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ABSTRACT
Mediastinal yolk sac tumors (YSTs) are highly aggressive germ cell tumors with an extremely poor 
prognosis. Radiotherapy plays an important role in the treatment of mediastinal YSTs. To maximize 
benefit from radiotherapy in patients with mediastinal YSTs, exploring functionally relevant biomarkers 
is essential. Previous studies have demonstrated that mutations in DNA-damage repair (DDR) genes, 
including BRCA1/2, potentially enhance sensitivity to radiotherapy in solid tumors. However, DDR-gene 
mutations, as possible predictive biomarkers for radiotherapy in primary mediastinal YSTs, have not yet 
been reported. Herein, we report a 29-year-old male patient with a refractory metastatic primary YST 
involving a germline frameshift mutation in the BRCA2 gene (NM_000059.3: exon11: c.4563_4564delAT: 
L1522fs). During treatment alternation, the patient was found to respond poorly to chemotherapy with or 
without an immune checkpoint inhibitor but well to radiotherapy. Finally, the patient achieved approxi-
mately 17 months of overall survival. To the best of our knowledge, this case report is the first to describe 
a remarkable response to local radiotherapy in a patient with a refractory metastatic mediastinal YST 
involving a DDR-gene mutation (germline BRCA2 frameshift variation). This case report provides insightful 
clues for precision radiotherapy in clinical practice.
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Background

Yolk sac tumors (YSTs), namely, endodermal sinus tumors, are 
highly aggressive germ cell tumors (GCTs) occurring in the yolk 
sac. YSTs are classified as gonadal and extragonadal tumors, 
according to their locations. Extragonadal YSTs are relatively 
rare. They often occur in the middle axis of the body, such as the 
brain, mediastinum, and retroperitoneum.1 Mediastinal YSTs are 
more popular in infancy and post-puberty.2

Currently, the standard regimen for YST is surgery 
following chemotherapy with bleomycin, etoposide, and 
cisplatin (BEP).3,4 However, due to high malignancy and 
the infeasibility of complete resection at the time of diag-
nosis, the prognosis of primary mediastinal YSTs is extre-
mely poor, with a five-year survival rate of 40%–50% and 
six-month survival following relapse.5

Previous studies have demonstrated that patients with primary 
mediastinal YSTs tend to respond well to chemotherapy but 
poorly to radiotherapy. Certain cases have been reported to be 
successfully treated with radiotherapy.6 However, predictive bio-
markers for precise radiotherapy in primary mediastinal YSTs 
have not yet been explored.

DNA-damage repair (DDR) is essential for the survival of 
both malignant and normal cells.7 Preclinical data have 
revealed that radiosensitivity is associated with DDR.8 

Recently, studies have demonstrated that DDR-gene mutations 
potentially predict an enhanced response to radiotherapy in 
patients with diverse solid tumors.9

Herein, we report a male patient with a refractory metastatic 
primary mediastinal YST. The disease progressed rapidly while 
the patient received chemotherapy with/without toripalimab 
(PD-1 antibody). However, the patient was considerably 
responsive to local radiotherapy. Meanwhile, a germline 
BRCA2 mutation was detected in the patient using whole- 
exome sequencing (WES).

Case presentation

In January 2019, a 29-year-old male patient was admitted to our 
department due to paroxysmal cough, chest pain, tightness, and 
suffocation after activity. Thoracic computed tomography (CT) 
revealed an anterior mediastinal mass, approximately 13.2 cm × 
6.7 cm in size. The level of alpha-fetoprotein (AFP) in the serum 
was 2,010.4 ng/mL. Positron emission tomography-CT (PET/CT) 
revealed a space-occupying mass in the anterior mediastinum 
invading the pericardium. On March 28, 2019, percutaneous CT- 
guided biopsy was performed, and the pathology confirmed that 
the space-occupying mass in the anterior mediastinum was an 
YST. Thus, the patient was diagnosed with mediastinal YST 
invading the pericardium. From May 7, 2019, to May 31, 2019, 
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the patient received neoadjuvant radiotherapy (DT40Gy/20f), and 
the tumor subsequently subsided to 12.4 cm × 7.2 cm in size one 
week later. On June 27, 2019, the patient underwent resection of 
the mediastinal tumor and thymus. However, some lesions were 
unresectable (R2 resection). The final diagnosis was stage IV 
mediastinal YST, metastasizing to the bilateral lungs (Figure 1). 
First-line chemotherapy involving two cycles of etoposide and 
cisplatin was administered on August 1, 2019, and August 31, 
2019. Subsequently, the anterior upper mediastinal mass enlarged, 
and multiple nodules in the lower lobe of the left lung were 
observed. Thus, the patient’s clinical response was evaluated as 
progressive disease (PD). On September 26, 2019, the treatment 
was alternated to second-line combined chemotherapy with car-
boplatin and paclitaxel. After completing two cycles of second-line 
therapy, the response was still considered PD. Therefore, the 
patient underwent third-line therapy combined with radiotherapy 
(DT50Gy/25f) on the lesion in the left lower lobe (one cycle of 
cisplatin and toripalimab [a PD-1 inhibitor, 240 mg, twice]). 
Thoracic CT performed in January 2020 revealed that all the 
lesions had progressed, except the lesion that had metastasized 
to the left lower lobe, which had been treated with local radio-
therapy. On February 7, 2020, the patient was admitted to the 
Department of Respiratory due to cough, chest tightness, suffoca-
tion, and left-arm pain. On February 26, 2020, the level of AFP in 
the serum was 43,476.3 ng/mL. Moreover, thoracic CT revealed 
that the metastases in the lungs and pleura were increasingly 
enlarged. Therefore, the patient’s clinical response was regarded 
as PD.

