0 mm diameter) from 
FFPE blocks were taken from the marked area. DNA was 
isolated using the truXTRAC FFPE total NA Kit (Covaris, 
Woburn, MA, USA) based on focused ultrasonification 
and column purification according to the manufacturer’s 

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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instructions. The DNA was eluted in 50 μL nuclease-free 
water and stored at − 20  °C. The DNA was quantified 
using the Quantus™ Fluorometer and ONE dsDNA Assay 
Kit (Promega Corporation, Madison, Wisconsin, USA). 
Additionally, samples have been screened for fragment 
length using Bioanalyzer 2100 (Agilent Technologies, 
Santa Clara, California, USA) and Agilent DNA 7500 
Kit (Agilent Technologies, Santa Clara, California, USA) 
in order to include samples with fragments larger than 
150 bp for subsequent Copy-number variation analysis.

Copy‑number variation arrays
Array-based genome-wide copy-number analysis was 
conducted using OncoScan FFPE Microarrays (Affyme-
trix, Santa Clara, California, USA). For the assay, an input 
amount of 79.2 ng DNA was used. The OncoScan® assay 
utilizes the molecular inversion probe technology (MIP), 
which is optimized for highly degraded FFPE samples, for 
the identification of copy number (CN) alterations, loss of 
heterozygosity (LOH) and somatic mutations (SMs). MIP 
probes in the OncoScan® assay capture the alleles of over 
220,000 SNPs within ~ 900 cancer genes. Furthermore, 
the MIP probes also enable detection of 74 frequently 
tested somatic mutations in nine genes implicated in can-
cer (BRAF, KRAS, EGFR, IDH1, IDH2, PTEN, PIK3CA, 
NRAS and TP53). The molecular inversion probe pro-
cessing was done according to the OncoScan FFPE 
Assay Kit Protocol (Affymetrix, Santa Clara, California, 
USA). At the end of the hybridization period, arrays were 
stained and washed using the GeneChip® Fluidics Station 
450 and loaded into the GeneChip® Scanner 3000 7G 
(Affymetrix, Santa Clara, California, USA) where array 
fluorescence intensity was scanned to generate array 
images (DAT file). Array fluorescence intensity (CEL) 
files were automatically generated from DAT files by the 
Affymetrix® GeneChip® Command Console® (AGCC) 
Software version 4.0. Resulting data files (CEL files) were 
processed and viewed by using Chromosome Analysis 
Suite (ChAS) software version 4.2.0.80. Segmentation 
was performed using ASCAT (package version 2.5.2, in 
R version 4.0.5). With this package, we also derived copy-
number profiles of tumor cells and estimates of normal 
cell contamination and ploidy.

Analyses of HRD
HRD score was calculated from output of ASCAT 
using implementations in R as described by Sztupin-
szki et  al. [27]. Estimates of the global levels of LOH, 
large-scale transition (LST), and telomeric allelic 
imbalance (TAI) were calculated separately, and the 
unweighted sum of these was defined as the HRD 
score. A score of > 42 was used as the cut-off for HRD, 
as defined in breast cancer [28].

Immunohistochemistry
Paraffin sections were stained with the antibodies p53 
and gammaH2AX. For staining, the DAKO FLEX-Envi-
sion Kit (Agilent, Santa Clara, CA, US) and the fully 
automated DAKO Omnis staining system or manual 
procedure (Agilent, Santa Clara, CA, US) were applied 
according to manufacturer´s instructions. The antibodies 
used were Anti- Anti-phospho-Histone H2A.X (gamma-
H2AX) (Ser139) (ZRB05636, dilution 1:100, Merck KgA, 
Darmstadt, Germany) applied for 30  min after 95  °C 
epitope retrieval in pH9 and anti-Human p53 Protein 
(DO-7, ready to use dilution, Dako, Agilent, Santa Clara, 
CA, US) applied for 20 min after epitope retrieval in pH9. 
Epitope visualization was performed using DAKO EnVi-
sion™ FLEX DAB + Substrate Chromogen System (Agi-
lent, Santa Clara, CA, US). Nuclear counterstain was 
done using DAKO hematoxylin solution (Agilent, Santa 
Clara, CA, US). Slides were finally digitized using Panno-
ramic Scan II (3D Histech, Budapest, Hungary.

Results
Resistance profiles
Figure 1 displays pictures of cell cultures, growth curves 
and population doubling times (PDT) in h. Resist-
ance was confirmed in the CDDP-adapted (IC50 
UKF-PEC1rCDDP2500: 1.61  μg/mL CDDP ± 0.20 vs. 
UKF-PEC1: 0.268  μg/mL CDDP ± 0.015) and 5-FU-
adapted sublines (IC50 UKF-PEC1r5-FU500: 1.707  μg/
mL 5-FU ± 0.140 vs. IC50 UKF-PEC1: 0.953  μg/mL 
5-FU ± 0.042) (Table  1). The double-adapted subline 
UKF-PEC1rCDDP2500/r5-FU500 was resistant against both 
drugs. UKF-PEC1r5-FU500 was cross-resistant to treat-
ment with CDDP (Table  1). Drug sensitivity curves are 
shown in supplementary Fig. 1.

Morphology of the primary tumor, the parental cell 
line and the drug-resistant sublines after paraffin embed-
ding and HE staining are presented in Fig. 2. In addition, 
viability assays against paclitaxel, docetaxel, olaparib, and 
rucaparib were determined for the cell lines UKF-PEC1, 
UKF-PEC1r5-FU500, UKF-PEC1rCDDP2500, and UKF-
PEC1rCDDP2500/r5-FU500, as well as UKF-PEC3 and are 
presented in Table 1.

Sequencing of the primary tumor yielded suboptimal 
reads
The sequencing of the FFPE cell line samples shows 
sufficient DNA sequencing quality with a respec-
tive value > 90. In addition, all RNA samples have a 
value > 500,000, indicating sufficient RNA sequencing 
quality. However, the sample from the primary tumor, 
embedded 2014, shows limited DNA sequencing quality. 
A quality control of the DNA using TapeStation showed a 
markedly lower DIN value of 1.5 compared to the cell line 
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samples, which can lead to reduced sequencing quality. 
Repeating the analysis with another tumor block did not 
result in better sequencing outcome. Quality parameters 
are summarized in Supplementary Table 1.

Sequencing results
Analysis of amplifications
We could show amplifications of TERT and RICTOR in 
the UKF-PEC cell line. In the 5FU-adapted subline, we 
detected amplifications of TERT, RICTOR and CDKN2B. 
In the CDDP adapted subline, MRE11, RAD51B and 
AKT1 showed amplifications. The cell line adapted to 
CDDP and 5-FU showed a PTEN amplification (Table 2).

Analysis of mutations
The mutation analysis showed mutations of CDKN2A, 
FGFR4, NOTCH3, RAF1, RB1, SLX4, TERT, and TP53 
in UKF-PEC1.

In the 5-FU-adapted subline, also mutations of 
CDKN2A, FGFR4, NOTCH3, RAF1, RB1, SLX4, and 
TP53 were found. Additionally, MLH1 was mutated in 
the 5-FU-radapted subline. In contrast to the parenteral 
cell line, TERT was not mutated.

The CDDP-resistant subline had also the above-
mentioned mutations of the parental UKF-PEC1 cells. 
The CDDP-resistant subline harbored additional muta-
tions in CREBBP, FGF3, NTRK2, PIK3CB, and RAD50 
(Table 3).

Fig. 1  A Pictures of cell cultures (20x). B Growth curves. C Population doubling times (PDT) in h

Table 1  Concentrations of 5-FU, CDDP, paclitaxel, docetaxel, olaparib and rucaparib that reduce the viability of UKF-PEC-1, UKF-PeC-3 
and its drug-adapted sublines by 50% (IC50) as determined by MTT assay after 120 h of incubation

Cell line IC50 5-FU (µg/ml) IC50 CDDP (µg/ml) IC50 
paclitaxel 
(ng/ml)

IC50 docetaxel  
(ng/ml)

IC50 olaparib (µM) IC50 rucaparib (µM)

UKF-PEC1 0.953 ± 0.042 0.268 ± 0.015 2.15 ± 1.75 0.567 ± 0.488 8.69 ± 1.45 20.91 ± 3.73

UKF-PEC1r5-FU500 1.71 ± 0.14 0.623 ± 0.049 2.06 ± 0.54 0.518 ± 0.102 10.07 ± 2.41 16.49 ± 3.62

UKF-PEC1rCDDP2500 0.13 ± 0.03 1.61 ± 0.2 1.61 ± 1.06 0.465 ± 0.202 15.78 ± 0.89 24.07 ± 0.41

UKF-PEC1rCDDP2500r5-
FU500

3.99 ± 0.289 6.66 ± 0.275 1.77 ± 0.59 0.505 ± 0.266 11.61 ± 1.84 22.45 ± 1.38

UKF-PEC3 0.338 ± 0.064 0.943 ± 0.144 2.76 ± 0.18 0.735 ± 0.124 15.79 ± 2.25 34.07 ± 11.39

UKF-PEC3r5-FU1500 7.83 ± 4.95 2.47 ± 1.37 3.3 ± 0.6 0.913 ± 0.212 32.49 ± 6.39 24.49 ± 1.19

UKF-PEC3rCDDP2000 0.15 ± 0.016 4.18 ± 0.26 1.47 ± 0.09 0.385 ± 0.026 30.97 ± 6.28 21.59 ± 0.86
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HRD in the primary tumor and the cell lines
We found an increased HRD score in the subline 
adapted to CDDP. The cell lines adapted to 5-FU and 
the cell line with resistance against CDDP and 5-FU 
displayed lower HRD scores. In the cell line adapted 
with CDDP large scale transitions are remarkably more 
common than in the other cell lines. HRD scores and 
ASCAT profiles are displayed in Fig. 3. Detailed results 
of chromosomal gains and losses of the cell lines and 
the primary tumor are presented in Fig. 4.

