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ABSTRACT
Background: Genetic testing and sequencing technologies offer a comprehensive understanding of cancer genetics, providing 
rapid and cost-effective solutions. In particular, these advanced technologies play an important role in assessing the complexities 
of the rare cancer types affecting several systems including the bone, endocrine, digestive, vascular, and soft tissue. This review 
will explore how genetic testing and sequencing technologies have contributed to the identification of biomarkers across several 
rare cancer types in diagnostic, therapeutic, and prognostic stages, thereby advancing PM.
Methods: A comprehensive literature search was conducted across PubMed (MEDLINE), EMBASE, and Web of Science using 
keywords related to sequencing technologies, genetic testing, and cancer. There were no restrictions on language, methodology, 
age, or publication date. Both primary and secondary research involving humans or animals were considered.
Results: In practice, fluorescence in situ hybridization, karyotype, microarrays and other genetic tests are mainly applied to 
identify specific genetic alterations and mutations associated with cancer progression. Sequencing technologies, such as next 
generation sequencing, polymerase chain reaction, whole genome or exome sequencing, enable the rapid analysis of millions of 
DNA fragments. These techniques assess genome structure, genetic changes, gene expression profiles, and epigenetic variations. 
Consequently, they help detect main intrinsic markers that are crucial for personalizing diagnosis, treatment options, and prog-
nostic assessments, leading to better patient prognosis. This highlights why these methods are now considered as primary tools 
in rare cancer research. However, these methods still face multiple limitations, including false positive results, limited precision, 
and high costs.
Conclusion: Genetic testing and sequencing technologies have significantly advanced the field of rare cancer research by en-
abling the identification of key biomarkers for precision diagnosis, treatment, and prognosis. Despite existing limitations, their 
integration into clinical and research fields continues to improve the development of personalized medicine strategies for rare 
and complex cancer types.
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1   |   Background

Rare cancers make up nearly a quarter (22%) of all cancer diag-
nosis and deaths worldwide, with a yearly incidence of less than 
6 per 100,000 individuals [1]. Rare cancers comprise a highly 
diverse group of diseases [2]. This diversity is further stratified 
based on the distinct histological and molecular subtypes within 
these groups [2]. For example, rare bone tumors (RBTs) account 
for 5%–10% of rare cancer cases and are known for their unique 
diagnostic signatures [3]. Current research aims at detecting bio-
markers and subtypes of RBT in order to explore effective treat-
ment options [3]. Rare endocrine tumors also arise from various 
body organs and pose unique challenges in diagnosis and man-
agement due to their heterogeneity [4, 5]. Soft tissue tumors are a 
rare type of cancer, representing less than 1% of all malignancies 
[6]. These tumors are often difficult to evaluate and treat due to 
their varied body locations, characteristics, and subtypes [7, 8]. 
Moreover, vascular tumors are a rare subset of digestive system 
cancers, accounting for 0.12% to 0.28% of all digestive diseases, 
often leading to misdiagnosis and failure in treatment plans [9]. 
Other uncommon cancer types include olfactory neuroblastoma 
and thymic carcinoma [10, 11], which are still under investiga-
tion to establish optimal diagnostic and therapeutic strategies. 
The rare, aggressive, and drug-resistant nature of these tumors 
makes it difficult for healthcare professionals (HCPs) to reach a 
therapeutic decision, reflecting the lack of diagnosis and treat-
ment guidelines for all rare cancers [12].

As cancer is considered “a disease of the genome”, detecting a 
potential genetic predisposition or verifying the presence of a 
pathogenic gene mutation presents a variety of challenging is-
sues for patients, their families, and HCPs [13]. In modern prac-
tice, precision medicine (PM) and genetic testing has become 
increasingly prevalent, offering new avenues for addressing 
these challenges [14]. The application of PM could help in pre-
scribing medications that are expected to benefit a subgroup of 
patients whose cancer presents particular molecular or cellular 
features, genetic mutations, and changes in gene or protein ex-
pression patterns [15]. Multiple genetic testing technologies are 
also used for mapping specific genes related to the progression 
of cancer. For example, traditional cytogenetics assays such as 
fluorescence in situ hybridization (FISH) and Karyotyping, are 
the most often used technologies for detecting chromosomal al-
teration [16, 17]. In some settings, DNA Microarray have been 
employed as either chromosomal microarrays to identify copy 
number variants (CNVs) or as genotyping arrays to examine 
single-nucleotide polymorphisms (SNPs) [18].

In recent years, the growing clinical demand for personal-
ized treatment options has driven the adoption of advanced 
approaches, including sequencing technologies [19]. Next-
generation sequencing (NGS), also known as parallel sequenc-
ing, is currently the standard of care for patients with advanced 
solid tumors [20]. Consequently, a single NGS test is able to se-
quence all mutational types in hundreds to thousands of genes 
at a relatively short period and low cost [21, 22]. This emphasizes 
the high potential of NGS to provide the most thorough genetic 
investigation of cancers [20]. Through the use of NGS, both RNA 
and DNA sequences may be acquired [23]. DNA sequencing is 
classified into three types: whole-genome sequencing (WGS), 

whole-exome sequencing (WES), and targeted sequencing 
depending on the choice of the targeted genes for a particular 
condition. In parallel, RNA sequencing can identify alternative 
gene-spliced transcripts, short and long non-coding RNA se-
quences, gene fusion, posttranscriptional modifications, muta-
tions/SNPs, and changes in gene expression [24, 25].

The use of genetic testing and sequencing technologies (GTST) 
in cancer treatment has shifted clinicians' perspective from 
therapeutic decisions depending on tumor location and histol-
ogy toward ones focusing on molecular profiling data as well as 
tumor histology and location [26]. Therefore, applying sequenc-
ing technologies in conjunction with conventional clinical and 
pathological tests can achieve highly effective means to improve 
diagnosis, clinical outcomes' prediction, and prognosis [27]. This 
can allow HCPs to better understand the application of GTST, 
especially during the early detection phase [28]. Additionally, 
evaluating the genetic dysregulation of intrinsic pathways asso-
ciated with tumorigenesis can aid in uncovering several poten-
tial therapeutic targets that may be used for personalizing the 
treatment of rare cancers [27]. These genomic assessments can 
also lead to the discovery of features that can be rapidly trans-
lated into diagnostics and monitoring strategies [13, 28, 29].

Therefore, this review will explore how GTST have contributed 
to the identification of intrinsic markers across diverse rare 
cancer types in diagnostic, therapeutic, and prognostic stages, 
thereby advancing PM (see Figure 1).

2   |   Materials and Methods

Literature searches utilizing PubMed (MEDLINE), EMBASE, 
and Web of Science were conducted using terms related to se-
quencing, genetic testing, and cancer were used. The following 
key terms were used, (sequencing OR “sequencing technology” 
OR “advanced sequencing” OR “new sequencing” OR “novel se-
quencing”) AND (“genetic test” OR “genetic testing” OR “gene 
testing” OR gene OR “gene sequence” OR “genetic sequencing” 
OR “advanced genes” OR “new genes” OR “active genes” OR 
“novel genes”) AND (cancer OR “rare cancer” OR “rare tumors” 
OR “bone cancer” OR “bone tumor” OR “vascular tumor” OR 
“vascular cancer” OR “endocrine tumor” OR “endocrine can-
cer” OR “digestive cancer” OR “digestive tumor” OR “soft tissue 
tumor” OR “soft tissue cancer”). No language, research meth-
ods, age or date restrictions were applied. Primary and second-
ary research of human or animal were considered.

LibreOffice software was used to develop the tables in this man-
uscript to support high-quality data presentation and differen-
tiation. Figures were designed and structured using Biorender 
software and PowerPoint.

3   |   The Role of GTST in Precision Oncology: Types 
and Properties

In current practice, GTST have been considered a key compo-
nent in advancing genomics research and offering flexible capa-
bilities for analyzing intrinsic markers [30].
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The application of NGS enabled researchers to evaluate DNA 
and RNA molecules in a high-throughput manner [31, 32], with 
a study demonstrating the ability to process up to 500 cases per 
year in a cost-effective manner [33]. Other sequencing technol-
ogies including polymerase chain reaction (PCR) and Sanger 
sequencing are used for amplifying DNA into millions of copies 
[34, 35]. WGS is applied for detecting nearly all nucleotide se-
quences of an individual's DNA [36]. In some cases, it requires 
a longer time, higher cost, and may detect non-coding sections 
of DNA known as introns [36]. This expanded the use of WES 
that can sequence exomes (coding regions) at a much greater 
depth for a lower cost [37]. The analysis of genome-wide DNA 
methylation at a single-base resolution can also be achieved 
through Whole-genome bisulfite sequencing (WGBS) with high 
accuracy and cost-effectiveness [38]. Moreover, Chromatin 
Immunoprecipitation sequencing (ChIP-seq) constitutes an ad-
vanced approach for detecting DNA binding sites for particular 
proteins on a genome and assessing protein-to-DNA interactions 
[39]. When paired with NGS, ChIP-seq allows a powerful iden-
tification of genome-wide DNA binding sites for transcription 
factors and other proteins [40].

It is worth mentioning that the implementation of genetic test-
ing in different resolutions can further allow the investigation 
of different types of genetic variation [41]. The FISH visualizes 
specific small or large chromosomal regions [42]. However, ob-
tained results are usually subject to further confirmation by ei-
ther karyotype or microarray to prevent genetic mosaicism [42]. 
Karyotype is considered the gold standard test that can assess 
the entire set of chromosomes in terms of number and structure 
and measure “mesenchymal cells” resembling “fetal cells” while 
small abnormalities are sometimes not detected [43]. This em-
phasizes the value of Microarrays in evaluating chromosomal 

abnormalities with low resolution (chromosomal type) and nu-
cleic acid sequence in terms of nucleotide order (genotypic type) 
[44]. Microarrays allow high output identification of multiple 
variant types at one time, but their high cost can be challeng-
ing [45]. Table 1 summarizes the types of GTST currently used 
in practice, along with their unique functions and differential 
characteristics.

4   |   Application of GTST in Rare Cancer Tumors

4.1   |   Rare Bone Tumors

4.1.1   |   Adamantinoma

Adamantinoma is a low-grade, invasive bone tumor that af-
fects the tibia or fibula and, in rare cases, other long bones [46]. 
Histopathological examination is still the primary method for 
diagnosing adamantinoma. Several studies suggested that this 
condition is of epithelial origin due to a possible connection 
between adamantinoma and tumors emerging from the epithe-
lium, such as osteofibrous dysplasia or synovial sarcoma [47]. 
Adamantinoma and osteofibrous dysplasia-like (ODF-like) 
adamantinoma both possess comparable histological features 
and are not easily distinguishable when making a diagnosis. 
Previous cytogenetic analysis of both conditions identified a 
recurring pattern of numerical anomalies, including additional 
copies of chromosomes 7, 8, 12, 19, and 21 in both variants 
[48, 49]. The application of WES and RNA sequencing (RNA-
Seq) on both tumor types resulted in the recurrent mutation of 
Lysine Methyltransferase 2D (KMT2D) gene in 38% of adaman-
tinomas, indicating the potential role of chromatin structure and 
integrity in adamantinoma carcinogenesis. RNA-Seq analysis 

FIGURE 1    |    The role of GTST in rare cancers: Identifying markers and advancing PM.
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also revealed a novel somatic gene fusion in an adamantinoma, 
which could be used as a diagnostic marker [50]. Although ad-
amantinoma and synovial sarcoma of the tibia share morpho-
logic and immunophenotypic similarities, SS18 translocation 
is a known marker of Synovial sarcoma. Therefore, conducting 
FISH to investigate the status of SS18 translocation can exclude 
synovial sarcoma and is recommended before diagnosing spin-
dle cell adamantinoma [51]. Recently, a study revealed that DNA 
methylation could differentiate between Adamantinoma-Like 
Ewing sarcoma and the conventional Ewing sarcoma based on 
the distinct methylation signature between both tumors [52–54].

Despite ongoing findings in adamantinoma, the potential to 
generalize findings is still limited due to small sample sizes and 
a lack of validation in diverse populations. False positive results 
may still occur in FISH testing, requiring the use of more robust 
and standardized diagnostic guidelines. Integrating tools such 
as KMT2D and methylation profiling could improve diagnostic 
precision. Moreover, validating these findings in larger studies 
could facilitate their use in targeted therapies or clinical trials.

4.1.2   |   Chondromyxoid Fibroma

Chondromyxoid fibromas (CMF) arise from cartilaginous joints 
and are associated with a low risk of metastasis [55]. Due to the 
limited number of documented cases, limited data is known 
about the etiology and pathogenesis of these benign tumors 
[56, 57]. Although surgery is widely considered to be the main-
stay of treatment, adjuvant radiation therapy, intra-lesional 
curettage, and cementation represent efficient therapeutic alter-
natives that provide excellent outcomes with a low recurrence 
rate [55, 58]. Further insights were provided through the suc-
cessful implementation of whole-genome mate-pair sequencing 
and RNA-Seq technologies in CMF, which identified the overex-
pression of the glutamate receptor gene (GRM1) in several rare 
cases that lead to disordered glutamate signaling [59]. These 
findings provide evidence for the potential of the GRM1 gene to 
be a promising therapeutic target for the treatment of CMF [60]. 
However, the limited case numbers and reliance on individual 
studies restrict the generalizability of thefindings.

Futuristically, multicenter studies and preclinical models are es-
sential to confirm GRM1's therapeutic potential. This highlights 
the need to incorporate sequencing technologies in regular diag-
nostics to identify targets and improve treatment strategies for 
this rare tumor.

4.1.3   |   Chordoma

Chordomas are tumors that originate from the notochord at the 
base of the skull and spinal cord, and are often adequately treated 
with surgery and radiotherapy [61, 62]. Due to their high meta-
static potential and recurrence rates, genetic abnormalities are 
suggested to be the cause behind the formation of these tumors 
[63]. While there is no conclusive genetic marker established for 
chordomas, classical G-banding, genome-wide oligonucleotide 
microarrays, comparative genomic hybridization (CGH), and 
FISH have detected several genes implicated in tumor formation 
[64, 65]. Genetic aberrations in the brachyury gene (TBXT) have 

been noticed through Sanger sequencing and WES [66]. Other 
specific mutations obtained through whole-exome and whole-
genome NGS have resulted in a treatment strategy that is cen-
tered on targeting these anomalous genes [67–69].

The variation in genetic findings along with the absence of a de-
finitive biomarker highlights the need for more directed studies 
about chordomas. This can be explained due to the high costs 
and limited accessibility of genome-wide analyses in practice. 
Therefore, a comprehensive genomic analysis of a patient's tumor 
can allow the development of a personalized treatment plan.

4.1.4   |   Periosteal Osteosarcoma

Periosteal osteosarcoma (PO) is a rare subtype of bone tumors 
[70]. Compared to osteosarcoma, periosteal osteosarcoma has a 
minimal risk of metastasis and a better overall prognosis [71]. 
Only high-grade tumors might require adjuvant treatment with 
chemotherapy, while low-grade tumors are managed with wide 
excision [72]. In two patients, a missense mutation resulting in 
the inactivation of at least one allele in the Tumor Protein 53 
(TP53) gene was revealed through WES. As TP53 is one of the 
most commonly mutated genes in human cancers, this muta-
tion is believed to be directly associated with the pathogenesis 
of periosteal osteosarcoma [73, 74]. These findings align with 
earlier research, where point mutations in TP53 have been 
detected through polymerase chain reaction-Single-Strand 
Conformation Polymorphism (PCR-SSCP) of exons 4–8 fol-
lowed by Direct Genomic Sequencing, revealing their role in 
the early progression of malignant osteoblastic tumors. In some 
cases, complex chromosomal aberrations were observed, but 
these have not been particular to periosteal osteosarcoma but 
rather to all types of sarcomas [70].

Therefore, limited evidence requires larger studies to obtain a 
clear genetic basis. The lack of subtype-specific markers also 
limits the development of targeted therapies. Consequently, 
exploring TP53-specific treatments in clinical studies and con-
ducting longitudinal clinical trials is necessary to identify bio-
markers for more effective and personalized PO management 
strategies.

4.2   |   Rare Endocrine Tumors

4.2.1   |   Adrenocortical Carcinoma

Adrenocortical Carcinoma (ACC) is a rare endocrine malig-
nancy characterized by a poor prognosis [75]. Most ACC cases 
are characterized by steroid hormone excess or abdominal 
mass; nevertheless, 15% of these cases are discovered by chance. 
Advances in genomics have enabled molecular characterization 
of ACC tumors, revealing multiple complex and inconsistent ge-
netic alterations [76, 77]. This has been of great interest due to 
the poor prognosis and high mortality rates of ACC secondary 
to metastasis [78]. Consequently, sequencing technologies have 
enabled the identification of novel targets for metastatic ACC, 
which may improve patient outcomes and prognosis based on 
findings from nine patient samples [79]. NGS identified muta-
tions in the TP53, Neurofibromin 1 (NF1), Cyclin-Dependent 
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Kinase Inhibitor 2A (CDKN2A), Multiple Endocrine Neoplasia 
type 1 (MEN1), Catenin Beta 1 (CTNNB1), and Ataxia-
Telangiectasia Mutated (ATM) genes to be the most common 
[80–82]. Interestingly, another study identified Erb-B2 Receptor 
Tyrosine Kinase 4 (ERBB4) as a frequently mutated gene in 
metastatic ACC through a combination of WES and Sanger 
sequencing [83]. Another analysis evaluated tumors using var-
ious WGS, WES, DNA microarrays, PCR, and Sanger sequenc-
ing [78, 84, 85]. These studies identified TP53 and CTNNB1 
mutations in a significant percentage of samples. Other driver 
genes were also identified through WES and DNA microarrays 
[78, 84, 85].

