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Coiled-coil domain containing 6 (CCDC6) is a tumour suppressor gene involved in apoptosis and DNA damage 
response. CCDC6 is known to be functionally impaired upon gene fusions, somatic mutations, and altered protein 
turnover in several tumours. Testicular germ cell tumours are among the most common malignancies in young 
males. Despite the high cure rate, achieved through chemotherapy and/or surgery, drug resistance can still occur. 
In a human cellular model of testis Embryonal Carcinoma, the deficiency of CCDC6 was associated with defects 
in DNA repair via homologous recombination and sensitivity to PARP1/2 inhibitors. Same data were obtained 
in a panel of murine testicular cell lines, including Sertoli, Spermatogonia and Spermatocytes. In these cells, 
upon oxidative damage exposure, the absence of CCDC6 conferred tolerance to reactive oxygen species affecting 
regulated cell death pathways by apoptosis and ferroptosis. At molecular level, the loss of CCDC6 was associated 
with an enhancement of the xCT/SLC7A11 cystine antiporter expression which, by promoting the accumulation 
of ROS, interfered with the activation of ferroptosis pathway. In conclusion, our data suggest that the CCDC6 
downregulation could aid the testis germ cells to be part of a pro-survival pathway that helps to evade the toxic 
effects of endogenous oxidants contributing to testicular neoplastic growth. Novel therapeutic options will be 
discussed.
1. Introduction

Testicular germ cell tumours (TGCTs) represent one of the most 
common malignancies in young men [1]. TGCTs are divided into pure 
seminoma and nonseminomatous germ cell tumours [2], which include 
embryonal cell carcinoma, choriocarcinoma, yolk sac tumour and ter-

atoma.

In the differentiation process, the death or survival of the differ-

ent populations of the testis depends on the balance between survival 
and regulated cell death signals in response to reactive oxygen species. 
Among the regulated cell death programmes, ferroptosis has been re-

cently characterized as an iron- and lipid reactive oxygen species (ROS)-

dependent form of death, distinct from other patterns of regulatory cell 
death at the morphological, biological, and genetic levels [3, 4]. Emerg-

ing evidence suggests critical roles for ferroptosis in various diseases, 
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including cancers [5]. Moreover, ferroptosis can be inhibited in differ-

ent cancer types and may function as a dynamic tumour suppressor in 
cancer development, also suggesting that the regulation of ferroptosis 
can be utilized as an interventional target for tumour treatment [6].

The molecular mechanisms at basis of the TGCTs are poorly under-

stood [7]. In these tumours, the rate of reported somatic mutations is 
low, despite the high levels of aneuploidy. Expression of the KIT tyro-

sine kinase is critical for normal germ cell development and is observed 
in the majority of seminoma [8]. In these tumours the KIT oncogene 
is the most frequently mutated gene, with a rate of mutations ranging 
from 18% to 31%, and exon 17 is the most affected region, mainly 
on D816 residue [9]. Mutations in codon 12, 13, and 61 of KRAS 
and NRAS, which cause a decrease in GTPase activity, with a conse-

quent constitutive activation of the encoded proteins, have been also 
described, albeit with a lower frequency [10, 11, 12].
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Interestingly, the TGCTs represent the most chemosensitive solid tu-

mours [13]. However, the mechanisms behind their sensitivity, mostly 
related to an insufficient DNA repair of cisplatin-induced DNA adducts, 
and to a hypersensitive apoptotic response, remain elusive. The cytotox-

icity of cisplatin can be ascribed to defective double strand break (DSB) 
repair by homologous recombination (HR). An impairment of DNA 
DSBs repair by HR could also determine sensitivity to Poly(ADP-ribose) 
polymerase (PARP) inhibitors. Indeed, a high sensitivity to PARP in-

hibitors, alone or in combination with cisplatin, have been reported in 
a panel of TGCTs cell lines, letting envisage an additional therapeutic 
approach to utilize in tumours testis [14]. Nevertheless, there is an ur-

gent need to identify specific and reliable biomarkers able to predict 
the PARP-inhibitors sensitivity.

In response to DNA damage, the recruitment of the Serine/Threo-

nine (S/T) ATM kinase at sites of DNA breaks leads to the activation 
of the (S/T) ATM kinase signaling with phosphorylation of nearly 700 
substrates, which include MDM2, p53, and also the Coiled Coil Do-

main Containing 6 (CCDC6) gene products [15]. The tumour suppressor 
CCDC6 is a ubiquitously expressed nuclear and cytosolic protein, phos-

phorylated at Serine 244 residue by ERK1/2 and able to induce apop-

tosis. CCDC6 is known to be functionally lost upon gene translocations, 
somatic mutations, and altered protein levels in several tumours [16]. 
Additionally, the in vitro conditional expression of CCDC6 truncated mu-

tants, which act as dominant negative of the endogenous wild type pro-

tein, determines tolerance to oxidative damage in cancer cells, impair-

ing the stress-induced cell death [15, 16, 17]. In response to genotoxic 
stress CCDC6, phosphorylated by the (S/T) ATM kinase at the residue 
Thr434, translocates to the nucleus where it participates to the homol-

ogous recombination machinery through the histone H2AX phosphory-

lation by negatively regulating the PP4c phosphatase activity [18]. The 
impairment of ERK1/2-mediated Serine 244 phosphorylation and of 
ATM-mediated Threonine 434 phosphorylation on CCDC6 protein, re-

sult in tolerance to oxydative and genotoxic stress, affecting the CCDC6 
proapoptotic activity and its involvement in DNA Damage Response

(DDR). Most importantly, preclinical studies indicate that the attenua-

tion of CCDC6 in lung, pleural, prostate and bladder cancer determines 
cells sensitivity to inhibitors of PARP1/2 enzymes [19, 20, 21, 22].