Immunohistochemistry
Staining of the primary tumor and the cell lines for 
p53 and gammaH2AX was performed. The cell lines 
showed p53 overexpression, whereas the primary 

tumor showed a p53 wildtype pattern. For gamma-
H2AX no indication for DNA double-strand breaks 
were noted in the primary tumor. All cell lines 
showed occurrence of DNA double-strand breaks. 
Remarkably, the cell line adapted to CDDP showed 
an accumulation of DNA double-strand breaks in line 
with the increased HRD score. The staining results 
are summarized in Fig. 5.

Discussion
In metastasized penile cancer, systemic therapy is the 
only treatment option left, but prognosis in this stage 
remains poor. Treatment failure at this stage is com-
monly caused by the development of resistance to 
chemotherapy. Therefore, efficient chemotherapies 
or targeted therapies are urgently needed. Penile can-
cer cell line models are essential tools to study the 
molecular mechanisms underlying tumor progression 
and resistance to chemotherapy [19, 29, 30]. Here, we 
have successfully established a penile cancer cell line 
including a set of sublines with acquired resistance to 
the frequently used chemotherapeutic agents 5-FU and 
CDDP [7–9]. The 5-FU-adapted penile cancer subline 
displayed cross-resistance to CDDP. Cross-resistance of 
5-FU-adapted penile cancer cells to CDDP has not pre-
viously been reported.

Mutations detected in all cell lines were: CDKN2A, 
FGFR4, NOTCH3, RAF1, RB1, SLX4, and TP53. The 
genes CDKN2A, RAF1, RB1, and TP53 are part of the 

Fig. 2  A: HE staining of the primary tumor, scale: 50 µm; Inlay: negative p16 staining scale: 200 µm. B: HE staining of paraffin embedded cell line 
UKF-PEC1; scale: 50 µm. C: HE staining of paraffin embedded cell line UKF-PEC1r5-FU500; scale: 50 µm. D: HE staining of paraffin embedded cell line 
UKF-PEC1rCDDP2500; scale: 50 µm. E: HE staining of paraffin embedded cell line UKF-PEC1rCDDP2500/r5-FU500; scale: 50 µm

Table 2  Frequency of detected amplifications/copy number 
variations in the cell lines

Mutations are reported when frequency exceeds 5

Genes UKF-PEC1 UKF-
PEC1r5-FU500

UKF-
PEC1rCDDP2500

UKF-
PEC1rCDDP2500/ r 
/5-FU500

TERT 8.10 10.40 - -

RICTOR 11.64 18.62 - -

CDKN2B - 5.18 - -

PTEN - - - 6.06

MRE11 - - 4.74 -

RAD51B - - 4.78 -

AKT1 - - 5.52 -
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p16-cyclin D-CDK4/6-retinoblastoma protein (RB1) 
pathway (CDK4 pathway). It promotes G1–S cell-cycle 
transition and is often defective in cancer and, therefore, 
dysregulation of CDKs are a hallmark of cancer [31].

RAF1 is part of the MAPK signaling pathway. Copy 
number alterations were described in penile carcinomas 
[13]. Rb1, CDKN2A and TP53 mutations are known to be 
involved in penile cancer development [32–34]. Genetic 
alterations and nucleotide changes in coding regions like 
TP53 and CDKN2A have been described as main cancer 
driver events, both in HPV-positive and in HPV-negative 
tumors [35, 36].

NOTCH3 is expressed predominantly in vascular 
smooth muscle, central nervous system, some thymocyte 
subsets and regulatory T cells as well as by resting mac-
rophages. NOTCH3 expression and signaling plays a role 
in pro-inflammatory macrophage activation and in the 
activation of NF-κB [37]. It is important for cell prolifera-
tion, differentiation and apoptosis. The NOTCH pathway 
is known to be frequently altered in penile cancer sam-
ples [38]. In our study, NOTCH3 was mutated in all cell 
lines. A link between penile squamous cell carcinomas 
and NOTCH3 mutation has not been described so far.

We found FGFR4 mutations in all our penile cancer cell 
lines. FGFR4 belongs to the family of fibroblast growth 
factor receptors. FGFR4 mutations were described in 
many tumors, i.e. breast, colon, and head and neck with 

controversial interpretation of their significance [39]. 
FGFR4 alterations were also described in penile squa-
mous cell carcinoma cell lines [13].

SLX4 coordinates three different endonucleases direct-
ing cleavage and resolution of damaged DNA and Hol-
liday junctions arising between homologous DNA 
duplexes [23, 40]. We have seen SLX4 mutations in all of 
the examined cell lines. As of today, it is estimated that 
SLX4 is essential in cancer [41–44] but SLX4 mutations 
in penile carcinomas were not described by the time of 
writing.

CDK12 is a well-known gene that is involved in car-
cinogenesis [45, 46]. Interestingly, CDK12 mutations 
were only found in the parental UKF-PEC1 cell lines, 
while sublines with acquired resistance to chemotherapy 
did not show these mutations. According to mycancer 
genome, CDK12 mutations are discovered in less than 5% 
of penile carcinoma patients investigated [47].

It was shown in this study, that amplifications, copy 
number variations and mutations in the cell lines 
adapted to CDDP and 5-FU are more in number than 
in the double resistant cell line. The cell line UKF-
PEC1rCDDP2500/r5-FU500 was adapted with both sub-
stances simultaneously. The cell lines UKF-PEC1r5-FU500 
and UKF-PEC1rCDDP2500 were adapted individually. If 
the same mutations were seen in each case, this would 
require that the cells always react in the same way when 

Table 3  Frequency of detected point mutations in the cell lines

a Pathogenic = 1, likely pathogenic = 2, VUS = 3, benign = 4, SNP = 5

Mutations are reported when frequency exceeds 5 (**or close to 5)

Genes UKF-PEC1 UKF-PEC1r5-FU500 UKF-PEC1rCDDP2500 UKF-PEC1rCDDP2500 r 
5-FU500

Assessmenta

BRCA2 - - - 4,39** 3

CDK12 4,84** - - - 3

CDKN2A 98.86 98.85 97.72 98.45 1

CREBBP - - 45.1 - 3

FGF3 - - 14.58 - 3

FGFR4 41.01 47.51 53.67 69.15 5

MLH1 - 5.66 - - 5

NOTCH3 34.88 43.88 23.28 30.59 3

NTRK2 - - 17.51 - 3

PIK3CA - - 4,3** - 3

PIK3CB - - 17.43 - 3

RAD50 - - 16.05 - 3

RAF1 66.73 76.85 56.45 66.7 1

RB1 100 100 100 97.64 3.4

SLX4 65.16 36.1 74.16 60.89 3

TERT 86.66 - - - 3.5

TP53 38.26 33.75 82.3 97.05 1

TSPAN31 - 3** - - 3
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Fig. 3  1. ASCAT Profiles: A: Primary tumor, B: UKF-PEC1, C: UKF-PEC1r5-FU500, D: UKF-PEC1rCDDP2500, E: UKF-PEC1rCDDP2500/r5-FU500 2. Homologous 
recombination repair scores for the cell lines A: Primary tumor, B: UKF-PEC1, C: UKF-PEC1r5-FU500, D: UKF-PEC1rCDDP2500, E: UKF-PEC1rCDDP2500/
r5-FU500 as the sum of loss of heterozygosity, telomeric allelic imbalance and large-scale transitions

Fig. 4  A: Chromosomal distribution of LOH. B: Chromosomal distribution of Gains
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adapted to a cytostatic drug. However, the cells do not 
do this, but can develop different mechanisms as shown 
before [40, 48, 49].

