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New clinical trial design in precision medicine: discovery,
development and direction
Xiao-Peng Duan 1, Bao-Dong Qin1, Xiao-Dong Jiao1, Ke Liu1, Zhan Wang1 and Yuan-Sheng Zang1✉

In the era of precision medicine, it has been increasingly recognized that individuals with a certain disease are complex and
different from each other. Due to the underestimation of the significant heterogeneity across participants in traditional “one-size-
fits-all” trials, patient-centered trials that could provide optimal therapy customization to individuals with specific biomarkers were
developed including the basket, umbrella, and platform trial designs under the master protocol framework. In recent years, the
successive FDA approval of indications based on biomarker-guided master protocol designs has demonstrated that these new
clinical trials are ushering in tremendous opportunities. Despite the rapid increase in the number of basket, umbrella, and platform
trials, the current clinical and research understanding of these new trial designs, as compared with traditional trial designs, remains
limited. The majority of the research focuses on methodologies, and there is a lack of in-depth insight concerning the underlying
biological logic of these new clinical trial designs. Therefore, we provide this comprehensive review of the discovery and
development of basket, umbrella, and platform trials and their underlying logic from the perspective of precision medicine.
Meanwhile, we discuss future directions on the potential development of these new clinical design in view of the “Precision Pro”,
“Dynamic Precision”, and “Intelligent Precision”. This review would assist trial-related researchers to enhance the innovation and
feasibility of clinical trial designs by expounding the underlying logic, which be essential to accelerate the progression of precision
medicine.
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INTRODUCTION
In 2003, the human genome project (HGP) was completed, leading
to a deeper understanding of clinical medicine. The accomplish-
ment of HGP has been considered as the cradle of precision
medicine.1 In 2011, the National Research Council of the United
States proposed the concept of “precision medicine” in the article
“Toward Precision Medicine: Building a Knowledge Network for
Biomedical Research and a New Taxonomy of Human Disease”. In
2015, Barack Obama launched the precision medicine initiative as
a bold new research effort to revolutionize health and disease
treatment. This program promoted the rapid dissemination of
precision medicine worldwide.2 Moreover, the availability of high-
throughput gene sequencing technology,3 as well as the
importance of proteomics, metabolomics, transcriptomics, and
epigenetics spurred interest in thoroughly understanding human
disease,4–8 eventually accelerating the development of precision
medicine. Precision medicine has been defined in a variety of
ways depending on the perspective of researchers. Commonly,
precision medicine is defined as an evolving approach to disease
prevention and treatment that incorporates an individual’s
genetic, environmental, and lifestyle factors.9 This strategy yields
useful information that moves from the conventional “one-size-
fits-all” approaches to selective approaches governed by indivi-
dual variability.10 This novel healthcare model has the capacity to
facilitate the efficient and accurate identification of the optimal
care for individual patients. Although the definition has evolved

over several years, genomics information often serves as the basis
of precision medicine and is used to develop individualized
precision management, especially for precision treatment.11

