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Testis‑expressed gene 11 
inhibits cisplatin‑induced 
DNA damage and contributes 
to chemoresistance in testicular 
germ cell tumor
Sachi Kitayama1,2, Kazuhiro Ikeda1, Wataru Sato1, Hideki Takeshita2, Satoru Kawakami2, 
Satoshi Inoue1,3* & Kuniko Horie1*

Testicular germ cell tumor (TGCT) is a rare cancer but the most common tumor among adolescent 
and young adult males. Patients with advanced TGCT often exhibit a worse prognosis due to the 
acquisition of therapeutic resistance. Cisplatin-based chemotherapy is a standard treatment for 
advanced TGCTs initially sensitive to cisplatin, as exemplified by embryonal carcinoma. The acquisition 
of cisplatin resistance, however, could be a fatal obstacle for TGCT management. To identify cisplatin 
resistance-related genes, we performed transcriptome analysis for cisplatin-resistant TGCT cells 
compared to parental cells. In two types of cisplatin-resistant TGCT cell models that we established 
from patient-derived TGCT cells, and from the NEC8 cell line, we found that mRNA levels of the high-
mobility-group nucleosome-binding gene HMGN5 and meiosis-related gene TEX11 were remarkably 
upregulated compared to those in the corresponding parental cells. We showed that either HMGN5 or 
TEX11 knockdown substantially reduced the viability of cisplatin-resistant TGCT cells in the presence 
of cisplatin. Notably, TEX11 silencing in cisplatin-resistant TGCT cells increased the level of cleaved 
PARP1 protein, and the percentage of double-strand break marker γH2AX-positive cells. We further 
demonstrated the therapeutic efficiency of TEX11-specific siRNA on in vivo xenograft models derived 
from cisplatin-resistant patient-derived TGCT cells. Taken together, the present study provides a 
potential insight into a mechanism of cisplatin resistance via TEX11-dependent pathways that inhibit 
apoptosis and DNA damage. We expect that our findings can be applied to the improvement of 
cisplatin-based chemotherapy for TGCT, particularly for TEX11-overexpressing tumor.

Testicular germ cell tumor (TGCT) is a rare cancer but the most common malignancy among adolescent and 
young adult males between 14 and 44 years of age, and its incidence is increasing worldwide1. The application of 
cisplatin-based chemotherapy combined with surgery has remarkably improved the prognoses of TGCT patients, 
particularly in developed countries, although some patients suffer from chemoresistance that results in a late 
relapse2. The elucidation of molecular mechanisms underlying cisplatin sensitivity and resistance will help us to 
understand more precisely the pathophysiology of advanced TGCT, and to develop alternative diagnostic and 
therapeutic options for refractory diseases.

Cisplatin resistance in tumors cells have been categorized into several molecular mechanisms based on 
the action points, including pre-target, on-target, post-target, and off-target responses3. In terms of on-target 
actions, intrastrand and interstrand crosslinks are elicited by cisplatin as DNA lesions, which are recognized by 
several pathways for DNA damage responses4. Cisplatin-dependent intrastrand adducts are basically removed 
by nucleotide excision repair. In the process, high mobility group (HMG) proteins are known to participate in 
DNA repair induced by intrastand adducts5.
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Cisplatin-based interstrand crosslinks (ICLs) can elicit DNA double-strand breaks (DSBs) because of the 
obstruction of DNA replication fork progression in dividing cells, and the replication-associated DSBs are often 
repaired by homologous recombination (HR) machinery3. The phosphorylated form of the histone protein 
H2AX, γH2AX, is a checkpoint protein for the HR DNA repair system and the sustained signal of γH2AX may 
indicate a defective HR system in cancer cells treated with cisplatin6. Poly (ADP-ribose) polymerase 1 (PARP1) is 
a sensor for DNA strand breaks, which regulates single-strand breaks with low-levels of DNA damage, whereas it 
induces γH2AX and the recruitment of BRCA1/2 to repair DSBs with high-levels of DNA damage7. Notably, the 
inability to repair ICLs is a critical feature of Fanconi Anemia (FA), a genetic disorder with bone marrow failure 
and cancer predisposition, thus the cells deficient in the FA pathways including BRCA1/2 usually exhibit hyper-
sensitivity to cisplatin8. In the cisplatin-related DNA damage repair mechanisms, the expression of ERCC1-XPF 
endonuclease complex is critical for the repair of both intrastrand and interstrand DNA-cisplatin adducts, and the 
reduced expression of these proteins have been shown as a reason for cisplatin hypersensitivity in TGCT cells9,10.