To prove p53 expression in the primary tumor and 
the cell lines, immunohistochemical staining for p53 
was performed. Sequencing results showed low level 
p53 mutations (c.524G > A with an allele frequency 
of 11% and a low coverage of 305 as well as c.574C > T 
with an allele frequency below 5%) in the primary tumor. 
According to the sequencing results the cell lines har-
bored the following p53 mutations: UKF-PEC1 harbored 
c.574C > T, UKF-PEC1r5-FU500 harbored c.574C > T, 
UKF- UKF-PEC1rCDDP2500 harbored c.524C > A and 
UKF-PEC1rCDDP2500/r5-FU500 harbored c.524C > A 
mutations. Consequently, the primary tumor showed a 
p53 wild type pattern via immunohistochemistry and the 
cell lines showed strong staining results. The antibody 
applied here reacts with wild type and mutant type of the 
p53 protein. Nevertheless, different p53 antibodies are 
present which can react with specific mutations of the 
p53 gene.

Additionally, staining for gammaH2AX was per-
formed. GammaH2AX is a marker which is indicative 
for the occurrence of double strand breaks and is linked 
to genomic instability. It was studied in a number of 
cancer subtypes [50]. Cisplatin, as a chemotherapeutic 
drug, is linked to DNA crosslinking and stimulates H2AX 

phosphorylation [51]. Immunohistochemically a strong 
staining was observed in the cell lines compared to the 
primary tumor indicative of DNA double-strand breaks.

5‑FU Resistance
Immunohistochemistry for defective mismatch repair 
(MMR) proteins like MLH1, MSH2, MSH6, and PMS2 
was analyzed by Stoehr et  al. in 70 patients with penile 
cancer. They showed a normal expression of the MMR 
proteins [52]. In contrast to that, our study showed muta-
tions of MLH1 in the 5-FU-resistant subline. Accord-
ing to mycancer genome (www.​mycan​cerge​nome.​org), 
MLH1 is altered in 3.85% of penile carcinoma patients 
[47]. CDKN2B was amplified in the cell line resistant to 
5-FU. That finding is interesting because loss of CDKN2B 
was described in penile carcinomas [53]. RICTOR was 
also amplified in the cell line resistant to 5-FU. RICTOR, 
as part of the mTOR signaling network, is indirectly 
involved in cell survival and actin cytoskeleton organiza-
tion. Amplification and overexpression was noted in sev-
eral cancer, e.g. lung cancer [54].

TERT, the telomerase reverse transcriptase gene, is 
found to be reactivated in many cancer cells and enables 
cancer cells to evade senescence resulting from telomere 
shortening [55]. TERT mutations were described in a 
high frequency of penile carcinomas, especially in the 
non-HPV related subtypes [55]. TERT was amplified in 

Fig. 5  Staining results for p53 and gammaH2AX in the primary tumor and the cell lines UKF-PEC1, C: UKF-PEC1r5-FU500, D: UKF-PEC1rCDDP2500, E: 
UKF-PEC1rCDDP2500/r5-FU.50020 × digitized, 10 × magnification

http://www.mycancergenome.org
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5-FU-resistant cells. TERT amplifications have not been 
described in penile squamous cell carcinomas, so far.

CDDP Resistance
It is well known that CDDP alters the expression of many 
genes involved in several cellular processes. Ryan et  al. 
could show increase of sensitivity to CDDP in neuro-
blastoma cells by downregulation of NTRK2, a potent 
oncogene involved in chemotherapy-resistance in neu-
roblastoma, with mR204 [56]. In our study, NTRK2 was 
also mutated in the CDDP-resistant subline compared 
to the chemo-naïve cell line. NTRK2 and its fusions are 
of interest in different tumors, i.e. secretory carcinoma 
of the salivary gland and lung adenocarcinoma, because 
they can be targeted by specific inhibitors. Although 
NTRK2 mutations have been described, their contribu-
tion towards oncogenesis and therapy with NTRK inhibi-
tors is not yet clear [57].

PIK3CA is a known oncogene involved in the PI3K-
AKT-mTOR pathway which plays a role in many human 
cancers with respect to cellular proliferation, survival and 
angiogenesis. However, Adimonye et  al. conclude, that 
this pathway is not a key driver in the carcinogenesis of 
penile squamous cell carcinomas [58]. Fallahi et al. con-
cluded that several genes including PIK3CA and PIK3CB 
act as hub genes in the cisplatin-responsive regulatory 
network at the pro-apoptotic stages. In line with this 
study, we showed that PIK3CA and PIK3CB were fre-
quently mutated [59]. PIK3CB mutations activate PI3K-
dependent signaling, increase cancer cell proliferation 
and promote tumorigenic growth [60]. A link between 
penile carcinomas and PIK3CB mutations has not been 
delineated, yet by the time of writing.

CREBBP and FGF3 mutations have been frequently 
described to be associated with tumorigenesis [61–63]. 
CREBBP and FGF3 mutations have also been described 
in penile squamous cell carcinomas [33]. In our study, we 
could see an elevated mutation rate in the CDDP-resist-
ant subline. However, it is not clear whether these muta-
tions contribute to CDDP resistance.

The MRE11-RAD50-NBS1 protein complex is able to 
recognize and process DNA double strand breaks and 
maintains genomic stability in the cell. Mutations in the 
genes are associated with many cancers, i.e. colon and 
breast carcinoma [64]. Alblihy et al. showed that RAD50 
deficiency is a predictor of platinum sensitivity in spo-
radic epithelial ovarian cancers. We could show a more 
frequently mutated RAD50 gene in the CDDP-resistant 
subline [65].

The CDDP-resistant subline showed further amplifica-
tions: MRE11, RAD51B and AKT1. MRE11 and RAD51B 
play a role in the DNA repair reactions through homolo-
gous recombination [66]. An association with breast and 

ovarian cancer predisposition was shown so far [67]. 
AKT1 amplification was shown to be associated with 
CDDP resistance in human lung cancer cells [68]. Copy 
number alterations of AKT1 were described in penile 
carcinomas [32].

HRD in penile squamous cell carcinomas
The HRD score quantifies the so-called genomic scar 
evoked by HRD and has become a diagnostic marker 
[69]. HRD failure is frequently observed in solid tumors 
and is a marker indicating sensitivity to poly(ADP-ribose) 
polymerase (PARP) inhibitor therapy [70]. HRD was also 
shown to be associated with patient survival and chem-
otherapy response [69]. Yang et  al. also showed, that a 
high HRD score is associated with an immune-sensitive 
microenvironment in HRD related cancer types [69]. 
For penile carcinomas, tumors have been described with 
different immune cell infiltrations [71]. Therefore, data 
comparing the immune microenvironment and HRD 
score in penile neoplasia could aid in decision making 
for precision medicine in the orphan disease. Because 
data on penile carcinomas is sparse, more cases need to 
be evaluated in that context. In our case, a high HRD 
score was detected in the sublines adapted to growth in 
the presence of CDDP. That is in concordance with data 
from literature describing impaired DNA repair mecha-
nisms following administration of chemotherapy [70]. 
Additionally, a gene fusion PCNX-RAD51B was shown in 
this cell line, being in line with the finding of DNA dam-
age repair pathway association. This fusion was described 
before in a case of cervical carcinoma [72]. Next to the 
method applied here, there are commercially available 
test kits interrogating different sets of genes to determine 
a HRD score (reviewed in [70]). Determining the HRD 
score needs testing and validation in different tumor 
entities, for example in prostate cancer due to different 
mutational landscape in contrast to ovarian cancer [73]. 
In our cohort a combinatory chemotherapy resulted in 
decreased HRD score compared to CDDP monotherapy. 
This needs to be proven on a bigger cohort. Therefore, 
our model can contribute to gaining data on HRD land-
scape in penile carcinomas since data on HRD are sparce 
in the disease. In a publication testing 33 cancer types 
within the TCGA data set, a cut off of 42 was also applied 
[74]. By the time of writing, to the best of our knowledge 
no TCGA data existed describing HRD scores in penile 
carcinomas. The increased HRD score observed in UKF-
PEC-1rCDDP2500 cells was not associated with enhanced 
sensitivity to the taxanes docetaxel and paclitaxel and the 
PARP inhibitors olaparib and rucaparib, indicating that 
an increased HRD score is not necessarily associated with 
elevated PARP inhibitor sensitivity. This may be due to 
molecular changes associated with resistance formation 
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to chemotherapeutic agents such as increased levels of 
membrane transporters, e.g. ABCB1, or acquired resist-
ance to apoptosis, which may also provide resistance to 
PARP inhibitors [75, 76]. Immunohistochemical staining 
supports the high HRD score found here with accumula-
tion of double strand breaks as tested with gammaH2AX.