Traditionally, clinical treatment strategies have been approved
based on average-population-benefit decisions derived from the
randomized clinical trials of unselected patients, which were the
cornerstone of traditional drug approvals. Tissue-of-origin trials are
drug-centered, which refers to investigations that provide one
drug to all patients. Patients are selected for trial inclusion based
on commonalities such as disease. However, as multi-omics
sequencing technology has developed and become widely used,
it has been increasingly recognized that individuals with certain
diseases are complex and different from each other.12,13 Due to
the significant heterogeneity of participants enrolled in traditional
“one-size-fits-all” trials, patient-centered trials that could provide
optimal therapy customization to individuals with specific
biomarkers were developed. With increased interest and effort
being put toward patient-centered trials, it is essential to
recognize the importance of genomic alterations and further
develop biomarker-guided therapies in clinical trials.14 Significant
methodological advances in biomarker-guided clinical trial
designs have been made toward patient-centered trials, including
the basket, umbrella, and platform trial designs under the master
protocol framework.15,16 A master protocol refers to a single,
overarching design that can assess multiple hypotheses with the
general goal of improving efficiency and constructing uniformity
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through standardized trial procedures during the development
and evaluation of different interventions.17 Master protocols are
often divided into three new trial designs: basket, umbrella, and
platform trials. A basket trial refers to using the same drug or
intervention to treat patients who share a common characteristic,
such as a genetic alteration or a specific biomarker.18 Currently,
basket trials are commonly used in the field of precision oncology,
and they have been formulated to investigate the efficacy of
molecular-targeted therapies for oncogene-defined subsets of
cancers across different tumor histologies.19–21 An umbrella trial
refers to designs where multiple therapies or interventions for
patients with a certain disease are stratified into subgroups
according to different characteristics that include clinical features
and molecular alternations.15,20 In 2018, the Food and Drug
Administration (FDA) released a guidance document describing
recommendations for basket and umbrella trials, providing
support for these new designs. A recent investigation found that
the number of basket and umbrella trials has rapidly increased,
suggesting a wider dissemination of these trial designs.22 Both
basket and umbrella trials use a molecular screening protocol that
either permits the enrollment of different diseases with a certain
characteristic or a certain disease with different subtypes.
However, both of these trials were designed using a fixed
protocol at a specific time point. This fixed model greatly limits the
efficiency of clinical trials with the rapid development of precision
medicine, requiring a new clinical trial design that would be
adaptable and responsive to emerging evidence. Hence, a new
trial design called the platform trial has recently been proposed,
which could be used to greatly accelerate the efficiency of clinical
trials. Platform trials, also referred to as multi-arm, multi-stage

design trials, are trials that continuously assess several interven-
tions against a certain disease and adapt the trial design based on
the accumulated data.23,24 This design allows for the early
termination of ineffective interventions and flexibility in adding
new interventions during the trial.
Despite the rapid increase in the number of basket, umbrella,

and platform trials, the current clinical and research under-
standing of these new trial designs, as compared with traditional
trial designs, remains limited. The majority of the research has
focused on methodologies, but there is a lack of in-depth insight
concerning the underlying biological logic of these new clinical
trial designs. Therefore, we provide this comprehensive review of
the discovery and development of basket, umbrella, and platform
trials and their underlying logic from the perspective of precision
medicine. We then discuss the future directions of these new trial
designs in view of the “precision pro”, “dynamic precision”, and
“intelligent precision”. By expounding the underlying logic, this
review aims to assist trial-related researchers to enhance the
innovation and feasibility of clinical trial designs. This review will
also support cancer research-related scientists in understanding
the logic of clinicians, thereby improving the transformation
efficiency.

DISCOVERY: CLINICAL DILEMMA PROMPTING AN
EXPLORATION OF NEW BIOMARKER-GUIDED TRIAL DESIGN
The current landscape of precision medicine was established
based on the understanding of potential molecular phenotypes in
diseases and attempts to target these molecular phenotypes (Fig.
1). The development of precision medicine was driven by the

Fig. 1 The biological logic of new biomarker-guided clinical trial design in precision medicine. The essence of precision medicine is to explore
the unknown relationship between drugs, targets, and diseases in the human body. The left and right arms represent the drugs and diseases,
respectively. The circles distributed throughout the lungs and body represent the therapeutic targets. The world of precision medicine in
human body is an undeveloped ocean, containing extensive therapeutic targets represented by colorful circles based on next-generation
sequencing and other biological technologies. The diseases such as lung cancer are classified into different subtypes based on different
therapeutic targets. The molecular subtype-guided therapy in a certain disease is the biological logic of umbrella trial design. A certain target
may appear in the lungs and other parts of the body with similar biological characteristics. Based on the successful treatment experience of
lung cancer, exploring the therapeutic potential of a certain target for the disease of other body parts is the underlying logic of the basket trial
design. The dynamic concept conveyed by the diffuse distribution of circles in the ocean is the core of platform trial design. The biomarker-
guided ship of precision medicine clinical trial design is constantly advancing, riding the wind and waves in the undeveloped ocean of
precision medicine
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mapping of the human genome and the maturity of next-
generation sequencing (NGS).25,26 Advancements in sequencing
technologies have significantly improved the ability to rapidly and
comprehensively identify genetic phenotypes. In particular, recent
high-throughput next-generation sequencing advancements have
promoted the rapid and simultaneous detection of all types of
gene alterations, mainly including gene mutations, rearrange-
ments, and copy number changes.27,28 This has fueled more
efforts towards precision medicine, in which therapies are chosen
in accordance with genetic alterations. These innovative treat-
ments are commonly referred to as biomarker-guided therapies,
and an increasing number of diseases may derive clinical benefits
from this strategy. For example, a prospective clinical sequencing
project of 10,000 patients led by the Memorial Sloan-Kettering
Cancer Center (MSKCC) showed that there are potentially treatable
genetic changes in over 36% of patients with advanced cancers.29

