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Abstract
Medical oncology is rapidly evolving with the implementation of personalized, targeted therapies. Advances in molecular 
diagnostics and the biologic understanding of cancer pathophysiology led to the identification of specific genetic alterations as 
drivers of cancer progression. Further, improvements in drug development enable the direct interference with these pathways, 
which allow tailoring personalized treatments based on a distinct molecular characterization of tumors. Thereby, we are cur-
rently experiencing a paradigm-shift in the treatment of cancers towards cancer-type agnostic, molecularly targeted, personalized 
therapies. However, this concept has several important hurdles and limitations to overcome to ultimately increase the proportion 
of patients benefitting from the precision oncology approach. These include the assessment of clinical relevancy of identified 
alterations, capturing and interpreting levels of heterogeneity based on intra-tumoral or time-dependent molecular evolution, and 
challenges in the practical implementation of precision oncology in routine clinical care. In the present review, we summarize 
the current state of cancer-agnostic precision oncology, discuss the concept of molecular tumor boards, and consider current 
limitations of personalized cancer therapy. Further, we provide an outlook towards potential future developments including the 
implementation of functionality assessments of identified genetic alterations and the broader use of liquid biopsies in order to 
obtain more comprehensive and longitudinal genetic information that might guide personalized cancer therapy in the future.
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Introduction

Precision oncology is currently revolutionizing the treat-
ment of patients with cancer. Deciphering the underlying 
molecular alterations as drivers of cancer development 
and progression has led to an improved ability to under-
stand and potentially interfere with pro-oncogenic patho-
physiologic pathways [1, 2]. This development has been 
enabled by several key factors. First, analyzing genetic 
information has technically evolved in the recent years via 

methods of next-generation sequencing (NGS), enabling 
inexpensive and fast molecular diagnostics in routine 
clinical practice [1, 3]. Further, decades of experimental 
research have led to the precise characterization of dis-
tinct oncogenic pathways including pro-oncogenic driver 
mutations, tumor-suppressive mechanisms, and compo-
nents of the cancer-host interaction including mechanisms 
of impaired anti-cancer immunity [4]. Third, advances 
in drug development have led to the ability to directly 
interfere with these distinct molecular pathways (e.g., 
via tyrosine kinase inhibitors or monoclonal antibodies), 
which allows the development of personalized treatment 
approaches based on distinct patterns of genetic altera-
tions [5].

In the present review, we aim to define the concept 
of personalized cancer therapy specifically in the con-
text of molecular diagnostics, to discuss the application 
of molecular profiling in tumor-agnostic therapeutic 
decision-making, and to point out current challenges 
and potential future directions of the precision oncology 
approach from an oncologist´s view.
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The precision oncology paradigm

By incorporating comprehensive information on an indi-
vidual patient’s level, the precision medicine approach 
aims to effectively guide disease prevention, diagnosis, 
and personalized treatment selection [6]. Since cancer has 
been long recognized as a disease that is driven by an 
accumulation of genetic aberrations, the field of oncol-
ogy has taken a pioneering role in the precision medicine 
paradigm [7, 8]. Historically, medical cancer therapy com-
prised a small number of cytotoxic chemotherapies that 
were selected depending on the respective tumor histol-
ogy and disease location. Prompted by a steadily improved 
understanding of carcinogenesis and genetics, which was 
mainly enabled by the development of novel DNA analysis 
techniques such as polymerase chain reactions, finally in 
the late 1990s the first molecular targeted drug therapies 
were developed. The successful clinical implementation 
of the monoclonal HER2-antibody trastuzumab and the 
BCR-ABL tyrosine kinase inhibitor imatinib marked the 
earliest milestones in precision oncology and heralded a 
new treatment era of molecular stratified cancer therapy 
[9, 10]. In parallel, fundamental technological advances 
that have resulted in the development of NGS have revo-
lutionized molecular profiling by dramatically decreasing 
analytic costs and turnaround time. In contrast to conven-
tional sequencing techniques, NGS enables simultane-
ous analysis of multiple genes with high accuracy [11]. 
Due to its high efficiency, the development of NGS thus 
paved the way for large-scale sequencing efforts including 
the cancer genome atlas projects that enabled a compre-
hensive genomic characterization of various tumors and 
thereby further transformed our understanding of onco-
genesis and cancer evolution [12]. Importantly, several 
recurrent genetic alterations were detected across different 
cancer types and subsequently characterized as potential 
therapeutic targets. Consequently, over recent years, an 
extensive and rapidly growing arsenal of drug therapies 
targeting numerous genetic alterations including gene 
mutations, rearrangements, and amplifications have been 
developed and effectively implemented in clinical practice 
[13]. This was accompanied by a steadily rising applica-
tion of NGS technologies in routine clinical practice for 
tailoring molecular stratified cancer treatment decisions 
in various tumor types such as non-small cell lung cancer 
[14], colorectal cancer [15], and biliary tract cancer [16]. 
Finally, a significant step towards a personalized cancer 
treatment strategy has been taken with the recent approval 
of the first tumor-agnostic therapies, which are adminis-
tered based merely on the discovery of a specific molecu-
lar mutation regardless of cancer histology and tissue of 
origin [17].

