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Abstract: Undifferentiated embryonal sarcoma of the liver is a rare mesenchymal malignancy that pre-
dominantly occurs in children. The relationship between this tumor entity and germline pathogenic
variants (PVs) remains undefined. Here, we present the clinical case of a male patient diagnosed
with undifferentiated embryonal sarcoma of the liver. Both germline and tumor samples were ana-
lyzed using next-generation sequencing. In the tumor tissue, PVs in TP53 (NM_000546.5):c.532del
p-(His178Thrfs*69) and CHEK2 (NM_007194.4):c.85C>T p.(GIn29*) were identified, with both con-
firmed to be of germline origin. Copy number analyses indicated a loss of the wildtype TP53 allele
in the tumor, consistent with a second hit, while it was the variant CHEK? allele that was lost in
the tumor. Our data indicate that the germline TP53 PV acts as a driver of tumorigenesis in the
reported case and support a complex interaction between the germline TP53 and CHEK2 PVs. This
case highlights the dynamic interplays of genetic alterations in tumorigenesis and emphasizes the
need for continued investigation into the complex interactions between TP53 and CHEK2 PVs and
into the association of undifferentiated embryonal sarcoma of the liver and Li-Fraumeni syndrome.
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1. Introduction

Genetic predisposition is increasingly recognized in children and adolescents with
cancer [1,2]. To identify patients with an increased probability of an underlying cancer pre-
disposition syndrome (CPS), various questionnaires and mobile apps have been developed.
These tools incorporate data on clinical features, treatment toxicity, cancer subtype, somatic
mutational spectrum, and family (cancer) history [3-5].

Sarcomas can arise in the setting of CPSs. Pathogenic variants (PVs) in cancer pre-
disposing genes (CPGs) have been reported in 7-33% of children, adolescents, and adults
with various types of soft-tissue sarcomas (reviewed in [6]). The most frequently mutated
gene in patients with sarcoma is the cell cycle/cell death regulator tumor suppressor TP53,
followed by the Ras/MAPK pathway inhibitor neurofibromin 1 (NF1), and the DNA repair
regulators breast cancer associated 1 and 2 (BRCAI and BRCA2).

Germline variants in TP53 are associated with Li-Fraumeni syndrome (LFS), charac-
terized by a high and early-onset cancer risk. The tumor spectrum is broad and includes
soft-tissue sarcomas and bone tumors, brain tumors, hematologic malignancies, breast
cancer, and adrenocortical carcinoma, among others.
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PVs in BRCA1/2 have been associated with adult-onset cancer, most notably hereditary
breast and ovarian cancer (HBOC) [7]. BRCA1 and BRCA2 are essential regulators of
the homologous recombination repair (HRR) pathway and their inactivation results in
impaired DNA-double strand-break repair and HRR deficiency (HRD). Additional genes
participating in the HRR pathway, such as ATM, ATR, CHEK1, and CHEK2, the BRCA2
loading factor PALB2, the recombinase RAD51, and the DNA-interstrand crosslink repair
regulators of the FANC protein family contribute to the HRR pathway as well [8]. Recently,
germline PVs in the HRR genes have recurrently been identified in children and adolescents
diagnosed with cancer [1,9-11], although the clinical significance of these PVs in the context
of pediatric cancer is only beginning to emerge [12].

A notable example of such pediatric cancers is undifferentiated embryonal sarcoma
of the liver, a rare hepatic tumor of mesenchymal origin mainly occurring in children [13].
Therapeutic modalities for this entity encompass a multimodal strategy including chemother-
apy, surgery, radiotherapy, and liver transplantation as appropriate. Data on the potential
association between this tumor entity and CPS are, however, limited [14,15].

This case report uses the example of an undifferentiated embryonal sarcoma to illus-
trate the complex functional interplays of PVs in different genes against the background of
Li-Fraumeni syndrome. It also aims to raise awareness of the need for comprehensive ge-
netic profiling and a complete understanding of the genetic landscape of pediatric cancers.