In addition, innovations in the development of drugs that target
specific disease-driving gene alterations have accelerated the
introduction and expansion of biomarker-guided therapies.
Historically, this treatment strategy originated in oncology and
has evolved and matured in the field of precision oncology. It is
now also applied in multiple other clinical scenarios, such as
diabetes, cardiovascular, kidney, and neurological diseases.30–33

The proof-of-concept for biomarker-guided therapy was
initiated from the success of imatinib for patients with chronic
myelogenous leukemia (CML) harboring the BCR-ABL transloca-
tion. This genomic-driven targeted therapy resulted in a remark-
able survival improvement, leading the life expectancy of patients
with CML to approach that of the general population.34

Subsequently, drugs targeting the EGFR, ALK, ROS1, MET-mutant
lung cancer, HER2-overexpression breast cancer and gastric
cancer, and BRAF V600E mutant melanoma have dramatically
improved the prognosis of these patients. These significant clinical
benefits from therapies that target patient genomic aberrations
have propelled a paradigm of choosing therapy strategies based
on an individual’s molecular profile. Subsequent clinical trials have
begun to enroll patients based on their genetic phenotypes, and
many standardized biomarker-guided treatment protocols have
been developed from these clinical trials. For instance, evidence
from several large-scale clinical trials has promoted first/second/
third EGFR-tyrosine kinase inhibitor (TKI) as the standard-of-care
among non-small-cell lung cancer (NSCLC) patients with EGFR-
sensitive mutation.35–37

However, some standard regimens, even under the guidance of
phase III clinical trials, have fallen far behind the growing
therapeutic demand. The difficulties associated with the approvals
of new drugs, as well as the long duration of these processes, also
exacerbate the dilemma.38,39 In addition, conventional trial
designs cannot be used to assess the efficacy of one regimen
across different diseases or that of multiple regimens in a certain
disease but with different features. Therefore, the efficient
exploration of new trial designs on the therapeutic potential of
drugs is a concern for trial-related clinicians and researchers.
Master protocol frameworks have been proposed as a vital
strategy to comprehensively and adaptively evaluate treatments
in precision medicine.15,16 A typical representative model of a
master protocol has emerged that includes basket, umbrella, and
platform trials (Fig. 2).15,16 Recently, the number of these new trial
designs has increased dramatically, and it is assumed that this
trend will persist in the following years.22

Basket trial design guided by the pan-cancer proliferation-driven
molecular phenotype
In oncology research, therapies based on similar molecular
alterations distributed in different anatomical cancer types
accelerate the clinical expansion of antitumor drugs, such as the
approval indications of imatinib across multiple cancer types and
the progress of the molecular analysis for therapy choice (MATCH)

plan that matches drugs with molecular phenotypes.40–43

Specifically, in 2014, the American Association for Cancer Research
(AACR) proposed the “basket trial”, a phase II clinical trial that
classifies treatments according to the universal and proliferation-
driven molecular phenotype rather than pathology. The principle
of a basket trial design is derived from a deep understanding of
the pan-cancer proliferation-driven molecular phenotype.
The overexpression of HER2 in breast and bladder cancers is