In normal testicular development, primordial germ cells (PGCs) differentiate into self-renewing stem cells and 
meiosis of the testicular stem cells occurs postnatally. While gene mutations often occur during spermatogenesis 
and meiosis, mutations also take place in the early PGC population11. The ICL repair pathway including ERCC1 
is important for normal spermatogenesis, because its deficiency leads to genomic instability and infertility12. 
In the first stage of meiosis, synapsis of homologous chromosomes occurs by the induction of programmed 
SPO11-induced DSBs13–15. Intriguingly, cisplatin is shown to increase meiotic crossing-over16. In SPO11-lacking 
meiocytes, cisplatin treatment exhibits the improvement of meiotic synapsis, suggesting the exogenous DSBs 
may substitute for the programmed meiotic DSBs in the synapsis15,17. While TGCTs are not normal descendants 
of PGCs or gonocytes, TGCTs including both seminoma and various types of nonseminomas originate from a 
common precursor germ cell neoplasia in situ (GCNIS) according to the World Health Organization classification 
201618. Considering that GCNIS shares many features with PGCs or gonocytes such as expression of OCT3/4 
and SOX1719,20, we speculate whether meiotic synapsis-related factors may contribute to the DNA repair system 
for cisplatin-dependent DSBs and chemoresistance in TGCT.

Recently, we established a patient-derived TGCT model from embryonal carcinoma (EC)21, a pluripotent 
stem cell-like nonseminoma expressing CD30 and SOX2 as useful immunohistochemical markers22. While 
cisplatin is initially effective for the treatment of TGCT including EC, cisplatin sensitivity in EC cell lines is 
dependent on the extent of reduced proficiency in HR in addition to a deficiency in the ERCC1/XPF-dependent 
repair system23. To further elucidate the molecular mechanisms underlying cisplatin resistance in EC models, 
we generated cisplatin-resistant EC cell cultures from patient-derived TGCT cells as well as from the NEC8 EC 
cell line, and identified TEX11 as a novel molecular target that may be involved in cisplatin resistance, which 
then can be applied to clinical management for advanced TGCT.

Results
Generation of cisplatin‑resistant TGCT cells and evaluation of their cisplatin sensitivity.  We 
experimentally generated cisplatin-resistant TGCT cells from patient-derived TGCT-PDC and the NEC8 EC 
cell line, designated as TGCT-PDC-R and NEC8-R cells, respectively, by a > 4-month exposure to cisplatin with 
stepwise increase in concentrations. The viability of TGCT-PDC-R cells was significantly higher than that of the 
parental cells in media including cisplatin at 0.2 µM or higher concentrations (Fig. 1a), whereas the viability of 
NEC8-R cells was substantially higher than that of the parental cells in media including cisplatin at 1 or 2 µM 
(Fig. 1b).

Identification of upregulated genes in cisplatin‐resistant TGCT cells versus their correspond‑
ing parental cells.  To characterize the difference of gene expression profiles between parental and cispl-
atin-resistant TGCT cells, we performed expression microarray analysis for TGCT-PDC-R versus TGCT cells 
and for NEC8-R versus NEC8 cells. The experiments identified 334 and 472 genes commonly upregulated and 
downregulated by ≥ 1.5‐ and 0.67-fold changes, respectively, in cisplatin-resistant TGCT-PDC-R and NEC8-R 
cells (with fluorescence signals ≥ 5 in cisplatin-resistant and parental cells, respectively) compared to their cor-
responding parental cells (Fig.  1c, Supplementary Fig.  1a, and Supplementary Tables  1, 2). Pathway analysis 
based on Gene Ontology (GO) showed that the GO term “transcription, DNA-templated” was the most enriched 
pathway among the 334 upregulated genes, followed by the GO terms “sister chromatid cohesion”, “cell division”, 
“reciprocal meiotic recombination” and “regulation of transcription, DNA-templated” (Fig. 1d). In terms of the 
472 downregulated genes, the GO terms “single strand break repair”, “embryonic organ development”, “cellular 
response to hypoxia”, “cholesterol biosynthesis process”, and “apoptotic process” were shown as the enriched 
pathways in cisplatin-resistant cells (Supplementary Fig. 1b). Among the upregulated genes in cisplatin-resist-
ant cells, we focused on HMGN5 (high mobility group nucleosome-binding domain 5) from GO term “tran-
scription, DNA-templated” (GO:0006351) and TEX11 (testis expressed 11) from GO term “reciprocal meiotic 
recombination” (GO:0007131), because HMGN5 and TEX11 were the most upregulated genes in NEC8-R versus 
NEC8 and TGCT-PDC-R versus TGCT-PDC cells (fold changes: 9.71 and 39.9, respectively). Both HMGN5 
and TEX11 mRNAs were significantly upregulated in TGCT-PDC-R versus TGCT cells and NEC8-R versus 
NEC8 cells (Fig. 1e,f). Because cisplatin is a prototypic chemotherapy reagent that generates ICLs8, we showed 
that genes involved in the FA/BRCA pathway (e.g., BRCA1, FANCD2, RAD51C, and RAD51) were significantly 
upregulated in cisplatin-resistant cells as analyzed by qRT-PCR (Supplementary Fig. 1c).