Integration of precision oncology in patient 
care

Although the concept of cancer-agnostic personalized treat-
ment guided by molecular profiling is highly promising, its 
successful clinical implementation is accompanied by key 
challenges that require careful consideration. One major 
practical hurdle is the complex and multistep workflow of 
matching targeted therapies to detected molecular alterations 
[18]. This process starts by defining the questions whether 
the overall health status of the patient allows for implemen-
tation of molecular profiling, at what time point during the 
patient’s journey molecular profiling is initiated, whether 
a re-biopsy of the tumor lesion or, alternatively, a liquid 
biopsy is needed, and, last but not least, which diagnostic 
genetic analysis should be conducted. Further steps include 
NGS-analysis and bioinformatic data processing, variant 
calling, and the functional assessment of identified genetic 
alterations, parameters which are coordinated by patholo-
gists and geneticists [19]. Each individual step in this multi-
layered process poses specific challenges and pitfalls that 
are discussed in more detail in other articles of this series.

Yet, from an oncologist’s view, we consider the final step 
of the precision oncology workflow, namely the clinical 
annotation and clinical actionability assessment of detected 
molecular alterations, as the most critical and least defined 
step in the implementation of precision oncology.

In this review, we will focus on the clinical remits of per-
sonalizing cancer therapies based on individual genetic com-
positions, pointing out key aspects including the purposeful 
selection of patients suitable for extended profiling, decision 
criteria for the choice of diagnostics, and finally the process 
of actionability assessment and biomarker guided therapeu-
tic decision-making. Figure 1 illustrates the workflow of a 
highly standardized and outcome-centered molecular tumor 
board (MTB) at a major Austrian academic center, which 
might serve as a potential template for integrating genomic 
cancer sequencing in clinical care among others.

Who shall we test, when shall we test, 
how shall we test?

Currently, the overall efficacy of identifying actionable 
targets by molecular profiling in unselected patients with 
cancer remains low [20]. Therefore, the European Society 
for Medical Oncology (ESMO) restricts its recommenda-
tions on the routine clinical use of multigene NGS testing 
to advanced non-small-cell lung cancer, prostate cancer, 
ovarian cancer, and cholangiocarcinoma. In advanced colo-
rectal cancer, multigene testing can be considered an alter-
native to single gene polymerase chain reaction testing if 
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additional costs are acceptable [21]. Apart from that, mul-
tigene sequencing to tailor genome-guided individualized 
therapies is not routinely recommended and should only be 
performed within the framework of an academic program 
and restricted to patients in whom the testing results might 
have a direct impact on the clinical management [22]. In 
contrast, major academic centeres in the USA and elsewhere 
opt for early and comprehensive tumor and germline genetic 
testing in largely all cancer patients [23], a view that remains 
not uncontested [24].