Study limitations
We performed an OCA panel on one case of penile car-
cinoma with additional chemo-resistant sublines. There-
fore, further samples need investigation to confirm the 
mutational status. Additionally, and due to the nature 
of the test, only limited numbers of genes were targeted. 
The primary tumor paraffin block material aged seven 
years in the archive prior to investigation whereas the cell 
lines were paraffin embedded in the same year as the pro-
cessing procedure took place. Therefore, impaired DNA 
and RNA quality of the primary tumor can be explained.

Additionally, the HRD score of 42 needs validation in 
bigger cohorts of penile carcinomas to establish an indi-
vidualized score for this entity.

Conclusion
We generated a p16 negative cell line of a squamous cell 
carcinoma of the penis, and from this parental cell line 
three chemo-resistant sublines were established: one 
subline adapted to 500 ng/ml 5-FU, one subline adapted 
to 2500  ng/ml CDDP and one subline adapted to both 
drugs. A molecular profile including the HRD score was 
performed with this panel of cell lines. Acquired chem-
oresistance to CDDP resulted in an increased HRD score. 
With the use of PARP inhibitors, an increased sensitivity 
to these drugs was not shown in our cell line model.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12885-​022-​10432-7.

Additional file 1: Supplementary Figure 1. Dose-response curves for 
UKF-PeC1, UKF-PeC3 and their adapted chemoresistant sublines against 
CDDP and 5-FU.

Additional file 2: Supplementary Table 1. Quality parameters for the 
primary tumor and the cell lines investigated.

Acknowledgements
We thank Susanne Hansen, Tanja Schaffer-Horscht, Marc Hofmann, Nina 
Becker, Regina Leichner and Eva Wagner for excellent technical assistance.

Author’s information
Not Applicable

Authors’ contributions
R.W., S.V., F.R. wrote the main manuscript text, prepared the tables and figures. S.V., S. 
G., F.R., J.C., and J.C.jr. generated the cell line and generated drug resistance profiles. 
K.B. performed HRD analysis. C.D., C.S., M.D., F.R. analysed data. All authors reviewed 
the manuscript and made substantial contributions to the design, data acquisition 
and evaluation of the data. The author(s) read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The study was 
financed by the Dr. Senckenberg Institute of Pathology, Frankfurt am Main, the 
Institute of Medical Virology, Frankfurt am Main, and the Frankfurter Stiftung 
für krebskranke Kinder.

Availability of data and materials
The datasets generated and/or analysed during the current study are available 
under BioProject ID PRJNA904558.

Declarations

Ethics approval and consent to participate
Tissue samples and patient data used in this study were provided by the Uni-
versity Cancer Center Frankfurt (UCT). Written informed consent was obtained 
from all patients and the study was approved by the institutional review board 
of the UCT and the ethical committee at the University Hospital Frankfurt 
(project-number: SUG-02–2017) according to the declaration of Helsinki. For 
our studies, archived material was used in a double pseudonymized manner. 
Diagnostics were already finalised by the time of study.

Consent for publication
Not Applicable (NA).

Competing interests
Conflict of interest statement: PJW has received consulting fees and honoraria 
(private/institutional) for lectures by Bayer, Janssen-Cilag, Novartis, Roche, 
MSD, Astellas Pharma, Bristol-Myers Squibb, Thermo Fisher Scientific, Molecu-
lar Health, Sophia Genetics, Qiagen, and Astra Zeneca. 
All other authors have declared that no conflict of interest exists.

Author details
1 Dr. Senckenberg Institute of Pathology, University Hospital Frankfurt, Frank-
furt Am Main, Germany. 2 Dr. Petra Joh Forschungshaus, Frankfurt Am Main, 
Germany. 3 Institute of Medical Virology, University Hospital Frankfurt, Frankfurt 
Am Main, Germany. 4 School of Biosciences, University of Kent, Canterbury, UK. 
5 Frankfurt Institute for Advanced Studies (FIAS), Frankfurt Am Main, Germany. 
6 Department of Urology, University Hospital Frankfurt, Frankfurt Am Main, 
Germany. 7 Urologie an der Zeil, Frankfurt Am Main, Germany. 

Received: 16 September 2022   Accepted: 9 December 2022

References
	1.	 Hakenberg OW, Dräger DL, Erbersdobler A, Naumann CM, Jünemann KP, 

Protzel C. The Diagnosis and Treatment of Penile Cancer. Dtsch Arztebl 
Int Deutscher Arzte-Verlag GmbH. 2018;115:646. https://​doi.​org/​10.​3238/​
ARZTE​BL.​2018.​0646. (cited 2021 Dec 3).

	2.	 Attalla K, Paulucci DJ, Blum K, Anastos H, Moses KA, Badani KK, Spiess PE, 
Sfakianos JP. Demographic and socioeconomic predictors of treatment delays, 
pathologic stage, and survival among patients with penile cancer a report from 
the national cancer database. Urol Oncol Semin Orig Investig. 2018;36(14):17–14. 
https://​doi.​org/​10.​1016/J.​UROLO​NC.​2017.​09.​014. (Elsevier).

	3.	 Moch H, Humphrey PA, Ulbright TM, Reuter VE, International Agency for 
Research on Cancer. WHO classification of tumours of the urinary system 
and male genital organs. [cited 2018 May 3]. 356 p. Available from http://​
publi​catio​ns.​iarc.​fr/​Book-​And-​Report-​Series/​Who-​Iarc-​Class​ifica​tion-​Of-​
Tumou​rs/​Who-​Class​ifica​tion-​Of-​Tumou​rs-​Of-​The-​Urina​ry-​System-​And-​
Male-​Genit​al-​Organs-​2016

	4.	 Rubin MA, Kleter B, Zhou M, Ayala G, Cubilla AL, Quint WG, Pirog EC. 
Detection and typing of human papillomavirus DNA in penile carcinoma: 
evidence for multiple independent pathways of penile carcinogenesis. 
Am J Pathol Am Soc Invest Pathol. 2001;159:1211–8. https://​doi.​org/​10.​
1016/​S0002-​9440(10)​62506-0. (cited Jun 23 2019).

	5.	 Stratton KL. M, DJCDJ. A Contemporary Review of HPV and Penile 
Cancer | Cancer Network. Oncol (willist Park. 2016 [cited 2020 Dec 7]; 
. Available from https://​www.​cance​rnetw​ork.​com/​view/​conte​mpora​
ry-​review-​hpv-​and-​penile-​cancer

https://doi.org/10.1186/s12885-022-10432-7
https://doi.org/10.1186/s12885-022-10432-7
https://doi.org/10.3238/ARZTEBL.2018.0646
https://doi.org/10.3238/ARZTEBL.2018.0646
https://doi.org/10.1016/J.UROLONC.2017.09.014
http://publications.iarc.fr/Book-And-Report-Series/Who-Iarc-Classification-Of-Tumours/Who-Classification-Of-Tumours-Of-The-Urinary-System-And-Male-Genital-Organs-2016
http://publications.iarc.fr/Book-And-Report-Series/Who-Iarc-Classification-Of-Tumours/Who-Classification-Of-Tumours-Of-The-Urinary-System-And-Male-Genital-Organs-2016
http://publications.iarc.fr/Book-And-Report-Series/Who-Iarc-Classification-Of-Tumours/Who-Classification-Of-Tumours-Of-The-Urinary-System-And-Male-Genital-Organs-2016
http://publications.iarc.fr/Book-And-Report-Series/Who-Iarc-Classification-Of-Tumours/Who-Classification-Of-Tumours-Of-The-Urinary-System-And-Male-Genital-Organs-2016
https://doi.org/10.1016/S0002-9440(10)62506-0
https://doi.org/10.1016/S0002-9440(10)62506-0
https://www.cancernetwork.com/view/contemporary-review-hpv-and-penile-cancer
https://www.cancernetwork.com/view/contemporary-review-hpv-and-penile-cancer


Page 12 of 14Winkelmann et al. BMC Cancer         (2022) 22:1352 

	6.	 Chaux A, Pfannl R, Rodríguez IM, Barreto JE, Velazquez EF, Lezcano C, Piris 
A, Netto GJ, Cubilla AL. Immunohistochemical profile of penile intraepi-
thelial lesions: A study of 74 cases. Am J Surg Pathol. 2011;35:553–62. 
https://​doi.​org/​10.​1097/​PAS.​0B013​E3182​113402. (cited Dec 7 2021).

	7.	 Protzel C, Hakenberg OW. Chemotherapy in patients with penile carci-
noma. Urol Int Urol Int. 2009;82:1–7. https://​doi.​org/​10.​1159/​00017​6016. 
(cited Apr 25 2022).