Silencing of HMGN5 and TEX11 inhibits cisplatin resistance in cisplatin‑refractory TGCT 
cells.  We next assessed whether HMGN5 and TEX11 contribute to TGCT cell proliferation. Transfection of 
HMGN5- or TEX11-specific siRNAs could significantly downregulate their corresponding target mRNA levels 
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Figure 1.   Generation of cisplatin-resistant testicular germ cell tumor (TGCT) cells and identification of 
upregulated genes in cisplatin-resistant TGCT cells versus parental cells. (a) Inhibitory effects of cisplatin to the 
viability of parental and cisplatin-resistant TGCT patient-derived cells (TGCT-PDC). Cells were treated with 
cisplatin at indicated concentrations for 96 h and subjected to the quantitation of intracellular ATP content. 
CDDP, cisplatin. TGCT-PDC-R, cisplatin-resistant TGCT-PDC. Results are shown as mean fold change ± SE of 
relative luciferase activity (n = 3). (b) Inhibitory effects of cisplatin to the viability of parental and cisplatin-
resistant NEC8 cells. Cells were treated with cisplatin at indicated concentrations for 72 h and subjected to 
WST-8 cell proliferation assay. Results are shown as mean fold change ± SE of relative absorbance at 450 nm 
wavelength (n = 5). NEC-R, cisplatin-resistant NEC8 cells. (c) Microarray analysis identified 334 overlapping 
genes commonly upregulated by ≥ 1.5 fold with a fluorescence signal ≥ 5 in cisplatin-resistant cells compared to 
the corresponding parental cells. (d) Top 5 signaling pathways enriched among the 334 commonly upregulated 
genes in cisplatin-resistant TGCT-PDC and NEC8 cells based on Gene Ontology Term. (e,f) Overexpression 
of HMGN5 (e) and TEX11 (f) in cisplatin-resistant TGCT cells. P, parental cells. R, cisplatin-resistant 
cells. Results are shown as mean ± SE (n = 3). **, P < 0.01.
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compared to that of the control siRNA (siControl) in TGCT-PDC and NEC8 cells (Supplementary Fig. 2a, c) 
as well as their cisplatin-resistant cells (Supplementary Fig. 2b, d). While these siRNAs targeting HMGN5 and 
TEX11 did not substantially modulate the proliferation of parental TGCT-PDC (Fig. 2a,c) and NEC8 (Fig. 2e,g) 
cells compared to siControl with or without cisplatin treatment, it is notable that the specific siRNAs signifi-
cantly repressed the proliferation of cisplatin-resistant cells compared to siControl only in the presence of cispl-
atin (Fig. 2d,h), but not in the absence of cisplatin (Fig. 2b,f).

TEX11 knockdown enhances cisplatin‑induced apoptosis and DNA damage in TGCT 
cells.  HMGN family proteins have been known to interact with chromatin DNA and optimize DNA 
processes24. In terms of HMGN5, the silencing has been shown to promote chemosensitivity of human blad-
der cancer cells to cisplatin25. In contrast, the role of the meiosis-related gene TEX11 in TGCT tumorigenesis 
or cisplatin resistance has not been defined. We thus investigated whether TEX11 modulates cisplatin-induced 
apoptosis or DNA damage response in TGCT cells.

In both cisplatin-resistant TGCT-PDC-R and NEC8-R cells, immunoblot analysis showed that TEX11 silenc-
ing substantially increased the amounts of cleaved PARP1 protein in the presence of cisplatin (Fig. 3a,b). To 
further reveal whether TEX11 expression affects cisplatin‐induced DNA damage response, the phosphorylation 
of the serine 139 residue of the histone variant H2AX (γH2AX) was evaluated as a DSB marker in cisplatin-
resistant TGCT cells treated with either TEX11-specific siRNAs or control siRNA in the presence of cisplatin. The 
immunofluorescence-based assay showed that the percentages of γH2AX positive cells significantly increased 
in both TGCT-PDC-R (Fig. 3c,d) and NEC8-R (Fig. 3e,f) cells treated with TEX11-specific siRNAs compared 
to those treated with siControl. Moreover, cell cycle profiling for TGCT-PDC-R and NEC8-R cells revealed that 
the TEX11-specific siRNAs significantly reduced the percentages of cell population in S phase in the presence but 
not in the absence of cisplatin treatment (Supplementary Fig. 3). These results indicate that TEX11 knockdown 
substantially enhances cisplatin-induced apoptosis and DNA damage even in cisplatin-resistant TGCT cells.

TEX11 rescues cisplatin‑induced DNA damage in TGCT cells.  We next examined whether TEX11 
overexpression elicits cisplatin resistance in cisplatin-sensitive TGCT cells. In NEC8 cells transfected with 
TEX11 expression plasmid, the levels of TEX11 mRNA and TEX11 protein were substantially increased (Sup-
plementary Fig. 4a, b). While the exogenous expression of TEX11 did not alter the viability of NEC8 cells com-
pared to that of the control vector in the absence of cisplatin, TEX11 overexpression significantly recovered cell 
viability in the presence of cisplatin (Supplementary Fig. 4c). Notably, in the presence of cisplatin, the expression 
level of cleaved PARP1 protein was substantially decreased in cells with TEX11 overexpression compared to cells 
transfected with control vector (Supplementary Fig. 4d). Furthermore, the percentage of γH2AX-positive cells 
was significantly decreased in NEC8 cells overexpressing TEX11 (Supplementary Fig. 4e, f). Taken together, 
these results suggest that TEX11 may play a protective role in cisplatin-induced apoptosis and DSB repair.