The first critical step of genomic cancer sequencing 
remains the careful clinical evaluation whether molecular 
profiling is even indicated. In general, at the current level 
of understanding of tumor biology and available targeted 
therapies, it is unreasonable and ineffective to perform 
comprehensive genomic profiling in every early-stage can-
cer, as highly efficacious established treatments might be 
available in this setting [22]. On the other hand, patients 
with advanced cancers considered for molecular profil-
ing must be candidates to receive further antineoplastic 

treatment based on performance status, comorbidities, 
organ functions, and patient preference. Genomic profil-
ing in patients with a reduced performance status or sig-
nificant comorbidity burden are less likely to benefit from 
targeted therapies. Therefore, pursuing precision oncology 
approaches in such patients might even be detrimental as 
they might raise false hopes and even delay adequate pal-
liative care interventions [25].

In any case molecular profiling is considered, the 
patient’s autonomy must be carefully preserved. Therefore, 
prior molecular profiling is initiated; it is inevitable to 
inform the patient accurately and comprehensively about 
the realistic chance of finding a potential target, as well as 
potential implications of somatic mutational tumor testing 
such as the detection of molecular alterations highly suspi-
cious for inherited cancer syndromes.

The most robust clinical data for the implementation of 
extended molecular profiling to tailor targeted therapy exists 
for patients who have exhausted all established and clini-
cally efficacious treatment options and retain an adequate 

Fig. 1  Precision oncology workflow according to a standardized Molecular Tumor Board at the university hospital of the Medical University of Graz
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performance status. In this setting, several precision oncol-
ogy trials evaluating different concepts of NGS testing to 
guide targeted cancer treatment have reported promising 
results [26–29]. Furthermore, patients with rare cancers 
with limited evidence-based treatment options and patients 
with exceptional treatment response patterns are potentially 
favorable candidates for extended genetic profiling [30, 31]. 
However, it remains an open question whether early initia-
tion of precision oncology might provide more benefit to 
cancer patients [32]. This is based on the hypothesis that 
targeted drug exert better effects in cancer cells prior to their 
exposure to several lines of chemotherapy, radiotherapy, or 
alternative treatment modalities.

In current clinical practice, targeted cancer gene hotspot 
panels covering 20–500 genes are mostly used for genomic 
profiling. In this regard, various NGS platforms are avail-
able each offering a slightly different spectrum of DNA and 
RNA coverage [22]. The choice of panel sequencing must 
be made individually depending on several factors includ-
ing the type and stage of disease, the treatment history, the 
availability of previous sequencing results, the accessibility 
of targeted treatments, and of course the financial resources 
[4]. At present, the use of comprehensive genomic profil-
ing including whole genome, whole exome, and transcrip-
tome sequencing is mainly restricted to scientific purposes. 
The benefit for patient outcomes when comparing large 
comprehensive genomic sequencing efforts to targeted 
cancer gene panels is likely, but so far, the data suggest-
ing a robustly improved identification of clinically relevant 
somatic alterations remains inconclusive. Several trials 
evaluating the clinical utility of comprehensive genomic 
profiling are currently ongoing [33].

Another remaining controversial aspect of molecular pro-
filing in clinical practice is whether archival tissue should be 
used for profiling. Considering that most patients who are 
candidates for extended genomic profiling have advanced 
disease in which clonal evolution is known to take place 
under therapeutic selective pressure, most precision oncol-
ogy trials involve obligatory fresh biopsies to screen for 
molecular targets [29, 34]. However, in clinical routine, 
obtaining invasive procedures of tissue re-biopsies poses sig-
nificant challenges based on patient preference, procedural 
risk, and issues of time delay. Since genomic profiling of 
matched tissue and circulating tumor DNA (ctDNA) samples 
have shown high concordance rates of detected molecular 
aberrations, minimally invasive liquid biopsy of circulat-
ing tumor DNA offers an increasingly attractive alternative 
in this setting [35–38]. Beyond that, as ctDNA is thought 
to be released into the bloodstream from different tumor 
lesions at the same time, liquid biopsy might even provide a 
more comprehensive capture of the molecular composition 
of a patient’s tumor than a single tissue biopsy [39, 40]. 
However, the reliability and accuracy of ctDNA sequencing 

has to be further improved and clinically validated before 
a widespread implementation for tailoring genome guided 
treatment decisions can be performed in routine clinical 
practice [41].