To establish personalized treatment strategies, the tumor 
tissues obtained from the patient through abdominal biopsy 
and peripheral blood were subjected to WES on February 1, 
2020. The results revealed that the patient harbored a germline 
BRCA2 frameshift mutation (NM_000059.3: exon11: 
c.4563_4564delAT: L1522fs), with an allele frequency of 50%, 
and somatic ERBB3 mutation (NM_001982.3: exon27: 
c.3213_3214delTT: S1072fs), with an allele frequency of 25%. 
The somatic and germline mutations of the patient are shown 
in Tables 1 and 2, respectively. The sequencing reads of BRCA2 
are shown in Figure 2. Furthermore, the patient was found to 
exhibit low microsatellite instability (MSI-L: 5.32%), medium 
tumor mutational burden (TMB-M: 2.64 Muts/Mb), low 
tumor neoantigen burden (TNB-L: 0.38 Neos/Mb), and 
a strongly positive loss-of-heterozygosity (LOH) status of the 
human leukocyte antigen (HLA) (Table 1).

Between March 4, 2020, and March 31, 2020, the patient 
underwent fourth-line therapy combined with left thoracic 
radiotherapy (95% of PGTVinner: 64.8Gy/3.6Gy/18f; 95% of 
PGTV: 43.2Gy/2.4Gy/18f) and oral olaparib (a poly [ADP- 
ribose] polymerase [PARP] inhibitor, 200 mg, bid). Thereafter, 
the patient’s asphyxia was significantly relieved, and thoracic CT 
revealed that the lesions that had metastasized to the left lung 
had subsided remarkably, indicating partial remission (PR, 
Figure 3). However, the patient complained of pain in the right 
hip. On March 25, 2020, magnetic resonance imaging (MRI) of 
the sacroiliac joints exhibited new multiple lesions in the pelvis. 
Between April 3, 2020, and April 25, 2020, the patient underwent 

Figure 1. Radiographic imaging at diagnosis and pathological findings. Computed tomography (CT) and positron emission tomography/CT (PET/CT) revealed a space- 
occupying lesion in the anterior mediastinum, approximately 13.2 cm × 6.7 cm in size (red arrow). Surgical pathology revealed that the space-occupying lesion was a 
mediastinal yolk sac tumor (YST). CT: computed tomography; PET/CT: positron emission tomography/computed tomography; YST: yolk sac tumor; H.E.: hematoxylin and 
eosin
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radiation therapy of the pelvis (95% of PGTV: 37.5Gy/2.5Gy/ 
15f). Subsequently, the pain in the right hip was alleviated, and 
the metastases in the pelvis subsided from 10 cm × 7 cm to 
10 cm × 5.5 cm in size. Thus, the patient’s clinical response was 
evaluated as stable disease (SD).

On April 23, 2020, the patient underwent fifth-line therapy 
combined with oral olaparib (100 mg, bid) and pyrotinib (320 mg, 
qd). Seven days later, these two drugs were discontinued due to 
severe pneumonia. On May 17, 2020, the patient suddenly devel-
oped left-limb paralysis, and cerebral CT demonstrated that the 
tumor had metastasized to the right frontal parietal lobe with 
intratumoral hemorrhage. One month after symptomatic treat-
ment, the patient died from respiratory and circulatory failure. 
The overall survival (OS) was approximately 17 months. The 
patient’s timeline is shown in Figure 4.

Discussion

Herein, we report a patient with a refractory metastatic primary 
mediastinal YST. From the initial neoadjuvant radiotherapy to 
the subsequent multi-line therapy, the patient’s condition 

progressed rapidly upon receiving chemotherapy with/without 
toripalimab. However, the patient responded well to local radio-
therapy, achieving PR. Moreover, a germline frameshift muta-
tion in the BRCA2 gene was detected in the patient through 
WES. To the best of our knowledge, this case report is the first to 
describe a dramatic response to radiotherapy in a refractory 
metastatic mediastinal YST patient harboring a germline 
BRCA2 mutation.

In this study, we selected WES to detect the mutations 
in the patient, as it is a widely used next-generation 
sequencing (NGS) method that sequences all the protein- 
coding regions of the genome. The human exome repre-
sents < 2% of the genome; nevertheless, it contains up to 
85% of known disease-associated variants,10 rendering 
WES a cost-effective alternative to whole-genome sequen-
cing (WGS). In contrast to targeted gene sequencing, 
which analyzes one gene or small groups of related genes 
at a time, WES can analyze all the exons or coding regions 
of thousands of genes simultaneously. However, WES 
requires a longer time and more complex bioinformatics 
to analyze large amounts of sequencing data.

Figure 2. Sequencing reads of BRCA2 shown by the IGV.A germline frameshift mutation in the BRCA2 gene (NM_000059.3: exon 11: c.4563_4564delAT: L1522fs) was 
detected in the patient by WES. The MAF was 50%. IGV: Integrative Genomics Viewer; WES: whole-exome sequencing; bp: base pairs; MAF: mutant allele frequency

Figure 3. CT imaging before and after thoracic radiotherapy. After local radiotherapy, the lesions that had metastasized to the left lung significantly subsided compared 
with that before local radiotherapy. CT: computed tomography
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Table 1. Somatic mutations of the patient (to be continued).