In this work our intent has been to investigate the expression lev-

els of CCDC6 in several cellular models of murine testis, where CCDC6 
showed different level of expression. Notably, the CCDC6 deficiency, 
which associates with an impairment of the HR DNA DSBs repair, deter-

mined PARP inhibitor sensitivity in testicular cancer models. Moreover, 
the CCDC6 depletion conferred tolerance to oxidative damage, resulting 
associated with enhanced expression and activity of the xCT/SLC7A11 
cystine antiporter [23, 24], leading to evasion of regulated cell death 
pathways of apoptosis and ferroptosis.

In the present investigation we tested the hypothesis that the CCDC6 
loss may contribute to the testicular germ cell transformation process. 
In the future, a better understanding of the mechanisms which associate 
CCDC6 with ferroptosis could provide references for novel potential tar-

gets to use in the treatment of testicular cancers.

2. Materials and methods

2.1. Cell lines, drugs and chemicals

Human Embryonal Carcinoma cell line NTERA-2 and the murine 
testicular cell lines TM4 (Sertoli), GC-1 (Spermatogonia), and GC-2 
(Spermatocytes) were maintained in DMEM (Gibco, Paisley, UK), sup-

plemented with 10% fetal bovine serum (FBS; Gibco BRL, Italia), 1% L-

Glutamine and 1% of penicillin – streptomycin (Gibco, Paisley, UK) [25, 
26, 27, 28]. Olaparib (AZD2281) and P005091 were provided by Sell-

eckChem. Cycloheximide, cisplatinum, H2O2 (H1009), erastin (E7781), 
ferrostatin-1 (SML0583) and desferoxamine (D9533) were from Sigma-

Aldrich, Inc (St. Louis, CA, USA). Z-VAD-fmk (FMK001) was from Med-

ChemExpress.
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2.2. Reagents and antibodies

For the biochemical analysis the following antibodies were utilized: 
anti-CCDC6 (ab56353) Abcam, (Cambridge, UK), anti-tubulin (T6557) 
Sigma-Aldrich, anti-PCNA (NANO3), anti-USP7 (A300-033A) Bethyl, 
Inc (Montgomery, TX, USA), anti-xCT/SLC7A11 (D2M7A) Cell Signal-

ing, Inc (Danvers, MA, USA) and anti-Myc clone 9E10 (sc-40) Santa 
Cruz Biotechonology, Inc (Dallas, TX, USA). For the immunoistochem-

ical analysis the antibodies anti-CCDC6 (HPA 019051), from Sigma-

Aldrich, and the anti-xCT/SLC7A11 (D2M7A), from Cell Signaling, were 
utilized. The secondary antibodies were from Biorad (Hercules, CA, 
USA).

2.3. Sensitivity test and design for drug combination

Antiproliferative activity was determined by the CellTiter 96 AQue-

ous One Solution Cell Proliferation Assay (Promega), in terms of 50% 
inhibitory concentration (IC50) values. The cells were plated in tripli-

cate in 96-well plates at a density of 1000 cells per well, and contin-

uously exposed to each drug for 144h. Each assay was performed in 
triplicate and IC50 values were expressed as mean +/- standard devia-

tion.

2.4. Cell viability assay

The cells were plated in triplicate in 96-well plates at a density of 
1000 cells per well and treated for 18h with H2O2 or Erastin in pres-

ence or not of Z-VAD-fmk, ferrostatin-1, deferoxamine. Cell viability 
was determined by the CellTiter 96 AQueous One Solution.

2.5. Protein extract and western blot analysis

Total cell extracts (TCE) were prepared with lysis buffer (50 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% Na Deoxy-

cholate, 0.1% SDS) and a mix of protease inhibitors. Protein con-

centration was estimated by a modified Bradford assay (Biorad). For 
Western blotting, cell lysates were separated by SDS-PAGE (10% poly-

acrylamide) and the proteins were transferred to a PVDF membrane. 
Membranes were blocked with 5% TBS-BSA and incubated with the 
primary antibodies. Immunoblotting experiments were carried out ac-

cording to standard procedures and visualized using the ECL chemilu-

minescence system (Amersham, Little Chalfont, UK/Pharmacia Biotech, 
Milano, Italy). As a control for equal loading of protein lysates, the blot-

ted proteins were probed with antibody against anti tubulin protein.

2.6. Plasmids and transfection

pcDNA4ToA -ev (empty vector), -mycCCDC6wt (wildtype), and -

mycCCDC6T434A (mutant) plasmids were transfected with the FuGene 
HD (Promega) reagent. The mutant pcDNA4ToA-mycCCDC6T434A was 
generated as previously described [15]. CCDC6 shRNA (pLKO.1 puro) 
was from Sigma-Aldrich, Inc. Human NTERA-2 embryonal carcinoma 
cells and murine GC-1 cells were transfected with a pool of nontarget-

ing vector (ShCTRL) or with a plasmid pool (shCCDC6, NM_005436) or 
(shCcdc6, NM_001111121.1) by Nucleofection for 48 hours, to obtain 
transient human or murine CCDC6 silencing, respectively. The pDR-GFP 
reporter plasmid is based on a construct developed by M. Jasin [29] and 
contains two mutated GFP genes separated by a puromycin drug selec-

tion marker.

2.7. HR assay

The cells were plated in a 60 mm plate and transfected with the pDR-

GFP reporter alone (as negative control) or together with the pCAGGS-

I-SceI plasmid, by the FuGene HD (Promega) reagent. After 48 hours 
cells were collected and analyzed by FACS analysis with BD Accuri C6 
Flow Cytometer (BD Bioscience, Canada).
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2.8. Real-time PCR

PCR reactions were performed on RNA isolated from cell lines us-

ing RNeasy Mini Kit (Qiagen) and reverse-transcribed using MuLV RT 
(Invitrogen). qRT-PCR was performed with Syber Green (Biorad) us-

ing the following primers: CCDC6 forward ggagaaagaaacccttgctg and 
reverse: tcttcatcagtttgttgacctga; mouse SLC7A11, forward gattcatgtcca-

caagcacac and reverse agagcatcaccatcgtcaga; human SLC7A11 forward 
gcgtgggcatgtctctgac and reverse gctggtaatggaccaaagacttc.