	8.	 Hussein AM, Benedetto P, Sridhar KS. Chemotherapy With Cisplatin and 
5-Fluorouracil for Penile and Urethral Squamous Cell Carcinomas. doi: 
https://​doi.​org/​10.​1002/​1097-​0142.

	9.	 Shammas FV, Ous S, Fossa SD. Cisplatin and 5-fluorouracil in advanced 
cancer of the penis. J Urol J Urol. 1992;147:630–2. https://​doi.​org/​10.​
1016/​S0022-​5347(17)​37327-5. (cited Apr 25 2022).

	10.	 Bley IA, Zwick A, Hans MC, Thieser K, Wagner V, Ludwig N, Khalmurzaev O, 
Matveev VB, Loertzer P, Pryalukhin A, Hartmann A, Geppert C-I, Loertzer 
H, et al. IDKK1 inhibits canonical Wnt signaling in human papillomavirus-
positive penile cancer cells. Transl Oncol Neoplasia Press. 2022;15:101267. 
https://​doi.​org/​10.​1016/J.​TRANON.​2021.​101267. (cited Dec 3 2021).

	11.	 Kuasne H, Do Canto LM, Aagaard MM, Muñoz JJM, De Jamblinne C, 
Marchi FA, Scapulatempo-Neto C, Faria EF, Lopes A, Carréno S, Rogatto SR. 
Penile cancer-derived cells molecularly characterized as models to guide 
targeted therapies. Cells. MDPI 2021 10. doi: https://​doi.​org/​10.​3390/​
CELLS​10040​814/​S1.

	12.	 Medeiros-Fonseca B, Cubilla A, Brito H, Martins T, Medeiros R, Oliveira P, Gil 
Da Costa RM. Experimental models for studying HPV-positive and HPV-
negative penile cancer: New tools for an old disease. Cancers. MDPI AG; 
2021 [cited 2021 May 5]. p. 1–15. doi: https://​doi.​org/​10.​3390/​cance​rs130​
30460.

	13.	 Zhou QH, Deng CZ, Li ZS, Chen JP, Yao K, Huang KB, Liu TY, Liu ZW, Qin ZK, 
Zhou FJ, Huang W, Han H, Liu RY. Molecular characterization and integra-
tive genomic analysis of a panel of newly established penile cancer cell 
lines. Cell Death Dis. Nature Publishing Group; 2018 [cited 2022 Mar 21]; 
9. doi: https://​doi.​org/​10.​1038/​S41419-​018-​0736-1.

	14.	 Ishikawa S, Kanoh S, Nemoto S. Establishment of a cell line (TSUS-1) 
derived from a human squamous cell carcinoma of the penis. Acta Urol 
Jpn. 1983 [cited 2022 Apr 27]; 29: 373–6. Available from https://​pubmed.​
ncbi.​nlm.​nih.​gov/​65877​62/

	15.	 Yamane I, Tsuda T. Establishment of a cell line in vitro from the lesion of a 
clinical case of penis cancroid. Tohoku J Exp Med. 1966;88:9–20. https://​
doi.​org/​10.​1620/​TJEM.​88.9. (cited May 2 2022).

	16.	 Tsukamoto T. Establishment and characterization of a cell line KU-8 from 
squamous cell carcinoma of the penis. Keio J Med. 1989;38:277–93. 
https://​doi.​org/​10.​2302/​KJM.​38.​277. (cited May 2 2022).

	17.	 Naumann CM, Sperveslage J, Hamann MF, Leuschner I, Weder L, Al-Najar 
AA, Lemke J, Sipos B, Jünemann KP, Kalthoff H. Establishment and char-
acterization of primary cell lines of squamous cell carcinoma of the penis 
and its metastasis. J Urol. 2012;187:2236–42. https://​doi.​org/​10.​1016/J.​
JURO.​2012.​01.​035. (cited May 2 2022).

	18.	 Muñoz JJ, Drigo SA, Kuasne H, Villacis RAR, Marchi FA, Domingues MAC, 
Lopes A, Santos TG, Rogatto SR. A comprehensive characterization of 
cell cultures and xenografts derived from a human verrucous penile 
carcinoma. Tumour Biol. 2016;37:11375–84. https://​doi.​org/​10.​1007/​
S13277-​016-​4951-Z.

	19.	 Domingo-Domenech J, Vidal SJ, Rodriguez-Bravo V, Castillo-Martin M, 
Quinn SA, Rodriguez-Barrueco R, Bonal DM, Charytonowicz E, Gladoun N, 
de la Iglesia-Vicente J, Petrylak DP, Benson MC, Silva JM, et al. Suppression 
of acquired docetaxel resistance in prostate cancer through depletion of 
notch-and hedgehog-dependent tumor-initiating cells. Cancer Cell NIH 
Public Access. 2012;22:373. https://​doi.​org/​10.​1016/J.​CCR.​2012.​07.​016. 
(cited Dec 3 2021).

	20.	 Kidd LC, Chaing S, Chipollini J, Giuliano AR, Spiess PE, Sharma P. Rela-
tionship between human papillomavirus and penile cancer-implica-
tions for prevention and treatment. Transl Androl Urol. AME Publishing 
Company; 2017 [cited 2021 Jan 2]; 6: 791–802. https://​doi.​org/​10.​
21037/​tau.​2017.​06.​27.

	21.	 Michaelis M, Rothweiler F, Barth S, Cinat J, Van Rikxoort M, Löschmann 
N, Voges Y, Breitling R, Von Deimling A, Rödel F, Weber K, Fehse B, MacK 
E, et al. Adaptation of cancer cells from different entities to the MDM2 
inhibitor nutlin-3 results in the emergence of p53-mutated multi-drug-
resistant cancer cells. Cell Death Dis. 2011;2:e243. https://​doi.​org/​10.​
1038/​cddis.​2011.​129. (cited May 3 2021).

	22.	 Aita G, da Costa WH, de Cassio Zequi S, da Cunha IW, Soares F, Guimaraes 
GC, Lopes A. Pattern of invasion is the most important prognostic factor 
in patients with penile cancer submitted to lymph node dissection and 
pathological absence of lymph node metastasis. BJU Int. 2015;116:584–9. 
https://​doi.​org/​10.​1111/​bju.​13071. (cited Jun 3 2019).

	23.	 Michaelis M, Wass MN, Cinatl J. Drug-adapted cancer cell lines as pre-
clinical models of acquired resistance. Cancer Drug Resist. 2019 2; 447. 
https://​doi.​org/​10.​20517/​CDR.​2019.​005.

	24.	 Thomas A, Reetz S, Stenzel P, Tagscherer K, Roth W, Schindeldecker M, 
Michaelis M, Rothweiler F, Cinatl J, Cinatl J, Dotzauer R, Vakhrusheva O, 
Albersen M, et al. Assessment of pi3k/mtor/akt pathway elements to 
serve as biomarkers and therapeutic targets in penile cancer. Cancers 
(Basel). 2021;13:2323. https://​doi.​org/​10.​3390/​CANCE​RS131​02323/​S1. 
(cited Nov 10 2022).

	25.	 Landrum MJ, Lee JM, Benson M, Brown GR, Chao C, Chitipiralla S, Gu 
B, Hart J, Hoffman D, Jang W, Karapetyan K, Katz K, Liu C, et al. ClinVar: 
Improving access to variant interpretations and supporting evidence. 
Nucleic Acids Res. 2018;46:D1062-7. https://​doi.​org/​10.​1093/​nar/​gkx11​53. 
(cited May 3 2021).

	26.	 Tate JG, Bamford S, Jubb HC, Sondka Z, Beare DM, Bindal N, Boutselakis 
H, Cole CG, Creatore C, Dawson E, Fish P, Harsha B, Hathaway C, et al. 
COSMIC: The catalogue of somatic mutations in cancer. Nucleic Acids 
Res. 2019;47:D941-7. https://​doi.​org/​10.​1093/​nar/​gky10​15. (cited May 3 
2021).

	27.	 Sztupinszki Z, Diossy M, Krzystanek M, Reiniger L, Csabai I, Favero F, 
Birkbak NJ, Eklund AC, Syed A, Szallasi Z. Migrating the SNP array-based 
homologous recombination deficiency measures to next generation 
sequencing data of breast cancer. npj Breast Cancer 2018 41. Nature 
Publishing Group; 2018 [cited 2022 Jan 11]; 4: 1–4. https://​doi.​org/​10.​
1038/​s41523-​018-​0066-6.

	28.	 Melinda LT, Kirsten MT, Julia R, Bryan H, Gordon BM, Kristin CJ, Zoltan 
S, William TB, Eric PW, Nadine MT, Steven JI, Paula DR, April GC, et al. 
Homologous Recombination Deficiency (HRD) score predicts response 
to platinum-containing neoadjuvant chemotherapy in patients with 
triple-negative breast cancer. Clin Cancer Res. 2016;22:3764–73. https://​
doi.​org/​10.​1158/​1078-​0432.​CCR-​15-​2477. (cited Jan 11 2022).