Gene Transcript Exon Nucleotide change Alteration Mutant allele frequency

AKIRIN1 NM_024595.2 Exon 3 c.403C>T R135* 12.50%
AMELY NM_001143.1 Exon 2 c.52_53delCCinsTG P18C 6.84%
ANKRD36C NM_001310154.1 Exon 84 c.5957C>T A1986V 4.65%
ARFGEF3 NM_020340.4 Exon 10 c.917G>C G306A 10.93%
ARID1B NM_001346813.1 Exon 20 c.6627G>T M2209I 28.99%
ARID1B NM_001346813.1 Exon 20 c.6628G>T A2210S 29.04%
BMP2K NM_198892.1 Exon 7 c.811G>T V271F 14.02%
BUD31 NM_003910.3 Exon 5 c.224_225delAT Y75fs 15.91%
CBL NM_005188.3 Exon 8 c.1149A>G I383M 58.57%
CD300A NM_007261.3 Exon 2 c.119A>G K40R 4.85%
CD300A NM_007261.3 Exon 2 c.121G>T E41* 4.95%
CFAP74 NM_001304360.1 Exon 19 c.2206C>T P736S 20.51%
COL4A3 NM_000091.4 Exon 51 c.4872C>A Y1624* 21.74%
CXorf38 NM_144970.2 Exon 1 c.193_194delCGinsAT R65M 27.14%
DAB2 NM_001343.3 Exon 12 c.1552T>A S518T 10.47%
ELFN2 NM_052906.4 Exon 3 c.293C>A A98D 2.86%
ERBB3 NM_001982.3 Exon 27 c.3213_3214delTT S1072fs 25.00%
F8 NM_000132.3 Exon 14 c.3949T>A S1317T 45.00%
FAM127B NM_001078172.1 Exon 1 c.37delG A13fs 20.38%
FASN NM_004104.4 Exon 7 c.841G>A G281R 11.36%
FBN3 NM_001321431.1 Exon 9 c.901G>A G301R 5.23%
FCGBP NM_003890.2 Exon 7 c.3896C>T A1299V 6.56%
FGD6 NM_018351.3 Exon 14 c.3469G>A V1157I 12.90%
FREM1 NM_144966.5 Exon 27 c.4943G>A G1648E 2.61%
FRMD1 NM_024919.4 Exon 6 c.723C>A S241R 11.98%
GABRR1 NM_002042.4 Exon 4 c.340G>T V114F 13.11%
GRK4 NM_182982.2 Exon 5 c.416C>G S139C 24.50%
HOXC11 NM_014212.3 Exon 1 c.336G>C E112D 6.31%
HOXC11 NM_014212.3 Exon 1 c.337A>T I113F 5.50%
IFIT1 NM_001270927.1 Exon 3 c.827delA K276fs 2.38%
INPP4B NM_001331040.1 Exon 6 c.242_243delCCinsAA T81K 19.44%
JAK3 NM_000215.3 Exon 16 c.2085_2089delTCTCC C695fs 12.20%
KCNA3 NM_002232.4 Exon 1 c.1147G>A G383R 12.41%
KCNJ15 NM_001276435.1 Exon 5 c.496G>A A166T 2.19%
KIF21A NM_001173464.1 Exon 21 c.2935_2936delGAinsTT D979F 4.26%
KNTC1 NM_014708.4 Exon 3 c.191A>G D64G 3.65%
KRT2 NM_000423.2 Exon 6 c.1201C>T R401C 4.59%
LAMA1 NM_005559.3 Exon 51 c.7279A>C N2427H 6.00%
MUC6 NM_005961.2 Exon 31 c.4889_4890delCAinsAG T1630K 4.42%
MYCBP2 NM_015057.4 Exon 56 c.8877_8887delTGTGGATGAAG S2959fs 17.39%
MYO1G NM_033054.2 Exon 2 c.134dupT L46fs 17.78%
NEMP1 NM_001130963.1 Exon 8 c.1055_1056delAGinsGT E352G 16.36%
NEO1 NM_002499.3 Exon 18 c.2828T>C M943T 12.73%
NPAP1 NM_018958.2 Exon 1 c.1734G>T M578I 12.50%
OBSCN NM_001271223.2 Exon 107 c.25366+1G>T Splicing 13.51%
OR4B1 NM_001005470.1 Exon 1 c.703C>T L235F 16.90%
PBX1 NM_002585.3 Exon 1 c.141A>C L47F 17.05%
PBX1 NM_002585.3 Exon 1 c.142C>T Q48* 16.09%
PCYT1B NM_004845.4 Exon 4 c.396A>T R132S 19.57%
PEX5L NM_016559.2 Exon 7 c.647C>A S216Y 11.81%
PIGQ NM_148920.2 Exon 6 c.1116C>G H372Q 21.74%
PLEKHA5 NM_001256470.1 Exon 12 c.1352G>T S451I 5.93%
PMF1-BGLAP NM_001199661.1 Exon 2 c.190T>C C64R 3.21%
PRPF31 NM_015629.3 Exon 2 c.71G>A G24E 10.81%
PTPRO NM_030667.2 Exon 16 c.2560G>T E854* 7.82%
RNF144B NM_182757.3 Exon 2 c.5G>T G2V 3.77%
RRAS2 NM_012250.5 Exon 1 c.68G>A G23D 15.56%
RRNAD1 NM_015997.3 Exon 1 c.36G>C E12D 8.50%
RRNAD1 NM_015997.3 Exon 1 c.37G>T G13W 8.50%
RSBN1 NM_018364.4 Exon 3 c.1438G>C V480L 12.20%
SATB1 NM_001195470.2 Exon 4 c.420delT P141fs 8.10%
SH2B3 NM_005475.2 Exon 2 c.250_257delGCGCCGGG A84fs 15.38%
SLC4A3 NM_001326559.1 Exon 4 c.469dupC H157fs 9.09%
SNAPC2 NM_003083.3 Exon 5 c.881dupC A295fs 2.44%
SPNS3 NM_182538.4 Exon 11 c.1385G>C G462A 13.04%
SRGAP1 NM_020762.3 Exon 20 c.2407G>A D803N 43.75%
TIMM10B NM_012192.3 Exon 3 c.155G>T C52F 15.27%
TNKS1BP1 NM_033396.2 Exon 6 c.2697C>A S899R 21.15%
TP53 NM_000546.5 Exon 7 c.695T>C I232T 49.30%
TPST2 NM_001008566.1 Exon 3 c.693G>C E231D 2.20%
UBA2 NM_005499.2 Exon 10 c.938_939delTAinsAT L313H 11.28%
ZFPL1 NM_006782.3 Exon 5 c.479A>T N160I 14.29%
ZFR NM_016107.4 Exon 20 c.3204A>T K1068N 21.05%
ZNF695 NM_020394.4 Exon 4 c.542A>G E181G 13.79%