Therapeutic actionability assessment 
of molecular alterations

The work process of actionability assessment heavily relies 
on the accuracy and validity of the molecular report pro-
vided by the pathologist. Hence, a state of the art functional 
annotation and appropriate reporting of detected altera-
tions represents a key prerequisite for all further steps of 
actionability assessment [19].. This underlines the crucial 
role of pathologists and the necessity of close interdiscipli-
nary interaction between clinicians and pathologists for the 
successful implementation of precision oncology in clini-
cal care. Since the functional role of variants of unknown 
significance is unclear, only variants classified as patho-
genic or likely pathogenic are usually considered for the 
actionability assessment. The identification of predictive 
biomarkers for antineoplastic therapy represents the cor-
nerstone of the clinical annotation process. So far, a broad 
and steadily increasing spectrum of molecular predictive 
biomarkers could be identified and clinically validated in 
specific cancer types. These include gene amplifications and 
protein overexpression (e.g., HER2) [10], gene mutations 
(e.g., BRAFV600E) [42]., gene fusions (e.g., EML4-ALK 
rearrangement)[43], and compound biomarkers such as the 
microsatellite status [44] and tumor mutational burden [45].. 
Many of these genetic drivers can be found across multiple 
cancer types with varying frequencies, which prompted the 
idea of genome guided treatment selection irrespective of 
the cancer histology and origin. Although this concept is 
highly promising and has been recently reinforced by the 
paramount example of highly efficacious tumor agnostic 
NTRK fusion targeting [46], we have been taught that the 
efficacy of targeted therapies in one cancer type cannot be 
automatically extrapolated to others. This is perfectly illus-
trated by the BRAF V600E mutation that can be effectively 
targeted by single agent or combined BRAF plus MEK inhi-
bition in metastatic melanoma [42]. and NSCLC [47], but 
not in colorectal cancer due to a feedback upregulation of the 
epidermal growth factor receptor (EGFR) that necessitates 
further EGFR blockade [48]. Hence, the key challenge of the 
actionability assessment is to interpret the detected molecu-
lar alteration in the context of the present cancer histology 
and the co-mutational tumor profile.

For this purpose, a comprehensive literature research of 
preclinical and clinical evidence is critical. Fortunately, vari-
ous partly publicly available precision oncology knowledge 
databases such as OncoKB, the Jackson Laboratory Clinical 
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Knowledge Base, and My Cancer Genome that provide regu-
larly updated curated data on cancer associated molecular 
alterations including reference to their clinical actionabil-
ity have been established [49]. Furthermore, commercially 
available decision support platforms that utilize different 
algorithms of molecular profiling guided therapy matching 
are offered. Importantly, the concordance of the actionability 
assessment by these platforms has been shown to be rather 
low [50], which underlines that algorithm generated treat-
ment suggestions should only be used for decision support 
and must always be critically scrutinized by a clinician in the 
context of the individual patient case. Accordingly, it will be 
necessary that specialized oncological centers with sufficient 
infrastructural support provide the clinical annotation of 
molecular profiles for individual patients because treatment 
decisions based solely on decision support software fail to 
yield a comprehensive overview of therapeutic options [50].