	29.	 Domcke S, Sinha R, Levine DA, Sander C, Schultz N. Evaluating cell lines 
as tumour models by comparison of genomic profiles. Nat Commun. Nat 
Commun; 2013 [cited 2022 Apr 27]; 4. https://​doi.​org/​10.​1038/​NCOMM​
S3126.

	30.	 Sharma SV, Haber DA, Settleman J. Cell line-based platforms to evaluate 
the therapeutic efficacy of candidate anticancer agents. Nat Rev Cancer. 
2010;10:241–53. https://​doi.​org/​10.​1038/​NRC28​20. (cited 2022 Apr 27).

	31.	 Sheppard KE, Mcarthur GA. The Cell-Cycle Regulator CDK4: An Emerging 
Therapeutic Target in Melanoma. Clin Cancer Res. [cited 2021 Dec 10]; 19. 
doi: https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​13-​0259.

	32.	 Macedo J, Silva E, Nogueira L, Coelho R, da Silva J, dos Santos A, Teixeira-
Júnior AA, Belfort M, Silva G, Khayat A, de Oliveira E, dos Santos AP, Cavalli 
LR, et al. Genomic profiling reveals the pivotal role of hrHPV driving copy 
number and gene expression alterations, including mRNA downregula-
tion of TP53 and RB1 in penile cancer. Mol Carcinog. 2020;59:604–17. 
https://​doi.​org/​10.​1002/​MC.​23185.

	33.	 Nazha B, Wu S, Brown JT, Magee D, Carthon BC, Kucuk O, Korn WM, Barata 
PC, Heath EI, Ryan CJ, McKay RR, Master VA, Bilen MA. Comprehensive 
genomic profiling of penile squamous cell carcinoma and impact of HPV 
status on immune-checkpoint inhibition-related biomarkers. Am Soc Clin 
Oncol. 2022;40:4–4. https://​doi.​org/​10.​1200/​JCO.​2022.​40.6_​SUPPL.​004. 
(cited Mar 1 2022).

	34.	 Ali SM, Pal SK, Wang K, Palma NA, Sanford E, Bailey M, He J, Elvin JA, 
Chmielecki J, Squillace R, Dow E, Morosini D, Buell J, et al. Comprehen-
sive genomic profiling of advanced penile carcinoma suggests a high 
frequency of clinically relevant genomic alterations. Oncol. 2016;21:33. 
https://​doi.​org/​10.​1634/​THEON​COLOG​IST.​2015-​0241. (cited Mar 24 2022).

	35.	 Starita N, Pezzuto F, Sarno S, Losito NS, Perdonà S, Buonaguro L, Buona-
guro FM, Tornesello ML. Mutations in the telomerase reverse transcriptase 
promoter and PIK3CA gene are common events in penile squamous 
cell carcinoma of Italian and Ugandan patients. Int J cancer Int J Cancer. 
2022;150:1879–88. https://​doi.​org/​10.​1002/​IJC.​33990. (cited Mar 24 2022).

	36.	 Ribera-Cortada I, Guerrero-Pineda J, Trias I, Veloza L, Garcia A, Marimon 
L, Diaz-mercedes S, Alamo JR, Rodrigo-calvo MT, Vega N, Del Campo 
RL, Parra-medina R, Ajami T, et al. Pathogenesis of Penile Squamous 

https://doi.org/10.1097/PAS.0B013E3182113402
https://doi.org/10.1159/000176016
https://doi.org/10.1002/1097-0142
https://doi.org/10.1016/S0022-5347(17)37327-5
https://doi.org/10.1016/S0022-5347(17)37327-5
https://doi.org/10.1016/J.TRANON.2021.101267
https://doi.org/10.3390/CELLS10040814/S1
https://doi.org/10.3390/CELLS10040814/S1
https://doi.org/10.3390/cancers13030460
https://doi.org/10.3390/cancers13030460
https://doi.org/10.1038/S41419-018-0736-1
https://pubmed.ncbi.nlm.nih.gov/6587762/
https://pubmed.ncbi.nlm.nih.gov/6587762/
https://doi.org/10.1620/TJEM.88.9
https://doi.org/10.1620/TJEM.88.9
https://doi.org/10.2302/KJM.38.277
https://doi.org/10.1016/J.JURO.2012.01.035
https://doi.org/10.1016/J.JURO.2012.01.035
https://doi.org/10.1007/S13277-016-4951-Z
https://doi.org/10.1007/S13277-016-4951-Z
https://doi.org/10.1016/J.CCR.2012.07.016
https://doi.org/10.21037/tau.2017.06.27
https://doi.org/10.21037/tau.2017.06.27
https://doi.org/10.1038/cddis.2011.129
https://doi.org/10.1038/cddis.2011.129
https://doi.org/10.1111/bju.13071
https://doi.org/10.20517/CDR.2019.005
https://doi.org/10.3390/CANCERS13102323/S1
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/nar/gky1015
https://doi.org/10.1038/s41523-018-0066-6
https://doi.org/10.1038/s41523-018-0066-6
https://doi.org/10.1158/1078-0432.CCR-15-2477
https://doi.org/10.1158/1078-0432.CCR-15-2477
https://doi.org/10.1038/NCOMMS3126
https://doi.org/10.1038/NCOMMS3126
https://doi.org/10.1038/NRC2820
https://doi.org/10.1158/1078-0432.CCR-13-0259
https://doi.org/10.1002/MC.23185
https://doi.org/10.1200/JCO.2022.40.6_SUPPL.004
https://doi.org/10.1634/THEONCOLOGIST.2015-0241
https://doi.org/10.1002/IJC.33990


Page 13 of 14Winkelmann et al. BMC Cancer         (2022) 22:1352 	

Cell Carcinoma: Molecular Update and Systematic Review. Int J Mol Sci. 
Multidisciplinary Digital Publishing Institute (MDPI); 2022 [cited 2022 Feb 
28]; 23. https://​doi.​org/​10.​3390/​IJMS2​30102​51.

	37.	 López-López S, Monsalve EM, Romero de Ávila MJ, González-Gómez J, 
Hernández de León N, Ruiz-Marcos F, Baladrón V, Nueda ML, García-León 
MJ, Screpanti I, Felli MP, Laborda J, García-Ramírez JJ, et al. NOTCH3 signal-
ing is essential for NF-κB activation in TLR-activated macrophages. Sci 
Reports 2020 101. Nature Publishing Group; 2020 10: 1–16. https://​doi.​
org/​10.​1038/​s41598-​020-​71810-4.

	38.	 Wang Y, Wang K, Chen Y, Zhou J, Liang Y, Yang X, Li X, Cao Y, Wang D, 
Luo L, Li B, Li D, Wang L, et al. Mutational landscape of penile squamous 
cell carcinoma in a Chinese population. Int J Cancer. 2019;145:1280–9. 
https://​doi.​org/​10.​1002/​IJC.​32373. (cited Dec 10 2021).

	39.	 Tanuma J-I, Izumo T, Hirano M, Oyazato Y, Hori F, Umemura E, Shisa H, Hiai 
H, Kitano M. FGFR4 polymorphism, TP53 mutation, and their combina-
tions are prognostic factors for oral squamous cell carcinoma. Oncol Rep. 
2010;23:739–44. https://​doi.​org/​10.​3892/​OR_​00000​692. (cited Mar 21 2022).

	40.	 Michaelis M, Rothweiler F, Barth S, Cinat J, Van Rikxoort M, Löschmann 
N, Voges Y, Breitling R, Von Deimling A, Rödel F, Weber K, Fehse B, MacK 
E, et al. Adaptation of cancer cells from different entities to the MDM2 
inhibitor nutlin-3 results in the emergence of p53-mutated multi-drug-
resistant cancer cells. Cell Death Dis. 2011;2:e243. https://​doi.​org/​10.​
1038/​CDDIS.​2011.​129. (cited Nov 4 2022).

	41.	 Young SJ, West SC. Coordinated roles of SLX4 and MutSβ in DNA repair 
and the maintenance of genome stability. Crit Rev Biochem Mol Biol. 
2021;56:157. https://​doi.​org/​10.​1080/​10409​238.​2021.​18814​33. (cited Dec 
20 2021).

	42.	 Zheng W, Shen GL, Xu KY, Yin QQ, Hui TC, Zhou ZW, Xu CA, Wang SH, 
Wu WH, Shi LF, Pan HY. Lnc524369 promotes hepatocellular carcinoma 
progression and predicts poor survival by activating YWHAZ-RAF1 signal-
ing. World J Gastrointest Oncol. 2022;14:253–64. https://​doi.​org/​10.​4251/​
WJGO.​V14.​I1.​253.