The validation of these findings through large-scale studies, 
along with an assessment of their utility across various popu-
lations, is essential. Clinically, integrating these mutations in 
routine practice could enable customized treatment strategies, 
especially for metastatic cases. In the long term, this approach 
may improve patient outcomes and prognosis through earlier 
and more precise interventions.

4.2.2   |   Pheochromocytoma and Paraganglioma

Pheochromocytomas and paragangliomas (PPGLs) are neuro-
endocrine tumors arising from sympathetic or parasympathetic 
tissues [86]. Because this rare type of tumor can be lethal, early 
detection is crucial [87]. In some cases, the non-specific symp-
toms of PPGLs can be associated with diagnostic and therapeu-
tic delays [88, 89]. Approximately 40% of these sporadic tumors 
originate from inherited genetic mutations, making them some 
of the most strongly hereditary human tumors [90]. Different se-
quencing technologies can be used to detect these mutations; yet, 
NGS along with Sanger sequencing are mainly applied [91–93]. 
Typical genetic screening for PPGLs involves the identification 
of the most common pathogenic mutation [94]. Consequently, 
it is recommended to make genetic testing more accessible to 
PPGLs patients and their families for early detection and inter-
vention of this aggressive cancer [86].

In clinical practice, it can be suggested that intrinsic biomarkers 
detected through genetic testing can help HCPs to better evalu-
ate disease progression by classifying these markers into diag-
nostic, therapeutic, and prognostic categories for better disease 
management and patient prognosis (see Table 2). However, lim-
ited access to sequencing technologies and reliance on common 
mutations restrict the detection of novel biomarkers.

4.3   |   Rare Digestive System Tumors

4.3.1   |   Appendiceal Cancer

Appendiceal cancer is a rare malignancy that is often discov-
ered incidentally following appendectomy for acute appendicitis 
[95]. For this type of cancer, surgical therapy is the cornerstone 
of treatment. In advanced tumor cases or when ineligible for 
surgical resection, treatment primarily includes chemotherapy 
and palliative care [96, 97]. NGS of all five appendiceal cancer 
subtypes revealed distinct somatic mutations, which are listed 

in Figure  2 [98–100]. The most prevalent are Rat Sarcoma 
(RAS), Guanine Nucleotide-Binding Protein G(s) Alpha Subunit 
(GNAS), and TP53 mutations [101]. While Sanger sequencing, 
protein expression/immunohistochemistry (IHC), and gene am-
plification (FISH or Chromogenic In Situ Hybridization [CISH]) 
can all be used, NGS remains the preferred method for profiling 
appendiceal tumors [102]. Tissue-NGS and blood-NGS are em-
ployed interchangeably in profiling this type of cancer, as they 
typically yield comparable molecular profiles  [100]. Note that 
some recommendations have been proposed to guide the use 
of NGS in appendiceal cancer depending on the nature of the 
tumor [103]. For instance, it is recommended to use blood-NGS 
for low-grade tumors and tissue-NGS for high-grade tumors to 
enhance the accuracy of predicting prognostic biomarkers and 
novel therapeutic targets [104].

Overall, these recommendations need further validation to iden-
tify potential therapeutic targets, and evaluate their clinical rel-
evance in improving patient outcomes. Once validated, theses 
markers could be integrated into clinical protocols to develop 
precise prognostic and therapeutic tools tailored to tumor grade.

4.3.2   |   Cholangiocarcinoma

Cholangiocarcinoma is a type of primary hepatic cancer that 
arises from the epithelium of the bile duct [105]. This tumor is 
divided into three subtypes: intrahepatic cholangiocarcinoma 
(iCCA), perihilar cholangiocarcinoma (pCCA), and distal chol-
angiocarcinoma (dCCA) [105]. In recent years, the increased 
incidence of cholangiocarcinoma has contributed to further 
advancements in assessing its etiology, prognosis, and clinical 
management. The standard of treatment is surgical excision; 
however, chemotherapy and external-beam radiation therapy 
are the primary treatment options in advanced stages [106, 107]. 
The variable genomic, epigenetic, and molecular nature of chol-
angiocarcinoma detected by NGS has posed a greater interest in 
creating novel diagnostic strategies and therapies that may sig-
nificantly improve patient outcomes [108, 109]. NGS and WES 
are also often used to identify somatic mutations in patients with 
iCCA, pCCA, and dCCA. Interestingly, WES identified SAV1 as a 
potential driver of Intrahepatic cholangiocarcinoma (ICC) [110]. 
For example, mutations in TP53, Kirsten Rat Sarcoma (KRAS), 
and AT-Rich Interaction Domain 1A (ARID1A) genes have 
been associated with cholangiocarcinoma [111]. Consequently, 
some clinical trials have been testing the effectiveness of tar-
geted drugs specific to these genes in conjunction with chemo-
therapy [112]. It is worth mentioning that WGS is applied as an 
additional tool for differentiating cholangiocarcinoma tumors 
from other types of liver cancers since TP53 mutations have 
also been largely expressed in hepatic tumors [113]. Other mu-
tations including Isocitrate Dehydrogenase 1 (IDH1), IDH2, 
Fibroblast Growth Factor Receptor 1 (FGFR1), FGFR2, FGFR3, 
Ephrin Type-A Receptor 2 (EPHA2), BRCA1-Associated Protein 
1 (BAP1), and Neuroblastoma RAS (NRAS) were found in iCCA 
cases. In parallel, pCCA/dCCA cases were found to have TP53, 
KRAS, AT-Rich Interaction Domain 1B (ARID1B), E74-like 
factor 3 (ELF3), Polybromo 1 (PBRM1), Protein Kinase, cAMP-
Dependent, Catalytic, Alpha (PRKACA), PRKACB, and v-Raf 
Murine Sarcoma Viral Oncogene Homolog B (BRAF) mutations.
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This reveals the heterogeneous nature of cholangiocarcinoma, 
emphasizing the need for subtype-specific diagnostic and ther-
apeutic strategies [114]. Expanding genomic studies to include 
diverse populations and integrating molecular profiling into rou-
tine care is also required, especially to improve survival rates.

4.3.3   |   Esophageal Cancer

Esophageal cancer is known to be a fatal disease with a low 
survival rate despite medical treatment [115]. Most malignant 
esophageal neoplasms are classified as adenocarcinoma or squa-
mous cell carcinoma based on tumor symptoms, histology, and 
morphology [116]. Depending on the tumor type, treatment may 
include esophagectomy, endoscopic mucosal excision, chemo-
therapy, or chemoradiotherapy [115]. The high mortality rates 
reported have fueled extensive efforts to obtain a genome-wide 
molecular profile of esophageal tumors [117], with NGS being 
widely implemented [118]. Accordingly, the most prevalent 
pathogenic mutations were linked to TP53, CDKN2A, SMAD 

family member 4 (SMAD4), and Phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) genes 
[119]. In the long term, SMAD4 and TP53 mutations will be clas-
sified as predictive biomarkers for tumor recurrence and poor 
prognosis [120]. A recent study also discussed the potential of 
long-read and single-cell DNA sequencing technologies to better 
predict clonal evolution in esophageal adenocarcinoma [121].

Consequently, additional efforts should focus on standardizing 
genomic profiling techniques and incorporating them into treat-
ment protocols to facilitate earlier intervention and improved 
disease management, especially given the high mortality rate 
associated with esophageal cancer.

4.3.4   |   Fibrolamellar Carcinoma

Fibrolamellar hepatocellular carcinoma (FLHCC) is a rare type 
of liver cancer that primarily affects young adults and teenag-
ers without underlying liver disorders [116]. FLHCC symptoms 

FIGURE 2    |    Classification of biomarkers in rare digestive system tumors based on GTST. APC, Adenomatous Polyposis Coli; ARID1A, AT-Rich 
Interaction Domain 1A; ATM, Ataxia-Telangiectasia Mutated; BAP1, BRCA1-Associated Protein 1; BRAF, v-Raf Murine Sarcoma Viral Oncogene 
Homolog B; CDKN2A, Cyclin Dependent Kinase Inhibitor 2A; CISH, Chromogenic In Situ Hybridization; DNAJB1, DnaJ Heat Shock Protein Family 
(Hsp40) Member B1; ELF3, E74-like factor 3; EPHA2, Ephrin Type-A Receptor 2; ERBB2, Erythroblastic Oncogene B2; FBXW7, F-box and WD 
repeat domain containing 7; FGFR1, Fibroblast Growth Factor Receptor 1; FISH, fluorescence in situ hybridization; GNAS, Guanine Nucleotide-
Binding Protein G(s) Alpha Subunit; IDH1, Isocitrate Dehydrogenase 1; IDH1, Isocitrate Dehydrogenase 1; IHC, immunohistochemistry; KRAS, 
Kirsten Rat Sarcoma; NGS, next-generation sequencing; NRAS, Neuroblastoma RAS; PBRM1, Polybromo 1; PIK3CA, phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha; PRKACA, Protein Kinase, cAMP-Dependent, Catalytic, Alpha; qt-PCR, quantitative real-time poly-
merase chain reaction; RID1B, RAD54-like protein 1B; SMAD4, SMAD family member 4; TP53, Tumor Protein 53; WES, whole-exome sequencing; 
WGS, whole-genome sequencing.
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often include non-specific stomach pain, malaise, nausea, and 
weight loss. Due to the chemotherapy-resistant nature of FLC, 
surgical procedures are the only effective and main cornerstone 
of FLC management [122]. Consequently, the genomic profiling 
of FLHCC tumors has consistently revealed the presence of a fu-
sion between DnaJ Heat Shock Protein Family (Hsp40) Member 
B1 (DNAJB1) and Protein Kinase, cAMP-Dependent, Catalytic, 
Alpha (PRKACA) [123]. The detection of the DNAJB1-PRKACA 
fusion constitutes a unique marker in FLCC tumors specifically, 
as evidenced by WES, microarray analysis, and quantitative real-
time polymerase chain reaction (qt-PCR) [124, 125]. Moreover, 
WGS of the FLHCC specimen has identified a few genomic alter-
ations located on the lower end of the mutational spectrum. As 
the genomic landscape of FLHCC lacks a second-hit mutation, 
the DNAJB1-PRKACA fusion protein is the optimal target for 
diagnostic and therapeutic improvements [126, 127].

The detection of the DNAJB1-PRKACA fusion as a basis for 
FLHCC constitutes a key component for understanding this 
rare cancer. However, the lack of other genomic alterations 
in FLHCC limits the scope for developing a targeted therapy. 
Future research should further evaluate the biological mecha-
nisms of this fusion protein for earlier detection opportunities 
and personalized treatment approaches.

4.3.5   |   Gastric Adenocarcinoma and Proximal 
Polyposis of the Stomach

Gastric adenocarcinoma and proximal polyposis of the stomach 
(GAPPS) is a rare, hereditary cancer that belongs to familial 
adenomatous polyposis [75]. This cancer tumor has an auto-
somal dominant inheritance pattern and carries a high risk of 
progressing into gastric adenocarcinoma [128]. It is unclear if 
diagnostic and therapeutic guidelines are established for this 
cancer. Several retrospective case reports rely on gastroscopy 
and biopsies as diagnostic tools and recommend prophylactic 
gastrectomy [128–130]. The use of Sanger sequencing revealed 
alterations in the Adenomatous Polyposis Coli (APC) promoter 
IB as an underlying genetic driver of GAPPS [131, 132].

Due to its hereditary nature, new criteria for early detection, 
prophylactic treatment, and the formation of prospective fam-
ily registries must be implemented for future research investi-
gations [133, 134]. Therefore, intrinsic markers are considered 
a key component during diagnosis, treatment, and prognosis to 
achieve better clinical outcomes and quality of life (see Figure 2).

4.4   |   Rare Vascular Tumors

4.4.1   |   Angiosarcoma

Angiosarcoma is known as an aggressive endothelial tumor that 
can arise at any site within the body, while the cutaneous le-
sions localized in the head and neck account for 60% of angio-
sarcomas [135]. Despite the limited data available regarding the 
pathogenesis of angiosarcomas, some risk factors were identi-
fied, including chronic lymphoedema, radiation exposure, envi-
ronmental toxins, and some familial disorders [136]. In practice, 
WES analysis of 47 tumors revealed that Angiosarcoma of the 

head, neck, face, and scalp (HNFS) is closely related to a higher 
tumor mutation burden (TMB) and a dominant ultraviolet dam-
age mutational signature [137]. This implies that immune check-
point inhibitors may be a valuable therapeutic option for a subset 
of patients with angiosarcoma of HNFS [138]. The application of 
WES and RNA-Seq on tumor samples also revealed six missense 
mutations in Neuroblastoma Breakpoint Family Member 10 
(NBPF10), NBPF15, Zinc Finger Protein 678 (ZNF678), Vacuolar 
Protein Sorting 8 (VPS8), Piccolo Presynaptic Cytomatrix 
Protein (PCLO), and ATP Binding Cassette Subfamily B Member 
1 (ABCB1) genes. These mutations resulted in an amino acid 
shift toward hydrophobicity, which tends to be related to im-
munogenic neo-peptides and immune checkpoint inhibition 
therapy [139, 140]. Angiosarcomas were found to be genetically 
diverse tumors with a wide variety of genetic anomalies. WGS 
across 18 samples from the head and neck detected mutations in 
TP53, Kinase Insert Domain Receptor (KDR), Protein Tyrosine 
Phosphatase, Receptor Type B (PTPRB), and Protection of 
Telomeres 1 (POT1) genes [141]. Similarly, NGS identified mu-
tations in TP53 and POT1 genes [142]. Another study utilized 
a hybridization-based targeted NGS assay to detect TP53 and 
PTPRB mutations, as well as CDKN2A deletions [143]. These 
findings show that the most frequently observed genetic aber-
rations across cases from the head and neck areas are primarily 
in the TP53 gene.

Future studies should prioritize stratifying patients by genetic 
profiles, such as TP53 and POT1 mutations, in order to person-
alize treatment plans. Furthermore, expanding the sample size 
of genomic studies and integrating multi-omics approaches may 
further refine therapeutic strategies and improve survival out-
comes [144].

4.4.2   |   Epithelioid Hemangioendothelioma

Epithelioid hemangioendothelioma (EHE) is a low-grade malig-
nant vascular tumor that can arise in different anatomical sites, 
including the liver, bone, and lungs [145, 146]. The driver muta-
tion for 90% of EHE is the WW Domain Containing Transcription 
Regulator 1—Calmodulin Binding Transcription Activator 1 
(WWTR1-CAMTA1) fusion gene. The remaining 10% are due to 
the Yes-Associated Protein 1—Transcription Factor E3 (YAP1-
TFE3) fusion gene, an underrecognized variant that is not well 
described in the literature [147, 148]. Genetic testing using FISH 
and/or PCR has proven to be an excellent diagnostic method for 
detecting EHE fusion genes [149]. Recent attempts have been 
made to construct a thorough molecular profile of EHE using 
NGS to detect genomic variants. Subsequently, these variants 
can be utilized to predict aggressiveness and prognosis of this 
condition [150]. The majority of primary EHE cases present 
with a small number of mutations. Genetic mutations could be 
detected using NGS in nearly all EHE samples examined (see 
Figure 1) [151]. As a result, these findings contribute to a bet-
ter understanding of the molecular profile of EHE and present 
novel therapeutic targets.

Prospectively, NGS-based molecular profiling can offer a prom-
ising tool for predicting tumor aggressiveness and prognosis, 
along with validation studies on diverse patient cohorts. This 
could improve early disease detection and the use of targeted 
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therapy, especially for the more aggressive or under-researched 
variants of EHE.

4.4.3   |   Kaposiform Hemangioendothelioma

Kaposiform hemangioendothelioma (KHE) is a congenital, lo-
cally aggressive vascular tumor that can affect the skin, deep 
soft tissues, or bones, and is characterized by a poor prognosis 
[145, 152]. There is no treatment guideline established due to 
a lack of trials, and the various recommendations for patient 
care are based on published case series [153]. The importance 
of early diagnosis and treatment of KHE is related to its poten-
tial progression to the Kasabach-Merritt phenomenon (KMP), 
a condition marked by life-threatening thrombocytopenia and 
consumptive coagulopathy [154]. Earlier studies identified G 
Protein Subunit Alpha 14 (GNA14) mutations in KHE sam-
ples through WES and targeted sequencing. However, further 
findings showed that GNA14 mutations cannot be implicated 
as markers for diagnosis, as they are not entity-specific. This is 
supported by a recent comprehensive mutational analysis and 
genome-wide methylation profiling of KHE, which found that 
none of the cases had GNA14 mutations and just one case has a 
RAD50 Double Strand Break Repair Protein (RAD50) mutation 
[155]. In conclusion, rare vascular tumors are associated with 
various markers that can be used as diagnostic or therapeutic 

targets in future genomics-based research using GTST (see 
Figure 3).