TEX11 knockdown of cisplatin‑resistant TGCT cells reduces in vivo tumorigenicity.  We further 
evaluated whether TEX11-specific siRNA can reduce in vivo tumor growth of cisplatin-resistant TGCT cells 
using a TGCT-PDC-R-derived xenograft model of NOD/SCID mice treated with cisplatin. When the average 
volume of xenografted tumors reached 100 mm3, the injection of either siControl or siTEX11 #1 was started 
twice weekly into the subcutaneous tumors along with cisplatin treatment. In both groups, 2 mg/kg cisplatin 
was intraperitoneally administered once a week. It is notable that siTEX11 #1 injection remarkably suppressed 
the growth of TGCT-PDC-R-derived tumors compared with siControl injection (Fig. 4a,b,d,e), while the body 
weights of mice were not substantially different among the 2 groups (Fig. 4c). In the dissected tumors treated 
with siTEX11, the expression levels of cleaved PARP1 protein were increased compared with those of siControl-
treated tumors (Fig. 4f). It is also notable that PCNA protein levels were relatively decreased in the siTEX11-
treated tumors compared with siControl-treated tumors (Supplementary Fig. 5), suggesting that TEX11 silenc-
ing may repress the tumor proliferative activity. Overall, the in vivo experiments suggested that TEX11-specific 
siRNA can be used as a potential therapeutic device for cisplatin-resistant TGCT.

Discussion
In the present study, we established cisplatin-resistant TGCT cell cultures from patient-derived TGCT cells and 
the NEC8 EC cell line, and further generated a xenograft model derived from cisplatin-resistant patient-derived 
TGCT cells. Based on transcriptomic analysis, we identified protumorigenic HMGN5 and meiosis-related TEX11 
as genes commonly upregulated in cisplatin-resistant TGCT cell cultures compared with their corresponding 
parental cells. Focusing on the contribution of TEX11 to cisplatin resistance in TGCT cells, we showed that 
TEX11 silencing significantly repressed the growth of cisplatin-resistant TGCT cells, whereas it significantly 
increased the amount of cleaved PARP1 and the percentages of γH2AX-positive cells under the cisplatin-treated 
conditions. Notably, TEX11-specific siRNA significantly reduced the in vivo growth of xenograft tumors derived 
from cisplatin-resistant TGCT-PDC-R cells under the condition of cisplatin administration. Our findings indicate 
that TEX11 plays a critical role in cisplatin resistance in TGCT.