(Continued)
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Radiotherapy plays a vital role in the management of 
mediastinal YSTs.6 To maximize benefit from radiother-
apy, exploring functionally relevant biomarkers is essen-
tial. Previous studies have demonstrated that mutations in 
DDR genes, including BRCA1/2, potentially enhance 
radiosensitivity in patients with diverse solid tumors.9 

However, DDR-gene mutations, as predictive biomarkers 
for radiotherapy in primary mediastinal YSTs, have not 
yet been explored.

Radiosensitivity depends on multiple factors, such as 
tumor histology, radiation dose, and intrinsic radiosensi-
tivity of tumor cells, among others.8,11–14 Intrinsic radio-
sensitivity of tumor cells is the most important factor 
among them. As radiotherapy induces cell death predomi-
nantly via the generation of DNA double-strand breaks 
(DSBs), DDR can undoubtedly affect the radiosensitivity 
of cancer cells.15

The DDR system repairs diverse forms of DNA damage via 
eight pathways to properly protect the genome’s integrity. The 
eight pathways include mismatch repair (MMR), base-excision 
repair (BER), nucleotide-excision repair (NER), homologous- 

recombination repair (HRR), non-homologous end joining 
(NHEJ), check point factors (CPAs), Fanconi anemia (FA), 
and translesion DNA synthesis (TLS).16–20 The HRR and 
NHEJ pathways are responsible for DSBs, BER repairs single- 
strand breaks (SSBs),21 and the MMR pathway repairs DNA 
insertion/deletion corrections.22

BRCA1 and BRCA2 are two key molecules mediating the 
HRR pathway. The mutation of these two genes potentially 
disrupts DSB repair.23 As irradiation induces cell death pre-
dominantly through the generation of DNA DSBs, malignan-
cies harboring a BRCA1 or BRCA2 mutation tend to respond 
well to ionizing radiation due to defects in the HRR pathway.24 

Currently, substantial evidence supporting the role of BRCA in 
radiosensitivity has been obtained from preclinical data. For 
example, human cells with BRCA1 and BRCA2 variations con-
tribute to enhanced radiosensitivity through an impaired pro-
liferative capacity after irradiation.25 Moreover, transfecting 
wild-type BRCA1 into BRCA1−/− human breast cancer cells 
potentially decreases the sensitivity of irradiation and increases 
the efficiency of DSB repair.26 Additionally, BRCA-deficient 
ovarian cancer cell lines are more sensitive to irradiation than 
parent cell lines.27 Recently, a study by Kim et al. demonstrated 
that solid tumors harboring BRCA1/2 variations exhibited 
increased sensitivity to radiotherapy compared to those with-
out these alterations.9 Our case is consistent with the findings 
of Kim et al. in this regard.

In addition to the germline BRCA2 mutation, we also detected 
another mutation in the DDR gene: somatic TP53 (NM_000546.5: 
exon7: c.695T>C: I232T). TP53 is a core component of CPAs.28 

Table 1. (Continued).

Gene Transcript Exon Nucleotide change Alteration Mutant allele frequency

MSI-L 5.32%
TMB-M 2.64 Muts/Mb
TNB-L 0.38 Neos/Mb
HLA LOH strongly positive

Table 2. Germline mutation of the patient.

Gene Transcript Exon
Nucleotide 

change Alteration
Mutant allele 

frequency

BRCA2 NM_000059.3 Exon 
11

c.4563_4564delAT L1522fs 50.0%

Figure 4. Case timeline. Timeline of diagnosis, NGS, and treatment in the patient. NGS: next-generation sequencing
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However, DNA DSBs caused by irradiation are predominantly 
repaired via HRR and NHEJ repair pathways. To the best of our 
knowledge, related literature on the relationship between radio-
sensitivity and the CPA pathway is lacking.