2. Results
2.1. Case History

We report the case of an 18-year-old male patient with recurrent undifferentiated
embryonal sarcoma of the liver. The patient initially presented at the age of 9.1 years
with swelling of the left upper abdomen, vomiting, and recurrent abdominal pain. Fol-
lowing diagnosis (Figure 1), the patient was treated according to the Cooperative Soft
Tissue Sarcoma (CWS) guidance. After three courses of neoadjuvant chemotherapy (I>VA:
ifosfamide 3000 mg/m? day 1 and 2 for each course, vincristine 1.5 mg/m? day 1, 8, and
15 for courses 1 and 2, day 1 for all other courses, actinomycin D 1.5 mg/m? day 1 for
all courses, except courses 7 and 8), a left hemihepatectomy including complete tumor
resection was performed, followed by six courses of adjuvant chemotherapy. Radiotherapy
of the tumor bed was administered with up to 41.4 Gy.
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Figure 1. Hematoxylin and eosin staining of the biopsy tissue showing a myxoid and necrotic
tumor with pleomorphic tumor cells, giant cells, and partial rhabdoid features that were classified
as undifferentiated embryonal sarcoma of the liver (a) 12.5x magnification; (b) 400 x magnification.
Immunohistochemistry revealed positivity for CD56, but negativity for SMA, desmin, pancytoker-
atin, CD99, myogenin, MyoD1, MDM2, 5100, EMA, WT1, and CD34 in the tumor cells. The Ki67
proliferation index was measured up to 40% in the sample.
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Both ultrasound and MRI-based scans were performed as part of the follow-up care
and in the further course of the disease history as preventive examinations. Since the onset
of the disease, the patient has undergone a total of 41 ultrasound scans, all of which covered
the abdomen. At least two ultrasound scans were performed per year, usually every two to
three months. Up to the age of 15, 11 MRI scans were performed at approximately 6-month
intervals. In the further course, annual whole-body MRIs were conducted.

Two years later, at the age of 11, a suspicious lesion in the liver in segments 5/6 was
detected by a routine ultrasound scan. Sonographic-controlled liver biopsy and subsequent
partial atypical liver resection were performed. Histopathological evaluation demonstrated
a regenerative node.

Two years after that, at the age of 13, another new lesion in the liver in segment 7
was identified during a routine ultrasound scan. Due to its increase in size, the lesion
was subsequently excised through partial atypical liver resection. Histopathological eval-
uation was challenging, with differential diagnoses including mesenchymal hamartoma,
intrasinsusoidal spread of the known sarcoma, and other sarcoma types. Ultimately, after
a thorough review, three pathologists reached a consensus, diagnosing the lesion as a
mesenchymal hamartoma with slight pleomorphism.

Another two years later, at the age of 15, additional lesions in segments 6/7 were
detected by a routine ultrasound scan. Biopsy revealed a myxoid lesion with a proliferation
rate of 5-15%, corresponding to the intrasinusoidal spread of the previously diagnosed
undifferentiated embryonal sarcoma (Figure 2). Immunohistochemistry revealed positivity
for CD56 but a lack of hepar 1 and glypican expression, confirming that the lesion was most
likely not a neoplasm of primary liver origin. Systemic therapy was initiated according to
the CWS guidance VACA-2 regimen, including vincristine 1.5 mg/m? day 1 each course,
actinomycin D (not administered), cyclophosphamide 1.200 mg/m? day 1 each course,
and doxorubicin 20 mg/m? day 1-3 course 1 and 2. Following two courses of systemic
chemotherapy, orthotopic liver transplantation was performed 4 months following diagno-
sis of relapse. Since then, the patient has been treated with ciclosporin and everolimus for
Immunosuppression.
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Figure 2. Hematoxylin and eosin staining of the recurrent undifferentiated embryonal sarcoma of the
liver at the age of 15 (a) 12.5x magnification; (b) 200 x magnification.

Three years later, at the age of 18, a routine whole-body magnetic resonance imaging
(MRI) revealed several ambiguous osseous lesions in multiple vertebrae. A follow-up MRI
three months later indicated disease progression, raising the suspicion of distant metastases
of the undifferentiated embryonal sarcoma (Figure 3). To further characterize these lesions,
an 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET)/computed tomog-
raphy (CT) was performed, demonstrating a moderate uptake of the lesions. A subsequent
CT-guided biopsy confirmed a second (metastatic) relapse, showing small focally accen-
tuated spindle cell infiltrates of an unclassified tumor compatible with the pre-diagnosed
undifferentiated sarcoma. In immunohistochemistry, the tumor tissue showed a complete
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loss of p53 and regularly maintained Rb1 expression. Additionally, the tumor was negative
for most immunohistochemical markers (CKAE1/AE3, p63, CD23, CD21, MUC4, NUT,
CDK4, Pan-TRK, STAT6, SS18, MDM2, Desmin, 5100, ERG, TLE1, Fli) and showed only
weak and most probably unspecific expression of CD99, CD56, and CD34.