HMGN5 is a nuclear protein that belongs to the HMGN protein family, a subfamily of HMG proteins26. 
HGMN5 is ubiquitously expressed in human tissues and its high expression has been reported in several 
malignancies27. HMGN5 has a long and highly acidic C-terminal region that preferentially interacts with histone 
H128, and unfolds the chromatin compaction mediated by linker histones including histone H126. HMGN5 may 
play a role in the cisplatin-induced transcriptional alterations, as histone H1 is highly reactive to cisplatin and 
generates histone H1-cisplatin–DNA ternary complex. In osteosarcoma cells, cisplatin induced HMGN5 expres-
sion and its overexpression reduced in vitro drug sensitivity29. Besides on-target cisplatin resistance, HMGN5 
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Figure 2.   Silencing of HMGN5 and TEX11 attenuates the proliferation of cisplatin-resistant TGCT-PDC and 
NEC8 cells in the presence of cisplatin. (a, b) Effects of control siRNA (siControl), HMGN5-specific siRNAs 
(siHMGN5 #1 and #2), or TEX11-specific siRNAs (siTEX11 #1 and #2) on the viability of parental TGCT-PDC 
(a) and cisplatin-resistant TGCT-PDC-R (b) cells analyzed by quantitation of intracellular ATP content in 
the absence of cisplatin. Results are shown as mean ± SE (n = 4). (c, d) HMGN5- and TEX11-specific siRNAs 
repress the viability of TGCT-PDC-R cells (d) but not of TGCT-PDC cells (c) treated with cisplatin (0.2 μM). 
(e, f) Effects of indicated siRNAs on the viability of parental NEC8 (e) and cisplatin-resistant NEC8-R (f) cells 
analyzed by WST-8 cell proliferation assay in the absence of cisplatin. (g, h) HMGN5- and TEX11-specific 
siRNAs repress the viability of NEC8-R cells (g) but not of NEC8 cells (h) treated with cisplatin (0.2 μM). *, 
P < 0.05; **, P < 0.01.
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Figure 3.   Effects of TEX11 expression on cisplatin-induced apoptosis and DNA double-strand break (DSB) 
marker γH2AX expression in TGCT cells. (a, b) Immunoblotting of cleaved PARP1 in cisplatin-resistant TGCT-
PDC-R (a) and NEC8-R (b) cells transfected with control (siControl) or TEX11-specific siRNAs (siTEX11 #1 
and #2), without or with cisplatin treatment 48 h after siRNA transfection. β-actin was used as a loading control. 
(c) Representative γH2AX immunohistochemical staining in TGCT-PDC-R cells transfected with indicated 
siRNAs, followed by cisplatin treatment 6 h after siRNA transfection. (d) Percentages of γH2AX-positive cells 
among the examined TGCT-PDC-R cells treated with the indicated siRNAs. The results are shown as mean 
percentage ± SE. (e) Representative γH2AX immunohistochemical staining in NEC8-R cells transfected with 
indicated siRNAs in the presence of cisplatin. (f) Percentages of γH2AX-positive cells among the examined 
NEC8-R cells treated with the indicated siRNAs. *, P < 0.05.
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Figure 4.   TEX11-specific siRNA injection significantly represses the development of TGCT-PDC-R-derived 
xenograft tumors in severely immunodeficient mice treated with cisplatin. (a) Volumes of tumors generated by 
TGCT-PDC-R cells in 7-week male NOD/SCID mice treated with intratumoral injection of control (siControl) 
or TEX11-specific (siTEX11) siRNAs plus intraperitoneal cisplatin administration. (b)Weights of tumors 
generated by TGCT-PDC-R in mice treated with injection of indicated siRNAs plus cisplatin administration. (c) 
Body weights of tumor-bearing mice treated with injection of indicated siRNAs plus cisplatin administration. 
Results are shown as mean ± SE. **, P < 0.01. (d) Images of dissected tumors at the endpoint. (e) Representative 
images of tumor-bearing mice at the endpoint. (f) Immunoblotting of TEX11 and cleaved PARP1 in dissected 
TGCT-PDC-R tumors. β-actin was used as a loading control. (g) Relative expression of TEX11 and cleaved 
PARP1 normalized to β-actin expression analyzed by densitometry. Results are shown as mean ± SE (n = 5). *, 
P < 0.05, **, P < 0.01.
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may also be involved in post-target resistance, as its knockdown in prostate cancer cells elicited apoptosis and 
G2-M cell cycle arrest, leading to the sensitization of ionizing radiation30. HIF1α can be a candidate transcription 
factor that increases HMGN5 expression in TGCT as reported in metastatic osteosarcoma31. Consistently, HIF1α 
is a potential molecular target for conquering cisplatin resistance in ovarian cancers32 and can be a therapeutic 
target in TGCT based on our findings using patient-derived models21. We thus consider that HMGN5 overex-
pression may be a potential biomarker for cisplatin resistance in TGCT.

In terms of DNA DSB repair provoked by ICLs, a previous study using cisplatin-resistant EC cells revealed 
that HR pathways were enhanced, whereas the non-homologous end-joining (NHEJ) pathways were dampened33. 
In that study, HR factor FANCD2 expression was upregulated whereas NHEJ factor TP53-binding protein 1 
(TP53BP1) expression was repressed in cisplatin-resistant EC cells. This tendency is also observed in our tran-
scriptomic data, in which FANCD2 was upregulated as validated by qRT-PCR (Supplementary Fig. 1c), while 
TP53BP1 was downregulated by 0.91 and 0.53 fold changes in TGCT-PDC-R and NEC8-R cells, respectively, 
compared with their corresponding parental cells. Other HR protein genes such as RAD51C and BRCA1 were 
also upregulated in both TGCT-PDC-R and NEC8-R cells (Supplementary Fig. 1c). RAD51C is a member of 
the RAD51 family involved in HR pathways, and its biallelic missense mutations with impaired formation of 
RAD51 foci in response to DNA damage can be pathogenic reasons for FA-like phenotype34. The loss-of-function 
of RAD51C due to pathogenic mutations can elicit the increased sensitivity to DNA ICL reagents34. Germline 
mutations impairing RAD51C functions are susceptibility factors for breast and ovarian cancers like BRCA1/235. 
Overexpression of RAD51C in non-small cell lung cancer cells increased cisplatin resistance and radiotherapy, 
and high expression of RAD51C in non-small cell lung cancer tissues was significantly associated with poor 
prognoses of the patients36. We thus consider that the enhancement of HR pathways can also substantially con-
tribute to cisplatin resistance in our TGCT models.