associated with chemotherapy resistance, elucidating the pan-
cancer proliferation-driven molecular phenotype. In 1987, Di Fiore
et al. discovered the proto-oncogenic effect of HER2 protein.44 The
amplification or overexpression of HER2 was identified in 20–30%
of patients with breast cancer and was associated with a lower
chemotherapy remission rate and duration than those in patients
with HER2-negative disease.45–47 Fortunately, anti-HER2 therapy
combined with chemotherapy has been shown to prolong the
duration of response and overall survival of breast cancer patients
with HER2 overexpression for three and five months, respec-
tively.48 Similarly, the rate of strong HER2 membrane staining
(IHC2+ /3+ ) in advanced bladder cancer has been reported to
be ~26%, which is similar to that in metastatic breast cancer, and
chemotherapy resistance has been reported.49 The addition of
trastuzumab to chemotherapy has been shown to significantly
reduce the tumor size of bladder cancer with HER2 overexpres-
sion.50 Faced with the same biological characteristics and
therapeutic prognosis among different tumor species, researchers
have become aware of the cross-tumor proliferation-driven
capability of this particular molecular phenotype, and they have
begun to explore the therapeutic value of HER2 overexpression in
pan-cancer. Inevitably, the amplification or overexpression rates of
HER2 in ovarian, endometrial, pancreatic, colon, gastric, small cell
lung, renal, and prostate cancers ranges from ~10–40%, and the
standardized evaluation result of pan-cancer is similar.51–59

Furthermore, anti-HER2 combined with chemotherapy has been
reported to achieve objective response rates (ORR) of 7.3%, 24.5%,
and 47% in patients with HER2 overexpression in ovarian cancer,
NSCLC, and gastric and gastroesophageal junction cancers,
respectively.58,60–62 The “single-target to multi-drugs” model,
which extended the benefits of chemotherapy-refractory HER2
overexpression in breast and bladder cancers to pan-cancer, was
the prototype for the basket trial.
The comparison between the limited efficacy of chemotherapy,

non-ALK-TKI therapy, and the high effectiveness of ALK-TKI
therapy indicated the dominant proliferation-driven position of
ALK fusion mutations in lung cancer, which, in basket trials, was
the key condition for using ALK inhibitors alone without
chemotherapy. The ALK mutation was initially identified in
anaplastic large-cell lymphoma and was named “ALK lymphoma”
based on the morphological homogeneity.63,64 However, because
of the preferred chemotherapy response of lymphoma and a lack
of awareness of the proliferation-driven molecular phenotype, the
therapeutic value of the ALK fusion mutation remained unknown
until the ALK-EML4 fusion was distinguished in NSCLC in 2007.65

The limited remission rates of conventional therapies indicate that
ALK fusion mutations have powerful proliferation-driven capa-
cities beyond growth factors and cell division signals.66,67 Indeed,
this was confirmed by the excellent 57% ORR following treatment
of ALK fusion NSCLC with ALK inhibitors.68 In 2012, the concept of
“ALKoma” to define solid tumors with ALK mutations was
proposed, where the ALK fusion mutation was recognized as a
pan-cancer therapy goal due to its strong proliferation-driven
ability. The ALK inhibitor, crizotinib, achieved 90% and 86% ORR
and 80% and 36% complete response in anaplastic large-cell
lymphoma (ALCL) and inflammatory myofibroblastoma (IMT),
respectively.69 Subsequently, ALK inhibitors were shown to be
effective in malignant peritoneal mesothelioma, neuroblastoma,
renal cell carcinoma, colorectal cancer, and melanoma.70–72 The
high remission rate of ALK inhibitors for ALK-driven NSCLC, ALCL,
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and IMT unlocked the “single-target to single-drug” model in the
epoch dominated by chemotherapy, which was the most typical
pattern of basket trials.
Considering the clinical bottleneck of poor response to

conventional treatment as an opportunity, the basket trial
identified the qualitative and quantitative proliferation-driven
ability of the molecular phenotype in different tumor species and
extended its application to pan-cancer. In contrast to traditional
targeted therapy that focuses on the targets in one specific
disease, basket trials pay more attention to the commonalities of
targets in pan-cancer. The off-label attempt of basket trials brings
hope to patients faced with the treatment dilemma. In addition,
basket trials may provide initial proof-of-principle evidence for the
clinical treatment potential of newly discovered disease-driven
targets, especially for uncommon or orphan gene alternations.73