(b) (c) (d)

Figure 3. MRI scans of the cervical/thoracic spine (a) and the lumbar spine/sacral bone (b-d) at the
age of 18. The white arrows mark the lipomatous lesions of the vertebral bodies C7 and Thé6 as well
as the rounded lipomatous focus in L1 and the mass in 51-3 from which the biopsy was taken.

Figure 4 gives a graphical overview of the clinical course of the patient.
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Figure 4. Graphical overview on the clinical course of the patient.

2.2. Comprehensive Genetic Tumor Analyses

To identify therapeutic targets, the comprehensive genetic analyses of tumor tis-
sue from the first relapse were performed within the Pediatric Targeted Therapy 2.0
project [16]. DNA methylation analysis demonstrated no concordance with established
methylation classes within the sarcoma classifier, where the highest score corresponded
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to ‘well/dedifferentiated liposarcoma’. Numerous chromosomal gains and losses were
observed in the copy number variation analysis. Immunohistochemical analysis for p-Akt
and p-S6 demonstrated an activation of the mTOR signaling pathway (H score > 100),
constituting a potential therapeutic drug target. PVs in TP53 and CHEK2 were identified in
the tumor tissue, suggesting germline origin.

To obtain further details about the genetic landscape of the lesion, an additional
next-generation sequencing analysis (NGS) of the tumor tissue from the first relapse was
initiated. NGS with the TruSight Oncology 500 HRD assay (Illumina®) confirmed the
previously identified PVs in TP53 and CHEK? from the initial genetic analysis. Specifically,
the TP53 PV (NM_000546.5):c.532del p.(His178 Thrfs*69) in exon 5 of 11 exons) was observed
with a variant allele frequency (VAF) of 78%, and the CHEK2 PV (NM_007194.4):c.85C>T
p-(GIn29*) in exon 2 of 15 exons) was detected with a VAF of 25% in the tumor tissue.
Copy number analyses, adjusted for tumor purity, indicated an absolute copy number
of three for both the TP53 and the CHEK?2 genes in the tumor specimen, in addition to
further copy number alterations. No additional driver mutations classified as oncogenic or
likely oncogenic were detected. The tumor mutational burden was determined to be low
(8.8 mutations per megabase), and the microsatellite status was stable (0.96%). The genomic
instability score (GIS) [17] was 36, which appears to be elevated; however, established
cutoffs for this specific entity are not available. All NGS findings are summarized in the
variant call file, which is available in the Supplementary Materials.

2.3. Molecular Genetic Testing of TP53 and CHEK2 Genes

Germline genetic testing using the peripheral blood of the patient confirmed the diagno-
sis of Li-Fraumeni syndrome and HBOC, with both variants [TP53 (NM_000546.5):c.532del
p-(His178Thrfs*69), heterozygous, and CHEK2 (NM_007194.4):c.85C>T p.(GIn29*), het-
erozygous] being of germline origin. Since then, the patient was followed up according
to LFS surveillance recommendations [18]. Family history has been unsuspicious on both
parental sides across three generations. Both parents have refused to undergo genetic
testing so far.

3. Discussion

This report presents a unique case of a child with a very rare liver cancer, carrying
double heterozygous germline PVs in the TP53 and CHEK? genes. The simultaneous pres-
ence of germline PVs in CHEK? alongside other predominantly high-penetrance CPGs has
been documented previously [19]. In HBOC patients, double or—more general—multiple
heterozygosity commonly involves PVs in BRCAI or BRCA2, with less frequent instances
involving PVs in ATM, CHEK?2, and other moderate-risk CPGs [20,21]. In contrast, double
heterozygosity among TP53 carriers is exceptionally rare and involves, amongst others,
co-occurring PVs in genes such as PALB2 and ATM [22]. To the best of our knowledge,
this is the first report of co-occurring PVs in TP53 and CHEK? in a pediatric cancer patient.
Double heterozygous PVs in both genes are extremely rare in adults but have previously
been reported, e. g., in breast cancer patients [23].