2.9. Immunohistochemistry

The adult murine sections of normal testis (4 μm) were immunos-

tained with the antibodies anti-CCDC6 (HPA 019051), from Sigma-

Aldrich, or with anti-xCT/SLC7A11 (D2M7A) (Cell Signaling) [22, 30]. 
IHC-stained glass slides were digitalized at 40x using the Leica Ape-

rio AT2 slide scanner (Leica Biosystems) [31]. WSI images in .svs file 
format were analysed with QuPath platform [32]. The study was per-

formed according to the Declaration of Helsinki and in agreement with 
the Italian and European laws on retrospective analyses on routine 
archival FFPE-tissue.

2.10. Cell blocks

Cells were seeded in 100 mm plates and collected at confluence, 
resuspended in 10% formalin and fixed for 12 hours before process-

ing. Cell block preparation was performed according to manufacturer’s 
instructions (7401150 - Thermo Fisher Scientific, UK) Samples were 
centrifuged for 1 minute at 2.5 rpm and supernatant discarded. Reagent 
2 was added to the cell pellet. The Cytoblock cassette, cytoclip and cyto-

funnel were assembled. Three drops of Reagent 1 was added into centre 
of well of Cytoblock cassette and spun (cytospin) at 1500 rpm for 5 
minutes on low acceleration. The Cytoblock cassette was closed and 
processed in the standard tissue processor [33].

2.11. GSH assay

GSH levels were detected using a GSH-Glo Glutathione Assay 
(Promega) following the manufacturer’s instructions. Briefly, 1,000 
cells per well were seeded in a 96-well plate 1 day before analysis. 
The culture medium from the wells was carefully removed, and 100 μl 
of prepared 1 × GSH-Glo Reagent was added, followed by incubation 
at room temperature for 30 min. Next, 100 μl of reconstituted Luciferin 
Detection Reagent was added to each well. After 20 min, luminescence 
was measured using a Gen5 Microplate reader. A standard curve for 
GSH concentration was generated, and exact GSH concentrations in 
different cell lines were calculated based on a GSH standard curve ac-

cording to the manufacturer’s instructions.

2.12. Lipid peroxidation assay

Lipid peroxidation levels were measured by BODIPY 581/591 C11 
dye (Invitrogen, D3861). Briefly, cells were incubated in a 60 mm dish 
containing 5 μM BODIPY. After incubation for 30 min at 37 °C, cells 
were washed with PBS and trypsinized, then subjected to flow cytome-

try analysis using an Accuri C6 flow cytometer.

3. Results

3.1. Human Embryonal Carcinoma (EC) NTERA-2 cells and mouse 
testicular cells express different amount of CCDC6 at mRNA and protein 
level

An immunohistochemical analysis to evaluate CCDC6 intensity of 
staining was performed on serial section of normal adult mouse testis. 
CCDC6 was observed in the germinal epithelium, particularly in the 
3

spermatogonia cells, which represent the basal compartment of the 
seminiferous tubule, anchored to the basal membrane. The CCDC6 
detection was poorer in the spermatocytes and spermatids. The Ser-

toli cells, which are essential element of the seminiferous tubule as 
they structurally sustain the germ cells and supply them with nutri-

ents, exhibited a barely appreciable amount of CCDC6, which is even 
less evident in the spermatozoa (Fig. 1 A, B). Then, by taking advan-

tage of murine testicular cell lines corresponding to different types of 
testicular cell population, we evaluated the CCDC6 expression levels 
in protein extracts from in vitro Spermatogonia (GC-1), Spermatocytes 
(GC-2), and Sertoli (TM4) cells by western blot analysis (Fig. 1 E). The 
CCDC6 expression levels in testis cell lines tended to be consistent with 
the intensity of staining of the primary cells of the murine testis. Ap-

preciable amount of CCDC6 was also detected at western blot in the 
NTERA-2 cells, a human cellular model of testis Embryonal Carcinoma 
(Fig. 1 E). Quantitative real time PCR analysis showed a good number 
of transcripts for CCDC6 in the NTERA-2 cells, as well as in GC-1 Sper-

matogonia cells. On the contrary, GC-2 spermatocytes and TM4 Sertoli 
cells showed low amount of transcripts for CCDC6 suggesting that the 
loss of CCDC6 protein in this cell types, might not be dependent on 
post-translational mechanism (Fig. 1 F).

3.2. Pharmacological inhibition of USP7 affects CCDC6 stability and 
impairs homology-directed repair (HDR) in Human Embryonal Carcinoma 
(EC) and murine testis cells

CCDC6 stability is dependent on the USP7 de-ubiquitinase activity, 
which if pharmacological inhibited, by P5091, increases the turnover of 
the CCDC6 gene product [34, 35]. Moreover, the P5091 preclinical use 
has been recently reported in lung, pleural, prostate and bladder cancer 
cells, also in combination with PARP inhibitors [22, 36, 37]. Appre-

ciable levels of CCDC6 and USP7 proteins were detected in NTERA-2 
human Embryonal Carcinoma and in the murine GC-1 spermatogonia 
cells, while nearly undetectable amount was observed in GC-2 sperma-

tocytes and TM4 Sertoli cells (Fig. 1 E). Upon treatment with P5091, 
followed by the addiction of cycloheximide, the CCDC6 half-life was re-

duced, as revealed at the immunoblot anti-CCDC6 in NTERA-2 and GC-1 
cells (Fig. 2 A, B). Low levels of CCDC6 have been reported associated 
with an impairment of HR mechanisms [38]. In order to assess the effi-