Currently, the standard treatment for mediastinal YST is 
neoadjuvant chemotherapy combined with residual-tumor 
resection. Because the tumor is usually enlarged upon diag-
nosis and characterized by fibrous adhesion to adjacent 
organs, complete removal of the residual tumor after 
neoadjuvant chemotherapy is challenging, leading to 
a poor disease prognosis.5 Neoadjuvant chemotherapy 
represents the treatment backbone for mediastinal YSTs, 
and platinum-based chemotherapy is recommended for 
the initial treatment scheme.29 The common scheme com-
prises 4–6 cycles of cisplatin, etoposide, and ifosfamide 
(VIP) or BEP. Platinum-based chemotherapy enables up 
to 50% of patients to achieve long-term survival.5,30 

Previous case reports have demonstrated postoperative 
pathological complete remission (pCR) after R0 resection 
following neoadjuvant chemotherapy.5,31,32 However, the 
current patient was not responsive to chemotherapy, and 
the reasons remain unclear.

In addition, the patient was refractory to ICI therapy. 
The possible underlying mechanisms might have been MSI- 
L, TNB-L, and strongly positive HLA LOH (Table 1), which 
indicates the simultaneous deletion of three genes: HLA-A, 
B, and C. HLA LOH is a common cause of immune escape. 
The presentation of new antigens by antigen-presenting 
cells through the antigens of HLA class I molecules plays 
a key role in cellular immunity. HLA LOH leads to 
a reduction in antigen presentation, thus promoting 
immune escape.33

Previous studies have revealed that BRCA1-mutation 
carriers are at an increased risk of breast, ovarian, prostate, 
and colon cancers, whereas those of the BRCA2 mutation 
are at a higher risk of male breast, pancreatic, and prostate 
cancers.34 The pathogenesis of YSTs remains unclear. 
However, the germline BRCA2 frameshift mutation in this 
patient should be closely related to the etiology. BRCA2 
germline mutations lead to defects in the HRR pathway, 
which is responsible for DSB repair. PARP inhibitors 
potentially inhibit SSB repair mediated by PARP-1 (i.e., 
the BER pathway), thus increasing the accumulation of 
DNA strand breaks and promoting genomic instability 
and apoptosis. Previous studies have demonstrated that 
PARP inhibitors can effectively destroy tumors with defec-
tive BRCA genes as well as those in testicular cancer cell 
lines with low homologous recombination proficiency 
according to the concept of synthetic lethality. To date, 
the FDA approved Olaparib for the treatment of ovarian, 
breast, and prostate cancers involving germline BRCA 
mutations. In addition, Olaparib demonstrated remarkable 
clinical efficacy in the treatment of germline BRCA-mutated 
pancreatic cancer and small-cell lung cancer (SCLC).35

Furthermore, a study by Yue Bi et al. demonstrated that 
Olaparib is potentially useful as an effective radiosensitizer in 
BRCA1-deficient high-grade serous ovarian carcinomas using 
a preclinical model.36 This led us to hypothesize that PARP 
inhibitors may be used as potential radiosensitizers to enhance 

the sensitivity of radiotherapy in BRCA2-deficiency YST. As 
expected, this case exhibited a favorable response to the com-
bination of local radiotherapy with Olaparib.

Notwithstanding, this study has a limitation. We did not 
perform an extra set of experiments with real-world samples to 
strengthen the conclusion, i.e. we did not develop cellular 
models to clarify how the specific BRCA2 mutation impacts 
BRCA2 function, especially in relation to X-ray sensitivity.

Conclusion

To the best of our knowledge, our case report is the first to 
describe a dramatic response to radiotherapy in a refractory 
metastatic mediastinal YST patient harboring a germline 
BRCA2 mutation. This study potentially provides insightful 
clues for precision radiotherapy in clinical practice. Further 
studies that clarify how the specific BRCA2 mutation impacts 
BRCA2 function are warranted in order to strengthen the 
conclusion.

Abbreviations

YSTs: yolk sac tumors; GCTs: germ cell tumors; BEP: cisplatin, etopo-
side, and bleomycin; DDR: DNA-damage repair; WES: whole-exome 
sequencing; CT: computed tomography; AFP: alpha-fetoprotein; PET: 
positron emission tomography; PD: progressive disease; MSI-L: low 
microsatellite instability; TMB-M: medium tumor mutational burden; 
TNB-L: low tumor neoantigen burden; LOH: loss of heterozygosity; 
HLA: human leukocyte antigen; PARP: poly (ADP-ribose) polymerase; 
PR: partial remission; MRI: magnetic resonance imaging; SD: stable 
disease; OS: overall survival; NGS: next-generation sequencing; WGS: 
whole-genome sequencing; DSBs: DNA double-strand breaks; MMR: 
mismatch repair; BER: base-excision repair; NER: nucleotide-excision 
repair; HRR: homologous-recombination repair; NHEL: non- 
homologous end joining; CPAs: check point factors; FA: Fanconi 
anemia; TLS: translesion DNA synthesis; SSBs: single-strand breaks; 
VIP: cisplatin, etoposide, and ifosfamide; pCR: pathological complete 
remission; SCLC: small-cell lung cancer.

Authors’ contributions

Conceptualization: Xiaotao Zhang and Beifang Niu
Attending physician for the patient: Xi Cheng and Haiming Yu
Case identification: Jinying Li and Xiaona Han
Writing the original manuscript: Erhong Meng
Editing the manuscript: Dongliang Wang
Data collection: Houqing Zhou

Availability of data and materials

All the data supporting the findings are available upon reasonable request 
from the corresponding author (Xiaotao Zhang).