4.5   |   Rare Soft Tissue Tumors

4.5.1   |   Desmoid Tumors

Desmoid tumors (DT), also known as aggressive fibromatosis, 
are sporadic fibroblastic proliferations [156]. The diagnosis of 
DTs is often incidental and challenging, especially in the ab-
sence of clinical symptoms [157]. While DTs have a relatively 
low mortality rate, they are severe in nature and have a high 
chance of recurrence [158]. Most DTs exhibit histological sim-
ilarities to benign fibroblastic lesions, myofibroblastic lesions, 
and low-grade sarcoma [159]. Several studies have reported the 
presence of somatic mutations in the Catenin Beta 1 (CTNNB1) 
gene in DTs and proposed CTNNB1 sequencing as a reliable di-
agnostic marker for the diagnosis of these tumors [160]. Direct 
sequencing of CTNNB1 in 260 cases of DTs and 191 cases of 
spindle cell lesions revealed CTNNB1 mutations in 88% of spo-
radic DTs, but none in all other lesions studied [159]. The use 
of WES and RNA sequencing identified CTNNB1 mutations in 
87.5% of tumor cases. Additionally, a copy number loss in chro-
mosome 6 (chr6) was observed in 21.9% of cases. This indicates 
that CTNNB1 mutations and a chr6 copy number loss are likely 

FIGURE 3    |    Classification of biomarkers in rare vascular tumors based on GTST. ABCB1, ATP Binding Cassette Subfamily B Member 1; ATRX, 
Alpha Thalassemia/Mental Retardation Syndrome X-Linked; BAP1, BRCA1-Associated Protein 1; CDKN2A, Cyclin Dependent Kinase Inhibitor 
2A; FISH, fluorescence in situ hybridization; GNA14, G Protein Subunit Alpha 14; KDR, Insert Domain Receptor; KMT2A, Lysine Methyltransferase 
2A; MTOR, Mechanistic Target of Rapamycin; NBPF10, Neuroblastoma Breakpoint Family Member 10; NGS, next-generation sequencing; NOTCH1, 
Neurogenic Locus Notch Homolog 1; PCLO, Piccolo Presynaptic Cytomatrix Protein; PCR, polymerase chain reaction; PGT1, Progestogen-Associated 
Endometrial Protein 1; PTPRB, Receptor Type B; SMARCA4, SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily 
A member 4; TP53, Tumor Protein 53; VPS8, Vacuolar Protein Sorting 8; WES, whole-exome sequencing; WGS, whole-genome sequencing; WWTR1-
CAMTA1, WW Domain Containing Transcription Regulator 1—Calmodulin Binding Transcription Activator 1; YAP1-TFE3, Yes-Associated Protein 
1—Transcription Factor E3; ZNF678, Zinc Finger Protein 678.
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the causative mutations underlying the tumorigenesis of DT 
[161]. A similar study utilizing NGS detected the CTNNB1 ser-
ine 45 phenylalanine (S45F) mutation, which usually presents 
with an aggressive phenotype [157]. This is consistent with find-
ings that identified the S45F mutation of CTNNB1 as a high-risk 
factor for recurrence of DT and a predictive marker for sporadic 
DT [162]. Another study, applying WES, identified OTCH2 
and HES1 as potential markers for evaluating the response to 
Imatinib [163].

Therefore, the structuration of an appropriate DT therapy is 
challenging, especially considering the limited number of trials 
and case studies available due to the rarity of the disease [164]. 
In most circumstances, active monitoring should be regarded as 
the first step in the management of DT, mainly through gene 
sequencing for better patient care. In the follow-up stage, molec-
ular profiling can aid in identifying patients who might benefit 
from additional therapies and carry a risk of tumor reoccurrence 
[165]. In the event of tumor progression, surgery and/or radia-
tion therapy are undertaken following a thorough examination 
of the patient's condition [166].

4.5.2   |   Desmoplastic Small Round Cell Tumors

Desmoplastic small round cell tumor (DSRCT) is an invasive 
soft tissue neoplasm composed of small round tumor cells [167]. 
The exact origin of this aggressive tumor is still subject to on-
going research investigations. DSRCT is rarely visualized as a 
single tumor; in most cases, multiple abdominal tumors are de-
tected at the time of diagnosis. This necessitates multimodal 
therapy consisting of surgery, radiotherapy, and chemotherapy 
[168]. Therefore, genomic characterization of rare diseases such 
as DSRCT has been crucial for improving the assessment of de-
fective pathways involved in tumor onset and progression [169]. 
A few genetic profiling studies revealed that DSRCT is associated 
with a specific chromosomal translocation, t(11;22)(p13;q12), in-
volving the Ewing Sarcoma Breakpoint Region 1 (EWSR1) and 
Wilms Tumor 1 (WT1) genes. This translocation is detectable 
through WGS and aids in diagnosing DSRCT cases [170]. Another 
translocation of exon 9 of EWS to exon 7 of WT1 was found using 
reverse-transcriptase polymerase chain reaction (RT-PCR) analy-
sis, emphasizing the necessity of genetic testing when diagnosing 
DSRCT [171]. It is worth noting that most of these studies have de-
scribed individual cases, meaning that further research is needed 
to establish definitive diagnostic recommendations. Moreover, 
WES revealed that genomic dysregulations in the Mesenchymal-
Epithelial Transition/Epithelial-Mesenchymal Transition (MErT/
EMT) and DNA Damage Response (DDR) pathways, as well as the 
deletion of chromosome 6, play a critical role in promoting tumor 
recurrence [172].

Despite the recent attempts to introduce molecular targeted 
therapies, there are still no available interventions that target 
the distinctive EWSR1-WT1 gene fusion [173]. Therefore, ex-
tending the use of molecular profiling during diagnosis and dis-
ease progression is crucial for understanding the implications of 
the pathogenic genetic fusion [174, 175]. Additionally, the grow-
ing data on the somatic mutations in DSCRT will open up new 
opportunities for future usage of appropriate targeted therapeu-
tics [176, 177].

4.5.3   |   Synovial Sarcoma

Synovial sarcoma (SS) is a subtype of sarcomas characterized by a 
translocation between SSX18 and SSX1, SSX2, or SSX4 [178, 179]. 
Recently, the majority of patients with SS were classified under 
the SS subtype I, corresponding to the high-risk tumors [180]. 
This translocation is the primary initiating agent and oncogenic 
driver of SS tumors, which is frequently detected by FISH and 
PCR analysis. These disease-specific fusion genes may also be 
identified by NGS-based RNA sequencing, further demonstrat-
ing the utility and accuracy of genetic testing in the diagnosis 
of sarcomas [181–183]. In addition to molecular profiling, a di-
agnosis can be made through biopsy, Immunohistochemistry 
(IHC), physical examination, and Magnetic Resonance Imaging 
(MRI) [168]. While surgery remains the mainstay of treatment, 
the most recent work has focused on finding other genetic alter-
ations in SS tumors for targeted therapies [168]. The NGS of 409 
cancer-related genes has identified eight somatic mutations in 
SS tumors and was later confirmed by Sanger sequencing [184].

Overall, the detected mutations present new markers for the dis-
covery of targeted therapies in multiple types of rare soft tissue 
tumors [184]. Parker and colleagues supported the role of FYN 
proto-oncogene, Src family tyrosine kinase (FYN) in suppress-
ing anti-cancer activity through SS18-SSX functional inhibi-
tion in order to improve the effectiveness of genetic and histone 
deacetylase inhibitor (HDACi) treatment against synovial sar-
coma [185]. In a clinical setting, the use of GTST can help HCPs 
to approach the main markers, either diagnostic, therapeutic, or 
prognostic, which are directly related to cancer progression and 
specific for each individual (see Table 3).

4.6   |   Other Rare Tumors

4.6.1   |   Olfactory Neuroblastoma

Olfactory neuroblastoma (ONB) is a malignant tumor that is local-
ized in the upper portion of the sinonasal tract, and it requires bi-
opsy for a confirmed diagnosis [186]. For treatment, a multimodal 
approach that includes surgery, chemotherapy, and radiotherapy 
is required to treat these tumors [186]. Although the exact cause 
of ONB is unknown, genetic testing of affected individuals reveals 
alterations within chromosomes 2, 5, 6, 7 and 20 that could be im-
plicated in tumor etiology [187, 188]. WES also identified deletions 
within the dystrophin (DMD) locus and Laminin Subunit Alpha 
2 (LAMA2) in ONB tumors [189, 190]. One study identified seven 
mutations via WGS and later verified them by Sanger sequencing. 
Among these mutations are TP53, Thousand and One Kinase 2 
(TAOK2), and Mitogen-Activated Protein Kinase Kinase Kinase 
Kinase 2 (MAP4K2) genes, which are now known to be the main 
drivers of carcinogenesis. In case of metastasis, tumors can in-
volve four additional mutations in Kinase Insert Domain Receptor 
(KDR), Myelocytomatosis Oncogene (MYC), SIN3 Transcription 
Regulator Family Member B (SIN3B), and NLR Family CARD 
Domain Containing 4 (NLRC4) [191]. In another study combining 
Sanger sequencing, gene fusions, whole-genome RNA microarray, 
chromogenic and FISH, and IHC, mutations in the TP53, CTNNB1, 
EGFR, APC, Tyrosine-Protein Kinase Kit (cKIT), Mesenchymal-
Epithelial Transition Factor (cMET), Platelet-Derived Growth 
Factor Receptor Alpha (PDGFRA), Cadherin-1 (CDH1), FH, and 
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SMAD4 genes were detected in around 63% of analyzed cases. In 
particular, microarray assays detected the upregulation of Cluster 
of Differentiation 24 (CD24), Secretogranin-2 (SCG2), Insulin-like 
Growth Factor Binding Protein 2 (IGFBP-2) genes [192]. TP53 mu-
tation was also identified through NGS and was suggested to be an 
unfavorable prognostic and predictive factor in ONB [187].

Additional number of tumors should be analyzed to achieve a 
definitive guide for genetic alterations in ONB in order to meet 
the increased prevalence of this cancer tumor along with its mo-
lecular heterogeneity [193, 194]. Therefore, expanding research 
collaborations to analyze larger patient cohorts is crucial. Future 
efforts are required to validate current molecular markers and 
explore targeted therapy options for ONB.

4.6.2   |   Thymic Carcinoma

Thymic carcinoma is a malignant epithelial tumor of the thymus 
characterized by a poor prognosis [195, 196]. This condition is 
often associated with other thymic tumors, myasthenia gravis, 
and other autoimmune diseases [197]. Although most cases are 
treated by surgery, advanced stages necessitate a multimodal 
treatment approach with radiotherapy and platinum-based che-
motherapy [197]. There is limited information available about 
the molecular pathology of this disease, which has hindered the 
development of targeted therapies [198]. Thymic carcinoma can 
often be misdiagnosed as thymomas, which are a less aggressive 
type of tumor [199]. Consequently, the use of sequencing tech-
nologies such as WES and NGS helped in identifying genetic ab-
errations that can be used as diagnostic and prognostic markers 
as well as providing molecular targets to improve the discovery 
of targeted therapies in thymic carcinoma [198, 200, 201]. For 
example, the absence of a mutant General Transcription Factor 
II-I (GTF2I) oncogene verifies the diagnosis of thymic cancer 
since these oncogenes are only seen in thymomas [202, 203]. 
During the early stages of the tumor, using WES, WGS, RNA-
Seq, Sanger sequencing, q-PCR, or IHC assays can detect muta-
tions in GTF2I, Harvey Rat Sarcoma Virus Oncogene (HRAS), 
Neuroblastoma RAS Viral Oncogene Homolog (NRAS), and 
TP53 genes [203, 204]. According to NGS, TP53, KIT Proto-
Oncogene, Receptor Tyrosine Kinase (KIT), and Platelet-
Derived Growth Factor Receptor Alpha (PDGFRA) are the 
most frequently mutated genes in thymic carcinoma [205, 206]. 
Survival studies revealed that tumors bearing Receptor Tyrosine 
Kinase (RTKs) gene mutations in KIT, PDGFRA, or EGFR 
genes or alterations in the SMAD4 gene have a poor prognosis 
[205, 207]. Therefore, detailed evaluation of genetic mutations is 
being achieved through WES or WGS and confirmed by Sanger 
sequencing [198, 202, 207–209]. Interestingly, employing the 
IHC assay along with WES or NGS can further aid in the detec-
tion of underlying mutations [199, 210].

To date, targeted therapies for thymic tumors are still show-
ing varied responses across histologic subtypes in addition to 
their significant toxicities [211]. Multicenter studies with larger 
cohorts are required to improve understanding and develop 
effective treatment strategies for this rare malignancy [212]. 
This can be done by detecting safety biomarkers to improve ef-
ficacy and safety, as molecularly directed therapies continue to 
evolve [212].T
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5   |   Clinical Translation and Future Perspectives

The implementation of GTST to improve PM in rare cancers 
requires a directed approach toward clinical implementation 
strategies, cost-effectiveness, and patient-centered outcomes. 
Over the years, patients with rare cancers have had limited ac-
cess to scientific evidence needed to establish standard practice 
guidelines, unlike those with common cancers. Therefore, de-
veloping comprehensive guidelines for test evaluation, struc-
turing decision-making algorithms specific to rare cancers, 
and using standardized reporting mechanisms are essential 
for appropriate clinical practice. This can help in detecting ge-
netic alterations responsible for resistance to certain treatments, 
guiding clinicians in selecting alternative or combination ther-
apies to resolve resistant cases. In terms of cost-effectiveness, 
multi-institutional validation studies should also be conducted 
to evaluate the affordability and long-term value of GTST, par-
ticularly in healthcare settings with limited resources. This 
aligns with recent studies emphasizing the need to prioritize 
GTST use to enhance cost-effectiveness by reducing reliance on 
trial-and-error treatment approaches and enabling the identifi-
cation of the most effective therapy from the outset. At a clinical 
level, patient-centered outcomes should prioritize improved di-
agnostic accuracy, personalized treatment plans, and enhanced 
quality of life, ensuring that the benefits of these technologies 
directly address patient needs. Recent evidence supports the 
use of GTST to achieve higher treatment response rates, longer 
progression-free survival, and, in certain cases, improved over-
all survival. Overall, these targeted efforts will facilitate the 
faster integration of GTST into clinical workflows, advancing 
PM for rare cancer patients.

6   |   Conclusion

In current practice, the integration of GTST is considered a key 
component in advancing PM for rare cancers. These approaches 
have the potential of revealing the genetic complexities of can-
cer tumors to better understand their intrinsic mechanisms and 
biological activities. By specifying the underlying genetic alter-
ations driving rare cancer tumors, clinicians can refine treat-
ment strategies to individual patients, maximizing therapeutic 
efficacy and minimizing adverse effects. The translational im-
pact of these technologies extends beyond diagnosis, guiding 
treatment selection, therapeutic monitoring, and prognosis 
assessment. Therefore, the use of GTST is constantly helping 
scientists to discover diagnostic, therapeutic, and prognostic 
markers that can drive personalized treatment strategies and 
improve outcomes for patients with rare cancers. As we con-
tinue to harness the power of precision oncology, collaborative 
efforts among researchers, clinicians, and patients will be essen-
tial in optimizing outcomes and improving the quality of care 
for individuals with rare cancers.

Author Contributions

B.A.-O. and J.F. conceptualisation; B.A.-O. and J.F. methodology; 
B.A.-O. and J.F. figures ideas and design; J.F. and L.A. writing – orig-
inal draft; J.F., L.A., M.A., A.A., and B.A.-O. writing – review and ed-
iting; B.A.-O. supervision; B.A.-O. and J.F. project administration. All 
authors have read and agreed on the final version of the manuscript.

Acknowledgments

The authors would like to thank Khalifa University for Science and 
Technology for supporting this project.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data were created 
or analyzed in this study.

References

1. N. Boyd, J. E. Dancey, C. B. Gilks, and D. G. Huntsman, “Rare 
Cancers: A Sea of Opportunity,” Lancet Oncology 17 (2016): e52–e61, 
https://​doi.​org/​10.​1016/​S1470​-​2045(15)​00386​-​1.

2. J.-Y. Blay, P. Casali, I. Ray-Coquard, et al., “Management of Patients 
With Rare Adult Solid Cancers: Objectives and Evaluation of European 
Reference Networks (ERN) EURACAN,” Lancet Regional Health—
Europe 39 (2024): 100861, https://​doi.​org/​10.​1016/j.​lanepe.​2024.​
100861.

3. A. K. Wani, A. Prakash, S. Sena, et  al., “Unraveling Molecular 
Signatures in Rare Bone Tumors and Navigating the Cancer Pathway 
Landscapes for Targeted Therapeutics,” Critical Reviews in Oncology/
Hematology 196 (2024): 104291, https://​doi.​org/​10.​1016/j.​critr​evonc.​
2024.​104291.

4. S. K. Verma, R. Khare, and D. Singh, “Current Perspectives on 
Neuroendocrine Tumors,” hLife 2 (2024): 563–575, https://​doi.​org/​10.​
1016/j.​hlife.​2024.​07.​006.

5. A. Lamarca, D. K. Bartsch, M. Caplin, et  al., “European 
Neuroendocrine Tumor Society (ENETS) 2024 Guidance Paper for the 
Management of Well-Differentiated Small Intestine Neuroendocrine 
Tumours,” Journal of Neuroendocrinology 36, no. 9 (2024): e13423, 
https://​doi.​org/​10.​1111/​jne.​13423​.

6. R. L. Siegel, K. D. Miller, and A. Jemal, “Cancer Statistics, 2018,” CA: 
A Cancer Journal for Clinicians 68 (2018): 7–30, https://​doi.​org/​10.​3322/​
caac.​21442​.

7. M. Ressing, E. Wardelmann, P. Hohenberger, et al., “Strengthening 
Health Data on a Rare and Heterogeneous Disease: Sarcoma Incidence 
and Histological Subtypes in Germany,” BMC Public Health 18 (2018): 
235, https://​doi.​org/​10.​1186/​s1288​9-​018-​5131-​4.

8. C. S. Rutland, “Advances in Soft Tissue and Bone Sarcoma,” Cancers 
16 (2024): 2875, https://​doi.​org/​10.​3390/​cance​rs161​62875​.

9. Z. Haibin, W. Lingling, Z. Lexing, et  al., “Clinicopathological 
Characteristics and Prognosis of Gastrointestinal Vascular Tumours,” 
Scientific Reports 11 (2021): 16062, https://​doi.​org/​10.​1038/​s4159​8-​021-​
94821​-​1.