cacy of HR repair, the murine testicular cells and the human NTERA-2 
EC cells, left untreated or following pretreatment with P5091, depend-

ing on the CCDC6 expression levels, were transfected with the DR-GFP 
reporter plasmid alone, as a control, or together with the I-SceI plas-

mid, able to induce DSBs. The ability to repair the DSBs by HR was 
measured by flow cytometry and the frequency of HR was reported as a 
percentage of GFP positive cells. In the CCDC6 proficient NTERA-2 EC 
and GC-1 spermatogonia cells, the treatment with USP7 inhibitor P5091 
determined a significant decrease of the GFP positive cells, compared to 
non-treated cells suggesting that the reduction of CCDC6 levels affected 
the DNA repair by HR (Fig. 2 C, D). An impairment to repair the DSBs 
by HR was also observed in the spontaneously null spermatocytes GC-2 
and Sertoli TM4 cells, that was reverted upon the myc-CCDC6 transient 
expression in the GC-2 and TM4 (Fig. 2 E, F), as well as in the P5091-

treated, NTERA-2 EC and GC-1 cells indicating a specific role of CCDC6 
on these matters (Fig. 2 C-F).

3.3. Human Embryonal Carcinoma (EC) NTERA-2 cells exhibit differential 
sensitivities to PARP-inhibitors, depending on CCDC6 expression levels

Testicular germ cell tumours are chemosensitive with very high 
cure-rates even in the metastatic setting. However, patients resistant to 
platinum and with relapsing tumours have very poor outcome. No effec-

tive alternative therapies are available, highlighting the need for novel 
targeted therapies. Recently, the DDR pathway has been investigated 
as clinical target, since the TGCTs are characterized by defective repair 
of DNA DSBs and the targeting of the DDR components may provide a 
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Fig. 1. Immunohistochemical staining for CCDC6 and xCT/SLC7A11 proteins in adult mouse testis (DAB tecnique). A representative seminiferous tubule showing 
CCDC6 stronger expression in the basal germ cells (A, 20x; B, 40x) while xCT/SLC7A11 protein expression pattern is reverted (C, 20x; D, 40x). (E) Western Blot 
analysis of CCDC6 and USP7 expression levels in human NTERA-2 Embryonal Carcinoma cells, and in murine GC-1 Spermatogonia, GC-2 Spermatocytes and TM4 
Sertoli cells. Tubulin is shown as loading control. (F) CCDC6 relative expression was assessed by RealTime PCR in the human NTERA-2 EC cells and in the murine 
GC-1, GC-2, and TM4 cells, as indicated. Statistical significance was verified by 2-tailed Student’s t-test (* p <0.05; ** p <0.01 and *** p <0.001).
therapeutic opportunity. Indeed, the use of PARP1/2 ihibitors in can-

cer cells bearing DDR defects has been gaining always more attention 
[39], and in vitro data has shown that the treatment of TGCTs cells with 
PARP inhibitor olaparib are able to sensitize testicular cancer cells to 
cisplatin treatment, and in particular in case of cisplatinum resistance 
[14]. However, tumour biomarkers capable to predict the sensitivity 
to PARP inhibitors are highly envisaged but still missing. Since the 
HR defect is accompanied by sensitivity to PARP inhibitors, we aimed 
to characterise and quantify the outcomes of CCDC6 downregulation 
on olaparib sensitivity in cancer testicular cells by measuring cellular 
metabolic activity as an indicator of cell viability. To do so, we lowered 
CCDC6 protein levels by USP7 inhibitor P5091 and assessed sensitivity 
to a range of olaparib concentrations (Fig. 3 A, B). Similarly, cisplatin 
sensitivity was also assessed. High cytotoxic effects were achieved in 
P5091 pre-treated NTERA-2 cells when exposed to olaparib, whose sen-

sitivity improved roughly of 3 times compared to controls (NTERA-2: 
IC50 1.41 μM -/+ 1.10 versus, in presence of P5091 at 2.5 μM, IC50 
0.52 μM -/+ 0.05). Similarly, chemical downregulation of CCDC6 by 
P5091 leads to improved sensitivity to olaparib in spermatogonia GC-1 
cells (IC50 5.69 μM -/+ 0.08 versus, in presence of P5091 at 2.5 μM, 
4

IC50 1.76 μM -/+ 0.07). Furthermore, sensitivity to cisplatin was also 
affected by P5091 in NTERA-2 cells (IC50 0.40 μM -/+ 0.05 versus 
0.03 μM -/+ 0.09) and in GC-1 cells (IC50 0.11 μM -/+ 0.04 ver-

sus 0.07 μM -/+ 0.12). The results of the combined treatment seemed 
to be extremely relevant when we analyzed the Dose Reduction Index 
(DRI) that in clinical setting leads to reduced toxicity toward the host, 
while the therapeutic efficacy is retained [40]. Interestingly, in these 
cells, by combining P5091 and olaparib, we obtained a DRI >1, that 
suggested a great dose reduction, with reduced toxicity while retain-

ing the therapeutic effect (Fig. 3 A). The chemical depletion of CCDC6 
in combination with cisplatin treatment, also determined a DRI >1 in 
NTERA-2 and GC-1 cells (Fig. 3 A). Overlapping results were also ob-

tained after silencing of CCDC6 with human shRNA in NTERA-2 cells 
and murine shRNA in GC-1 cells (Supplementary Figure 1).