Disclosure statement

Erhong Meng, Houqing Zhou, Dongliang Wang, and Beifang Niu are 
employees of ChosenMed Technology. The remaining authors report 
there are no competing interests to declare.

Consent for publication

Written informed consent for publication of clinical details and images 
was obtained from the patient.

398 X. CHENG ET AL.



Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Affiliated 
Qingdao Central Hospital of Qingdao University. Written informed con-
sent for participation in the study and publication of clinical details and 
images was obtained from the patient.

Funding

This work did not receive any specific grant from any funding agency.

ORCID

Xiaotao Zhang http://orcid.org/0000-0001-7213-4970

References

1. Silva L, Vergilio FS, Yamaguti DCC, Cruz I, Queen JAG. Yolk sac 
primary tumor of mediastino: a rare case in a young adult. Einstein 
(Sao Paulo). 2017;15:496–499. PMID: 28954036. doi:10.1590/S1679- 
45082017RC4008.

2. Gkampeta A, Tziola TS, Tragiannidis A, Papageorgiou T, 
Spyridakis I, Hatzipantelis E. Primary posterior mediastinal germ 
cell tumor in a child. Turk pediatri arsivi. 2019;54:185–188. PMID: 
31619931. doi:10.14744/TurkPediatriArs.2019.88155.

3. Kesler KA, Rieger KM, Hammoud ZT, Kruter LE, Perkins SM, 
Turrentine MW, Schneider BP, Einhorn LH, Brown JW. A 25-year 
single institution experience with surgery for primary mediastinal 
nonseminomatous germ cell tumors. Ann Thorac Surg. 2008;85 
(2):371–378. PMID: 18222228. doi:10.1016/j. 
athoracsur.2007.09.020.

4. Kesler KA, Stram AR, Timsina LR, Turrentine MW, Brown JW, 
Einhorn LH. Outcomes following surgery for primary mediastinal 
nonseminomatous germ cell tumors in the cisplatin era. J Thorac 
Cardiovasc Surg. 2021;161:1947–59 e1. PMID: 32446546. 
doi:10.1016/j.jtcvs.2020.01.118.

5. Liu B, Lin G, Liu J, Liu H, Shang X, Li J. Primary mediastinal yolk 
sac tumor treated with platinum-based chemotherapy and 
extended resection: report of seven cases. Thorac Cancer. 
2018;9:491–494. PMID: 29318787. doi:10.1111/1759-7714.12591.

6. Sakaguchi M, Maebayashi T, Aizawa T, Ishibashi N, Fukushima S, 
Saito T. Successful radiotherapy in postoperative recurrence of 
a primary mediastinal yolk sac tumor: a case report. Thorac Cancer. 
2016;7:358–362. PMID: 27148423. doi:10.1111/1759-7714.12302.

7. Hakem R. DNA-damage repair; the good, the bad, and the ugly. 
EMBO J. 2008;27:589–605. PMID: 18285820. doi:10.1038/ 
emboj.2008.15.

8. Pavlopoulou A, Bagos PG, Koutsandrea V, Georgakilas AG. 
Molecular determinants of radiosensitivity in normal and 
tumor tissue: a bioinformatic approach. Cancer Lett. 
2017;403:37–47. PMID: 28619524. doi:10.1016/j. 
canlet.2017.05.023.

9. Kim KH, Kim HS, Kim SS, Shim HS, Yang AJ, Lee JJB, Yoon HI, Ahn 
JB, Chang JS, et al. Increased radiosensitivity of solid tumors harbor-
ing ATM and BRCA1/2 mutations. Cancer Res Treat. 2021. PMID: 
34082492. doi:10.4143/crt.2020.1247.

10. van Dijk El, Auger H, Jaszczyszyn Y, Thermes C, van Dijk EL. Ten 
years of next-generation sequencing technology. Trends Genet: TIG. 
2014;30(9):418–426. PMID: 25108476. doi:10.1016/j.tig.2014.07.001.

11. Maranzano E, Bellavita R, Rossi R, De Angelis V, Frattegiani A, 
Bagnoli R, Mignogna M, Beneventi S, Lupattelli M, Ponticelli P, 
et al. Short-course versus split-course radiotherapy in metastatic spinal 
cord compression: results of a phase III, randomized, multicenter trial. 
J Clin Oncol. 2005;23(15):3358–3365. PMID: 15738534. doi:10.1200/ 
JCO.2005.08.193.

12. Klement RJ, Guckenberger M, Alheid H, Allgauer M, 
Becker G, Blanck O, Boda-Heggemann J, Brunner T, 
Duma M, Gerum S, et al. Stereotactic body radiotherapy for 
oligo-metastatic liver disease - Influence of pre-treatment 
chemotherapy and histology on local tumor control. 
Radiother Oncol. 2017;123(2):227–233. PMID: 28274491. 
doi:10.1016/j.radonc.2017.01.013.

13. Rades D, Fehlauer F, Schulte R, Veninga T, Stalpers LJ, 
Basic H, Bajrovic A, Hoskin PJ, Tribius S, Wildfang I, et al. 
Prognostic factors for local control and survival after radio-
therapy of metastatic spinal cord compression. J Clin Oncol. 
2006;24(21):3388–3393. PMID: 16849752. doi:10.1200/ 
JCO.2005.05.0542.