10. D. K. Lerner and J. N. Palmer, “Personalized Approach to Olfactory 
Neuroblastoma Care,” Journal of Personalized Medicine 14 (2024): 423, 
https://​doi.​org/​10.​3390/​jpm14​040423.

11. A. C. Roden, U. Ahmad, G. Cardillo, et al., “Thymic Carcinomas—A 
Concise Multidisciplinary Update on Recent Developments From 
the Thymic Carcinoma Working Group of the International Thymic 
Malignancy Interest Group,” Journal of Thoracic Oncology 17 (2022): 
637–650, https://​doi.​org/​10.​1016/j.​jtho.​2022.​01.​021.

12. R. K. Pillai and K. Jayasree, “Rare Cancers: Challenges & Issues,” 
Indian Journal of Medical Research 145 (2017): 17–27, https://​doi.​org/​10.​
4103/​IJMR.​IJMR_​915_​14.

https://doi.org/10.1016/S1470-2045(15)00386-1
https://doi.org/10.1016/j.lanepe.2024.100861
https://doi.org/10.1016/j.lanepe.2024.100861
https://doi.org/10.1016/j.critrevonc.2024.104291
https://doi.org/10.1016/j.critrevonc.2024.104291
https://doi.org/10.1016/j.hlife.2024.07.006
https://doi.org/10.1016/j.hlife.2024.07.006
https://doi.org/10.1111/jne.13423
https://doi.org/10.3322/caac.21442
https://doi.org/10.3322/caac.21442
https://doi.org/10.1186/s12889-018-5131-4
https://doi.org/10.3390/cancers16162875
https://doi.org/10.1038/s41598-021-94821-1
https://doi.org/10.1038/s41598-021-94821-1
https://doi.org/10.3390/jpm14040423
https://doi.org/10.1016/j.jtho.2022.01.021
https://doi.org/10.4103/IJMR.IJMR_915_14
https://doi.org/10.4103/IJMR.IJMR_915_14


16 of 22 Cancer Medicine, 2025

13. C. Jacobs and G. Pichert, “Genetic Testing for Rare Cancer: The 
Wider Issues,” Recent Results in Cancer Research 205 (2016): 213–226, 
https://​doi.​org/​10.​1007/​978-​3-​319-​29998​-​3_​12.

14. L. E. MacConaill and L. A. Garraway, “Clinical Implications of the 
Cancer Genome,” Journal of Clinical Oncology 28 (2010): 5219–5228, 
https://​doi.​org/​10.​1200/​JCO.​2009.​27.​4944.

15. M. Schütte, L. A. Ogilvie, D. T. Rieke, B. M. H. Lange, M.-L. Yaspo, 
and H. Lehrach, “Cancer Precision Medicine: Why More Is More and 
DNA Is Not Enough,” Public Health Genomics 20 (2017): 70–80, https://​
doi.​org/​10.​1159/​00047​7157.

16. C. Cui, W. Shu, and P. Li, “Fluorescence In Situ Hybridization: Cell-
Based Genetic Diagnostic and Research Applications,” Frontiers in Cell 
and Developmental Biology 4 (2016): 89, https://​doi.​org/​10.​3389/​fcell.​
2016.​00089​.

17. S. E. Bates, “Classical Cytogenetics: Karyotyping Techniques,” 
Methods in Molecular Biology 767 (2011): 177–190, https://​doi.​org/​10.​
1007/​978-​1-​61779​-​201-​4_​13.

18. E. McPherson, “Genetic Diagnosis and Testing in Clinical Practice,” 
Clinical Medicine and Research 4 (2006): 123–129, https://​doi.​org/​10.​
3121/​CMR.4.​2.​123.

19. NHS England, “Improving Outcomes Through Personalised 
Medicine,” https://​www.​engla​nd.​nhs.​uk/​wp-​conte​nt/​uploa​ds/​2016/​09/​
impro​ving-​outco​mes-​perso​nalis​ed-​medic​ine.​pdf.

20. Q. Zhang, Q. Fu, X. Bai, and T. Liang, “Molecular Profiling–Based 
Precision Medicine in Cancer: A Review of Current Evidence and 
Challenges,” Frontiers in Oncology 10 (2020): 532403, https://​doi.​org/​10.​
3389/​FONC.​2020.​532403.

21. Y.-F. Guan, G.-R. Li, R.-J. Wang, et  al., “Application of Next-
Generation Sequencing in Clinical Oncology to Advance Personalized 
Treatment of Cancer,” Chinese Journal of Cancer 31 (2012): 463–470, 
https://​doi.​org/​10.​5732/​CJC.​012.​10216​.

22. S. Behjati and P. S. Tarpey, “What Is Next Generation Sequencing?,” 
Archives of Disease in Childhood. Education and Practice Edition 
98, no. 6 (2013): 236–238, https://​doi.​org/​10.​1136/​ARCHD​ISCHI​
LD-​2013-​304340.

23. S. Lobert and M. E. Graichen, “Regulation of Tubulin Expression 
by Micro-RNAs: Implications for Drug Resistance,” Methods in Cell 
Biology 115 (2013): 63–74, https://​doi.​org/​10.​1016/​B978-​0-​12-​40775​7-​7.​
00005​-​0.

24. S. Serratì, S. De Summa, B. Pilato, et  al., “Next-Generation 
Sequencing: Advances and Applications in Cancer Diagnosis,” 
Oncotargets and Therapy 9 (2016): 7355, https://​doi.​org/​10.​2147/​OTT.​
S99807.

25. D. Qin, “Next-Generation Sequencing and Its Clinical Application,” 
Cancer Biology & Medicine 16 (2019): 4–10, https://​doi.​org/​10.​20892/​J.​
ISSN.​2095-​3941.​2018.​0055.

26. C. Le Tourneau, E. Borcoman, and M. Kamal, “Molecular Profiling 
in Precision Medicine Oncology,” Nature Medicine 25 (2019): 711–712, 
https://​doi.​org/​10.​1038/​S4159​1-​019-​0442-​2.

27. E. R. Malone, M. Oliva, P. J. B. Sabatini, T. L. Stockley, and L. L. Siu, 
“Molecular Profiling for Precision Cancer Therapies,” Genome Medicine 
12 (2020): 1–19, https://​doi.​org/​10.​1186/​S1307​3-​019-​0703-​1.

28. P. Bossi, M. Hermsen, M. Lechner, and A. Franchi, “Precision 
Medicine in Rare Tumors and the Need for Multicenter Trials and 
International Collaboratives: Sinonasal Cancer as Paradigm,” Oral 
Oncology 109 (2020): 104737.

29. N. G. Houlihan, “The Challenge of Rare Cancers in Current and 
Advancing Treatment,” Oncology Nursing Forum 42 (2015): 566–567, 
https://​doi.​org/​10.​1188/​15.​ONF.​566-​567.

30. X.-P. Duan, B.-D. Qin, X.-D. Jiao, K. Liu, Z. Wang, and Y.-S. 
Zang, “New Clinical Trial Design in Precision Medicine: Discovery, 

Development and Direction,” Signal Transduction and Targeted 
Therapy 9 (2024): 1–29, https://​doi.​org/​10.​1038/​s4139​2-​024-​01760​-​0.

31. M. Zalis, G. G. Viana Veloso, P. N. Aguiar, Jr., et al., “Next-Generation 
Sequencing Impact on Cancer Care: Applications, Challenges, and 
Future Directions,” Frontiers in Genetics 15 (2024): 1420190, https://​doi.​
org/​10.​3389/​fgene.​2024.​1420190.

32. M. F. Mosele, C. B. Westphalen, A. Stenzinger, et  al., 
“Recommendations for the Use of Next-Generation Sequencing (NGS) 
for Patients With Advanced Cancer in 2024: A Report From the ESMO 
Precision Medicine Working Group,” Annals of Oncology 35 (2024): 
588–606, https://​doi.​org/​10.​1016/j.​annonc.​2024.​04.​005.

33. S. Kumar, A. Bennett, P. A. Campbell, et  al., “Costs of Next-
Generation Sequencing Assays in Non-Small Cell Lung Cancer: A 
Micro-Costing Study,” Current Oncology 29 (2022): 5238–5246, https://​
doi.​org/​10.​3390/​curro​ncol2​9080416.

34. N. Khehra, I. S. Padda, and C. J. Swift, StatPearls (StatPearls 
Publishing, 2025).

35. L. Ermini and P. Driguez, “The Application of Long-Read 
Sequencing to Cancer,” Cancers 16 (2024): 1275, https://​doi.​org/​10.​3390/​
cance​rs160​71275​.

36. E. Y. L. Leung, H. L. Robbins, S. Zaman, et  al., “The Potential 
Clinical Utility of Whole Genome Sequencing for Patients With Cancer: 
Evaluation of a Regional Implementation of the 100,000 Genomes 
Project,” British Journal of Cancer 131 (2024): 1805–1813, https://​doi.​
org/​10.​1038/​s4141​6-​024-​02890​-​6.

37. C. Bhérer, R. Eveleigh, K. Trajanoska, et  al., “A Cost-Effective 
Sequencing Method for Genetic Studies Combining High-Depth Whole 
Exome and Low-Depth Whole Genome,” npj Genomic Medicine 9 (2024): 
1–12, https://​doi.​org/​10.​1038/​s4152​5-​024-​00390​-​3.

38. Y. Qin, A. Maggio, D. Hawkins, et  al., “Whole-Genome Bisulfite 
Sequencing Data Analysis Learning Module on Google Cloud Platform,” 
Briefings in Bioinformatics 25 (2024): bbae236, https://​doi.​org/​10.​1093/​
bib/​bbae236.

39. C. Qu and H. Du, “Advance Technologies for DNA-Protein 
Interactions and Future Research Prospect,” Crop Design 4, no. 1 (2025): 
100082, https://​doi.​org/​10.​1016/j.​cropd.​2024.​100082.

40. V. A. Bonnell, Y. Zhang, A. S. Brown, et  al., “DNA Sequence and 
Chromatin Differentiate Sequence-Specific Transcription Factor 
Binding in the Human Malaria Parasite Plasmodium Falciparum,” 
Nucleic Acids Research 52 (2024): 10161–10179, https://​doi.​org/​10.​1093/​
nar/​gkae585.

41. M. C. Cornel, K. R. M. van der Meij, C. G. van El, T. Rigter, and L. 
Henneman, “Genetic Screening—Emerging Issues,” Genes 15 (2024): 
581, https://​doi.​org/​10.​3390/​genes​15050581.

42. R. Aguilar, C. K. Camplisson, Q. Lin, K. H. Miga, W. S. Noble, 
and B. J. Beliveau, “Tigerfish Designs Oligonucleotide-Based In  Situ 
Hybridization Probes Targeting Intervals of Highly Repetitive DNA at 
the Scale of Genomes,” Nature Communications 15 (2024): 1027, https://​
doi.​org/​10.​1038/​s4146​7-​024-​45385​-​x.

43. L. Rodríguez, E. Barros, and J. Skaarup Murray, “Sometimes 
Karyotype Resolves the Case!,” Frontiers in Genetics 15 (2024): 1371166, 
https://​doi.​org/​10.​3389/​fgene.​2024.​1371166.

44. J. Xu, H. Chun, L. Wang, H. Mei, S. Chen, and X. Huang, “DNA 
Microarray Chips: Fabrication and Cutting-Edge Applications,” 
Chemical Engineering Journal 499 (2024): 155937, https://​doi.​org/​10.​
1016/j.​cej.​2024.​155937.

45. W.-J. Kim, B. R. Choi, J. J. Noh, et  al., “Comparison of RNA-Seq 
and Microarray in the Prediction of Protein Expression and Survival 
Prediction,” Frontiers in Genetics 15 (2024): 1342021, https://​doi.​org/​10.​
3389/​fgene.​2024.​1342021.

46. E. McCarthy, “Adamantinoma,” in Tumors and Tumor-Like 
Lesions of Bone: For Surgical Pathologists, Orthopedic Surgeons and 

https://doi.org/10.1007/978-3-319-29998-3_12
https://doi.org/10.1200/JCO.2009.27.4944
https://doi.org/10.1159/000477157
https://doi.org/10.1159/000477157
https://doi.org/10.3389/fcell.2016.00089
https://doi.org/10.3389/fcell.2016.00089
https://doi.org/10.1007/978-1-61779-201-4_13
https://doi.org/10.1007/978-1-61779-201-4_13
https://doi.org/10.3121/CMR.4.2.123
https://doi.org/10.3121/CMR.4.2.123
https://www.england.nhs.uk/wp-content/uploads/2016/09/improving-outcomes-personalised-medicine.pdf
https://www.england.nhs.uk/wp-content/uploads/2016/09/improving-outcomes-personalised-medicine.pdf
https://doi.org/10.3389/FONC.2020.532403
https://doi.org/10.3389/FONC.2020.532403
https://doi.org/10.5732/CJC.012.10216
https://doi.org/10.1136/ARCHDISCHILD-2013-304340
https://doi.org/10.1136/ARCHDISCHILD-2013-304340
https://doi.org/10.1016/B978-0-12-407757-7.00005-0
https://doi.org/10.1016/B978-0-12-407757-7.00005-0
https://doi.org/10.2147/OTT.S99807
https://doi.org/10.2147/OTT.S99807
https://doi.org/10.20892/J.ISSN.2095-3941.2018.0055
https://doi.org/10.20892/J.ISSN.2095-3941.2018.0055
https://doi.org/10.1038/S41591-019-0442-2
https://doi.org/10.1186/S13073-019-0703-1
https://doi.org/10.1188/15.ONF.566-567
https://doi.org/10.1038/s41392-024-01760-0
https://doi.org/10.3389/fgene.2024.1420190
https://doi.org/10.3389/fgene.2024.1420190
https://doi.org/10.1016/j.annonc.2024.04.005
https://doi.org/10.3390/curroncol29080416
https://doi.org/10.3390/curroncol29080416
https://doi.org/10.3390/cancers16071275
https://doi.org/10.3390/cancers16071275
https://doi.org/10.1038/s41416-024-02890-6
https://doi.org/10.1038/s41416-024-02890-6
https://doi.org/10.1038/s41525-024-00390-3
https://doi.org/10.1093/bib/bbae236
https://doi.org/10.1093/bib/bbae236
https://doi.org/10.1016/j.cropd.2024.100082
https://doi.org/10.1093/nar/gkae585
https://doi.org/10.1093/nar/gkae585
https://doi.org/10.3390/genes15050581
https://doi.org/10.1038/s41467-024-45385-x
https://doi.org/10.1038/s41467-024-45385-x
https://doi.org/10.3389/fgene.2024.1371166
https://doi.org/10.1016/j.cej.2024.155937
https://doi.org/10.1016/j.cej.2024.155937
https://doi.org/10.3389/fgene.2024.1342021
https://doi.org/10.3389/fgene.2024.1342021


17 of 22

Radiologists (Springer, 2015), 517–520, https://​doi.​org/​10.​1007/​978-​1-​
4471-​6578-​1_​37.

47. A. F. Kamal, F. Anshori, and E. Kodrat, “Osteofibrous Dysplasia-
Like Adamantinoma Versus Osteofibrous Dysplasia in Children: A Case 
Report of Challenging Diagnosis,” International Journal of Surgery Case 
Reports 80 (2021): 105599, https://​doi.​org/​10.​1016/j.​ijscr.​2021.​01.​093.

48. M. D. Camp, R. K. Tompkins, S. S. Spanier, J. A. Bridge, and C. H. 
Bush, “Best Cases From the AFIP: Adamantinoma of the Tibia and 
Fibula With Cytogenetic Analysis,” Radiographics 28 (2008): 1215–
1220, https://​doi.​org/​10.​1148/​rg.​28407​5173.

49. M. Kanamori, C. R. Antonescu, M. Scott, et  al., “Extra Copies of 
Chromosomes 7, 8, 12, 19, and 21 Are Recurrent in Adamantinoma,” 
Journal of Molecular Diagnostics 3 (2001): 16, https://​doi.​org/​10.​1016/​
S1525​-​1578(10)​60644​-​7.

50. N. M. Ali, S. Niada, M. R. Morris, et al., “Comprehensive Molecular 
Characterization of Adamantinoma and OFD-Like Adamantinoma 
Bone Tumors,” American Journal of Surgical Pathology 43 (2019): 965–
974, https://​doi.​org/​10.​1097/​PAS.​00000​00000​001251.

51. A. Horvai, N. K. Dashti, B. P. Rubin, et al., “Genetic and Molecular 
Reappraisal of Spindle Cell Adamantinoma of Bone Reveals a Small 
Subset of Misclassified Intraosseous Synovial Sarcoma,” Modern 
Pathology 32 (2019): 231–241, https://​doi.​org/​10.​1038/​s4137​9-​018-​0115-​6.

52. K. J. Fritchie, B. Ameline, V. Andrei, et  al., “DNA Methylation 
Profiling Distinguishes Adamantinoma-Like Ewing Sarcoma From 
Conventional Ewing Sarcoma,” Modern Pathology 36 (2023): 100301, 
https://​doi.​org/​10.​1016/j.​modpat.​2023.​100301.

53. M. Khan, R. Patel, M. Youssef, R. Banerjee, A. Pardiwala, and C. 
Belen, “A Systemic Review of Primary Malignant Long Bone Tumors 
in Children and Adolescents,” Acta Chirurgiae Orthopaedicae et 
Traumatologiae Cechoslovaca 91 (2024): 77–87, https://​doi.​org/​10.​
55095/​​achot​2024/​010.

54. J. Yang, S. Lou, and T. Yao, “Trends in Primary Malignant Bone 
Cancer Incidence and Mortality in the United States, 2000–2017: A 
Population-Based Study,” Journal of Bone Oncology 46 (2024): 100607, 
https://​doi.​org/​10.​1016/j.​jbo.​2024.​100607.