Besides the above-mentioned mitotic HR proteins, it is notable that meiotic synapsis-related TEX11 was 
remarkedly upregulated in cisplatin-resistant TGCT cells. In DSB repair responses, the complex of meiotic 
recombination 11 homolog 1 (MRE11), ATP-binding cassette–ATPase (RAD50), and phosphopeptide-binding 
Nijmegen breakage syndrome protein 1 (NBS1/NBN) plays a central role in the formation of multifunctional 
DNA damage response machinery37. The MRE11-RAD50-NBS1 complex activities are also involved in various 
steps of programmed meiotic DSBs, including the initiation, SPO11 processing, and DSB repair38. TEX11/ZIP4H 
was initially identified as an NBS1-interacting protein with a significant structural similarity to the S. cerevisiae 
and A. thaliana Zip4 orthologs, based on a yeast two-hybrid screen of a human testis cDNA library39. In mice, 
TEX11/ZIP4H deficiency resulted in the perturbation of meiotic DSB repair and crossing over39. In infertile 
men, hemizygous TEX11 mutations on chromosome Xq13.2 have been identified as a cause of meiotic arrest and 
azoospermia40. While the involvement of meiosis-related protein TEX11 in the mitotic processes remains elusive, 
the downregulation of TEX11 was reported as a feature of gene expression profiles in early onset colorectal cancer 
patients compared with healthy controls41. Considering that genetic instability is a critical factor for the initiation 
of colorectal cancers, the reduced expression of TEX11 may lead to the impairment of DSB repair machinery. 
Intriguingly, our findings may indicate that the overexpression of TEX11 in TGCT cells results in the enhance-
ment of DSB repairs exogenously induced by cisplatin as well as in the repression of apoptosis, suggesting that 
TEX11 might be involved in both on-target and post-target resistance. Furthermore, aberrant gene expression 
of cancer/testes (CT) antigens is a feature often observed in cancers42,43. For example, meiosis-related CT antigen 
HORMAD1 promotes DSB resection in lung cancer cells treated with cisplatin and overexpression of HORMAD1 
has been shown in clinical lung cancer tissues based on The Cancer Genome Atlas (TCGA) database44. Our find-
ings together with previous reports may indicate that some meiotic HR-related factors can play a pathogenic role 
in chemoresistance in cancers by modulating DNA repair responses including mitotic HR pathways.

In terms of the transcriptional regulation of TEX11, we assume that SOX30 can be a candidate transcription 
factor that upregulates TEX11 in cisplatin-resistant TGCT cells. In the present study, SOX30 was upregulated by 
2.12 and 2.38 fold changes in TGCT-PDC-R versus TGCT-PDC and NEC8-R versus NEC8, respectively. Sox30 
is a critical transcription factor in mouse spermatogenesis45, and Tex11 expression in Sox30 knockout mouse 
testes at step 3 round spermatid stage was basically null whereas that in wild-type mouse testes was substantial 
(> 3.5 fragments per kilobase of exon per million reads mapped) based on GSE113073 RNA-seq data retrieved 
from Gene Expression Omnibus46. Intriguingly, the TGCT RNA-sequencing dataset of TCGA PanCancer Atlas 
revealed that the coexpression correlation between TEX11 and SOX30 may be substantial as the Spearman’s 
correlation is 0.508 (p-value: 8.24e-11)[ https://​www.​cbiop​ortal.​org/].

Our transcriptomic data also showed the enriched pathways among the downregulated genes in cisplatin-
resistant TGCT cells. Although the contribution of some reduced pathways to cisplatin resistance remains to 
be studied such as single strand break repair and embryonic organ development, it is notable that some genes 
involved in the apoptotic process were downregulated in cisplatin-resistant cells. Several pathways have been 
shown to be involved in the reduction of apoptosis in cisplatin-resistant TGCT, such as the elevated expression 
of p53 antagonist MDM2 and the activation of PI3K/Akt pathway47. Intriguingly, metabolic reprogramming has 
been also reported in cisplatin-resistant ovarian cancer cells, including the elevated activity of oxidative phos-
phorylation and the reduction of cholesterol biosynthesis48,49. Because genes involved in hypoxia response were 
also downregulated in the cisplatin-resistant TGCT cells, it remains to be elucidated whether the drug-induced 
metabolism can be another therapeutic target for the disease.

Patient-derived TGCT models such as patient-derived xenograft (PDX)50–52 have been recently used to evalu-
ate chemosensitivity. In cisplatin-resistant TGCT PDX models, combined treatment with mTORC1/2 inhibi-
tor and cisplatin led to the reduction of tumor growth53, validating that PI3K/Akt/mTORC pathway is one of 
the reasons for cisplatin resistance in TGCT. PDX models are preclinically useful for the prediction of tumor 
response to drugs because they recapitulate the pathophysiological features of patients’ tumors, although the 
maintenance of PDX models needs more resources than that of cell cultures because of the requirement of the 
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in vivo passages54. The patient-derived spheroid cultures of TGCT cells that we used in the present study initially 
exhibit a characteristic of cancer stem-like cells (CSCs) because the model abundantly expressed CSC markers 
such as NANOG and SOX2, and the TGCT cultures can be easily applied to in vivo models21. While TEX11 and 
HMGN5 were commonly upregulated in cisplatin-resistant patient-derived TGCT-PDC-R and cell line-derived 
NEC8-R cells, it remains to be elucidated whether the difference of gene expression profiles in these cells is 
individually associated with chemoresistance and tumor aggressiveness.