Moreover, the emergence of basket trials has made it possible to
conduct drug development for low-frequency gene alternations
that have been previously unexamined. For example, in 2018, a
basket trial first demonstrated that larotrectinib had a remarkable
and durable antitumor activity among patients with tropomyosin
receptor kinase (TRK) fusion-positive cancer, regardless of the
histology and age.74 Furthermore, a basket trial also allows for the

initial screening of potential efficacy of a regimen to target specific
alterations across multiple tumor types in order to guide
subsequent disease-specific traditional trials. In a basket trial for
vemerafinib in BRAF V600E-mutated pan-cancer, the results
showed that vemerafinib showed activity in NSCLC and other
histologies, but not in colorectal cancer.75 A follow-up conven-
tional trial was then conducted separately in an NSCLC cohort
with a large sample size.76 Finally, a basket trial can yield vital data
to support a new standard regimen for rare cancers with specific
targets. A basket trial reported in 2015 was the first to elucidate
the efficacy of anti-BRAF therapy in patients with Erdheim-Chester
disease and Langerhans cell histiocytosis and BRAF V600E.75

Previously, these two types of cancers lacked a standard
recommendation, whereas this basket trial established a standard
regimen for these diseases. Depending on a high enrollment
efficiency across tumor anatomical species, the basket trial has
been recognized by the FDA as an effective pathway for
approving rare antitumor therapies.77 In the past 6 years, pan-
cancer indications for pembrolizumab, larotrectinib, entrectinib,
selpercatinib, dorstarlimab-gxly, envafolimab, serplulimab, dabra-
fenib, and trametinib have been approved in succession,72,74,78–88

indicating that basket trials are ushering in great opportunities.

Fig. 2 The pattern of the basket, umbrella, and platform trial design. The basket trials aim to evaluate the efficacy of a certain biomarker in
multiple diseases or different tissue types (such as cancer). Recruitment is completed by screening patients with the same therapeutic target
through next-generation sequence and other biologic technologies. The umbrella trials aim to reclassify a certain traditional disease type
based on potential therapeutic biomarkers. Recruited patients are assigned to different molecular subgroups and matched with
corresponding drugs. The platform trials aim to continuously screen biomarkers and drugs for a certain disease. The biomarker subgroups and
treatment types are dynamically added or removed under the constraints of the master protocol. At the initial stage, screening for biomarkers
such as A, B, C, and negative, is conducted and patients are assigned to the biomarker-guided cohorts. Considering that each target may
correspond to multiple drugs, a control group and one to multiple experimental groups (drug 1 and 2 in biomarker A group, drug 3 in
biomarker B group, drug 4 in biomarker negative group) are set up in each cohort. If the experimental drug 2 is more effective than the
current standard therapy of biomarker A group, it will replace the original standard as the new control group. During the course of trials, new
treatment cohorts can be included in the corresponding biomarker-guided group if new drug 5 or 6 are available. When new biomarker D and
corresponding drug 7 are available, the new biomarker D-guided group will be established. If a biomarker-guided group currently lacks
standard control treatment, a single experimental group with efficacy termination threshold set is considered feasible
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Although basket trials are less common in nononcology fields,
the concept of basket trials has also been applied to other
nononcology diseases, including Alzheimer’s disease,89,90 vasculi-
tides,91 metabolic diseases,92,93 and infectious diseases.94,95 For
example, basket trials have been used in the assessment of the
effectiveness of interventions that focus on specific pathophysio-
logical mechanisms in Alzheimer’s disease. It should be empha-
sized that the utilization of basket trials in the nononcology field is
currently constrained, and additional investigation is required to
investigate the particular advantages and challenges that pertain
to these fields.