Of note, the CCDC6 natively null GC-2 and TM4 cells exhibited ola-

parib sensitivity, which was impaired upon CCDC6 reconstitution fol-

lowing mycCCDC6 transient transfection (GC-2: IC50 1.59 μM -/+ 0.12 
versus, in presence of myc-CCDC6, IC50 2.31 μM -/+ 0.05; TM4: IC50 
1.55 μM -/+ 0.09 versus, in presence of myc-CCDC6, IC50 2.74 μM 
-/+ 0.06). These observations suggest that the response to the PARP 
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Fig. 2. Pharmacological inhibition of USP7 affects CCDC6 stability and impairs homology-directed repair in Human Embryonal Carcinoma (EC) and murine cells 
of the testis. (A) Human NTERA-2 EC cells and (B) murine GC-1 Spermatogonia cells were pre-treated with either vehicle or P5091 (12.5 μM) for 4 h, followed 
by the addition of cycloheximide (CHX) at 50 μg/ml for the indicated times. Total proteins lysates were subjected to immunoblot analysis using anti-CCDC6 or 
anti-PCNA antibodies, as loading control. (C) The Human NTERA-2 EC cells and (D) the murine GC-1 Spermatogonia cells, silenced for CCDC6 upon pre-treatment 
with either vehicle or P5091 (2.5 μM) for 4 h were transfected with DR-GFP alone, as control, or together with the I-SceI enzyme. The percentages of GFP positive 
cells, compared to controls, were plotted as histograms, representative of the mean of three independent experiments. Error bars indicate the measurement of the 
standard error mean. (E) The spontaneously CCDC6 null murine TM4 Sertoli cells and (F) GC-2 Spermatocytes were transiently transfected with DR-GFP alone, as 
control, or together with the I-SceI enzyme and the HR-reporter assay was performed. The percentages of GFP positive cells, compared to controls, were plotted as 
histograms representative of three independent experiments. Error bars indicate the standard error mean. (C-F) For the rescue experiments, the human and murine 
cells were transiently transfected with myc-CCDC6 wild type, and exogenous myc-CCDC6 was assessed at Western Blot by the anti-myc antibody. Endogenous and 
exogenous CCDC6 were also revealed at anti-CCDC6 immunoblot. Anti-tubulin immunoblots are shown as loading control. Statistical significance was verified by 
2-tailed Student’s t-test (* p <0.05; ** p <0.01 and *** p <0.001).
5
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Fig. 3. Human NTERA-2 Embryonal Carcinoma (EC) cells and murine cells of the testis exhibited differential sensitivities to PARP-inhibitors, depending on CCDC6 
expression levels. Surviving fractions of (A) NTERA-2 and GC-1 cells and (B) GC-2 and TM4 cells treated with olaparib at the indicated doses for 144 h, in presence 
or absence of P5091 are shown. A Drugs sensitivity to olaparib and cisplatin, in presence or absence of P5091, was determined in human NTERA-2 EC cells and (B) 
in murine GC-1 spermatogonia cells by a modified 3-(4,5-dimethylthiazole-2-yl)-2-5-diphenyltetrazolium bromide assay, CellTiter 96 Aqueous One Solution assay 
(Promega), and expressed as IC50, i.e. the value that allows 50% of the inhibitory concentration. The Dose Reduction Index (DRI) for each drug reported in the table 
resulted >1, as the dose of olaparib to obtain the 50% Fractional Effect (IC50) resulted reduced upon the association of the P5091 at a fixed dose of 2.5 μM and 
of a range doses of olaparib, as indicated. Drugs sensitivity to olaparib and cisplatin was also determined, in the CCDC6 natively null GC-2 and TM4, in which myc 
CCDC6 or the EV were transiently re-expressed, by the CellTiter 96 Aqueous One Solution assay (Promega), and expressed as IC50, i.e. the value that allows 50% of 
the inhibitory concentration. CCDC6 was assessed at Western Blot by the anti-myc antibody. Anti-tubulin immunoblots are shown as loading control.
inhibitor drugs specifically depended on the CCDC6 levels in the anal-

ysed testicular cells, as already reported in other cell systems [41, 42]. 
The cisplatin sensitivity was poorly modulated by the CCDC6 rescue in 
the murine testicular cells (Fig. 3 B).

3.4. The loss of function of CCDC6 induces tolerance to peroxide 
hydrogen-induced programmed cell death in human NTERA-2 embryonal 
carcinoma cells and in the murine testicular cells

In response to reactive oxygen species, an increasing number of reg-

ulated cell death (RCD) pathways have been characterized, including 
ferroptosis [43]. Moreover, a cross talk between apoptosis and ferrop-

tosis has been recently reported [44]. In our previous work we observed 
that in human thyroid cells the overexpression of CCDC6 was capable 
to promote regulated cell death by apoptosis, while the overexpression 
of CCDC6 mutants or the CCDC6 depletion preserved cells viability, 
inducing tolerance to oxidative and genotoxic stress [15, 17]. In hu-

man NTERA-2 embryonal carcinoma cells, the CCDC6 depletion, upon 
a transient shCCDC6 transfection, prevented the cells death following 
exposure to hydrogen peroxide, in comparison to the control CCDC6 
proficient cells (shCTRL) in which we observed a decrease of nearly 
50% of the cells viability, limited by the apoptosis inhibitor Z-VAD-fmk 
(Fig. 4 A, left). Interestingly, in control cells, the cell death was also 
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impeded by the iron chelator deferoxamine (DFO) and by the ferrop-

tosis inhibitor Ferrostatin-1 [45]. DFO and Ferrostatin-1 (Ferr-1) did 
not affect viability in CCDC6 depleted, H2O2 treated cells (Fig. 4 A, 
right). The same results were obtained in the murine spermatogonia GC-

1 cells upon CCDC6 chemical silencing by P5091, following hydrogen 
peroxide treatment, compared to vehicle treated cells (Fig. 4 B). Com-

parable results were observed upon P5091 chemical silencing of CCDC6 
in NTERA-2 cells (Supplementary Figure 2 A) and following depletion 
of CCDC6 by murine shRNA in GC-1 cells (Supplementary Figures 2 B).