Clinically, it is interesting to elucidate whether high expression of TEX11 and HMGN5 can be predictive 
refractory biomarkers for cisplatin in TGCTs prior to chemotherapy. Based on the RNA-sequencing dataset of 
TGCT cohort with 144 patients in TCGA database, 4 and 6% of the patient samples are categorized as mRNA 
high for TEX11 and HMGN5, respectively. Among the cohort, TGCT samples with both high levels of TEX11 and 
HMGN5 mRNA are recurrent in progressed tumors. While no substantial correlation of coexpression between 
TEX11 and HMGN5 was observed in the TCGA dataset, future investigations with a larger number of patients 
will reveal the clinical relevance of these genes in the management of the advanced disease.

Methods
Cell culture.  TGCT patient-derived cell (TGCT-PDC) spheroid culture was established as previously 
described21, from primary EC tumor with CD30 expression, resected from a patient aged 26 years at opera-
tion with informed consent based on the protocol #1363-IX approved by Saitama Medical Center Institutional 
Review Board. Human EC cell line NEC8 was purchased from Riken BioResource Center and cultured in RPMI 
1640 (Nacalai Tesque) with 10% FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL) at 37 °C in a 
humidified atmosphere of 5% CO2. Cell authentication was confirmed by short tandem repeat (STR) profiling.

Generation of cisplatin‑resistant cells.  Cisplatin-resistant TGCT-PDC and NEC8 cells (TGCT-PDC-R 
and NEC8-R cells, respectively) were generated from the corresponding parental cells by stepwise increase in 
concentrations of cisplatin (Wako) for > 4 months, based on the protocol by Tada et al.55. The final maintenance 
concentrations of cisplatin were 0.4 µM and 1.0 µM for TGCT-PDC-R and NEC8-R cells, respectively.

Microarray and pathway analysis.  Expression microarray analysis was performed using the platform 
of GeneChip Human Gene 1.0 ST Array (Affymetrix) according to the manufacturer’s protocol. Data were ana-
lyzed using Affymetrix Microarray Suite software. Pathway analysis was carried out based on the web-acces-
sible program the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics 
Resources v6.8 (https://​david.​ncifc​rf.​gov/).

SiRNAs.  siRNAs against HMGN5 and TEX11 were designed using Enhanced siDirect siRNA design algo-
rithm provided by RNAi Inc. and synthesized by Japan Bio Services Co., LTD. Negative control siRNA (siCon-
trol) with no homology to known gene targets in mammalian cells was from RNAi Inc. Sequences of siRNAs are 
listed in Supplemantary Table 3.

Quantitative reverse transcription polymerase chain reaction.  Total RNAs were extracted from 
cells using Sepasol-RNA I Super G (Nacalai Tesque) and first stranded cDNAs were synthesized using Prime-
Script II Reverse Transcriptase (Takara) with oligo dT primer. Quantitative RT-PCR (qRT-PCR) was carried out 
using KAPA SYBR FAST (KAPA Biosystems) and sets of gene-specific primers on StepOnePlus Real-Time PCR 
System (Thermo Fisher Scientific). Relative RNA levels were analyzed by the ΔΔCt method according to the 
manufacturer’s protocol and normalized to the values of ACTB. Student’s t-test was used for statistical analysis 
and P < 0.05 was considered statistically significant. Sequences of primers used in this study are listed in Sup-
plementary Table 4.

Cell viability assay.  TGCT-PDC and TGCT-PDC-R cells were seeded at 10,000 cells/well in 96‐well plates 
and simultaneously transfected with indicated siRNAs at a final concentration of 30 nM using Lipofectamine 
RNAiMAX reagent (Invitrogen). Six hours after transfection, medium was added to increase the concentration 
of cisplatin to 0.2 µM. Cell viability was measured by quantitation of intracellular ATP content using CellTiter-
Glo 3D Cell Viability Assay Kit (Promega) at 96 h after transfection. After 30 min of cell lysis, chemilumines-
cent values were measured using the TriStar2 S LB 942 Multimode Reader (Berthold Technologies). NEC8 and 
NEC8-R cells were seeded at 2,000 cells/well in 96‐well plates and 24 h later transfected with indicated siRNAs 
at a final concentration of 10 nM using Lipofectamine RNAiMAX reagent. Twenty-four hours after transfection, 
medium was added to increase the concentration of cisplatin to 1.0 µM. At 72 h after transfection, 10 μL of a 
Cell Count Reagent SF, a reagent containing 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophe-
nyl)-2H-tetrazolium, monosodium salt (WST-8) (Nacalai Tesque) was added to each well and the cells were 
incubated for 4 h at 37 °C. Absorbance of the plates was read on Multiskan FC Photometer (Thermo scientific) 
at a wavelength of 450 nm.

Cell cycle analysis.  TGCT-PDC-R and NEC8-R cells were transfected with indicated siRNAs at a final 
concentration of 30 and 10 nM, respectively, using Lipofectamine RNAiMAX reagent (Invitrogen), and cisplatin 
was added to the medium 24 h after transfection at a final concentration of 1 µM. Cells were fixed in 70% etha-
nol 48 h after siRNA transfection, followed by propidium iodide staining (10 μg/mL) as previously described56. 
Cell cycle distribution for each sample was analyzed by fluorescence-activated cell sorting (FACS) (BD Accuri 
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C6 Flow Cytometer; BD Sciences) based on DNA content, and the percentages of cells in the G1, S, and G2/M 
phases of the cell cycle were evaluated by BD Accuri C6 software.