Umbrella trial design guided by molecular phenotypes of a certain
disease
Due to shared genetic alterations across different cancer types,
the basket trial design was developed with the core theme of
“treating different diseases with the same treatment”. In contrast,
the umbrella trial design was developed with the core theme of
“treating the same disease with different treatments” due to the
different molecular phenotypes of a certain disease.16 Thus, the
umbrella trial was designed to evaluate multiple interventions
within a particular disease in a single trial. The principle of the
umbrella trial design stems from a deep understanding of disease
heterogeneity, including genomic heterogeneity and clinical
phenotypic diversity.15,20 For example, lung cancer was initially
treated as a whole, but with varying outcomes. The treatment
outcomes of lung cancer were then significantly improved by
using different treatment approaches when lung cancers were
categorized into different subtypes that included adenocarci-
noma, squamous cell carcinoma, and small cell lung cancer. In the
era of precision medicine, various gene mutations associated with
lung adenocarcinoma, such as EGFR, ALK, MET, and ROS1, have
been observed, and remarkable efficacy improvements by
administering targeted therapies based on specific gene muta-
tions have been achieved.96,97 Previously, a single traditional trial
targeting a specific genetic phenotype or clinical characteristic
was conducted, which was time-consuming and hindered the
rapid clinical application of effective drugs or interventions.
Umbrella trials have effectively addressed this issue.
Although the AACR formally proposed the “umbrella trial”

concept in 2014, this trial design had been employed for a long
time prior to this event. In 2006, the biomarker-integrated
approaches of targeted therapy for lung cancer elimination
(BATTLE) trial was initiated, which was a landmark umbrella trial
in the field of precision oncology. The BATTLE trial was designed
to evaluate multiple targeted therapies simultaneously in patients
with NSCLC based on individual specific molecular profiles.98 All
patients with NSCLC were assigned into four subgroups: KRAS/
BRAF mutation, VEGF/VEGFR2 overexpression, RXR/CyclinD1 over-
expression/CCND1 amplification, as well as EGFR alteration) to test
the efficacy of the specific targeted therapy. BATTLE was the first
umbrella trial to identify which treatments were most effective for
specific genetic subgroups using a biomarker-driven approach.
The successful implementation of early umbrella trials showcased
the efficiency of this trial design in the era of precision medicine,
subsequently leading to the initiation of numerous similar design
trials.99–102 These trials showed the potential of umbrella trial
designs to enhance the efficiency and effectiveness of clinical
trials in the pursuit of precision medicine and to improve cancer
treatments.
With advancements in precision medicine, there was a growing

recognition that a one-size-fits-all strategy may not be suitable for
all patients with a certain disease. The umbrella trial is a model
that embodies the concepts of precision medicine and epitomizes
the efficient implementation of precision medicine.20,103,104

Umbrella trials allow for the assessment of personalized treatment
strategies by considering the specific characteristics or biomarkers
of each patient. Additionally, as a valuable trial design, the

umbrella trial design also addresses several issues in conventional
trials. First, the diversity of diseases, also called heterogeneity, is
under consideration in umbrella trials. An increasing number of
diseases have been shown with significant heterogeneity, includ-
ing different disease subtypes and molecular phenotypes.
Typically, patients with a certain disease are enrolled into the
arm that is most appropriate for their specific characteristics under
a prespecified treatment arm design. Each arm is evaluated
separately, and the trial may have a hierarchical statistical analysis
plan to compare the effectiveness of different interventions
against a common control group or standard-of-care. Second, the
efficiency and resource optimization of clinical trials in precision
medicine are improved. Umbrella trials provide a highly efficient
method to evaluate multiple interventions simultaneously in a
single trial. By incorporating multiple treatment options, investi-
gators can collect comparative efficacy data rapidly and without
the requirement for separate trials for each intervention. In
addition, in traditional trials, it is expensive and time-consuming to
perform individual trials for each intervention. In contrast,
umbrella trials allow for the shared utilization of infrastructure,
resources, and patient populations, resulting in cost and time
efficiencies. Moreover, new effective biomarker-guided therapy
regimens can be discovered using umbrella trials for one specific
disease and can then be expanded to other types of diseases
using basket trials, thus achieving the maximization and
optimization of precision medicine.
In addition to basket or umbrella trial designs alone, the