	43.	 Clark-Garvey S, Kim WY. RAF1 amplification: an exemplar of MAPK path-
way activation in urothelial carcinoma. J Clin Invest. 2021;131:e154095. 
https://​doi.​org/​10.​1172/​JCI15​4095. (cited May 3 2022).

	44.	 Wang F, Xi SY, Hao WW, Yang XH, Deng L, Xu YX, Wu XY, Zeng L, Guo KH, 
Wang HY. Mutational landscape of primary pulmonary salivary gland-
type tumors through targeted next-generation sequencing. Lung Cancer. 
2021;160:1–7. https://​doi.​org/​10.​1016/J.​LUNGC​AN.​2021.​07.​011. (cited 
May 3 2022).

	45.	 Rebuzzi SE, Rescigno P, Catalano F, Mollica V, Vogl UM, Marandino L, 
Massari F, Mestre RP, Zanardi E, Signori A, Buti S, Bauckneht M, Gillessen S, 
et al. Immune checkpoint inhibitors in advanced prostate cancer: current 
data and future perspectives. Cancers Basel). 2022;14:1245. https://​doi.​
org/​10.​3390/​CANCE​RS140​51245. (cited May 3 2022).

	46.	 Tadesse S, Duckett DR, Monastyrskyi A. The promise and current status 
of CDK12/13 inhibition for the treatment of cancer. Future Med Chem. 
2021;13:117–41. https://​doi.​org/​10.​4155/​FMC-​2020-​0240. (cited May 3 
2022).

	47.	 Sweeney SM, Cerami E, Baras A, Pugh TJ, Schultz N, Stricker T, Lindsay 
J, Del Vecchio Fitz C, Kumari P, Micheel C, Shaw K, Gao J, Moore N, et al. 
AACR Project GENIE: powering precision medicine through an interna-
tional consortium. Cancer Discov. 2017;7:818–31. https://​doi.​org/​10.​1158/​
2159-​8290.​CD-​17-​0151. (cited Feb 28 2022).

	48.	 Rothenburger T, Thomas D, Schreiber Y, Wratil PR, Pflantz T, Knecht K, 
Digianantonio K, Temple J, Schneider C, Baldauf HM, McLaughlin KM, 
Rothweiler F, Bilen B, et al. Differences between intrinsic and acquired 
nucleoside analogue resistance in acute myeloid leukaemia cells. J Exp 
Clin Cancer Res. 2021;40:317. https://​doi.​org/​10.​1186/​S13046-​021-​02093-
4. (cited Nov 4 2022).

	49.	 Michaelis M, Wass MN, Reddin I, Voges Y, Rothweiler F, Hehlgans S, Cinatl 
J, Mernberger M, Nist A, Stiewe T, Rödel F, Cinatl J. YM155-Adapted cancer 
cell lines reveal drug-induced heterogeneity and enable the identifica-
tion of biomarker candidates for the acquired resistance setting. Cancers 
basel. 2020;12:1080. https://​doi.​org/​10.​3390/​CANCE​RS120​51080. (cited 
Nov 4 2022).

	50.	 Palla VV, Karaolanis G, Katafigiotis I, Anastasiou I, Patapis P, Dimitroulis D, 
Perrea D. gamma-H2AX: Can it be established as a classical cancer prog-
nostic factor? Tumor Biol. 2017;39:1–11. https://​doi.​org/​10.​1177/​10104​
28317​695931/​ASSET/​IMAGES/​LARGE/​10.​1177_​10104​28317​695931-​FIG2.​
JPEG. (cited Nov 4 2022).

	51.	 Olive PL, Banàth JP. Kinetics of H2AX phosphorylation after exposure to 
cisplatin. Cytom Part B Clin Cytom. 2009;76B:79–90. https://​doi.​org/​10.​
1002/​CYTO.B.​20450. (cited Nov 4 2022).

	52.	 Stoehr R, Wendler O, Giedl J, Gaisa NT, Richter G, Campean V, Burger M, 
Wullich B, Bertz S, Hartmann A. No evidence of microsatellite instabil-
ity and loss of mismatch-repair-protein expression in squamous cell 
carcinoma of the penis. Pathobiology. 2019;86:145–51. https://​doi.​org/​10.​
1159/​00049​5251. (cited May 3 2022).

	53.	 Spiess PE, Mata DA, Bratslavsky G, Jacob JM, Necchi A, Gjoerup O, Dan-
ziger N, Lin DI, Decker BJ, Sokol E, Huang R, Ross JS. Clinically advanced 
penile (pSCC) and male urethral (uSCC) squamous cell carcinoma: A com-
parative genomic profiling (CGP) study. Am Soc Clin Oncol. 2021;39:2–2. 
https://​doi.​org/​10.​1200/​JCO.​2021.​39.6_​SUPPL.2.

	54.	 Gkountakos A, Pilotto S, Mafficini A, Vicentini C, Simbolo M, Milella M, 
Tortora G, Scarpa A, Bria E, Corbo V. Unmasking the impact of Rictor in 
cancer: novel insights of mTORC2 complex. Carcinogenesis. 2018;39:971–
80. https://​doi.​org/​10.​1093/​carcin/​bgy086. (cited Dec 22 2021).

	55.	 Kim SK, Kim JH, Han JH, Cho NH, Kim SJ, Kim S Il, Choo SH, Kim JS, Park B, 
Kwon JE. TERT promoter mutations in penile squamous cell carcinoma: 
high frequency in non-HPV-related type and association with favorable 
clinicopathologic features. J Cancer Res Clin Oncol. Springer; 2021 147: 
1125. https://​doi.​org/​10.​1007/​S00432-​021-​03514-9.

	56.	 Ryan J, Tivnan A, Fay J, Bryan K, Meehan M, Creevey L, Lynch J, Bray IM, 
O’Meara A, Davidoff AM, Stallings RL. MicroRNA-204 increases sensitivity 
of neuroblastoma cells to cisplatin and is associated with a favourable 
clinical outcome. Br J Cancer. 2012;107:967–76. https://​doi.​org/​10.​1038/​
BJC.​2012.​356. (cited May 2 2022).

	57.	 Lorenz M, Hermann M, Maike De Wit M, Tamm P-D. NTRK Inhibitoren Februar 
2020 (korrigierte Version). [cited 2022 Mar 14]; . Available from www.​dgho.​de

	58.	 Adimonye A, Stankiewicz E, Kudahetti S, Trevisan G, Tinwell B, Corbishley C, Lu 
YJ, Watkin N, Berney D. Analysis of the PI3K-AKT-mTOR pathway in penile can-
cer: evaluation of a therapeutically targetable pathway. Oncotarget. Impact 
Journals, LLC; 2018 9: 16074. https://​doi.​org/​10.​18632/​ONCOT​ARGET.​24688.

	59.	 Fallahi H, Godini R. System-level responses to cisplatin in pro-apoptotic 
stages of breast cancer MCF-7 cell line. Comput Biol Chem. Comput Biol 
Chem; 2019 83. https://​doi.​org/​10.​1016/J.​COMPB​IOLCH​EM.​2019.​107155.

	60.	 Whale AD, Colman L, Lensun L, Rogers HL, Shuttleworth SJ. Functional 
characterization of a novel somatic oncogenic mutation of PIK3CB. Signal 
Transduct Target Ther. 2017;2:1–9. https://​doi.​org/​10.​1038/​sigtr​ans.​2017.​
63. (cited Mar 15 2022).

	61.	 Huang YH, Cai K, Xu PP, Wang L, Huang CX, Fang Y, Cheng S, Sun XJ, Liu 
F, Huang JY, Ji MM, Zhao WL. CREBBP/EP300 mutations promoted tumor 
progression in diffuse large B-cell lymphoma through altering tumor-
associated macrophage polarization via FBXW7-NOTCH-CCL2/CSF1 axis. 
Signal Transduct Target Ther. Signal Transduct Target Ther; 2021 [cited 
2022 May 2]; 6. https://​doi.​org/​10.​1038/​S41392-​020-​00437-8.

	62.	 Mullighan CG, Zhang J, Kasper LH, Lerach S, Payne-Turner D, Phillips LA, 
Heatley SL, Holmfeldt L, Collins-Underwood JR, Ma J, Buetow KH, Pui CH, 
Baker SD, et al. CREBBP mutations in relapsed acute lymphoblastic leu-
kaemia. Nature. 2011;471:235–41. https://​doi.​org/​10.​1038/​NATUR​E09727. 
(cited May 2 2022).