To harmonize the clinical interpretation and actionability 
assessment of molecular alterations for personalized can-
cer treatment, the European Society for Medical Oncology 
Translational Research and Precision Medicine Working 
Group has proposed a framework that shall enable a more 
precise classification and prioritization of molecular targets. 
With due regard to the available clinical evidence support-
ing a biomarker drug interaction and its consequent clinical 
implications, the ESMO Scale for Clinical Actionability of 
molecular Targets (ESCAT) defines six levels of evidence 
for molecular targets [51]. Tier I comprises alteration drug 
matches that have been shown to result in improved clini-
cal outcome in prospective clinical trials. According to the 
underlying trial design, further subclassifications of the 
evidence level in Tier Ia (randomized), Tier Ib (non-rand-
omized), and Tier Ic (basket trial) are feasible. Tier I targets 
should be considered standard of care. Tier II defines altera-
tion drug matches that are associated with clinical activity; 
however, the magnitude of benefit is not clear yet. These 
are considered investigational targets, which should be pri-
marily matched within the framework of a clinical trial or 
registry study. Tier III describes hypothetical alteration drug 
matches, which are suspected to result in a potential clinical 
benefit based on prospective trial data on the same target in 
another cancer type (Tier IIIa) or on the detection of an alter-
ation functionally closely related to a known Tier I alteration 
(Tier IIIb). Tier III targets should be ideally investigated as 
part of innovative precision oncology trial concepts such 
as N-of-1 trials. Tier IV targets are supported exclusively 
by preclinical evidence and should thus not be considered 
targetable in clinical practice. Tier V alteration drug matches 
have been shown to be associated with antitumor activity 
that however did not translate into improved survival. In this 
regard, combinational therapy approaches can be consid-
ered within the framework of a clinical trial if functionally 

plausible. Tier X alterations have no preclinical or clinical 
evidence of actionability.

Role of the molecular tumor board 
in personalized cancer therapy

Owing to the rapidly increasing number of already estab-
lished and newly identified molecular biomarkers and 
corresponding approved targeted therapies, a pertinent 
clinical interpretation of genomic sequencing results has 
lately become increasingly complex and time consuming. 
Genomic knowledge databases and decision support plat-
forms outlined previously can assist in the clinical action-
ability assessment of detected alterations; most clinicians 
are neither aware of these tools nor do they have the genetic 
knowledge and timely resources for an accurate interpre-
tation of the literature. Therefore, an expert evaluation of 
sequencing results is crucial to optimize the efficient clini-
cal application of NGS testing for therapeutic target iden-
tification. For this purpose, molecular tumor boards are 
increasingly established in cancer centers, which provide 
a multidisciplinary platform to enable the successful inte-
gration of the precision oncology approach in patient care. 
So far, universal recommendations on the composition and 
workflows of molecular tumor boards (MTBs) are miss-
ing. However, most MTBs are constituted by experts from 
different medical fields including clinicians, pathologists, 
geneticists, bioinformaticians, and molecular biologists. 
The main tasks of the MTB encompass the initiation of 
appropriate genetic testing, assessment of molecular profil-
ing results for target identification and personalized treat-
ment recommendation, assistance of diagnosis in cases with 
indeterminate histology aberrations, and the detection of 
inherited cancer susceptibilities [8, 52].

To ensure optimal decision-making, a comprehensive 
review and evaluation of the medical history, the duration and 
response of previous antineoplastic therapies, and the availa-
bility of archival tumor samples, as well as previous molecular 
testing results of each individual patient is inevitable.

In addition to the abovementioned areas of responsibility, 
the MTB has a key educational role to deepen the under-
standing of molecular oncology and spread the knowledge 
how to adequately utilize cancer genome diagnostics for 
tailoring patient care. Further, MTBs shall serve as a venue 
to foster innovative translational research projects with the 
ultimate goal of identifying novel predictive biomarkers and 
resistance mechanisms and thereby fully incorporating the 
research concept of bedside-to-bench and back [53].

Since the appropriate implementation of MTBs requires 
a high level of expertise from different medical special-
ties that are usually only provided by selected academic 
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institutions, so far only a small minority of cancer patients 
can benefit from MTB facilities [54]. This poses one key 
challenge, which might be overcome by the implementa-
tion of centrally coordinated precision oncology initiatives 
that provides a virtually accessible platform for patient case 
discussion, knowledge exchange, and translation research 
design across multiple cancer institutions [55].

Tumor‑agnostic genomic targets 
as blueprints for the precision oncology 
paradigm

The identification of tumor-agnostic unifying molecular 
compositions that enable personalized therapies is the main 
goal in precision oncology. In recent years, multiple genetic 
alterations have been identified that serve as therapeutic tar-
gets irrespective of underlying cancer types (Table 1). In the 
following section, we provide a brief overview of two estab-
lished examples of tumor-agnostic genomic targets as prime 
examples for the high therapeutic potential of personalized 
oncology approaches.