The viability of the Spermatocyte GC-2 and Sertoli TM4 cells, spon-

taneously null for CCDC6, were preserved following the peroxide hy-

drogen treatment (Fig. 4 C, D). However, in these cells, the transient 
overexpression of myc CCDC6wt, highly affected cells viability, mostly 
dependent on apoptosis and on ferroptosis pathways as reverted by 
Z-VAD-fmk, and by DFO and Ferr-1 pretreatment, respectively. The en-

forced expression of CCDC6 WT in H2O2-treated CCDC6 spontaneously 
null GC-2 and TM4 murine cells, with respect to the control, deter-

mined a nearly 50% of death, that doubles the effect observed in Empty 
Vector (EV) transfected H2O2-treated cells. The enforced expression of 
myc CCDC6T434A in H2O2 treated CCDC6 null GC-2 and TM4 cells, 
compared to control, resulted in 33% of death, significantly lower than 
CCDC6 WT effect (p<0.01) and almost comparable to the effect ob-

served in same cells upon H2O2 treatment and EV transfection. Indeed, 
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Fig. 4. CCDC6 deficiency in human NTERA-2 cells and in the testicular murine cell lines induces ROS tolerance by impairing apoptosis and ferroptosis. Bar graphs 
showing cell viability of CCDC6-silenced (A) human NTERA-2 cells (upon transient transfection with shCCDC6 or control, shCTRL), (B) murine spermatogonia GC-1 
cells (upon addition of P5091 or vehicle) and of CCDC6 natively null (C) murine spermatocytes GC-2 and (D) murine Sertoli TM4 cells (restored with empty vector 
(EV), as control, and with CCDC6wt or CCDC6T434A mutant), treated with ROS (600 μM H2O2) combined with 5 μM Z-VAD-fmk (Z-VAD), 2 μM ferrostatin-1 
(Ferr-1) or 100 μM deferoxamine (DFO). CCDC6 was assessed at Western Blot by the anti-CCDC6 or anti-myc antibodies. Anti-tubulin immunoblots are shown as 
loading control. Error bars are mean ± s.d., of 3 independent repeats. Statistical significance was verified by 2-tailed Student’s t-test (* p <0.05; ** p <0.01 and 
*** p <0.001). In A, B, C, and D percentage numbers have added to each histogram, as shown.
Z-VAD-fmk, Ferrostatin-1 and Deferoxamine treatment insignificantly 
rescued the H2O2-induced cell death in CCDC6T434A H2O2 treated 
CCDC6 null GC-2 and TM4 cells (p >0.05). [15] (Fig. 4 C, D).

In conclusion, the loss of CCDC6 or the overexpression of CCDC6 
point mutant protected the testicular murine and human cancer cells 
from reactive oxygen species by limiting the regulated cell death by 
apoptosis and ferroptosis.
7

3.5. The loss of function of CCDC6 increases resistance to oxidative DNA 
damage by enhancing the xCT/SLC7A11 expression and impairing 
ferroptosis

Ferroptosis is an iron-regulated caspase-independent cell death 
modality that was first reported in 2012 [5]. It is implicated in lipid-

peroxidation induced cell death in a series of diseases, including cancer. 
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Fig. 5. CCDC6 loss associates with enhanced levels of the xCT/SLC7A11 cystine antiporter at RNA and protein levels in human NTERA-2 Embryonal Carcinoma 
and in murine testicular cells. Bar graphs showing cell viability of CCDC6-silenced (A) human NTERA-2 cells (upon transient transfection with shCCDC6 or control, 
shCTRL), (B) murine spermatogonia GC-1 cells (upon addition of P5091 or vehicle) and of CCDC6 natively null (C) murine spermatocytes GC-2 and (D) murine 
Sertoli TM4 cells (restored with empty vector (EV), as control, and with CCDC6 wt or CCDC6T434A mutant), treated with 20 μM erastin combined with 5 μM 
Z-VAD-fmk (Z-VAD), 2 μM ferrostatin-1 (Ferr-1) or 100 μM deferoxamine (DFO). (E-H) xCT/SLC7A11 relative expression was assessed by RealTime PCR in the 
human NTERA-2 EC cells (upon transient transfection with shCCDC6 or control, shCTRL), in the murine GC-1 (upon addition of P5091 or vehicle), and in CCDC6 
natively null GC-2 and TM4 cells (restored with CCDC6wt). Western Blot analysis of xCT/SLC7A11 and CCDC6 expression levels were detected in the same cell 
populations. Anti-tubulin immunoblots are shown as loading control. Error bars are mean ± s.d., of 3 independent repeats. (I) Bar graph showing intracellular GSH 
levels in indicated cells. Statistical significance was verified by 2-tailed Student’s t-test (* p <0.05; ** p <0.01 and *** p <0.001). In A, B, C, and D percentage 
numbers have added to each histogram, as shown.
Ferroptosis is initiated through a loss of activity of the lipid repair en-

zyme, glutathione peroxidase 4 (GPX4) and/or an inhibition of cystine 
uptake, which causes a depletion of glutathione (GSH) and determines a 
lethal accumulation of reactive oxygen metabolites. Solute carrier fam-

ily 7 member 11 (SLC7A11, also called xCT) is the major transporter 
of extracellular cystine [46, 47, 48], and cystine depletion or drugs 
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that block xCT-mediated cystine uptake, such as erastin, induce fer-

roptosis [5, 49]. The genetic depletion of CCDC6, by shCCDC6, made 
the NTERA-2 cells resistant to erastin-induced ferroptosis (Fig. 5 A), as 
well as the CCDC6 chemical silencing, by P5091, protected the sper-

matogonia GC-1 cells, from the erastin induced cell death, compared to 
the control cells (Fig. 5 B). Similar results were retrieved upon CCDC6 
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chemical silencing with P5091 in NTERA-2 cells (Supplementary Fig-

ure 2 C) and following CCDC6 depletion by shRNA in GC-1 murine cells 
(Supplementary Figures 2 D).