55. J. S. Bhamra, H. Al-Khateeb, B. S. Dhinsa, et al., “Chondromyxoid 
Fibroma Management: A Single Institution Experience of 22 Cases,” 
World Journal of Surgical Oncology 12 (2014): 1–6, https://​doi.​org/​10.​
1186/​1477-​7819-​12-​283.

56. R. Soni, C. Kapoor, M. Shah, J. Turakhiya, and P. Golwala, 
“Chondromyxoid Fibroma: A Rare Case Report and Review of 
Literature,” Cureus 8 (2016): e803, https://​doi.​org/​10.​7759/​CUREUS.​803.

57. A. I. Masłowska, J. Sołek, P. Jagodzińska-Mucha, M. Braun, and 
H. Romańska, “Diagnostic Challenge in Chondromyxoid Fibroma 
Clinically Mimicking Neuroma,” Contemporary Oncology 28 (2024): 
267–269, https://​doi.​org/​10.​5114/​wo.​2024.​144081.

58. G. D'Andrea, A. Pesce, G. Trasimeni, et  al., “Chondromyxoid 
Fibroma of the Skull Base: Our Experience With an Elusive Disease,” 
Journal of Neurological Surgery, Part A: Central European Neurosurgery 
78 (2017): 576–581, https://​doi.​org/​10.​1055/​s-​0037-​1599137.

59. D. Torrence, J. K. Dermawan, Y. Zhang, et al., “Detection of GRM1 
Gene Rearrangements in Chondromyxoid Fibroma: A Comparison 
of Fluorescence In-Situ Hybridisation, RNA Sequencing and 
Immunohistochemical Analysis,” Histopathology 85, no. 6 (2024): 889–
898, https://​doi.​org/​10.​1111/​his.​15248​.

60. K. H. Nord, H. Lilljebjörn, F. Vezzi, et  al., “GRM1 Is Upregulated 
Through Gene Fusion and Promoter Swapping in Chondromyxoid 
Fibroma,” Nature Genetics 46 (2014): 474–477, https://​doi.​org/​10.​1038/​
ng.​2927.

61. T. Meng, J. Jin, C. Jiang, et al., “Molecular Targeted Therapy in the 
Treatment of Chordoma: A Systematic Review,” Frontiers in Oncology 9 
(2019): 30, https://​doi.​org/​10.​3389/​fonc.​2019.​00030​.

62. R. Desai, P. E. Pelargos, and I. F. Dunn, “Chordoma: Genetics 
and Contemporary Management,” International Journal of Molecular 
Sciences 25 (2024): 5877, https://​doi.​org/​10.​3390/​ijms2​5115877.

63. B. George, D. Bresson, P. Herman, and S. Froelich, “Chordomas: A 
Review,” Neurosurgery Clinics of North America 26 (2015): 437–452.

64. Y. Nakashima, “Chordoma,” in Tumors and Tumor-Like Lesions of 
Bone: For Surgical Pathologists, Orthopedic Surgeons and Radiologists 
(StatPearls Publishing, 2015), 533–553, https://​doi.​org/​10.​1148/​radiol.​
20161​64013​.

65. S. Gulluoglu, O. Turksoy, A. Kuskucu, U. Ture, and O. F. Bayrak, 
“The Molecular Aspects of Chordoma,” Neurosurgical Review 39 (2016): 
185–196.

66. N. Pillay, V. Plagnol, P. S. Tarpey, et  al., “A Common Single-
Nucleotide Variant in T Is Strongly Associated With Chordoma,” Nature 
Genetics 44 (2012): 1185–1187, https://​doi.​org/​10.​1038/​ng.​2419.

67. W. S. Liang, C. Dardis, A. Helland, et  al., “Identification of 
Therapeutic Targets in Chordoma Through Comprehensive Genomic 
and Transcriptomic Analyses,” Cold Spring Harbor Molecular Case 
Studies 4 (2018): a003418, https://​doi.​org/​10.​1101/​mcs.​a003418.

68. J. Bai, J. Shi, C. Li, et al., “Whole Genome Sequencing of Skull-Base 
Chordoma Reveals Genomic Alterations Associated With Recurrence 
and Chordoma-Specific Survival,” Nature Communications 12 (2021): 
1–13, https://​doi.​org/​10.​1038/​s4146​7-​021-​21026​-​5.

69. H. Koka, W. Zhou, M. L. McMaster, et  al., “Genomic Profiles 
and Clinical Presentation of Chordoma,” Acta Neuropathologica 
Communications 12 (2024): 129, https://​doi.​org/​10.​1186/​s4047​8-​024-​
01833​-​9.

70. J. W. Martin, J. A. Squire, and M. Zielenska, “The Genetics of 
Osteosarcoma,” Sarcoma 2012 (2012): 1–11, https://​doi.​org/​10.​1155/​
2012/​627254.

71. C. M. Chan, A. D. Lindsay, A. R. V. Spiguel, C. P. Gibbs, and M. T. 
Scarborough, “Periosteal Osteosarcoma: A Single-Institutional Study of 
Factors Related to Oncologic Outcomes,” Sarcoma 2018 (2018): 8631237, 
https://​doi.​org/​10.​1155/​2018/​8631237.

72. H. Nouri, M. Ben Maitigue, L. Abid, et al., “Surface Osteosarcoma: 
Clinical Features and Therapeutic Implications,” Journal of Bone 
Oncology 4 (2015): 115–123, https://​doi.​org/​10.​1016/J.​JBO.​2015.​07.​002.

73. A. V. Maheshwari, J. S. Jelinek, N. L. Seibel, A. M. Meloni-Ehrig, D. 
Kumar, and R. M. Henshaw, “Bilateral Synchronous Tibial Periosteal 
Osteosarcoma With Familial Incidence,” Skeletal Radiology 41 (2012): 
1005–1009, https://​doi.​org/​10.​1007/​s0025​6-​012-​1376-​7.

74. V. Difilippo, K. H. Saba, E. Styring, et  al., “Osteosarcomas With 
Few Chromosomal Alterations or Adult Onset Are Genetically 
Heterogeneous,” Laboratory Investigation 104 (2024): 100283, https://​
doi.​org/​10.​1016/j.​labinv.​2023.​100283.

75. A. H. Lebastchi, J. W. Kunstman, and T. Carling, “Adrenocortical 
Carcinoma: Current Therapeutic State-of-the-Art,” Journal of Oncology 
2012 (2012): 1–11.

76. J. F. H. Pittaway and L. Guasti, “Pathobiology and Genetics of 
Adrenocortical Carcinoma,” Journal of Molecular Endocrinology 62 
(2019): R105–R119, https://​doi.​org/​10.​1530/​JME-​18-​0122.

77. A. Sun-Zhang, C. C. Juhlin, T. Carling, et  al., “Comprehensive 
Genomic Analysis of Adrenocortical Carcinoma Reveals Genetic 
Profiles Associated With Patient Survival,” ESMO Open 9 (2024): 
103617, https://​doi.​org/​10.​1016/j.​esmoop.​2024.​103617.

78. S. Zheng, A. D. Cherniack, N. Dewal, et al., “Comprehensive Pan-
Genomic Characterization of Adrenocortical Carcinoma,” Cancer Cell 
29 (2016): 723–736, https://​doi.​org/​10.​1016/J.​CCELL.​2016.​04.​002.

79. J. Zhang, L. Wu, T. Su, et  al., “Pharmacogenomic Analysis in 
Adrenocortical Carcinoma Reveals Genetic Features Associated 
With Mitotane Sensitivity and Potential Therapeutics,” Frontiers in 

https://doi.org/10.1007/978-1-4471-6578-1_37
https://doi.org/10.1007/978-1-4471-6578-1_37
https://doi.org/10.1016/j.ijscr.2021.01.093
https://doi.org/10.1148/rg.284075173
https://doi.org/10.1016/S1525-1578(10)60644-7
https://doi.org/10.1016/S1525-1578(10)60644-7
https://doi.org/10.1097/PAS.0000000000001251
https://doi.org/10.1038/s41379-018-0115-6
https://doi.org/10.1016/j.modpat.2023.100301
https://doi.org/10.55095/achot2024/010
https://doi.org/10.55095/achot2024/010
https://doi.org/10.1016/j.jbo.2024.100607
https://doi.org/10.1186/1477-7819-12-283
https://doi.org/10.1186/1477-7819-12-283
https://doi.org/10.7759/CUREUS.803
https://doi.org/10.5114/wo.2024.144081
https://doi.org/10.1055/s-0037-1599137
https://doi.org/10.1111/his.15248
https://doi.org/10.1038/ng.2927
https://doi.org/10.1038/ng.2927
https://doi.org/10.3389/fonc.2019.00030
https://doi.org/10.3390/ijms25115877
https://doi.org/10.1148/radiol.2016164013
https://doi.org/10.1148/radiol.2016164013
https://doi.org/10.1038/ng.2419
https://doi.org/10.1101/mcs.a003418
https://doi.org/10.1038/s41467-021-21026-5
https://doi.org/10.1186/s40478-024-01833-9
https://doi.org/10.1186/s40478-024-01833-9
https://doi.org/10.1155/2012/627254
https://doi.org/10.1155/2012/627254
https://doi.org/10.1155/2018/8631237
https://doi.org/10.1016/J.JBO.2015.07.002
https://doi.org/10.1007/s00256-012-1376-7
https://doi.org/10.1016/j.labinv.2023.100283
https://doi.org/10.1016/j.labinv.2023.100283
https://doi.org/10.1530/JME-18-0122
https://doi.org/10.1016/j.esmoop.2024.103617
https://doi.org/10.1016/J.CCELL.2016.04.002


18 of 22 Cancer Medicine, 2025

Endocrinology 15 (2024): 1365321, https://​doi.​org/​10.​3389/​fendo.​2024.​
1365321.

80. J. S. Ross, K. Wang, J. V. Rand, et al., “Next-Generation Sequencing of 
Adrenocortical Carcinoma Reveals New Routes to Targeted Therapies,” 
Journal of Clinical Pathology 67 (2014): 968–973, https://​doi.​org/​10.​
1136/​jclin​path-​2014-​202514.

81. T. Kalomeris, M. A. Assaad, J. D. la Mora, et al., “Whole Genome 
Profiling of Primary and Metastatic Adrenocortical Carcinoma 
Unravels Significant Molecular Events,” Pathology, Research and 
Practice 266 (2025): 155725, https://​doi.​org/​10.​1016/j.​prp.​2024.​
155725.

82. F. Cioppi, G. Cantini, T. Ercolino, et al., “Targeted Next Generation 
Sequencing Molecular Profiling and Its Clinical Application in 
Adrenocortical Cancer,” European Journal of Endocrinology 191 (2024): 
17–30, https://​doi.​org/​10.​1093/​ejendo/​lvae077.

83. S. K. Gara, J. Lack, L. Zhang, E. Harris, M. Cam, and E. Kebebew, 
“Metastatic Adrenocortical Carcinoma Displays Higher Mutation 
Rate and Tumor Heterogeneity Than Primary Tumors,” Nature 
Communications 9 (2018): 1–11, https://​doi.​org/​10.​1038/​s4146​7-​018-​
06366​-​z.

84. S. Faillot and G. Assie, “ENDOCRINE TUMOURS: The Genomics 
of Adrenocortical Tumors,” European Journal of Endocrinology 174 
(2016): R249–R265, https://​doi.​org/​10.​1530/​EJE-​15-​1118.

85. G. Alyateem and N. Nilubol, “Current Status and Future Targeted 
Therapy in Adrenocortical Cancer,” Frontiers in Endocrinology 12 
(2021): 99, https://​doi.​org/​10.​3389/​FENDO.​2021.​613248.

86. K. Pacak and S. H. Tella, Pheochromocytoma and Paraganglioma 
(Endotext, 2018).

87. R. T. Casey, E. Hendriks, C. Deal, et al., “International Consensus 
Statement on the Diagnosis and Management of Phaeochromocytoma 
and Paraganglioma in Children and Adolescents,” Nature Reviews 
Endocrinology 20 (2024): 729–748, https://​doi.​org/​10.​1038/​s4157​4-​024-​
01024​-​5.

88. H. P. H. Neumann, W. F. Young, and C. Eng, “Pheochromocytoma 
and Paraganglioma,” New England Journal of Medicine 381, no. 6 (2019): 
552–565, https://​doi.​org/​10.​1056/​nejmr​a1806651.

89. A. Jain, R. Baracco, and G. Kapur, “Pheochromocytoma 
and Paraganglioma—An Update on Diagnosis, Evaluation, and 
Management,” Pediatric Nephrology 35 (2020): 581–594, https://​doi.​org/​
10.​1007/​s0046​7-​018-​4181-​2.

90. S. Pillai, V. Gopalan, R. A. Smith, and A. K. Y. Lam, “Updates 
on the Genetics and the Clinical Impacts on Phaeochromocytoma 
and Paraganglioma in the New Era,” Critical Reviews in Oncology/
Hematology 100 (2016): 190–208.

91. R. A. Toledo, N. Burnichon, A. Cascon, et  al., “Consensus 
Statement on Next-Generation-Sequencing-Based Diagnostic Testing 
of Hereditary Phaeochromocytomas and Paragangliomas,” Nature 
Reviews Endocrinology 13, no. 4 (2017): 233–247, https://​doi.​org/​10.​
1038/​nrendo.​2016.​185.

92. L. Ben Aim, P. Pigny, L. J. Castro-Vega, et  al., “Targeted 
Next-Generation Sequencing Detects Rare Genetic Events in 
Pheochromocytoma and Paraganglioma,” Journal of Medical Genetics 
56 (2019): 513–520, https://​doi.​org/​10.​1136/​jmedg​enet-​2018-​105714.

93. B. Melli, V. Y. Cusenza, S. Martinelli, et al., “Clinical Exome Next-
Generation Sequencing Panel for Hereditary Pheochromocytoma and 
Paraganglioma Diagnosis,” Experimental and Therapeutic Medicine 29, 
no. 2 (2025): 1–8, https://​doi.​org/​10.​3892/​etm.​2024.​12784​.

94. G. Gupta and K. Pacak, “Precision Medicine: An Update on Genotype/
Biochemical Phenotype Relationships in Pheochromocytoma/
Paraganglioma Patients,” Endocrine Practice 23, no. 6 (2017): 690–704, 
https://​doi.​org/​10.​4158/​EP161​718.​RA.

95. M. Van de Moortele, M. G. De Hertogh, X. Sagaert, and E. Van 
Cutsem, “Appendiceal Cancer: A Review of the Literature,” Acta 
Gastro-Enterologica Belgica 83 (2020): 441–448.

96. K. J. Kelly, “Management of Appendix Cancer,” Clinics in Colon 
and Rectal Surgery 28 (2015): 247–255, https://​doi.​org/​10.​1055/​
s-​0035-​1564433.

97. A. Osueni and Y. S. Chowdhury, Appendix Cancer (StatPearls 
Publishing, 2021).

98. A. N. Holowatyj, C. Eng, W. Wen, K. Idrees, and X. Guo, “Spectrum 
of Somatic Cancer Gene Variations Among Adults With Appendiceal 
Cancer by Age,” JAMA Network Open 3 (2020): e2028644, https://​doi.​
org/​10.​1001/​JAMAN​ETWOR​KOPEN.​2020.​28644​.

99. C. Ang, A. D. Singhi, A. B. Schrock, et al., “Comprehensive Genomic 
Sequencing of Appendiceal Cancer Tumors to Identify Different 
Genomic Alterations by Subtype, Novel Treatment Opportunities, 
and Improved Outcomes,” Journal of Clinical Oncology 35 (2017): 599, 
https://​doi.​org/​10.​1200/​JCO.​2017.​35.4_​suppl.​599.

100. W. L. Shaib, K. Zakka, C. Staley, et  al., “Blood-Based Next-
Generation Sequencing Analysis of Appendiceal Cancers,” Oncologist 
25, no. 5 (2020): 414–421, https://​doi.​org/​10.​1634/​theon​colog​ist.​
2019-​0558.

101. K. Raghav, J. P. Shen, A. A. Jácome, et  al., “Integrated Clinico-
Molecular Profiling of Appendiceal Adenocarcinoma Reveals a 
Unique Grade-Driven Entity Distinct From Colorectal Cancer,” British 
Journal of Cancer 123 (2020): 1262–1270, https://​doi.​org/​10.​1038/​s4141​
6-​020-​1015-​3.

102. E. Borazanci, S. Z. Millis, J. Kimbrough, N. Doll, D. Von Hoff, and R. 
K. Ramanathan, “Potential Actionable Targets in Appendiceal Cancer 
Detected by Immunohistochemistry, Fluorescent In Situ Hybridization, 
and Mutational Analysis,” Journal of Gastrointestinal Oncology 8 (2017): 
164, https://​doi.​org/​10.​21037/​​JGO.​2017.​01.​14.

103. J. P. Shen, “Regarding Blood-Based Next-Generation Sequencing 
Analysis of Appendiceal Cancers,” Oncologist 25 (2020): e2019–e2020.

104. C. S.-P. Ang, J. P. Shen, C. J. Hardy-Abeloos, et  al., “Genomic 
Landscape of Appendiceal Neoplasms,” JCO Precision Oncology 2 
(2018): 1–18, https://​doi.​org/​10.​1200/​po.​17.​00302​.

105. B. Blechacz, “Cholangiocarcinoma: Current Knowledge and New 
Developments,” Gut and Liver 11 (2017): 13–26.

106. M. Alsaleh, Z. Leftley, T. A. Barbera, et al., “Cholangiocarcinoma: A 
Guide for the Nonspecialist,” International Journal of General Medicine 
12 (2019): 13–23, https://​doi.​org/​10.​2147/​IJGM.​S186854.