Transient overexpression of TEX11.  The full-length cDNA of TEX11 was amplified from the total RNA 
of NEC8 cells using PCR and ligated into the pcDNA3 vector. The TEX11 expression plasmid was transduced 
into NEC8 cells using Lipofectamine 3000 Transfection kit (Invitrogen).

Antibodies.  Rabbit polyclonal antibody to TEX11 (NBP2-94,329) was purchased from Novus Biologicals. 
Rabbit monoclonal antibodies to cleaved PARP1 (clone: E51) and phospho-histone H2A.X (Ser139) (clone: 
20E3) were purchased from Abcam and Cell signaling technology, respectively. Mouse monoclonal antibody to 
β-actin (clone: AC-74) was purchased from Sigma-Aldrich.

Immunoblotting.  Cells were lysed in RIPA buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1% Triton-X 
100, supplemented with 1 mM phenylmethylsulfonyl fluoride before usage). Extracted proteins were separated 
with SDS‐PAGE and blotted on PVDF membrane, followed by antibody reactions56.

Immunofluorescence staining.  TGCT-PDC-R spheroids transfected with indicated siRNAs were dis-
sociated with Accutase (Nacalai Tesque) into single-cell suspensions and attached to the glass slide using Smear 
Gel (GenoStaff) according to the manufacturer’s instruction. Cells in Smear Gel were fixed in 4% paraformalde-
hyde (PFA) 6 h after addition of cisplatin, permeabilized with 1% Triton-X (Nacalai Tesque) for 10 min, rinsed 
with Tris-buffered saline (TBS), blocked with 10% FBS. After blocking, the slides were incubated with the anti-
phospho-histone H2A.X antibody (1:400) for overnight at 4 °C. Then the slides were incubated in secondary 
Cy3-labeled anti-rabbit IgG antibodies (1:400, Jackson ImmunoResearch Laboratories). Nuclei were counter-
stained with DAPI and visualized under fluorescent microscope (All-in-One Fluorescence Microscope, KEY-
ENCE). Cells per field were counted using imaging software Bz-X Analyzer 1.4.1.1 (KEYENCE).

In vivo tumor formation and siRNA treatment.  All animal experiments were approved by the Animal 
Care and Use Committee of Saitama Medical University and conducted following the institutional Guidelines 
and Regulations. Male NOD/SCID mice (C.B-17/Icr-scid/scidJcl) were purchased from CREA Japan Inc (Tokyo, 
Japan). TGCT-PDC-R cells (100,000 cells per mouse) were mixed with an equal volume of Matrigel (Corning) 
and injected subcutaneously into the right flank of 7-week-old male NOD/SCID mice. TGCT-PDC-R cells were 
inoculated into 20 male mice, and the development of xenograft tumors were obesrved in 15 mice. Then, we 
randomly assigned these 15 mice to the siControl (n = 7) or siTEX11 #1 groups (n = 8). When the average tumor 
volume exceeded 100 mm3, siControl or siTEX11 #1 (5 μg each) prepared with 4 µL GeneSilencer reagent (Gen-
lantis) were directly injected into the tumors twice a week as described previously56. Furthermore, all mice were 
intraperitoneally administrated with 2 mg/kg cisplatin dissolved in 0.15 mL natural saline once a week. Three 
dimensions of tumor were measured with calipers twice a week, and tumor volumes were calculated using the 
following formula: 0.52 × largest dimension × intermediate dimension × shortest dimension. At the endpoint of 
the experiment, the tumors were dissected from the mice, homogenized in RIPA buffer, and subjected to immu-
noblot analysis with anti-TEX11, anti-cleaved PARP1, and anti-β-actin antibodies.

Statistical analysis.  Statistical analysis was performed using Microsoft Excel for Mac 16.54 (Microsoft 
Corporation) or JMP 15.0.0 (SAS Institute) with a Student’s t-test for pairwise comparison and two-way ANOVA 
for multiple comparisons.

Approval for animal experiments.  All animal experiments were approved by the Animal Care and Use 
Committee of Saitama Medical University (protocol # 3124) and conducted in accordance with the institutional 
guidelines and regulations. All methods are reported in accordance with ARRIVE guidelines for the reporting 
of animal experiments.

Approval for human experiments.  This study abided by the Declaration of Helsinki principles and all 
methods on humans were carried out in accordance with Saitama Medical Center Institutional Review Board 
experimental guidelines and regulations for human subjects (protocol #1363-IX). The informed consent was 
obtained from the patient with TGCT, whose tumor tissue was used for the establishment of TGCT-PDC cells.

Data availability
Microarray data generated during the current study are available in the Gene Expression Omnibus (GEO) data-
base with the accession number GSE197347.
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