Genetic hypermutability and microsatellite 
instability

Microsatellite instability and genetic hypermutability have 
lately received increasing clinical attention as tumor-agnos-
tic predictive biomarkers for immune checkpoint inhibi-
tor response. Microsatellite instability is caused by DNA 
mismatch repair deficiency that evokes an accumulation of 
genetic alterations in short non-coding repetitive DNA seg-
ments distributed throughout the genome and referred to 
as microsatellites. Since the DNA mismatch repair system 
plays a key role in maintaining genomic stability, its defi-
ciency is further associated with an increased number of 
somatic tumor mutations [56]. The phenomenon of genetic 
hypermutability specified by the tumor mutational burden 
(TMB) strongly correlates with the abundance of tumor 
neoantigen formation which has been proposed to be criti-
cal for immune checkpoint inhibitor (ICI)–mediated T cell 
response [57]. These findings prompted the clinical investi-
gation of ICI therapy in patients with DNA mismatch repair 
deficiency and/or high TMB. DNA mismatch repair defi-
ciency that can be either assessed on the protein expression 
level by immunohistochemistry or indirectly by the genomic 
detection of microsatellite instability (MSI) can be found 
across various cancer types with an overall prevalence of 
approximately 4%. The highest disease-specific prevalence 
of MSI is observed in Lynch syndrome–associated cancers 
including endometrial, colorectal, and gastric adenocarci-
noma [58]. Importantly, in a seminal study by Le et al., PD-1 

blockade with the ICI inhibitor pembrolizumab resulted in 
a remarkable response rate of 52% and a high proportion of 
durable remissions in heavily pre-treated patients with dif-
ferent types of MSI high advanced carcinomas [59]. These 
findings prompted the first tumor-agnostic therapy approval 
by the Food and Drug Administration (FDA), which was 
recently further justified by several cancer type specific trials 
confirming the exceptional efficacy of ICI therapy in patients 
with MSI high tumors [60]. The tumor-agnostic predictive 
validity of the TMB is less clear. One basket phase II trial 
enrolling patients with selected advanced solid tumors, dem-
onstrated a significantly higher response rate of the PD-1 
antibody pembrolizumab in patients with TMB high tumors, 
defined as ≥ 10 tumor specific mutations/megabase detected 
by the targeted FoundationOne CDx assay [61]. While 
data on major tumor types such as breast, colorectal, and 
prostate cancer not included in this trial were missing, the 
FDA approved pembrolizumab for treatment of TMB high 
tumors irrespective of cancer histology. This approval was 
challenged by a comprehensive retrospective cohort study of 
more than 1500 patients treated with ICI therapy by McGrail 
et al. indicating that the TMB only discriminates ICI efficacy 
in the subset of tumor types in which CD8 cells correlate 
with the neoantigen load, whereas in other cancer types such 
as breast and prostate cancer the TMB was not associated 
with ICI response. Importantly, tumor specific subgroups in 
this study were small, which alleviates its general validity 
[62]. Thereby, further research is warranted to clarify the 
tumor-agnostic predictive role of the TMB for ICI efficacy.

NTRK fusion

Neurotrophic tropomyosin-receptor kinase (NTRK) genes 
are physiologically involved in neural development and 
encode a family of receptor tyrosine kinases [63]. Fusions 
of NTRK genes have been identified as oncogenic drivers 
in different solid and hematologic malignancies in adults 
and children, with heterogeneous gene fusion partners that 
constitutively activate tyrosine kinase signalling [46]. In 
general, NTRK fusions represent a very rare type of genetic 
alterations in general oncologic populations. For exam-
ple, two large genetic screening studies suggest an overall 
prevalence of NTRK-fusions of 0.3% among cancer patients 
[64, 65]. However, in several rare cancers including secre-
tory breast carcinoma, infantile fibrosarcoma, secretory sali-
vary gland cancer, or pediatric thyroid carcinomas NTRK 
fusions represent a common genetic alteration [65]. Fur-
ther, albeit rare, NTRK fusions are detected across various 
more frequent cancers, broadening their clinical relevancy 
[46, 63]. Importantly, the development of tyrosine kinase 
inhibitors (TKIs) targeting NTRK represents a promising 
therapeutic approach for patients. In detail, larotrectinib 
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Table 1  Overview of molecular targets with approved biomarker guided therapies in solid cancers. FISH fluorescence in situ hybridization, IHC 
immunohistochemistry, NSCLC non-small-cell lung cancer