	63.	 Zhang N, Shi J, Shi X, Chen W, Liu J. Mutational characterization and 
potential prognostic biomarkers of chinese patients with esophageal 
squamous cell carcinoma. Onco Targets Ther. 2020;13:12797–809. https://​
doi.​org/​10.​2147/​OTT.​S2756​88. (cited May 2 2022).

	64.	 Rahman S, Canny MD, Buschmann TA, Latham MP. A Survey of Reported 
Disease-Related Mutations in the MRE11-RAD50-NBS1 Complex. Cells. 
Multidisciplinary Digital Publishing Institute (MDPI); 2020 [cited 2022 Mar 
15]; 9. https://​doi.​org/​10.​3390/​CELLS​90716​78.

	65.	 Alblihy A, Alabdullah ML, Toss MS, Algethami M, Mongan NP, Rakha EA, 
Madhusudan S. RAD50 deficiency is a predictor of platinum sensitivity in 
sporadic epithelial ovarian cancers. Mol Biomed. Mol Biomed; 2020 [cited 
2022 May 2]; 1. https://​doi.​org/​10.​1186/​S43556-​020-​00023-Y.

	66.	 Suwaki N, Klare K, Tarsounas M. RAD51 paralogs: Roles in DNA damage 
signalling, recombinational repair and tumorigenesis. Semin Cell Dev Biol 
Elsevier Ltd. 2011;22:898–905. https://​doi.​org/​10.​1016/J.​SEMCDB.​2011.​07.​019.

	67.	 Golmard L, Caux-Moncoutier V, Davy G, Al Ageeli E, Poirot B, Tirapo C, 
Michaux D, Barbaroux C, d’Enghien CD, Nicolas A, Castéra L, Sastre-Garau 
X, Stern MH, et al. Germline mutation in the RAD51B gene confers pre-
disposition to breast cancer. BMC Cancer. 2013;13:484. https://​doi.​org/​10.​
1186/​1471-​2407-​13-​484. (cited Mar 16 2022).

https://doi.org/10.3390/IJMS23010251
https://doi.org/10.1038/s41598-020-71810-4
https://doi.org/10.1038/s41598-020-71810-4
https://doi.org/10.1002/IJC.32373
https://doi.org/10.3892/OR_00000692
https://doi.org/10.1038/CDDIS.2011.129
https://doi.org/10.1038/CDDIS.2011.129
https://doi.org/10.1080/10409238.2021.1881433
https://doi.org/10.4251/WJGO.V14.I1.253
https://doi.org/10.4251/WJGO.V14.I1.253
https://doi.org/10.1172/JCI154095
https://doi.org/10.1016/J.LUNGCAN.2021.07.011
https://doi.org/10.3390/CANCERS14051245
https://doi.org/10.3390/CANCERS14051245
https://doi.org/10.4155/FMC-2020-0240
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1186/S13046-021-02093-4
https://doi.org/10.1186/S13046-021-02093-4
https://doi.org/10.3390/CANCERS12051080
https://doi.org/10.1177/1010428317695931/ASSET/IMAGES/LARGE/10.1177_1010428317695931-FIG2.JPEG
https://doi.org/10.1177/1010428317695931/ASSET/IMAGES/LARGE/10.1177_1010428317695931-FIG2.JPEG
https://doi.org/10.1177/1010428317695931/ASSET/IMAGES/LARGE/10.1177_1010428317695931-FIG2.JPEG
https://doi.org/10.1002/CYTO.B.20450
https://doi.org/10.1002/CYTO.B.20450
https://doi.org/10.1159/000495251
https://doi.org/10.1159/000495251
https://doi.org/10.1200/JCO.2021.39.6_SUPPL.2
https://doi.org/10.1093/carcin/bgy086
https://doi.org/10.1007/S00432-021-03514-9
https://doi.org/10.1038/BJC.2012.356
https://doi.org/10.1038/BJC.2012.356
http://www.dgho.de
https://doi.org/10.18632/ONCOTARGET.24688
https://doi.org/10.1016/J.COMPBIOLCHEM.2019.107155
https://doi.org/10.1038/sigtrans.2017.63
https://doi.org/10.1038/sigtrans.2017.63
https://doi.org/10.1038/S41392-020-00437-8
https://doi.org/10.1038/NATURE09727
https://doi.org/10.2147/OTT.S275688
https://doi.org/10.2147/OTT.S275688
https://doi.org/10.3390/CELLS9071678
https://doi.org/10.1186/S43556-020-00023-Y
https://doi.org/10.1016/J.SEMCDB.2011.07.019
https://doi.org/10.1186/1471-2407-13-484
https://doi.org/10.1186/1471-2407-13-484


Page 14 of 14Winkelmann et al. BMC Cancer         (2022) 22:1352 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	68.	 Liu LZ, Zhou XD, Qian G, Shi X, Fang J, Jiang BH. AKT1 amplification 
regulates cisplatin resistance in human lung cancer cells through 
the mammalian target of rapamycin/p70S6K1 pathway. Cancer Res. 
2007;67:6325–32. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​06-​4261. (cited 
Jan 11 2022).

	69.	 Yang C, Zhang Z, Tang X, Zhang X, Chen Y, Hu T, Zhang H, Guan M, Zhang 
X, Wu Z. Pan-cancer analysis reveals homologous recombination defi-
ciency score as a predictive marker for immunotherapy responders. Hum 
Cell. 2022;35:199–213. https://​doi.​org/​10.​1007/​s13577-​021-​00630-z. (cited 
Mar 31 2022).

	70.	 Pfarr N, Merkelbach-Bruse S. Homologous recombination repair 
deficiency as a predictive biomarker: Basic mechanisms and detection 
methods. Pathologe. 2021;42:391–8. https://​doi.​org/​10.​1007/​S00292-​021-​
00950-9/​FIGUR​ES/2. (cited Mar 29 2022).

	71.	 Hladek L, Bankov K, von der Grün J, Filmann N, Demes M, Vallo S, Wild PJ, 
Winkelmann R. Tumor-associated immune cell infiltrate density in penile 
squamous cell carcinomas. Virchows Arch. Virchows Arch; 2022 [cited 
2022 Mar 31]; https://​doi.​org/​10.​1007/​S00428-​022-​03271-1.

	72.	 Vormittag-Nocito E, Groth J V., Mohapatra G. Next generation sequencing 
of cervical high grade dysplasia and invasive squamous cell carcinoma: 
A case study. Pathol - Res Pract. Urban Fischer; 2020; 216 152863. https://​
doi.​org/​10.​1016/J.​PRP.​2020.​152863.

	73.	 Lotan TL, Kaur HB, Salles DC, Murali S, Schaeffer EM, Lanchbury JS, Isaacs 
WB, Brown R, Richardson AL, Cussenot O, Cancel-Tassin G, Timms KM, 
Antonarakis ES. Homologous recombination deficiency (HRD) score 
in germline BRCA2- versus ATM-altered prostate cancer. Mod Pathol. 
2021;34:1185–93. https://​doi.​org/​10.​1038/​s41379-​020-​00731-4. (cited Mar 
29 2022).

	74.	 Rempel E, Kluck K, Beck S, Ourailidis I, Kazdal D, Neumann O, Volckmar AL, 
Kirchner M, Goldschmid H, Pfarr N, Weichert W, Hübschmann D, Fröhling 
S, et al. Pan-cancer analysis of genomic scar patterns caused by homolo-
gous repair deficiency HRD. NPJ Precis Oncol 2022 6. https://​doi.​org/​10.​
1038/​S41698-​022-​00276-6.

	75.	 Rose M, Burgess JT, O’Byrne K, Richard DJ, Bolderson E. PARP Inhibitors: 
Clinical Relevance, Mechanisms of Action and Tumor Resistance. Front 
cell Dev Biol. 2020 8. https://​doi.​org/​10.​3389/​FCELL.​2020.​564601.

	76.	 Gallyas F, Sumegi B, Szabo C. Role of Akt Activation in PARP Inhibitor 
Resistance in Cancer. Cancers Basel 2020 12. https://​doi.​org/​10.​3390/​
CANCE​RS120​30532.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1158/0008-5472.CAN-06-4261
https://doi.org/10.1007/s13577-021-00630-z
https://doi.org/10.1007/S00292-021-00950-9/FIGURES/2
https://doi.org/10.1007/S00292-021-00950-9/FIGURES/2
https://doi.org/10.1007/S00428-022-03271-1
https://doi.org/10.1016/J.PRP.2020.152863
https://doi.org/10.1016/J.PRP.2020.152863
https://doi.org/10.1038/s41379-020-00731-4
https://doi.org/10.1038/S41698-022-00276-6
https://doi.org/10.1038/S41698-022-00276-6
https://doi.org/10.3389/FCELL.2020.564601
https://doi.org/10.3390/CANCERS12030532
https://doi.org/10.3390/CANCERS12030532