The TP53 gene encodes p53, which plays a key role in regulating the cellular response
to DNA damage by regulating DNA repair, apoptosis, and growth arrest [24]. Upon
genome damage, p53 is activated through post-translational modifications, including
phosphorylation by DNA damage-activated protein kinases including ATM, ATR, CHEK1,
and CHEK?2 at specific sites. Phosphorylation at Serine 20 by the CHEK2 in response to
DNA damage stabilizes p53 by inhibiting its inactivation with the negative regulator MDM2.
While some experimental studies have suggested a critical role of CHEK2 in activating
the p53 apoptotic response to genotoxic stress [25,26], other studies have suggested that
CHEK2 may be dispensable for p53 activation concerning apoptosis and growth arrest [27].
Since p53 can also suppress carcinogenesis by regulating DNA repair, this may provide an
additional explanation for CHEK2-mediated effects on p53.
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Both TP53 and CHEK? are classified as tumor suppressor genes. Given that the TP53
PV in this patient is a frameshift variant, it is not anticipated to exhibit a dominant-negative
effect [28]. According to the two-hit hypothesis proposed by Knudson, tumorigenesis
requires the inactivation of both alleles of a tumor suppressor gene [29]. Loss of heterozy-
gosity (LOH), which results from the deletion of one allele, represents a well-established
mechanism for this second hit. LOH events can be followed by duplications of the retained
allele, leading to either copy-neutral loss LOH or, when overcompensated, to copy-gain
LOH [30]. The tumor analyses presented in the patient reported herein support a copy-gain
LOH mechanism, suggesting that the tumor cells may harbor three mutated TP53 alleles,
while the mutated CHEK? allele is lost (Figure 5). The absence of functional TP53 alleles
and the resultant loss of TP53 function are thus posited as significant drivers of cancer
development in this patient.

Normal hepatocyte Cancer cell Synthetic lethality
in patient in patient

Viable

Figure 5. Copy number alteration and synthetic lethality interaction in tumor tissue: Loss of variant
CHEK? allele and gain of mutant TP53 allele in pediatric undifferentiated embryonal sarcoma.

The loss of the variant CHEK? allele, despite the presence of a germline PV, is striking.
This observation aligns with a model suggesting that the co-occurrence of a loss of CHEK2
function with a loss of TP53 may establish a synthetic lethal interaction. Synthetic lethality
refers to a genetic interaction concept wherein the simultaneous loss of function of two
genes leads to cell death, whereas the loss of either gene alone permits cell viability [31,32].
As a consequence of synthetic lethality, only cells that have lost either TP53 or CHEK?2
(or retain functional activity of both genes) may be observed. Within this framework,
CHEK?2 mutations have been proposed to exhibit synthetic lethality in conjugation with
TP53 mutations [33].

The interplay between TP53 and CHEK? in the patient presented herein underscores
the necessity for a nuanced understanding of the genetic landscape in pediatric cancers [12].
The presence of multiple genetic alterations can lead to complex interactions that sig-
nificantly influence tumor behavior. Therefore, further investigation into the functional
consequences of these PVs, as well as their interactions, is essential to elucidate their roles in
tumor development and progression. This case not only links undifferentiated embryonal
sarcoma of the liver with the Li-Fraumeni syndrome but also highlights the importance of
comprehensive genetic analysis involving tumor and germline analyses in understanding
pediatric cancers effectively.
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4. Methods

Molecular genetic tests were performed on genomic DNA samples isolated from the
peripheral blood leukocytes using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany). CNV analysis was also performed based on coverage using NGS data.

Tumor DNA was extracted from the FFPE samples using the Maxwell® CSC DNA
FFPE Kit (Promega; Madison, WI, USA), and nucleic acids were quantified using the
Quantus System (Promega). Library preparation was performed using the hybrid capture-
based TruSight Oncology 500 HRD Library Preparation Kit (Illumina; San Diego, CA, USA)
according to the manufacturer’s protocol. Finally, the libraries were pooled, denatured,
and diluted to the appropriate loading concentration. TSO500 libraries were sequenced on
a NextSeq™ 550Dx system (Illumina). For a secondary analysis, raw data were analyzed
using DRAGEN TruSight Oncology 500 Analysis Software 2.5.2 on a local DRAGEN server
(Illumina).

Sequence variants were described using HGVS nomenclature [34]. Variant classi-
fication was based on the guidelines of the American College of Medical Genetics and
Genomics (ACMG) [35].