*Biomarker guided

Target Type of alteration Method of testing Approved drugs Clinical indication*

ALK Gene fusion RNA sequencing 
IHC screening

Alectinib
Brigatinib
Ceritinib
Crizotinib
Lorlatinib

NSCLC

BRAF Mutation DNA sequencing Dabrafenib
Encorafenib
Vemurafenib

Anaplastic thyroid carcinoma
Colorectal cancer
Malignant melanoma
NSCLC

BRCA Mutation DNA sequencing Niraparib
Olaparib
Platinum chemotherapy
Rucaparib
Talazoparib
Veliparib

Breast cancer
Ovarian cancer
Prostate cancer

EGFR Mutation DNA sequencing Amivantamab
Erlotinib
Gefitinib
Osimertinib

NSCLC

ERBB2 Overexpression
Amplification
Mutation

IHC
FISH
DNA sequencing

Lapatinib
Neratinib
Pertuzumab
Trastuzumab
Trastuzumab-emtansine
Trastuzumab-deruxtecan

Breast cancer
Colorectal cancer
Esophageal cancer
Gastric cancer
NSCLC

FGF(R) Mutation
Gene fusion

DNA sequencing
RNA sequencing

Erdafitinib
Futibatinib
Pemigatinib

Biliary tract cancer
Urothelial cancer

Homologous recombination deficiency Genomic instability DNA sequencing Niraparib
Olaparib
Platinum chemotherapy
Rucaparib
Talazoparib
Veliparib

Ovarian cancer
Prostate cancer

KIT Mutation DNA sequencing Imatinib GIST
MET Amplification

Mutation
FISH
DNA sequencing

Cabmatinib
Tepotinib

NSCLC

Microsatelitte instability /
Mismatch repair deficiency

Genomic instability DNA sequencing
IHC

Pembrolizumab Tumor agnostic

NTRK Gene fusion RNA sequencing
IHC screening

Entrectinib
Larotrectinib

Tumor agnostic

PDGF(R) A Mutation DNA sequencing Avapritinib GIST
PD-L1 Overexpression IHC Atezolizumab

Cemiplimab
Durvalumab
Nivolumab
Pembrolizumab

Breast cancer (triple negative)
Cervical cancer
Esophageal cancer
Gastric cancer
Head and neck cancer
NSCLC
Urothelial cancer

PIK3CA Mutation DNA sequencing Alpelisib Breast cancer
RET Fusion RNA sequencing Pralsetinib

Selpercatinib
NSCLC
Thyroid cancer

ROS Fusion RNA sequencing Crizotinib
Entrectinib
Lorlatinib

NSCLC

Tumor mutational burden Genomic instability DNA sequencing Pembrolizumab Tumor agnostic
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and entrectinib have demonstrated profound clinical activ-
ity in the treatment of patients with cancers and underlying 
NTRK fusions. In a pooled analysis of basket trials enroll-
ing patients with NTRK-fusion positive advanced cancers, 
larotrectinib treatment led to an ORR of 78% and median 
PFS was 37 months [66]. Further, ORR with entrectinib was 
61%, with a median PFS of 14 months [67]. Synoptically, 
the availability of highly active NTRK inhibitors highlights 
the potential of broadly assessing NTRK fusion positivity 
in patients with advanced cancers beyond established thera-
peutic options, especially in those with specific rare cancer 
types [68].