14. Gerweck LE, Vijayappa S, Kurimasa A, Ogawa K, Chen DJ. Tumor 
cell radiosensitivity is a major determinant of tumor response to 
radiation. Cancer Res. 2006;66:8352–8355. PMID: 16951142. 
doi:10.1158/0008-5472.CAN-06-0533.

15. Liauw SL, Connell PP, Weichselbaum RR. New paradigms and 
future challenges in radiation oncology: an update of biological 
targets and technology. Sci Transl Med. 2013;5:173sr2. PMID: 
23427246. doi:10.1126/scitranslmed.3005148.

16. Lagerwerf S, Vrouwe MG, Overmeer RM, Fousteri MI, 
Mullenders LH. DNA damage response and transcription. 
DNA Repair (Amst). 2011;10:743–750. PMID: 21622031. 
doi:10.1016/j.dnarep.2011.04.024.

17. Brady CA, Jiang D, Mello SS, Johnson TM, Jarvis LA, Kozak MM, 
Broz D, Basak S, Park E, McLaughlin M, et al. Distinct p53 transcrip-
tional programs dictate acute DNA-damage responses and tumor 
suppression. Cell. 2011;145(4):571–583. PMID: 21565614. 
doi:10.1016/j.cell.2011.03.035.

18. Fotouhi A, Cornella N, Ramezani M, Wojcik A, Haghdoost S. 
Investigation of micronucleus induction in MTH1 knockdown cells 
exposed to UVA, UVB or UVC. Mutat Res Genet Toxicol Environ 
Mutagen. 2015;793:161–165. PMID: 26520386. doi:10.1016/j. 
mrgentox.2015.06.002.

19. Joo W, Xu G, Persky NS, Smogorzewska A, Rudge DG, 
Buzovetsky O, Elledge SJ, Pavletich NP. Structure of the 
FANCI-FANCD2 complex: insights into the Fanconi anemia 
DNA repair pathway. Science. 2011;333(6040):312–316. PMID: 
21764741. doi:10.1126/science.1205805.

20. Sobol RW, Horton JK, Kuhn R, Gu H, Singhal RK, Prasad R, 
Rajewsky K, Wilson SH. Requirement of mammalian DNA 
polymerase-beta in base-excision repair. Nature. 
1996;379:183–186. PMID: 8538772. doi:10.1038/379183a0.

21. Limpose KL, Corbett AH, Doetsch PW. BERing the burden of 
damage: pathway crosstalk and posttranslational modification of 
base excision repair proteins regulate DNA damage management. 
DNA Repair (Amst). 2017;56:51–64. PMID: 28629773. 
doi:10.1016/j.dnarep.2017.06.007.

22. Jiricny J. The multifaceted mismatch-repair system. Nat Rev 
Mol Cell Biol. 2006;7:335–346. PMID: 16612326. doi:10.1038/ 
nrm1907.

23. Prakash R, Zhang Y, Feng W, Jasin M. Homologous recombi-
nation and human health: the roles of BRCA1, BRCA2, and 
associated proteins. Cold Spring Harb Perspect Biol. 2015;7: 
a016600. PMID: 25833843. doi:10.1101/cshperspect.a016600.

24. Sharan SK, Morimatsu M, Albrecht U, Lim DS, Regel E, Dinh C, 
Sands A, Eichele G, Hasty P, Bradley A, et al. Embryonic lethality 
and radiation hypersensitivity mediated by Rad51 in mice lacking 
Brca2. Nature. 1997;386(6627):804–810. PMID: 9126738. 
doi:10.1038/386804a0.

25. Foray N, Randrianarison V, Marot D, Perricaudet M, Lenoir G, 
Feunteun J. Gamma-rays-induced death of human cells carrying 
mutations of BRCA1 or BRCA2. Oncogene. 1999;18:7334–7342. 
PMID: 10602489. doi:10.1038/sj.onc.1203165.

26. Scully R, Ganesan S, Vlasakova K, Chen J, Socolovsky M, 
Livingston DM. Genetic analysis of BRCA1 function in a defined 
tumor cell line. Mol Cell. 1999;4:1093–1099. PMID: 10635334. 
doi:10.1016/s1097-2765(00)80238-5.

CANCER BIOLOGY & THERAPY 399

https://doi.org/10.1590/S1679-45082017RC4008
https://doi.org/10.1590/S1679-45082017RC4008
https://doi.org/10.14744/TurkPediatriArs.2019.88155
https://doi.org/10.1016/j.athoracsur.2007.09.020
https://doi.org/10.1016/j.athoracsur.2007.09.020
https://doi.org/10.1016/j.jtcvs.2020.01.118
https://doi.org/10.1111/1759-7714.12591
https://doi.org/10.1111/1759-7714.12302
https://doi.org/10.1038/emboj.2008.15
https://doi.org/10.1038/emboj.2008.15
https://doi.org/10.1016/j.canlet.2017.05.023
https://doi.org/10.1016/j.canlet.2017.05.023
https://doi.org/10.4143/crt.2020.1247
https://doi.org/10.1016/j.tig.2014.07.001
https://doi.org/10.1200/JCO.2005.08.193
https://doi.org/10.1200/JCO.2005.08.193
https://doi.org/10.1016/j.radonc.2017.01.013
https://doi.org/10.1200/JCO.2005.05.0542
https://doi.org/10.1200/JCO.2005.05.0542
https://doi.org/10.1158/0008-5472.CAN-06-0533
https://doi.org/10.1126/scitranslmed.3005148
https://doi.org/10.1016/j.dnarep.2011.04.024
https://doi.org/10.1016/j.cell.2011.03.035
https://doi.org/10.1016/j.mrgentox.2015.06.002
https://doi.org/10.1016/j.mrgentox.2015.06.002
https://doi.org/10.1126/science.1205805
https://doi.org/10.1038/379183a0
https://doi.org/10.1016/j.dnarep.2017.06.007
https://doi.org/10.1038/nrm1907
https://doi.org/10.1038/nrm1907
https://doi.org/10.1101/cshperspect.a016600
https://doi.org/10.1038/386804a0
https://doi.org/10.1038/sj.onc.1203165
https://doi.org/10.1016/s1097-2765(00)80238-5