5. Conclusions

This case report presents the unique occurrence of double heterozygous pathogenic
variants in TP53 and CHEK? in a pediatric patient with undifferentiated embryonal sar-
coma of the liver. Our findings underscore the potential role of TP53 as a key driver in
tumorigenesis, with the additional loss of CHEK2 possibly facilitating tumor development
through a synthetic lethal mechanism. This case contributes valuable insights into the
complex interplays of genetic factors in pediatric liver sarcoma, advocating for further
research into the interactions between the TP53 and CHEK2 mutations. It highlights the
necessity of comprehensive genetic screening in pediatric cancer patients, which can lead to
improved risk stratification, personalized surveillance, and targeted therapeutic strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms252111489/s1.

Author Contributions: Conceptualization, M.M.G. and M.K.; methodology, M.M.G., S.D., R.C.
and M.K,; formal analysis, M.M.G. and M.K,; investigation, T.S., 5.D., N.S., M.S., M.C.F. and M.K;
resources, M.K.; data curation, M.M.G.; writing—original draft preparation, M.M.G. and M.K.;
writing—review and editing, M.K,, T.S., S.D., N.S.,, T.G.H., M.S,, R.C.,, M.C.E. and M.M.G; fund-
ing acquisition, R.C. and M.K. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Deutsche Forschungsgemeinschaft, grant number KU3764/3-1
and HO2438/7-1, and research funding of the Medical Faculty, University of Augsburg, Germany.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. Ethical review and approval were waived for this study due to the regional
law (Bayerisches Krankenhausgesetz (BayKrG) in the version of 28 March 2007 (GVBL. S. 288, BayRS
2126-8-G) Art. 27 Abs4) for retrospective analysis of data.

Informed Consent Statement: Written informed consent was obtained from the patient and legal
guardians to publish this paper.

Data Availability Statement: To protect patient privacy, the patient’s data are not available for
public access, but all data from this manuscript are available from the corresponding author upon
reasonable request.

Acknowledgments: The authors want to thank K. Vollert for providing the magnetic resonance images.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/ijms252111489/s1
https://www.mdpi.com/article/10.3390/ijms252111489/s1

Int. J. Mol. Sci. 2024, 25, 11489 8 of9

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Grobner, S.N.; Worst, B.C.; Weischenfeldt, J.; Buchhalter, I.; Kleinheinz, K.; Rudneva, V.A.; Johann, P.D.; Balasubramanian, G.P,;
Segura-Wang, M.; Brabetz, S.; et al. The landscape of genomic alterations across childhood cancers. Nature 2018, 555, 321-327.
[CrossRef] [PubMed]

Zhang, J.; Walsh, M.E;; Wu, G.; Edmonson, M.N.; Gruber, T.A.; Easton, J.; Hedges, D.; Ma, X.; Zhou, X.; Yergeau, D.A.; et al.
Germline Mutations in Predisposition Genes in Pediatric Cancer. N. Engl. . Med. 2015, 373, 2336-2346. [CrossRef] [PubMed]
Goudie, C.; Cullinan, N.; Villani, A.; Mathews, N.; van Engelen, K.; Malkin, D.; Irwin, M.S.; Foulkes, W.D. Retrospective
evaluation of a decision-support algorithm (MIPOGG) for genetic referrals for children with neuroblastic tumors. Pediatr. Blood
Cancer 2018, 65, €27390. [CrossRef] [PubMed]

Jongmans, M.C.; Loeffen, J.L.; Waanders, E.; Hoogerbrugge, PM.; Ligtenberg, M.].; Kuiper, R.P.; Hoogerbrugge, N. Recognition of
genetic predisposition in pediatric cancer patients: An easy-to-use selection tool. Eur. ]. Med. Genet. 2016, 59, 116-125. [CrossRef]
Ripperger, T.; Bielack, S.S.; Borkhardt, A.; Brecht, I.B.; Burkhardt, B.; Calaminus, G.; Debatin, K.M.; Deubzer, H.; Dirksen, U.;
Eckert, C.; etal. Childhood cancer predisposition syndromes-A concise review and recommendations by the Cancer Predisposition
Working Group of the Society for Pediatric Oncology and Hematology. Am. J. Med. Genet. A 2017, 173, 1017-1037. [CrossRef]
Wurtemberger, J.; Ripperger, T.; Vokuhl, C.; Bauer, S.; Teichert-von Luttichau, I.; Wardelmann, E.; Niemeyer, C.M.; Kratz, C.P;
Schlegelberger, B.; Hettmer, S. Genetic susceptibility in children, adolescents, and young adults diagnosed with soft-tissue
sarcomas. Eur. |. Med. Genet. 2023, 66, 104718. [CrossRef]