Challenges and prospect of precision 
oncology

Despite remarkable advances in precision oncology, impor-
tant limitations and challenges of genome guided therapy 
remain to be solved to enable a broader and more efficient 
clinical implementation and thereby maximize patient ben-
efit [2]. First, over the process of clonal evolution in tumo-
rigenesis and cancer progression, cancers acquire a variety 
of pro-oncogenic molecular aberrations. Thereby, over the 
course of disease, cancers evolve towards a higher level of 
heterogeneity and subclonality [69]. Consequently, thera-
peutic efficacy in very advanced cancer settings is limited a 
priori due to the high probability of underlying genetic prop-
erties of cancers to circumvent single-target personalized 
therapies. Conceptually, targeting of specific cancer driver 
genes in earlier treatment settings might therefore enable a 
more pronounced anti-cancer effect. In the future, earlier 
integration of personalized treatment approaches in clini-
cal care might therefore yield more promising therapeutic 
efficacy.

Secondly, precision oncology is currently limited in our 
current understanding of attributing the degree of patho-
genicity of identified genetic alterations. Specifically, can-
cers frequently attain a number of passenger co-mutations 
which are not vital for cancer progression.

Furthermore, healthy tissues have been demonstrated to 
acquire somatic mutations with varying degrees of patho-
logic significance. For example, somatic mutations in hemat-
opoiesis obtained with increasing frequency with higher age 
are frequently detected in diagnostic evaluation of circu-
lating tumor DNA and thereby decrease the specificity of 
observed mutational patterns.

Moreover, mutations in various classic prooncogenic 
driver genes have been detected in different non-malignant 
diseases [70]. These limitations might be overcome in the 
future with the implementation of personalized modeling 
of the functional impact of identified genetic alterations and 
respective therapeutic targeting on RNA, protein, or cellular 

levels [71]. In addition, with the advent of artificial intelli-
gence–based technologies, pathologic and clinical annota-
tion of molecular diagnostics might be further facilitated.

Thirdly, from a practical point of view, precision oncol-
ogy is currently limited in several aspects of structural and 
technical restraints. The current timeframe from initiation 
of molecular diagnostics until the actual implementation 
of personalized therapies might take up to several weeks. 
Thereby, in a mostly advanced oncologic therapeutic set-
ting, a considerable proportion of patients are lost during 
the process. In addition, availability of recent tissue samples 
is frequently necessary to enable reliable genetic informa-
tion on the current molecular makeup of a cancer, due to 
the process of clonal evolution and genetic mechanisms of 
treatment resistance that might accumulate during previous 
anti-cancer therapies. Therefore, personalized oncology 
frequently depends on the performance of novel tissue sam-
pling and biopsy, which might affect the risk–benefit ratio 
of this treatment approach. However, in the future, advances 
in the field of liquid biopsies via analyzing circulating tumor 
DNA hold the potential to potentially replace the need for 
additional tissue-based testing [72].

Finally, one major hurdle for a widespread global adop-
tion of the precision oncology approach that must be consid-
ered is the financial burden coming along with comprehen-
sive genomic sequencing and even more the cost of targeted 
therapy itself. Unfortunately, access to molecular profiling 
and personalized cancer therapy is currently restricted to 
a small minority of patients with cancer in high-income 
countries. However, on the long term, more precise and 
efficacious treatment selection of targeted cancer therapies 
by improved prediction of treatment benefit might even 
reduce costs compared to unguided conventional treatment 
by enabling an ambulatory management and avoid hospitali-
zations associated with disease complications [73]. Studies 
that specifically include cost-effectiveness evaluations of the 
precision oncology approach are therefore urgently needed.

Conclusion

Treatment of patients with cancer is currently undergoing a 
dramatic shift towards personalized therapy using molecu-
lar diagnostics. However, important limitations remain to 
be solved in order to maximize patient benefit, including 
levels of cancer-specific genetic heterogeneity, interpreta-
tion and clinical annotation of identified genetic alterations, 
and current technical constraints in molecular diagnostics. In 
the future, with an improved understanding of the complex 
underlying molecular mechanisms via integrating various 
layers of genetic and functional analyses in a refined pro-
cess of personalized clinical decision-making, alongside 
with an enhanced ability to dynamically detect and monitor 
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individual cancer-driving molecular aberrations via liquid 
biopsies, personalized oncology will dramatically change 
our current concept of cancer therapy.
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