107. S. Rizvi, S. A. Khan, C. L. Hallemeier, R. K. Kelley, and G. J. Gores, 
“Cholangiocarcinoma-Evolving Concepts and Therapeutic Strategies,” 
Nature Reviews Clinical Oncology 15 (2018): 95–111.

108. T. P. DiPeri, M. M. Javle, and F. Meric-Bernstam, “Next Generation 
Sequencing for Biliary Tract Cancers,” Expert Review of Gastroenterology 
& Hepatology 15, no. 5 (2021): 471–474, https://​doi.​org/​10.​1080/​17474​
124.​2021.​1896967.

109. A. Stenzinger, A. Vogel, U. Lehmann, et al., “Molecular Profiling 
in Cholangiocarcinoma: A Practical Guide to Next-Generation 
Sequencing,” Cancer Treatment Reviews 122 (2024): 102649, https://​doi.​
org/​10.​1016/j.​ctrv.​2023.​102649.

110. Z.-J. Zhou, Y.-H. Ye, Z.-Q. Hu, et  al., “Whole-Exome Sequencing 
Reveals Genomic Landscape of Intrahepatic Cholangiocarcinoma and 
Identifies SAV1 as a Potential Driver,” Nature Communications 15 
(2024): 9960, https://​doi.​org/​10.​1038/​s4146​7-​024-​54387​-​8.

111. J. M. Banales, J. J. G. Marin, A. Lamarca, et al., “Cholangiocarcinoma 
2020: The Next Horizon in Mechanisms and Management,” Nature 
Reviews Gastroenterology & Hepatology 17, no. 9 (2020): 557–588, https://​
doi.​org/​10.​1038/​s4157​5-​020-​0310-​z.

https://doi.org/10.3389/fendo.2024.1365321
https://doi.org/10.3389/fendo.2024.1365321
https://doi.org/10.1136/jclinpath-2014-202514
https://doi.org/10.1136/jclinpath-2014-202514
https://doi.org/10.1016/j.prp.2024.155725
https://doi.org/10.1016/j.prp.2024.155725
https://doi.org/10.1093/ejendo/lvae077
https://doi.org/10.1038/s41467-018-06366-z
https://doi.org/10.1038/s41467-018-06366-z
https://doi.org/10.1530/EJE-15-1118
https://doi.org/10.3389/FENDO.2021.613248
https://doi.org/10.1038/s41574-024-01024-5
https://doi.org/10.1038/s41574-024-01024-5
https://doi.org/10.1056/nejmra1806651
https://doi.org/10.1007/s00467-018-4181-2
https://doi.org/10.1007/s00467-018-4181-2
https://doi.org/10.1038/nrendo.2016.185
https://doi.org/10.1038/nrendo.2016.185
https://doi.org/10.1136/jmedgenet-2018-105714
https://doi.org/10.3892/etm.2024.12784
https://doi.org/10.4158/EP161718.RA
https://doi.org/10.1055/s-0035-1564433
https://doi.org/10.1055/s-0035-1564433
https://doi.org/10.1001/JAMANETWORKOPEN.2020.28644
https://doi.org/10.1001/JAMANETWORKOPEN.2020.28644
https://doi.org/10.1200/JCO.2017.35.4_suppl.599
https://doi.org/10.1634/theoncologist.2019-0558
https://doi.org/10.1634/theoncologist.2019-0558
https://doi.org/10.1038/s41416-020-1015-3
https://doi.org/10.1038/s41416-020-1015-3
https://doi.org/10.21037/JGO.2017.01.14
https://doi.org/10.1200/po.17.00302
https://doi.org/10.2147/IJGM.S186854
https://doi.org/10.1080/17474124.2021.1896967
https://doi.org/10.1080/17474124.2021.1896967
https://doi.org/10.1016/j.ctrv.2023.102649
https://doi.org/10.1016/j.ctrv.2023.102649
https://doi.org/10.1038/s41467-024-54387-8
https://doi.org/10.1038/s41575-020-0310-z
https://doi.org/10.1038/s41575-020-0310-z


19 of 22

112. L. Wang, H. Zhu, Y. Zhao, et  al., “Comprehensive Molecular 
Profiling of Intrahepatic Cholangiocarcinoma in the Chinese Population 
and Therapeutic Experience,” Journal of Translational Medicine 18 
(2020): 1–11, https://​doi.​org/​10.​1186/​S1296​7-​020-​02437​-​2.

113. N. T. Holzapfel, A. Zhang, R. E. Denroche, et al., “Whole-Genome 
Sequencing of Cholangiocarcinoma to Reveal Distinct Profiles of 
Patients With Underlying Cirrhosis or Inflammatory Disorders,” 
Journal of Clinical Oncology 39, no. S3 (2021): 340, https://​doi.​org/​10.​
1200/​JCO.​2021.​39.3_​SUPPL.​340.

114. D. Khosla, S. Misra, P. L. Chu, et al., “Cholangiocarcinoma: Recent 
Advances in Molecular Pathobiology and Therapeutic Approaches,” 
Cancers 16 (2024): 801, https://​doi.​org/​10.​3390/​cance​rs160​40801​.

115. B. R. Alsop and P. Sharma, “Esophageal Cancer,” Gastroenterology 
Clinics of North America 45 (2016): 399–412.

116. G. Lalazar and S. M. Simon, “Fibrolamellar Carcinoma: Recent 
Advances and Unresolved Questions on the Molecular Mechanisms,” 
Seminars in Liver Disease 38, no. 1 (2018): 51–59, https://​doi.​org/​10.​1055/​
s-​0037-​1621710.

117. G. Abbas and M. Krasna, “Overview of Esophageal Cancer,” 
Annals of Cardiothoracic Surgery 6 (2017): 131–136, https://​doi.​org/​10.​
21037/​​acs.​2017.​03.​03.

118. J. C. Rubinstein, N. G. Nicolson, and N. Ahuja, “Next-Generation 
Sequencing in the Management of Gastric and Esophageal Cancers,” 
Surgical Clinics of North America 99 (2019): 511–527.

119. S. Kobayashi, T. Yamaguchi, S. Maekawa, et al., “Target Sequencing 
of Cancer-Related Genes in Early Esophageal Squamous Neoplasia 
Resected by Endoscopic Resection in Japanese Patients,” Oncotarget 9 
(2018): 36793–36803, https://​doi.​org/​10.​18632/​​ONCOT​ARGET.​26397​.

120. F. Isidori, I. Bozzarelli, L. Mastracci, et al., “Targeted Sequencing 
of Sorted Esophageal Adenocarcinoma Cells Unveils Known and Novel 
Mutations in the Separated Subpopulations,” Clinical and Translational 
Gastroenterology 11 (2020): e00202, https://​doi.​org/​10.​14309/​​CTG.​
00000​00000​000202.

121. A. W. T. Ng, D. P. McClurg, B. Wesley, et  al., “Disentangling 
Oncogenic Amplicons in Esophageal Adenocarcinoma,” Nature 
Communications 15, no. 1 (2024): 4074, https://​doi.​org/​10.​1038/​s4146​
7-​024-​47619​-​4.

122. K. J. Lafaro and T. M. Pawlik, “Fibrolamellar Hepatocellular 
Carcinoma: Current Clinical Perspectives,” Journal of Hepatocellular 
Carcinoma 2 (2015): 151–157, https://​doi.​org/​10.​2147/​JHC.​S75153.

123. C. C. Lin and H. M. Yang, “Fibrolamellar Carcinoma a Concise 
Review,” Archives of Pathology and Laboratory Medicine 142 (2018): 
1141–1145.

124. T. A. Dinh, E. C. M. Vitucci, E. Wauthier, et al., “Comprehensive 
Analysis of the Cancer Genome Atlas Reveals a Unique Gene and Non-
Coding RNA Signature of Fibrolamellar Carcinoma,” Scientific Reports 
7 (2017): 44653, https://​doi.​org/​10.​1038/​srep4​4653.

125. D. Requena, J. A. Medico, L. F. Soto-Ugaldi, et  al., “Liver 
Cancer Multiomics Reveals Diverse Protein Kinase A Disruptions 
Convergently Produce Fibrolamellar Hepatocellular Carcinoma,” 
Nature Communications 15, no. 1 (2024): 10887, https://​doi.​org/​10.​1038/​
s4146​7-​024-​55238​-​2.

126. D. G. Darcy, R. Chiaroni-Clarke, J. M. Murphy, et al., “The Genomic 
Landscape of Fibrolamellar Hepatocellular Carcinoma: Whole Genome 
Sequencing of Ten Patients,” Oncotarget 6, no. 2 (2015): 755–770, https://​
doi.​org/​10.​18632/​​oncot​arget.​2712.

127. J. Song, M. Lu, Z. He, and W. Zhang, “Models of Fibrolamellar 
Carcinomas, Tools for Evaluation of a New Era of Treatments,” 
Frontiers in Immunology 15 (2024): 1459942, https://​doi.​org/​10.​3389/​
fimmu.​2024.​1459942.

128. D. L. Worthley, K. D. Phillips, N. Wayte, et  al., “Gastric 
Adenocarcinoma and Proximal Polyposis of the Stomach (GAPPS): A 

New Autosomal Dominant Syndrome,” Gut 61 (2012): 774–779, https://​
doi.​org/​10.​1136/​gutjn​l-​2011-​300348.

129. A. Anderson, L. Swanson, R. Plummer, and J. Abraham, 
“Identifying the GAPPS in Hereditary Gastric Polyposis Syndromes,” 
American Journal of Gastroenterology 113 (2018): S1510–S1511.

130. L. Kunovsky, Z. Kala, M. Potrusil, I. Novotny, V. Kubes, and V. 
Prochazka, “A Central European Family With Gastric Adenocarcinoma 
and Proximal Polyposis of the Stomach,” Gastrointestinal Endoscopy 90 
(2019): 523–525, https://​doi.​org/​10.​1016/j.​gie.​2019.​05.​001.

131. U. Rudloff, “Gastric Adenocarcinoma and Proximal Polyposis 
of the Stomach: Diagnosis and Clinical Perspectives,” Clinical and 
Experimental Gastroenterology 11 (2018): 447, https://​doi.​org/​10.​2147/​
CEG.​S163227.

132. P. Skat-Rørdam, Y. Kaya, N. Qvist, et  al., “Gastrointestinal 
Manifestations in Patients With Gastric Adenocarcinoma and Proximal 
Polyposis of the Stomach (GAPPS): A Systematic Review With Analysis 
of Individual Patient Data,” Hereditary Cancer in Clinical Practice 22 
(2024): 12, https://​doi.​org/​10.​1186/​s1305​3-​024-​00284​-​6.

133. I. Tacheci, R. Repak, M. Podhola, et al., “Gastric Adenocarcinoma 
and Proximal Polyposis of the Stomach (GAPPS)—A Helicobacter-
Opposite Point,” Best Practice & Research Clinical Gastroenterology 
50–51 (2021): 101728, https://​doi.​org/​10.​1016/J.​BPG.​2021.​101728.

134. M. Iwatsuki, C. Matsumoto, K. Mimori, and H. Baba, “The 
Comprehensive Review of Gastric Adenocarcinoma and Proximal 
Polyposis of the Stomach (GAPPS) From Diagnosis and Treatment,” 
Annals of Gastroenterological Surgery 7 (2023): 725–732, https://​doi.​org/​
10.​1002/​ags3.​12708​.

135. A. M. Spiker, A. Mangla, and M. L. Ramsey, “Angiosarcoma,” 
in Tumors and Tumor-Like Lesions of Bone: For Surgical Pathologists, 
Orthopedic Surgeons and Radiologists (Cham Springer International 
Publishing, 2021), 507–514.

136. J. Cao, J. Wang, C. He, and M. Fang, “Angiosarcoma: A Review 
of Diagnosis and Current Treatment,” American Journal of Cancer 
Research 9 (2019): 2303–2313.

137. J. A. Watkins, J. Trotman, J. A. Tadross, et al., “Introduction and 
Impact of Routine Whole Genome Sequencing in the Diagnosis and 
Management of Sarcoma,” British Journal of Cancer 131 (2024): 860–
869, https://​doi.​org/​10.​1038/​s4141​6-​024-​02721​-​8.

138. C. A. Painter, E. Jain, B. N. Tomson, et  al., “The Angiosarcoma 
Project: Enabling Genomic and Clinical Discoveries in a Rare Cancer 
Through Patient-Partnered Research,” Nature Medicine 26 (2020): 181–
187, https://​doi.​org/​10.​1038/​s4159​1-​019-​0749-​z.

139. V. Florou, A. E. Rosenberg, E. Wieder, et  al., “Angiosarcoma 
Patients Treated With Immune Checkpoint Inhibitors: A Case Series of 
Seven Patients From a Single Institution,” Journal for Immunotherapy of 
Cancer 7 (2019): 213, https://​doi.​org/​10.​1186/​S4042​5-​019-​0689-​7.

140. A. Boichard, M. J. Wagner, and R. Kurzrock, “Angiosarcoma 
Heterogeneity and Potential Therapeutic Vulnerability to Immune 
Checkpoint Blockade: Insights From Genomic Sequencing,” Genome 
Medicine 12 (2020): 1–6, https://​doi.​org/​10.​1186/​S1307​3-​020-​00753​-​2.

141. J. Y. Chan, J. Q. Lim, J. Yeong, et  al., “Multiomic Analysis and 
Immunoprofiling Reveal Distinct Subtypes of Human Angiosarcoma,” 
Journal of Clinical Investigation 130 (2020): 5833–5846, https://​doi.​org/​
10.​1172/​JCI13​9080.

142. A. P. E. Freire, A. Elliott, Y. Akgun, et  al., “Genomic Landscape 
of Angiosarcoma: A Targeted and Immunotherapy Biomarker Analysis 
of 143 Patients,” Cancers 38 (2020): 11545, https://​doi.​org/​10.​1200/​JCO.​
2020.​38.​15_​suppl.​11545​.

143. R. Murali, R. Chandramohan, I. Möller, et al., “Targeted Massively 
Parallel Sequencing of Angiosarcomas Reveals Frequent Activation of 
the Mitogen Activated Protein Kinase Pathway,” Oncotarget 6 (2015): 
36041–36052, https://​doi.​org/​10.​18632/​​oncot​arget.​5936.

https://doi.org/10.1186/S12967-020-02437-2
https://doi.org/10.1200/JCO.2021.39.3_SUPPL.340
https://doi.org/10.1200/JCO.2021.39.3_SUPPL.340
https://doi.org/10.3390/cancers16040801
https://doi.org/10.1055/s-0037-1621710
https://doi.org/10.1055/s-0037-1621710
https://doi.org/10.21037/acs.2017.03.03
https://doi.org/10.21037/acs.2017.03.03
https://doi.org/10.18632/ONCOTARGET.26397
https://doi.org/10.14309/CTG.0000000000000202
https://doi.org/10.14309/CTG.0000000000000202
https://doi.org/10.1038/s41467-024-47619-4
https://doi.org/10.1038/s41467-024-47619-4
https://doi.org/10.2147/JHC.S75153
https://doi.org/10.1038/srep44653
https://doi.org/10.1038/s41467-024-55238-2
https://doi.org/10.1038/s41467-024-55238-2
https://doi.org/10.18632/oncotarget.2712
https://doi.org/10.18632/oncotarget.2712
https://doi.org/10.3389/fimmu.2024.1459942
https://doi.org/10.3389/fimmu.2024.1459942
https://doi.org/10.1136/gutjnl-2011-300348
https://doi.org/10.1136/gutjnl-2011-300348
https://doi.org/10.1016/j.gie.2019.05.001
https://doi.org/10.2147/CEG.S163227
https://doi.org/10.2147/CEG.S163227
https://doi.org/10.1186/s13053-024-00284-6
https://doi.org/10.1016/J.BPG.2021.101728
https://doi.org/10.1002/ags3.12708
https://doi.org/10.1002/ags3.12708
https://doi.org/10.1038/s41416-024-02721-8
https://doi.org/10.1038/s41591-019-0749-z
https://doi.org/10.1186/S40425-019-0689-7
https://doi.org/10.1186/S13073-020-00753-2
https://doi.org/10.1172/JCI139080
https://doi.org/10.1172/JCI139080
https://doi.org/10.1200/JCO.2020.38.15_suppl.11545
https://doi.org/10.1200/JCO.2020.38.15_suppl.11545
https://doi.org/10.18632/oncotarget.5936


20 of 22 Cancer Medicine, 2025

144. W. J. Kim and H. K. Kim, “Current Understanding of Angiosarcoma: 
Disease Biology and Evolving Treatment,” Archives of Craniofacial 
Surgery 24 (2023): 203–210, https://​doi.​org/​10.​7181/​acfs.​2023.​00409​.

145. P. A. Hu and Z. R. Zhou, “Clinical and Imaging Features of 
Kaposiform Hemangioendothelioma,” British Journal of Radiology 91 
(2018): 20170798, https://​doi.​org/​10.​1259/​bjr.​20170798.

146. Q. Guo, J. Xue, L. Xu, Z. Shi, and B. Zhou, “The Clinical Features 
of Epithelioid Hemangioendothelioma in a Han Chinese Population: A 
Retrospective Analysis,” Medicine 96, no. 26 (2017): e7345, https://​doi.​
org/​10.​1097/​MD.​00000​00000​007345.

147. M. M. Lotfalla, A. L. Folpe, K. J. Fritchie, et  al., “Hepatic YAP1-
TFE3 Rearranged Epithelioid Hemangioendothelioma,” Case Reports 
in Gastrointestinal Medicine 2019 (2019): 1–5, https://​doi.​org/​10.​1155/​
2019/​7530845.