In control cells (NTERA-2 shCTRL transfected cells and in vehicle-

treated GC-1 cells) the erastin-induced cell death was largely suppressed 
by the ferroptosis inhibitor ferrostatin or the iron chelator deferoxam-

ine (DFO), while barely inhibited by the apoptosis inhibitor Z-VAD-fmk 
(Fig. 5 A, B). Thus, the CCDC6 deficiency made the testis cells more 
resistant to erastin-induced ferroptosis. Importantly, re-expression of 
the CCDC6wt, but not of its T434A mutant, in natively CCDC6 null 
GC-2 and TM4 cells restored the ferroptosis sensitivity (Fig. 5 C, D). 
The xCT/SLC7A11 expression, upregulated in response to ROS-inducing 
agents, has been implicated in promoting tumourigenesis through its 
antioxidant function, and is directly repressed by p53 and BAP1 [50, 
51, 52, 53, 54, 55]. Moreover, the genetic or pharmacological inhibition 
of xCT/SLC7A11, such as with erastin, hold promise as a therapeutic 
strategy in several tumours [56, 57]. In order to investigate whether 
CCDC6 promotes ferroptosis by modulating xCT/SLC7A11 expression 
and activity, in natively CCDC6 null testicular cells GC-2 and TM4, 
we re-expressed CCDC6wt observing a reduction of the xCT/SLC7A11 
expression at mRNA and protein level. A decrease of GSH levels was de-

tected following CCDC6 re-expression, too (Fig. 5 I). Strikingly, the tran-

sient CCDC6 silencing in GC-1 and in NTERA-2 embryonal carcinoma 
cells, resulted associated with an increase of xCT/SLC7A11 at mRNA 
and protein level. Indeed, an increase of GSH levels was also observed 
after the CCDC6 depletion in the same cells (Fig. 5 E-I). Furthermore, 
since ferroptosis associates with enhanced levels of lipid peroxidation 
(lipid ROS) and in order to confirm that the CCDC6 deficiency may lead 
to lipid ROS tolerance and ferroptosis evasion, we analyzed the levels of 
lipid peroxidation in our cellular models. In the CCDC6 null (TM4 and 
GC-2) cells, that show appreciable levels of the xCT/SLC7A11 channel, 
we observed low levels of lipid peroxidation assessed by flow cytome-

try. The transient CCDC6 depletion in the NTERA-2 and GC-1 cells gave 
comparable results (Fig. 6).

Finally, The immunocytochemical staining with anti-CCDC6

(HPA019051) and anti-xCT/SLC7A11 antibodies in the Embryonal Car-

cinoma NTERA-2 cells and in murine testicular cells, wild type or 
engineered for CCDC6 depletion or overexpression, showed that the 
expression of CCDC6 and xCT/SLC7A11 proteins inversely correlated, 
as also appreciated by western blot analysis performed with the same 
antibodies (Fig. 7).

4. Discussion

Testicular germ cell tumours represent one of the most common 
malignancy in young men and include seminoma and non-seminatous 
tumours. Among the last, embryonal carcinomas arise from the stem 
cell component of the testis, present high invasiveness, and show an in-

creased risk of relapse in the mixed forms of tumours. Even though 
an increased incidence of TGCTs is recorded, the mortality remains 
stable, as more than 90% of cure rate is achieved by surgery and/or 
chemotherapy. However, in the era of targeted therapies no significant 
improvements have been obtained for resistant tumours [58].

Spermatogenesis is a complex process in which spermatogonia stem 
cells self-renew and differentiate into spermatozoa under coordination 
of the testicular microenvironment provided by Sertoli cells, which rep-

resents the only somatic cells located inside the seminiferous tubule. 
Sertoli cells are the major supportive germ cells that regulate spermato-

genic cells via a number of paracrine factors. Germ cells and Sertoli 
cells interactions are important for male fertility; however, an unbal-

anced cross talk between this cell population may also lead to neoplastic 
transformation. The germinal and somatic cells, continuously exposed 
to oxidative DNA damage, are controlled by cell death pathways of 
apoptosis and ferroptosis [25], the last envisaged as emerging mecha-

nism of carcinogenesis.
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In these cell systems we focused our attention on CCDC6, a tumour 
suppressor gene, involved in apoptosis and in DNA damage response, 
and known to be functionally lost upon gene translocations, somatic 
mutations and altered protein levels in several tumours [16]. Here we 
report that in EC cells the depletion of CCDC6 determined an impair-

ment of DNA DSBs repair by homologous recombination and PARP 
inhibitor sensitivity. We also observed that the CCDC6 silencing in the 
EC cells determined tolerance to hydrogen-peroxide and to erastin, an 
inhibitor of the xCT/SLC7A11 cystine antiporter, by limiting apoptosis 
and ferroptosis regulated cell death pathways. The tolerance to reactive 
oxygen species (ROS) was also revealed in the spontaneously null Sertoli 
and spermatocytes cells, suggesting that different levels of CCDC6 ex-

pression during the spermatocytic differentiation process could reflect 
the different levels of control needed for the mitotically proliferating 
testicular cells rather than during meiotic recombination, later during 
the differentiation process, where CCDC6 could probably induce inad-

equate regulated cell death and undermine spermatogenesis. Further, 
spermatozoa are subjected to enormous oxidative stress during their de-

velopment, and the role of CCDC6 protein in protecting DNA integrity 
in these cells is emerging. Nevertheless, functional roles in reproductive 
physiology and pathology ascribed to the family of proteins containing 
a coiled-coil domain (CCDC) has been recently reviewed [59].

In embryonal carcinoma and in the testicular cells, following ex-

posure to the oxidative damage, we report that the loss of CCDC6 
determined tolerance to reactive oxygen species affecting apoptosis 
and ferroptosis. The involvement of ferroptosis in testicular cells has 
been already reported in Sertoli cells, in response to hypoxia and re-

oxigenation processes [25].