27. Abbott DW, Thompson ME, Robinson-Benion C, Tomlinson G, 
Jensen RA, Holt JT. BRCA1 expression restores radiation resistance 
in BRCA1-defective cancer cells through enhancement of transcrip-
tion coupled DNA repair. J Biol Chem. 1999;274:18808–18812. PMID: 
10373498. doi:10.1074/jbc.274.26.18808.

28. Wang Z, Zhao J, Wang G, Zhang F, Zhang Z, Zhang Y, 
Zhang Y, Dong H, Zhao X, Duan J, et al. Comutations in 
DNA damage response pathways serve as potential biomarkers 
for immune checkpoint blockade. Cancer Res. 
2018;78:6486–6496. PMID: 30171052. doi:10.1158/0008-5472. 
CAN-18-1814.

29. Nakamura Y, Matsumura A, Katsura H, Sakaguchi M, Ito N, 
Kitahara N, Ose N, Kitaichi M. Cisplatin-based chemotherapy 
followed by surgery for malignant nonseminomatous germ 
cell tumor of mediastinum: one institution’s experience. Gen 
Thorac Cardiovasc Surg. 2009;57(7):363–368. PMID: 
19597926. doi:10.1007/s11748-008-0375-z.

30. Heinzelbecker J, Katzmarzik M, Weiss C, Trojan L, 
Haecker A. During twenty years of Cisplatin-based therapy 
the face of nonseminomatous testicular germ cell tumors is 
still changing: an evaluation of presentation, management, 
predictive factors and survival. Int Braz J Urol. 
2013;39:10–21. PMID: 23489512. doi:10.1590/S1677-5538. 
IBJU.2013.01.03.

31. Mishra S, Das Majumdar SK, Sable M, Parida DK. Primary malignant 
mediastinal germ cell tumors: a single institutional experience. South 
Asian J Cancer. 2020;9:27–29. PMID: 31956616. doi:10.4103/sajc. 
sajc_47_19.

32. Kruger D, Marshall DM. Bite-size research: BMC research notes goes 
back to its roots. BMC Res Notes. 2017;10:95. PMID: 28193243. 
doi:10.1186/s13104-017-2418-y.

33. McGranahan N, Rosenthal R, Hiley CT, Rowan AJ, Watkins TBK, 
Wilson GA, Birkbak NJ, Veeriah S, Van Loo P, Herrero J, et al. 
Allele-specific HLA loss and immune escape in lung cancer 
evolution. Cell. 2017;171:1259–71e11. PMID: 29107330. 
doi:10.1016/j.cell.2017.10.001.

34. Levy-Lahad E, Friedman E. Cancer risks among BRCA1 and 
BRCA2 mutation carriers. Br J Cancer. 2007;96:11–15. PMID: 
17213823. doi:10.1038/sj.bjc.6603535.

35. Slade D. PARP and PARG inhibitors in cancer treatment. Genes 
Dev. 2020;34:360–394. PMID: 32029455. doi:10.1101/ 
gad.334516.119.

36. BiY, Verginadis II, Dey S, Lin L, Guo L, Zheng Y, 
Verginadis II, Koumenis C. Radiosensitization by the PARP 
inhibitor olaparib in BRCA1-proficient and deficient 
high-grade serous ovarian carcinomas. Gynecol Oncol. 
2018;150:534–544. PMID: 30025822. doi:10.1016/j. 
ygyno.2018.07.002.

400 X. CHENG ET AL.

https://doi.org/10.1074/jbc.274.26.18808
https://doi.org/10.1158/0008-5472.CAN-18-1814
https://doi.org/10.1158/0008-5472.CAN-18-1814
https://doi.org/10.1007/s11748-008-0375-z
https://doi.org/10.1590/S1677-5538.IBJU.2013.01.03
https://doi.org/10.1590/S1677-5538.IBJU.2013.01.03
https://doi.org/10.4103/sajc.sajc_47_19
https://doi.org/10.4103/sajc.sajc_47_19
https://doi.org/10.1186/s13104-017-2418-y
https://doi.org/10.1016/j.cell.2017.10.001
https://doi.org/10.1038/sj.bjc.6603535
https://doi.org/10.1101/gad.334516.119
https://doi.org/10.1101/gad.334516.119
https://doi.org/10.1016/j.ygyno.2018.07.002
https://doi.org/10.1016/j.ygyno.2018.07.002

	Abstract
	Background
	Case presentation
	Discussion
	Conclusion
	Abbreviations
	Authors’ contributions
	Availability of data and materials
	Disclosure statement
	Consent for publication
	Ethics approval and consent to participate
	Funding
	ORCID
	References