King, M.C.; Marks, J.H.; Mandel], ].B.; New York Breast Cancer Study, G. Breast and ovarian cancer risks due to inherited
mutations in BRCA1 and BRCA2. Science 2003, 302, 643-646. [CrossRef]

McCabe, N.; Turner, N.C.; Lord, C.].; Kluzek, K.; Bialkowska, A.; Swift, S.; Giavara, S.; O’Connor, M.].; Tutt, A.N.; Zdzienicka, M.Z.;
et al. Deficiency in the repair of DNA damage by homologous recombination and sensitivity to poly(ADP-ribose) polymerase
inhibition. Cancer Res. 2006, 66, 8109-8115. [CrossRef]

Byrjalsen, A.; Hansen, T.V.O.; Stoltze, U.K.; Mehrjouy, M.M.; Barnkob, N.M.; Hjalgrim, L.L.; Mathiasen, R.; Lautrup, C.K,;
Gregersen, P.A.; Hasle, H.; et al. Nationwide germline whole genome sequencing of 198 consecutive pediatric cancer patients
reveals a high incidence of cancer prone syndromes. PLoS Genet. 2020, 16, €1009231. [CrossRef]

McGee, R.B.; Oak, N.; Harrison, L.; Xu, K.; Nuccio, R.; Blake, A.K.; Mostafavi, R.; Lewis, S.; Taylor, LM.; Kubal, M.; et al.
Pathogenic Variants in Adult-Onset Cancer Predisposition Genes in Pediatric Cancer: Prevalence and Impact on Tumor Molecular
Features and Clinical Management. Clin. Cancer Res. 2023, 29, 1243-1251. [CrossRef]

Wagener, R.; Taeubner, J.; Walter, C.; Yasin, L.; Alzoubi, D.; Bartenhagen, C.; Attarbaschi, A.; Classen, C.E,; Kontny, U.; Hauer, J.;
et al. Comprehensive germline-genomic and clinical profiling in 160 unselected children and adolescents with cancer. Eur. J. Hum.
Genet. 2021, 29, 1301-1311. [CrossRef] [PubMed]

Kuhlen, M.; Hofmann, T.G.; Golas, M.M. Puzzling phenomenon: Adult-onset cancer predisposition and pediatric cancer. Trends
Cancer 2024, 10, 481-485. [CrossRef] [PubMed]

Pan, L.; Yin, L.; Liu, X.C.; Ying, R.C.; Kong, W.C. Adult versus paediatric undifferentiated embryonal sarcoma of the liver: A
SEER database analysis. ANZ J. Surg. 2021, 91, 2690-2694. [CrossRef] [PubMed]

Funato, M.; Tsunematsu, Y.; Yamazaki, F.; Tamura, C.; Kumamoto, T.; Takagi, M.; Kato, S.; Sugimura, H.; Tamura, K. Characteristics
of Li-Fraumeni Syndrome in Japan; A Review Study by the Special Committee of JSHT. Cancer Sci. 2021, 112, 2821-2834. [CrossRef]
Lack, E.E.; Schloo, B.L.; Azumi, N.; Travis, W.D.; Grier, H.E.; Kozakewich, H.P. Undifferentiated (embryonal) sarcoma of the liver.
Clinical and pathologic study of 16 cases with emphasis on immunohistochemical features. Am. J. Surg. Pathol. 1991, 15, 1-16.
[CrossRef]

Ecker, ].; Selt, F; Sturm, D.; Sill, M.; Korshunov, A.; Hirsch, S.; Capper, D.; Dikow, N.; Sutter, C.; Muller, C.; et al. Molecular
diagnostics enables detection of actionable targets: The Pediatric Targeted Therapy 2.0 registry. Eur. J. Cancer 2023, 180, 71-84.
[CrossRef]

Telli, M.L.; Timms, K.M.; Reid, J.; Hennessy, B.; Mills, G.B.; Jensen, K.C.; Szallasi, Z.; Barry, W.T.; Winer, E.P.; Tung, N.M.; et al.
Homologous Recombination Deficiency (HRD) Score Predicts Response to Platinum-Containing Neoadjuvant Chemotherapy in
Patients with Triple-Negative Breast Cancer. Clin. Cancer Res. 2016, 22, 3764-3773. [CrossRef]