However, the possibilities to modulate the response to ROS depend-

ing on the levels or activity of CCDC6 has not been explored before. At 
the molecular level we observed that the CCDC6 depletion, in NTERA-2 
EC and in the GC-1 spermatogonia cells, was associated with the induc-

tion of the xCT/SLC7A11 cystine antiporter expression which, by en-

hancing the GSH levels, contributes to detoxify from ROS accumulation 
interfering with the ferroptosis pathway. Nonetheless, the CCDC6 re-

expression in CCDC6-spontaneously null TM4 (Sertoli) and GC-2 (Sper-

matocytes) cell lines resulted associated with reduced xCT/SLC7A11 
expression at mRNA and protein levels leading to ferroptosis. In sup-

port of that, the adult mouse testis, at immunohistochemistry, showed 
a nearly complementary xCT/SLC7A11 and CCDC6 pattern of expres-

sion in seminiferous tubules (Fig. 1 A-D).

Ferroptosis is a newly discovered cell death mechanism, which is 
characterized by iron-dependent accumulation of lethal lipid peroxida-

tion. It is known that ferroptosis is distinct from apoptosis, necrosis and 
autophagy at genetic, biochemical and morphological levels. To date, 
emerging evidence has shown the potential of triggering ferroptosis for 
cancer therapy [6].

Indeed, ferroptosis has been reported as a ubiquitous and effective 
type of cell death induced by oxidative stress and described in Ser-

toli suggesting novel insight into the application of cytoprotection in 
testicular I/R damage-induced cell loss [25]. Interestingly, the in vitro 
conditional expression of CCDC6 dominant negative mutants protected 
cancer cells from oxidative stress, also impairing the stress-induced cell 
death [17]. In response to genotoxic stress CCDC6 translocates to the 
nucleus where it participates to the homologous recombination machin-

ery by binding the protein phosphatase PP4c and regulating the H2AX 
phosphorylation [18]. Moreover, preclinical studies indicates that the 
attenuation of CCDC6 in lung, pleural, prostate and bladder cancer cells 
confer sensitivity to inhibitors of PARP1/2 [19, 20, 35, 36].

Strikingly, here we report that in testicular tumours the CCDC6 
deficiency specifically associated to impairment of homologous recom-

bination of DNA DSBs which associates to PARP inhibitors sensitiv-

ity. Then, we believe that CCDC6 could represent a useful predic-

tive and reliable biomarker for the use of PARP inhibitors in tumour 
testis. These observations might have clinical relevance as currently, 
two phase II clinical trials are evaluating the potential of PARP in-
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Fig. 6. CCDC6 loss associates with reduced lipid peroxidation levels in human NTERA-2 Embryonal Carcinoma and in murine testicular cells. (A, B, C, D, left) Bar 
graphs show the percentage of C11-BODIPY positive cells after treatment with 20 μM of Erastin. (A, B, C, D, right) Histogram plots generated after flow cytometer 
analyses, show the overlay of fluorescence in each cell line. Error bars are mean ± s.d., of 3 independent repeats.
hibition in relapsed or refractory testicular tumours, either as single 
agent (NCT02533765) or combined with gemcitabine and carboplatin 
(NCT02860819).

In normal cells CCDC6 might inhibit cystine uptake by repressing 
xCT/SLC7A11 expression and leading to elevated lipid peroxidation and 
ferroptosis. Conversely, in cancers which carry CCDC6 mutated forms, 
10
or that have lost CCDC6 expression, cancer cells may lose their abilities 
to repress xCT/SLC7A11 and to promote ferroptosis. At immunohisto-

chemistry (IHC) the evaluation of a pilot subset of primary testicular 
tumours, revealed (Supplementary Figure 3) that CCDC6 staining in-

versely correlated with the xCT/SLC7A11 expression levels, supporting 
our in vitro evidence (Fig. 7).
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Fig. 7. Immunocytochemical analysis of CCDC6 and xCT/SLC7A11 proteins expression in cell block preparation of NTERA-2, GC-1, GC-2, and TM4 cells, wild type 
or engineered for CCDC6 silencing or re-expression, as indicated. The levels of CCDC6 (detected by HPA019051 antibody) and xCT/SLC7A11 proteins were assessed 
by Western Blot analysis in the same cell populations. Anti-tubulin is shown as loading control.
Moreover, CCDC6 is known to act as negative transcription regula-

tor of CREB family members, including CREB1 [60] and the Activating 
Transcription Factor 4 (ATF4) (Cerrato A. et al. personal communica-

tion). Therefore, as the xCT promoter regulation depends on ETS1 and 
also on ATF4 transcription factors, we can hypothesize that CCDC6 loss 
or functional impairment may lead to a continuous and uncontrolled 
ATF4 activity which could end up in an enhanced xCT transcription, in-

creased GSH levels, and evasion from the regulated cell death pathways 
of apoptosis and ferroptosis, the last observed here for the first time. 
[24, 60, 61, 62].

Finally, a better understanding of the mechanisms of ROS tolerance, 
could aid to draw novel therapeutic approaches, by taking advantage of 
xCT/SLC7A11 channel inhibitors and/or ferroptosis inhibitors. In the 
future these drugs can be utilized in resistant TGCTs in association with 
targeted approaches which could re-sensitize the tumours to the stan-

dard therapies [63].
11
5. Conclusions

In conclusion, the data we reported suggest that the loss of function 
of CCDC6, which helps to elude the genotoxic effects of the reactive 
oxygen species, might highly contribute to the carcinogenetic process 
in testis. The ability to evade the regulated cell death pathways of apop-

tosis and ferroptosis, as emerged from our data, could provide support 
for proposing novel potential targets for the treatment of resistant tu-

mour of the testis, also based on the increasing understanding of the 
most recent advancement in ferroptosis.
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