148. S. Li, J. K. Dermawan, C. N. Seavey, S. Ma, C. R. Antonescu, 
and B. P. Rubin, “Epithelioid Hemangioendothelioma (EHE) With 
WWTR1::TFE3 Gene Fusion, a Novel Fusion Variant,” Genes, 
Chromosomes and Cancer 63, no. 2 (2024): e23226, https://​doi.​org/​10.​
1002/​gcc.​23226​.

149. U. Flucke, R. J. C. Vogels, N. de Saint Aubain Somerhausen, 
et  al., “Epithelioid Hemangioendothelioma: Clinicopathologic, 
Immunhistochemical, and Molecular Genetic Analysis of 39 
Cases,” Diagnostic Pathology 9 (2014): 131, https://​doi.​org/​10.​1186/​
1746-​1596-​9-​131.

150. N. D. Seligson, A. Awasthi, S. Z. Millis, et  al., “Common 
Secondary Genomic Variants Associated With Advanced Epithelioid 
Hemangioendothelioma,” JAMA Network Open 2 (2019): e1912416, 
https://​doi.​org/​10.​1001/​jaman​etwor​kopen.​2019.​12416​.

151. C. Mogler, R. Koschny, C. E. Heilig, et  al., “Molecular 
Characterization of Hepatic Epithelioid Hemangioendothelioma 
Reveals Alterations in Various Genes Involved in DNA Repair, 
Epigenetic Regulation, Signaling Pathways, and Cell Cycle Control,” 
Genes, Chromosomes & Cancer 59, no. 2 (2020): 106–110, https://​doi.​org/​
10.​1002/​gcc.​22795​.

152. S. Verma, E. Dhamija, A. Barwad, V. S. Kumar, and S. Rastogi, “A 
Case Report of Kaposiform Haemangioendothelioma; Response With 
Propranolol and Steroids,” Clinical Sarcoma Research 10 (2020): 12, 
https://​doi.​org/​10.​1186/​S1356​9-​020-​00134​-​8.

153. M. Chinello, D. Di Carlo, F. Olivieri, et al., “Successful Management 
of Kaposiform Hemangioendothelioma With Long-Term Sirolimus 
Treatment: A Case Report and Review of the Literature,” Mediterranean 
Journal of Hematology and Infectious Diseases 10 (2018): 2018043, 
https://​doi.​org/​10.​4084/​MJHID.​2018.​043.

154. Y. H. Lim, A. Bacchiocchi, J. Qiu, et  al., “GNA14 Somatic 
Mutation Causes Congenital and Sporadic Vascular Tumors by MAPK 
Activation,” American Journal of Human Genetics 99, no. 2 (2016): 443–
450, https://​doi.​org/​10.​1016/j.​ajhg.​2016.​06.​010.

155. T. B. RW, K. C, E. A, et al., “Kaposiform Hemangioendothelioma 
and Tufted Angioma—(Epi)genetic Analysis Including Genome-
Wide Methylation Profiling,” Annals of Diagnostic Pathology 44 
(2020): 151434, https://​doi.​org/​10.​1016/J.​ANNDI​AGPATH.​2019.​
151434.

156. N. Penel, F. Chibon, and S. Salas, “Adult Desmoid Tumors: Biology, 
Management and Ongoing Trials,” Current Opinion in Oncology 29 
(2017): 268–274, https://​doi.​org/​10.​1097/​CCO.​00000​00000​000374.

157. J. M. Lee, H. G. Kim, S. Y. Shin, and S. H. Lee, “Clinical Application 
of Next-Generation Sequencing for the Management of Desmoid 
Tumors: A Case Report and Literature Review,” Medicine 100 (2021): 
e24238, https://​doi.​org/​10.​1097/​MD.​00000​00000​024238.

158. M. Ghert, X. Yao, T. Corbett, et  al., “Treatment and Follow-Up 
Strategies in Desmoid Tumours: A Practice Guideline,” Current 
Oncology 21 (2014): e642, https://​doi.​org/​10.​3747/​CO.​21.​2112.

159. S. Le Guellec, I. Soubeyran, P. Rochaix, et al., “CTNNB1 Mutation 
Analysis Is a Useful Tool for the Diagnosis of Desmoid Tumors: A 
Study of 260 Desmoid Tumors and 191 Potential Morphologic Mimics,” 
Modern Pathology 25 (2012): 1551–1558, https://​doi.​org/​10.​1038/​modpa​
thol.​2012.​115.

160. J. T. Mullen, T. F. DeLaney, A. E. Rosenberg, et  al., “β-Catenin 
Mutation Status and Outcomes in Sporadic Desmoid Tumors,” 
Oncologist 18 (2013): 1043–1049, https://​doi.​org/​10.​1634/​THEON​
COLOG​IST.​2012-​0449.

161. S. Kohsaka, M. Hirata, M. Ikegami, et  al., “Comprehensive 
Molecular and Clinicopathological Profiling of Desmoid Tumours,” 
European Journal of Cancer 145 (2021): 109–120, https://​doi.​org/​10.​
1016/j.​ejca.​2020.​12.​001.

162. L. Guo, X. Wang, B. Xu, R. Lang, and B. Hu, “Prognostic 
Significance of CTNNB1 Mutation in Recurrence of Sporadic Desmoid 
Tumors,” Future Oncology 17, no. 4 (2021): 435–442, https://​doi.​org/​10.​
2217/​FON-​2020-​0544.

163. J. Kwon, J. H. Lee, Y. H. Lee, et  al., “Whole-Genome and 
Transcriptome Sequencing Identified NOTCH2 and HES1 as Potential 
Markers of Response to Imatinib in Desmoid Tumor (Aggressive 
Fibromatosis): A Phase II Trial Study,” Cancer Research and Treatment 
54 (2022): 1240–1255, https://​doi.​org/​10.​4143/​crt.​2021.​1194.

164. H.-P. Guo, H. Zhang, Y. Li, X.-H. Pan, C.-L. Sun, and J.-J. Zhang, 
“Desmoid Tumors of Rectus Abdominis: A Case Report and Literature 
Review,” Medicine 103 (2024): e39089, https://​doi.​org/​10.​1097/​MD.​
00000​00000​039089.

165. J. Carrillo-García, N. Hindi, M. Conceicao, et  al., “Prognostic 
Impact of Tumor Location and Gene Expression Profile in Sporadic 
Desmoid Tumor,” European Journal of Cancer 209 (2024): 114270, 
https://​doi.​org/​10.​1016/j.​ejca.​2024.​114270.

166. A. Gronchi and R. L. Jones, “Treatment of Desmoid Tumors in 
2019,” JAMA Oncology 5, no. 4 (2019): 567–568, https://​doi.​org/​10.​1001/​
JAMAO​NCOL.​2018.​6449.

167. A. Hayes-Jordan, M. P. LaQuaglia, and S. Modak, “Management of 
Desmoplastic Small Round Cell Tumor,” Seminars in Pediatric Surgery 25 
(2016): 299–304, https://​doi.​org/​10.​1053/J.​SEMPE​DSURG.​2016.​09.​005.

168. A. M. Gazendam, S. Popovic, S. Munir, N. Parasu, D. Wilson, and 
M. Ghert, “Synovial Sarcoma: A Clinical Review,” Current Oncology 
28, no. 3 (2021): 1909–1920, https://​doi.​org/​10.​3390/​CURRO​NCOL2​
8030177.

169. E. N. Ferreira, B. D. F. Barros, J. E. de Souza, et al., “A Genomic 
Case Study of Desmoplastic Small Round Cell Tumor: Comprehensive 
Analysis Reveals Insights Into Potential Therapeutic Targets and 
Development of a Monitoring Tool for a Rare and Aggressive Disease,” 
Human Genomics 10 (2016): 1–13, https://​doi.​org/​10.​1186/​S4024​
6-​016-​0092-​0.

170. A. Dufresne, P. Cassier, L. Couraud, et  al., “Desmoplastic Small 
Round Cell Tumor: Current Management and Recent Findings,” 
Sarcoma 2012 (2012): 1–5.

171. G. Magro, G. Broggi, A. Zin, et  al., “Desmoplastic Small Round 
Cell Tumor With “Pure” Spindle Cell Morphology and Novel EWS-WT1 
Fusion Transcript: Expanding the Morphological and Molecular 
Spectrum of This Rare Entity,” Diagnostics 11 (2021): 545, https://​doi.​
org/​10.​3390/​DIAGN​OSTIC​S1103​0545.

172. A. Devecchi, L. De Cecco, M. Dugo, et  al., “The Genomics of 
Desmoplastic Small Round Cell Tumor Reveals the Deregulation of 
Genes Related to DNA Damage Response, Epithelial–Mesenchymal 
Transition, and Immune Response,” Cancer Communications 38 (2018): 
1–14, https://​doi.​org/​10.​1186/​S4088​0-​018-​0339-​3.

173. S. Bétrian, C. Bergeron, J.-Y. Blay, et al., “Antiangiogenic Effects in 
Patients With Progressive Desmoplastic Small Round Cell Tumor: Data 
From the French National Registry Dedicated to the Use of Off-Labeled 

https://doi.org/10.7181/acfs.2023.00409
https://doi.org/10.1259/bjr.20170798
https://doi.org/10.1097/MD.0000000000007345
https://doi.org/10.1097/MD.0000000000007345
https://doi.org/10.1155/2019/7530845
https://doi.org/10.1155/2019/7530845
https://doi.org/10.1002/gcc.23226
https://doi.org/10.1002/gcc.23226
https://doi.org/10.1186/1746-1596-9-131
https://doi.org/10.1186/1746-1596-9-131
https://doi.org/10.1001/jamanetworkopen.2019.12416
https://doi.org/10.1002/gcc.22795
https://doi.org/10.1002/gcc.22795
https://doi.org/10.1186/S13569-020-00134-8
https://doi.org/10.4084/MJHID.2018.043
https://doi.org/10.1016/j.ajhg.2016.06.010
https://doi.org/10.1016/J.ANNDIAGPATH.2019.151434
https://doi.org/10.1016/J.ANNDIAGPATH.2019.151434
https://doi.org/10.1097/CCO.0000000000000374
https://doi.org/10.1097/MD.0000000000024238
https://doi.org/10.3747/CO.21.2112
https://doi.org/10.1038/modpathol.2012.115
https://doi.org/10.1038/modpathol.2012.115
https://doi.org/10.1634/THEONCOLOGIST.2012-0449
https://doi.org/10.1634/THEONCOLOGIST.2012-0449
https://doi.org/10.1016/j.ejca.2020.12.001
https://doi.org/10.1016/j.ejca.2020.12.001
https://doi.org/10.2217/FON-2020-0544
https://doi.org/10.2217/FON-2020-0544
https://doi.org/10.4143/crt.2021.1194
https://doi.org/10.1097/MD.0000000000039089
https://doi.org/10.1097/MD.0000000000039089
https://doi.org/10.1016/j.ejca.2024.114270
https://doi.org/10.1001/JAMAONCOL.2018.6449
https://doi.org/10.1001/JAMAONCOL.2018.6449
https://doi.org/10.1053/J.SEMPEDSURG.2016.09.005
https://doi.org/10.3390/CURRONCOL28030177
https://doi.org/10.3390/CURRONCOL28030177
https://doi.org/10.1186/S40246-016-0092-0
https://doi.org/10.1186/S40246-016-0092-0
https://doi.org/10.3390/DIAGNOSTICS11030545
https://doi.org/10.3390/DIAGNOSTICS11030545
https://doi.org/10.1186/S40880-018-0339-3


21 of 22

Targeted Therapy in Sarcoma (OUTC'S),” Clinical Sarcoma Research 7 
(2017): 1–7, https://​doi.​org/​10.​1186/​S1356​9-​017-​0076-​4.

174. J. W. Magrath, M. Espinosa-Cotton, D. A. Flinchum, S. S. Sampath, 
N. K. Cheung, and S. B. Lee, “Desmoplastic Small Round Cell Tumor: 
From Genomics to Targets, Potential Paths to Future Therapeutics,” 
Frontiers in Cell and Development Biology 12 (2024): 1442488, https://​
doi.​org/​10.​3389/​fcell.​2024.​1442488.

175. V. I. Gaidzik, R. Mayer-Steinacker, M. Wittau, et al., “Desmoplastic 
Small Round Cell Tumors: Clinical Presentation, Molecular 
Characterization, and Therapeutic Approach of Seven Patients,” 
Sarcoma 2024, no. 1 (2024): 5036102, https://​doi.​org/​10.​1155/​2024/​
5036102.

176. T. S. Bexelius, A. Wasti, and J. C. Chisholm, “Mini-Review on 
Targeted Treatment of Desmoplastic Small Round Cell Tumor,” 
Frontiers in Oncology 10 (2020): 518, https://​doi.​org/​10.​3389/​FONC.​
2020.​00518​.

177. Y. B. Tam, R. L. Jones, and P. H. Huang, “Molecular Profiling in 
Desmoplastic Small Round Cell Tumours,” International Journal of 
Biochemistry & Cell Biology 157 (2023): 106383, https://​doi.​org/​10.​
1016/j.​biocel.​2023.​106383.

178. S. Stacchiotti and B. A. Van Tine, “Synovial Sarcoma: Current 
Concepts and Future Perspectives,” Journal of Clinical Oncology 36, no. 
2 (2018): 180–187, https://​doi.​org/​10.​1200/​JCO.​2017.​75.​1941.

179. E. A. Lesovaya, T. I. Fetisov, B. Y. Bokhyan, et  al., “Genetic 
and Molecular Heterogeneity of Synovial Sarcoma and Associated 
Challenges in Therapy,” Cells 13 (2024): 1695, https://​doi.​org/​10.​3390/​
cells​13201695.

180. Y. Chen, Y. Su, X. Cao, et al., “Molecular Profiling Defines Three 
Subtypes of Synovial Sarcoma,” Advanced Science 11, no. 41 (2024): 
2404510, https://​doi.​org/​10.​1002/​advs.​20240​4510.

181. L. Jerby-Arnon, C. Neftel, M. E. Shore, et al., “Opposing Immune 
and Genetic Mechanisms Shape Oncogenic Programs in Synovial 
Sarcoma,” Nature Medicine 27, no. 2 (2021): 289–300, https://​doi.​org/​10.​
1038/​s4159​1-​020-​01212​-​6.

182. J. Pei, X. Zhao, A. S. Patchefsky, et  al., “Clinical Application of 
RNA Sequencing in Sarcoma Diagnosis: An Institutional Experience,” 
Medicine 98 (2019): e16031, https://​doi.​org/​10.​1097/​MD.​00000​00000​
016031.

183. A. Patton and J. K. Dermawan, “Current Updates in Sarcoma 
Biomarker Discovery: Emphasis on Next-Generation Sequencing-Based 
Methods,” Pathology 56 (2024): 274–282, https://​doi.​org/​10.​1016/j.​
pathol.​2023.​10.​015.

184. M. Vlenterie, M. H. S. Hillebrandt-Roeffen, U. E. Flucke, et  al., 
“Next Generation Sequencing in Synovial Sarcoma Reveals Novel Gene 
Mutations,” Oncotarget 6, no. 33 (2015): 34680–34690, https://​doi.​org/​
10.​18632/​​oncot​arget.​5786.

185. K. Parker, Y. Zhang, G. Anchondo, et al., “Combination of HDAC 
and FYN Inhibitors in Synovial Sarcoma Treatment,” Frontiers in Cell 
and Development Biology 12 (2024): 1422452, https://​doi.​org/​10.​3389/​
fcell.​2024.​1422452.

186. A. S. Abdelmeguid, “Olfactory Neuroblastoma,” Current Oncology 
Reports 20, no. 1 (2018): 7, https://​doi.​org/​10.​1007/​s1191​2-​018-​0661-​6.

187. P. Czapiewski, M. Kunc, and J. Haybaeck, “Genetic and Molecular 
Alterations in Olfactory Neuroblastoma: Implications for Pathogenesis, 
Prognosis and Treatment,” Oncotarget 7, no. 32 (2016): 52584–52596, 
https://​doi.​org/​10.​18632/​​ONCOT​ARGET.​9683.

188. M. Veyrat, B. Verillaud, D. Fiaux-Camous, et  al., “Olfactory 
Neuroblastoma,” Advances in Oto-Rhino-Laryngology 84 (2020): 
154–167.

189. G. L. Gallia, M. Zhang, Y. Ning, et al., “Genomic Analysis Identifies 
Frequent Deletions of Dystrophin in Olfactory Neuroblastoma,” Nature 

Communications 9 (2018): 1–6, https://​doi.​org/​10.​1038/​s4146​7-​018-​
07578​-​z.

190. N. Nokchan, P. Suthapot, P. Choochuen, et  al., “Thai Pediatric 
Cancer Atlas (TPCA) Consortium Whole-Exome Sequencing Reveals 
Novel Candidate Driver Mutations and Potential Druggable Mutations 
in Patients With High-Risk Neuroblastoma,” Journal of Personalized 
Medicine 14 (2024): 950, https://​doi.​org/​10.​3390/​jpm14​090950.

191. G. J. Weiss, W. S. Liang, T. Izatt, et al., “Paired Tumor and Normal 
Whole Genome Sequencing of Metastatic Olfactory Neuroblastoma,” 
PLoS One 7 (2012): e37029, https://​doi.​org/​10.​1371/​journ​al.​pone.​
0037029.

192. J. Topcagic, R. Feldman, A. Ghazalpour, J. Swensen, Z. Gatalica, 
and S. Vranic, “Comprehensive Molecular Profiling of Advanced/
Metastatic Olfactory Neuroblastomas,” PLoS One 13 (2018): e0191244, 
https://​doi.​org/​10.​1371/​JOURN​AL.​PONE.​0191244.