Kratz, C.P; Villani, A.; Nichols, K.E.; Schiffman, J.; Malkin, D. Cancer surveillance for individuals with Li-Fraumeni syndrome.
Eur. J. Hum. Genet. 2020, 28, 1481-1482. [CrossRef]

Sutcliffe, E.G.; Stettner, A.R.; Miller, S.A.; Solomon, S.R.; Marshall, M.L.; Roberts, M.E.; Susswein, L.R.; Arvai, K.J.; Klein, R.T.;
Murphy, P.D.; et al. Differences in cancer prevalence among CHEK2 carriers identified via multi-gene panel testing. Cancer Genet.
2020, 246247, 12-17. [CrossRef]

Agaoglu, N.B.; Doganay, L. Concurrent pathogenic variations in patients with hereditary cancer syndromes. Eur. |. Med. Genet.
2021, 64, 104366. [CrossRef]

Sokolenko, A.P.; Bogdanova, N.; Kluzniak, W.; Preobrazhenskaya, E.V.,; Kuligina, E.S.; Iyevleva, A.G.; Aleksakhina, S.N.;
Mitiushkina, N.V.; Gorodnova, T.V.; Bessonov, A.A.; et al. Double heterozygotes among breast cancer patients analyzed for
BRCA1, CHEK2, ATM, NBN/NBS1, and BLM germ-line mutations. Breast Cancer Res. Treat. 2014, 145, 553-562. [CrossRef]
[PubMed]

Megid, T.B.C.; Barros-Filho, M.C.; Pisani, J.P.; Achatz, M.I. Double heterozygous pathogenic variants prevalence in a cohort of
patients with hereditary breast cancer. Front. Oncol. 2022, 12, 873395. [CrossRef] [PubMed]


https://doi.org/10.1038/nature25480
https://www.ncbi.nlm.nih.gov/pubmed/29489754
https://doi.org/10.1056/NEJMoa1508054
https://www.ncbi.nlm.nih.gov/pubmed/26580448
https://doi.org/10.1002/pbc.27390
https://www.ncbi.nlm.nih.gov/pubmed/30117275
https://doi.org/10.1016/j.ejmg.2016.01.008
https://doi.org/10.1002/ajmg.a.38142
https://doi.org/10.1016/j.ejmg.2023.104718
https://doi.org/10.1126/science.1088759
https://doi.org/10.1158/0008-5472.CAN-06-0140
https://doi.org/10.1371/journal.pgen.1009231
https://doi.org/10.1158/1078-0432.CCR-22-2482
https://doi.org/10.1038/s41431-021-00878-x
https://www.ncbi.nlm.nih.gov/pubmed/33840814
https://doi.org/10.1016/j.trecan.2024.02.011
https://www.ncbi.nlm.nih.gov/pubmed/38503638
https://doi.org/10.1111/ans.17290
https://www.ncbi.nlm.nih.gov/pubmed/34724322
https://doi.org/10.1111/cas.14919
https://doi.org/10.1097/00000478-199101000-00001
https://doi.org/10.1016/j.ejca.2022.11.015
https://doi.org/10.1158/1078-0432.CCR-15-2477
https://doi.org/10.1038/s41431-020-00709-5
https://doi.org/10.1016/j.cancergen.2020.07.001
https://doi.org/10.1016/j.ejmg.2021.104366
https://doi.org/10.1007/s10549-014-2971-1
https://www.ncbi.nlm.nih.gov/pubmed/24800916
https://doi.org/10.3389/fonc.2022.873395
https://www.ncbi.nlm.nih.gov/pubmed/36003761

Int. J. Mol. Sci. 2024, 25, 11489 90f9

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Davidson, A.L.; Michailidou, K.; Parsons, M.T.; Fortuno, C.; Bolla, M.K.; Wang, Q.; Dennis, J.; Naven, M.; Abubakar, M.; Ahearn,
T.U.; et al. Co-observation of germline pathogenic variants in breast cancer predisposition genes: Results from analysis of the
BRIDGES sequencing dataset. Am. ]. Hum. Genet. 2024, 111, 2059-2069. [CrossRef]