193. J. B. Finlay, A. S. Ireland, S. B. Hawgood, et  al., “Olfactory 
Neuroblastoma Mimics Molecular Heterogeneity and Lineage 
Trajectories of Small-Cell Lung Cancer,” Cancer Cell 42 (2024): 1086–
1105.e13, https://​doi.​org/​10.​1016/j.​ccell.​2024.​05.​003.

194. M. J. Zunitch, A. S. Fisch, B. Lin, et al., “Molecular Evidence for 
Olfactory Neuroblastoma as a Tumor of Malignant Globose Basal 
Cells,” Modern Pathology 36 (2023): 100122, https://​doi.​org/​10.​1016/j.​
modpat.​2023.​100122.

195. B. Han, W. Fang, W. Zhang, et  al., “Comprehensive Genomic 
Profiling of Thymic Carcinoma in a Sample Chinese Population the 
Analysis of Treatment Sequences and Clinical Outcomes of Thymic 
Carcinoma 1858P Transcriptomic Difference of Thymoma and Thymic 
Carcinoma,” Abstract Book of the 44th ESMO Congress (ESMO 2019) 
27 September–1 October 2019, Barcelona, Spain 2019, 30, v753–v754, 
https://​doi.​org/​10.​1093/​annonc/​mdz266.

196. M. Alwahsh, R. Knitsch, R. Marchan, et al., “Metabolic Profiling 
of Thymic Epithelial Tumors Hints to a Strong Warburg Effect, 
Glutaminolysis and Precarious Redox Homeostasis as Potential 
Therapeutic Targets,” Cancers 14 (2022): 1564, https://​doi.​org/​10.​3390/​
CANCE​RS140​61564/​​S1.

197. PDQ Adult Treatment Editorial Board, Thymoma and Thymic 
Carcinoma Treatment (Adult) (PDQ®): Health Professional Version 
(National Cancer Institute (US), 2002).

198. H. Yamaguchi, H. Gyotoku, H. Taniguchi, et  al., “Abstract 1705: 
Genetic Analysis of Thymoma and Thymic Carcinoma,” Cancer 
Research 79 (2019): 1705, https://​doi.​org/​10.​1158/​1538-​7445.​AM201​
9-​1705.

199. V. Tateo, L. Manuzzi, C. Parisi, et al., “An Overview on Molecular 
Characterization of Thymic Tumors: Old and New Targets for Clinical 
Advances,” Pharmaceuticals 14 (2021): 316, https://​doi.​org/​10.​3390/​
ph140​40316​.

200. N. Girard, “Thymic Malignancies: Next-Generation Sequencing as 
a Tool to Select Patients for Targeted Therapies and Immunotherapies?,” 
Media 3 (2019): 38, https://​doi.​org/​10.​21037/​​MED.​2019.​09.​03.

201. S. Takata, “Genomic Insights Into Molecular Profiling of Thymic 
Carcinoma: A Narrative Review,” Media 8 (2024): 39, https://​doi.​org/​10.​
21037/​​med-​24-​5.

202. M. Saito, Y. Fujiwara, T. Asao, et al., “The Genomic and Epigenomic 
Landscape in Thymic Carcinoma,” Carcinogenesis 38 (2017): 1084–1091, 
https://​doi.​org/​10.​1093/​CARCIN/​BGX094.

203. M. Radovich, C. R. Pickering, I. Felau, et  al., “The Integrated 
Genomic Landscape of Thymic Epithelial Tumors,” Cancer Cell 33 
(2018): 244–258, https://​doi.​org/​10.​1016/J.​CCELL.​2018.​01.​003.

204. X. Wu, X. Yang, Y. Dai, et  al., “Single-Cell Sequencing to Multi-
Omics: Technologies and Applications,” Biomarker Research 12 (2024): 
110, https://​doi.​org/​10.​1186/​s4036​4-​024-​00643​-​4.

https://doi.org/10.1186/S13569-017-0076-4
https://doi.org/10.3389/fcell.2024.1442488
https://doi.org/10.3389/fcell.2024.1442488
https://doi.org/10.1155/2024/5036102
https://doi.org/10.1155/2024/5036102
https://doi.org/10.3389/FONC.2020.00518
https://doi.org/10.3389/FONC.2020.00518
https://doi.org/10.1016/j.biocel.2023.106383
https://doi.org/10.1016/j.biocel.2023.106383
https://doi.org/10.1200/JCO.2017.75.1941
https://doi.org/10.3390/cells13201695
https://doi.org/10.3390/cells13201695
https://doi.org/10.1002/advs.202404510
https://doi.org/10.1038/s41591-020-01212-6
https://doi.org/10.1038/s41591-020-01212-6
https://doi.org/10.1097/MD.0000000000016031
https://doi.org/10.1097/MD.0000000000016031
https://doi.org/10.1016/j.pathol.2023.10.015
https://doi.org/10.1016/j.pathol.2023.10.015
https://doi.org/10.18632/oncotarget.5786
https://doi.org/10.18632/oncotarget.5786
https://doi.org/10.3389/fcell.2024.1422452
https://doi.org/10.3389/fcell.2024.1422452
https://doi.org/10.1007/s11912-018-0661-6
https://doi.org/10.18632/ONCOTARGET.9683
https://doi.org/10.1038/s41467-018-07578-z
https://doi.org/10.1038/s41467-018-07578-z
https://doi.org/10.3390/jpm14090950
https://doi.org/10.1371/journal.pone.0037029
https://doi.org/10.1371/journal.pone.0037029
https://doi.org/10.1371/JOURNAL.PONE.0191244
https://doi.org/10.1016/j.ccell.2024.05.003
https://doi.org/10.1016/j.modpat.2023.100122
https://doi.org/10.1016/j.modpat.2023.100122
https://doi.org/10.1093/annonc/mdz266
https://doi.org/10.3390/CANCERS14061564/S1
https://doi.org/10.3390/CANCERS14061564/S1
https://doi.org/10.1158/1538-7445.AM2019-1705
https://doi.org/10.1158/1538-7445.AM2019-1705
https://doi.org/10.3390/ph14040316
https://doi.org/10.3390/ph14040316
https://doi.org/10.21037/MED.2019.09.03
https://doi.org/10.21037/med-24-5
https://doi.org/10.21037/med-24-5
https://doi.org/10.1093/CARCIN/BGX094
https://doi.org/10.1016/J.CCELL.2018.01.003
https://doi.org/10.1186/s40364-024-00643-4


22 of 22 Cancer Medicine, 2025

205. T. Sakane, Y. Sakamoto, A. Masaki, et  al., “Mutation Profile of 
Thymic Carcinoma and Thymic Neuroendocrine Tumor by Targeted 
Next-Generation Sequencing,” Clinical Lung Cancer 22 (2021): 92–99.
e4, https://​doi.​org/​10.​1016/J.​CLLC.​2020.​11.​010.

206. Y. Wang, A. Thomas, C. Lau, et  al., “Mutations of Epigenetic 
Regulatory Genes Are Common in Thymic Carcinomas,” Scientific 
Reports 4 (2014): 1–11, https://​doi.​org/​10.​1038/​srep0​7336.

207. J. Peric, N. Samaradzic, V. S. Trifunovic, et al., “Genomic Profiling 
of Thymoma Using a Targeted High-Throughput Approach,” Archives 
of Medical Science 20, no. 3 (2024): 909–917, https://​doi.​org/​10.​5114/​
AOMS.​2020.​96537​.

208. M. Shitara, K. Okuda, A. Suzuki, et  al., “Genetic Profiling of 
Thymic Carcinoma Using Targeted Next-Generation Sequencing,” 
Lung Cancer 86 (2014): 174–179, https://​doi.​org/​10.​1016/j.​lungc​an.​2014.​
08.​020.

209. Y. Lee, S. Park, S.-H. Lee, and H. Lee, “Characterization of Genetic 
Aberrations in a Single Case of Metastatic Thymic Adenocarcinoma,” 
BMC Cancer 17 (2017): 1–12, https://​doi.​org/​10.​1186/​S1288​5-​017-​3282-​9.

210. F. Enkner, B. Pichlhöfer, A. T. Zaharie, et al., “Molecular Profiling 
of Thymoma and Thymic Carcinoma: Genetic Differences and Potential 
Novel Therapeutic Targets,” Pathology & Oncology Research 23 (2016): 
551–564, https://​doi.​org/​10.​1007/​S1225​3-​016-​0144-​8.

211. R. Maniar and P. J. Loehrer, “What Have we Learned From 
Molecularly Informed Clinical Trials on Thymomas and Thymic 
Carcinomas—Current Status and Future Directions?,” Cancers 16, no. 
2 (2024): 416, https://​doi.​org/​10.​3390/​cance​rs160​20416​.

212. T. Sakane, H. Haneda, and K. Okuda, “Insights Into Molecular 
Aspects and Targeted Therapy of Thymic Carcinoma: A Narrative 
Review,” Media 8 (2024): 36, https://​doi.​org/​10.​21037/​​med-​23-​48.

213. H. Satam, K. Joshi, U. Mangrolia, et  al., “Next-Generation 
Sequencing Technology: Current Trends and Advancements,” Biology 
12 (2023): 997, https://​doi.​org/​10.​3390/​biolo​gy120​70997​.

214. M. H. Wojcik, C. M. Reuter, S. Marwaha, et al., “Beyond the Exome: 
What's Next in Diagnostic Testing for Mendelian Conditions,” American 
Journal of Human Genetics 110 (2023): 1229–1248, https://​doi.​org/​10.​
1016/j.​ajhg.​2023.​06.​009.

215. Y. Wei, X. Liu, C. Xu, et  al., “Artificial Intelligence Enhanced 
Digital Nucleic Acid Amplification Testing for Precision Medicine and 
Molecular Diagnostics,” 2024, https://​doi.​org/​10.​48550/​​arXiv.​2407.​
21080​.

216. M. S. Militaru, I.-M. Babliuc, V.-L. Bloaje-Florică, et  al., “The 
Impact of Chromosomal Mosaicisms on Prenatal Diagnosis and Genetic 
Counseling—A Narrative Review,” Journal of Personalized Medicine 14, 
no. 7 (2024): 774, https://​doi.​org/​10.​3390/​jpm14​070774.

217. N. Ma, H. Xi, J. Chen, et al., “Integrated CNV-Seq, Karyotyping and 
SNP-Array Analyses for Effective Prenatal Diagnosis of Chromosomal 
Mosaicism,” BMC Medical Genomics 14 (2021): 56, https://​doi.​org/​10.​
1186/​s1292​0-​021-​00899​-​x.

218. H. S. Kim, J. Kweon, and Y. Kim, “Recent Advances in CRISPR-
Based Functional Genomics for the Study of Disease-Associated 
Genetic Variants,” Experimental & Molecular Medicine 56 (2024): 861–
869, https://​doi.​org/​10.​1038/​s1227​6-​024-​01212​-​3.

219. E. Di Carlo and C. Sorrentino, “State of the Art CRISPR-Based 
Strategies for Cancer Diagnostics and Treatment,” Biomarker Research 
12 (2024): 156, https://​doi.​org/​10.​1186/​s4036​4-​024-​00701​-​x.

220. F. Toledo and G. M. Wahl, “Regulating the P53 Pathway: In Vitro 
Hypotheses, In Vivo Veritas,” Nature Reviews Cancer 6 (2006): 909–923.

221. X.-W. Liu, Y. Zi, L.-B. Xiang, and T.-Y. Han, “Periosteal 
Osteosarcoma: A Review of Clinical Evidence,” International Journal of 
Clinical and Experimental Medicine 8 (2015): 37–44.

222. T. Fojo, L. Huff, T. Litman, et  al., “Metastatic and Recurrent 
Adrenocortical Cancer Is Not Defined by Its Genomic Landscape,” BMC 
Medical Genomics 13 (2020): 1–15, https://​doi.​org/​10.​1186/​S1292​0-​020-​
00809​-​7.

223. J.-M. Lavoie, V. Csizmok, G. Wang, et  al., “Whole Genome 
and Transcriptome Analysis (WGTA) of Metastatic Adrenocortical 
Carcinoma (mACC),” Journal of Clinical Oncology 37, no. S7 (2019): 509, 
https://​doi.​org/​10.​1200/​JCO.​2019.​37.7_​suppl.​509.

224. R. A. Toledo and P. L. M. Dahia, “Next-Generation Sequencing for 
the Diagnosis of Hereditary Pheochromocytoma and Paraganglioma 
Syndromes,” Current Opinion in Endocrinology, Diabetes and Obesity 22 
(2015): 169–179.

225. H.-J. E. Chun, E. L. Lim, A. Heravi-Moussavi, et  al., “Genome-
Wide Profiles of Extra-Cranial Malignant Rhabdoid Tumors Reveal 
Heterogeneity and Dysregulated Developmental Pathways,” Cancer Cell 
29 (2016): 394–406, https://​doi.​org/​10.​1016/J.​CCELL.​2016.​02.​009.

226. H. J. E. Chun, P. D. Johann, K. Milne, et  al., “Identification and 
Analyses of Extra-Cranial and Cranial Rhabdoid Tumor Molecular 
Subgroups Reveal Tumors With Cytotoxic T Cell Infiltration,” Cell 
Reports 29 (2019): 2338–2354, https://​doi.​org/​10.​1016/J.​CELREP.​2019.​
10.​013.

227. N. Mao, Z. Liao, J. Wu, et  al., “Diagnosis of NUT Carcinoma of 
Lung Origin by Next-Generation Sequencing: Case Report and Review 
of the Literature,” Cancer Biology & Therapy 20 (2019): 150–156, https://​
doi.​org/​10.​1080/​15384​047.​2018.​1523852.

228. X. Wang, J. Wang, X. Luo, et  al., “Diagnosis of NUT Carcinoma 
Despite False-Negative Next-Generation Sequencing Results: A Case 
Report and Literature Review,” Oncotargets and Therapy 14 (2021): 
4621–4633, https://​doi.​org/​10.​2147/​OTT.​S327722.

229. F. Yang, D. Shen, and J. Shi, “Primary Renal NUT Carcinoma 
Identified by Next-Generation Sequencing: A Case Report and 
Literature Review,” International Journal of Clinical and Experimental 
Pathology 14 (2020): 662–669, https://​doi.​org/​10.​21203/​​RS.2.​24123/​​V1.

https://doi.org/10.1016/J.CLLC.2020.11.010
https://doi.org/10.1038/srep07336
https://doi.org/10.5114/AOMS.2020.96537
https://doi.org/10.5114/AOMS.2020.96537
https://doi.org/10.1016/j.lungcan.2014.08.020
https://doi.org/10.1016/j.lungcan.2014.08.020
https://doi.org/10.1186/S12885-017-3282-9
https://doi.org/10.1007/S12253-016-0144-8
https://doi.org/10.3390/cancers16020416
https://doi.org/10.21037/med-23-48
https://doi.org/10.3390/biology12070997
https://doi.org/10.1016/j.ajhg.2023.06.009
https://doi.org/10.1016/j.ajhg.2023.06.009
https://doi.org/10.48550/arXiv.2407.21080
https://doi.org/10.48550/arXiv.2407.21080
https://doi.org/10.3390/jpm14070774
https://doi.org/10.1186/s12920-021-00899-x
https://doi.org/10.1186/s12920-021-00899-x
https://doi.org/10.1038/s12276-024-01212-3
https://doi.org/10.1186/s40364-024-00701-x
https://doi.org/10.1186/S12920-020-00809-7
https://doi.org/10.1186/S12920-020-00809-7
https://doi.org/10.1200/JCO.2019.37.7_suppl.509
https://doi.org/10.1016/J.CCELL.2016.02.009
https://doi.org/10.1016/J.CELREP.2019.10.013
https://doi.org/10.1016/J.CELREP.2019.10.013
https://doi.org/10.1080/15384047.2018.1523852
https://doi.org/10.1080/15384047.2018.1523852
https://doi.org/10.2147/OTT.S327722
https://doi.org/10.21203/RS.2.24123/V1

	Advancing Precision Medicine: The Role of Genetic Testing and Sequencing Technologies in Identifying Biological Markers for Rare Cancers
	ABSTRACT
	1   |   Background
	2   |   Materials and Methods
	3   |   The Role of GTST in Precision Oncology: Types and Properties
	4   |   Application of GTST in Rare Cancer Tumors
	4.1   |   Rare Bone Tumors
	4.1.1   |   Adamantinoma
	4.1.2   |   Chondromyxoid Fibroma
	4.1.3   |   Chordoma
	4.1.4   |   Periosteal Osteosarcoma

	4.2   |   Rare Endocrine Tumors
	4.2.1   |   Adrenocortical Carcinoma
	4.2.2   |   Pheochromocytoma and Paraganglioma

	4.3   |   Rare Digestive System Tumors
	4.3.1   |   Appendiceal Cancer
	4.3.2   |   Cholangiocarcinoma
	4.3.3   |   Esophageal Cancer
	4.3.4   |   Fibrolamellar Carcinoma
	4.3.5   |   Gastric Adenocarcinoma and Proximal Polyposis of the Stomach

	4.4   |   Rare Vascular Tumors
	4.4.1   |   Angiosarcoma
	4.4.2   |   Epithelioid Hemangioendothelioma
	4.4.3   |   Kaposiform Hemangioendothelioma

	4.5   |   Rare Soft Tissue Tumors
	4.5.1   |   Desmoid Tumors
	4.5.2   |   Desmoplastic Small Round Cell Tumors
	4.5.3   |   Synovial Sarcoma

	4.6   |   Other Rare Tumors
	4.6.1   |   Olfactory Neuroblastoma
	4.6.2   |   Thymic Carcinoma


	5   |   Clinical Translation and Future Perspectives
	6   |   Conclusion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