Matt, S.; Hofmann, T.G. The DNA damage-induced cell death response: A roadmap to kill cancer cells. Cell. Mol. Life Sci. 2016,
73, 2829-2850. [CrossRef]

Jack, M.T.; Woo, R.A,; Hirao, A.; Cheung, A.; Mak, TW.; Lee, PW. Chk2 is dispensable for p53-mediated G1 arrest but is required
for a latent p53-mediated apoptotic response. Proc. Natl. Acad. Sci. USA 2002, 99, 9825-9829. [CrossRef]

Hirao, A.; Kong, Y.Y.; Matsuoka, S.; Wakeham, A.; Ruland, J.; Yoshida, H.; Liu, D.; Elledge, S.J.; Mak, T.W. DNA damage-induced
activation of p53 by the checkpoint kinase Chk2. Science 2000, 287, 1824-1827. [CrossRef]

Yu, Q.; Rose, J.H.; Zhang, H.; Pommier, Y. Antisense inhibition of Chk2/hCds1 expression attenuates DNA damage-induced S
and G2 checkpoints and enhances apoptotic activity in HEK-293 cells. FEBS Lett. 2001, 505, 7-12. [CrossRef]

Harvey, M.; Vogel, H.; Morris, D.; Bradley, A.; Bernstein, A.; Donehower, L.A. A mutant p53 transgene accelerates tumour
development in heterozygous but not nullizygous p53-deficient mice. Nat. Genet. 1995, 9, 305-311. [CrossRef]

Knudson, A.G., Jr. Mutation and cancer: Statistical study of retinoblastoma. Proc. Natl. Acad. Sci. USA 1971, 68, 820-823.
[CrossRef]

Ciani, Y.; Fedrizzi, T.; Prandi, D.; Lorenzin, F.; Locallo, A.; Gasperini, P.; Franceschini, G.M.; Benelli, M.; Elemento, O.; Fava, L.L,;
et al. Allele-specific genomic data elucidate the role of somatic gain and copy-number neutral loss of heterozygosity in cancer.
Cell Syst. 2022, 13, 183-193.e7. [CrossRef]

Dobzhansky, T. Genetics of natural populations; recombination and variability in populations of Drosophila pseudoobscura.
Genetics 1946, 31, 269-290. [CrossRef] [PubMed]

Li, S.; Topatana, W.; Juengpanich, S.; Cao, J.; Hu, J.; Zhang, B.; Ma, D.; Cai, X.; Chen, M. Development of synthetic lethality in
cancer: Molecular and cellular classification. Signal Transduct. Target. Ther. 2020, 5, 241. [CrossRef] [PubMed]

Wang, X.; Simon, R. Identification of potential synthetic lethal genes to p53 using a computational biology approach. BMC Med.
Genomics 2013, 6, 30. [CrossRef] [PubMed]

den Dunnen, J.T,; Dalgleish, R.; Maglott, D.R.; Hart, R.K.; Greenblatt, M.S.; McGowan-Jordan, J.; Roux, A.F.; Smith, T.; Antonarakis,
S.E.; Taschner, PE. HGVS Recommendations for the Description of Sequence Variants: 2016 Update. Hum. Mutat. 2016, 37,
564-569. [CrossRef] [PubMed]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ajhg.2024.07.004
https://doi.org/10.1007/s00018-016-2130-4
https://doi.org/10.1073/pnas.152053599
https://doi.org/10.1126/science.287.5459.1824
https://doi.org/10.1016/S0014-5793(01)02756-9
https://doi.org/10.1038/ng0395-305
https://doi.org/10.1073/pnas.68.4.820
https://doi.org/10.1016/j.cels.2021.10.001
https://doi.org/10.1093/genetics/31.3.269
https://www.ncbi.nlm.nih.gov/pubmed/20985721
https://doi.org/10.1038/s41392-020-00358-6
https://www.ncbi.nlm.nih.gov/pubmed/33077733
https://doi.org/10.1186/1755-8794-6-30
https://www.ncbi.nlm.nih.gov/pubmed/24025726
https://doi.org/10.1002/humu.22981
https://www.ncbi.nlm.nih.gov/pubmed/26931183
https://doi.org/10.1038/gim.2015.30

	Introduction 
	Results 
	Case History 
	Comprehensive Genetic Tumor Analyses 
	Molecular Genetic Testing of TP53 and CHEK2 Genes 

	Discussion 
	Methods 
	Conclusions 
	References