exploration of the combination of basket trials with umbrella trials
has been an ongoing area of interest in precision medicine. The
pooled objective of integrating these two trial designs is to
develop a more comprehensive and personalized approach to
select the optimal treatment. By incorporating the basket trial
concept within an umbrella trial framework, investigators can
assess multiple regimens simultaneously across different tumor
types and genetic alterations. The MATCH conducted by the
National Cancer Institute (NCI) was a notable trial design that
integrated basket and umbrella trial designs; patients with
refractory cancer were assigned to different subgroups according
to the specific molecular alteration.105,106 Since 2015, NCI-MATCH
has been in progress, with the primary objective of assessing a
tumor-agnostic approach in the selection of treatments based on
genetic alteration. To date, there are nearly 37 molecular
subgroups in the NCI-MATCH trial, which is considered the largest
umbrella trial worldwide. In 2022, FDA grants accelerated the
approval of dabrafenib in combination with trametinib for
unresectable or metastatic solid tumors with the BRAF V600E
mutation, which was supported by data from the NCI-MATCH
trial.86 Nevertheless, it is crucial to note that this combination
design is still the subject of ongoing trials led by governmental
institutions, and further studies are required to fully understand
and maximize its value in precision medicine.

Platform trial design guided by the dynamic perspective of
precision medicine
Both basket and umbrella trials are revolutionary innovations for
the accelerated development of precision therapeutic drugs and
the advancement of precision medicine. Basket and umbrella trials
have significantly accelerated drug development or drug indica-
tion approvals, but they rely on drugs (or interventions) that are
limited to a certain time point, resulting in lack of dynamic
adaptation to the latest evidence. In the era of precision medicine,
the importance of a dynamic perspective is increasingly empha-
sized in view of disease evolution and the rapid emergence of
novel drugs (or interventions), thus giving rise to new clinical trial
designs called platform trials. A platform trial is a flexible and
adaptive clinical trial design that allows for the simultaneous
evaluation of multiple interventions or treatment strategies
against a single control arm for a specific disease within a unified
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framework.23,24 Within the prespecified protocol, it is possible to
add interventions that show promise or remove ones with
insufficient evidence of activity over time, enabling ongoing
evaluation and optimization based on innovative and emerging
scientific knowledge or advancements in treatment strategies.107

The primary advantages of platform trials are flexibility,
adaptability, and the capacity to dynamically adjust trial designs
based on accumulating evidence throughout the trial. For
example, the STAMPEDE trial, initiated in 2005, was the first
multi-arm platform trial conducted in high-risk localized or
metastatic prostate cancer.108 The last patient for the STAMPEDE
trial was recruited on March 31, 2023, marking the official
completion of the largest platform trial, which enrolled nearly
12,000 participants and lasted for 18 years. A notable feature of
the STAMPEDE trial was its adaptive design. Although only six
arms were included in STAMPEDE when it was initiated in 2005,
nearly 11 interventions had been investigated when the trial was
closed in 2023. This trial generated significant research findings
that resulted in treatment-changing guidelines for patients with
advanced prostate cancer. For instance, the STAMPEDE trial
demonstrated the benefits of adding docetaxel chemotherapy,
abiraterone acetate, and androgen deprivation therapy (ADT) to
the standard-of-care for improving overall survival, all of which
were then cited into the guidelines for prostate cancer as the
recommended stand-of-care.109–111 Moreover, platform trials
often incorporate a biomarker-guided approach in which patients
are stratified according to specific molecular genotype or genetic
alteration. This feature enables the evaluation of interventions in
selected patient populations, eventually leading to personalized
treatment approaches. For example, the GBM-AGILE is a novel
multi-arm platform trial designed to evaluate a therapy based on
biomarker status, including the EGFR alteration and the MGMT
promoter methylation status, among patients with
glioblastoma.112

A platform trial design exhibits several advantages for clinical
investigation in precision medicine.113–115 First, similar to umbrella
trial design, the platform trial design offers clinical investigation
efficiency by assessing multiple interventions simultaneously
within a single trial. This design accelerates the research process
as well as reduces the duplication of efforts, eventually optimizing
resource utilization. Second, platform trials facilitate rapid learning
and informed decision-making by continuously monitoring and
analyzing interim data of the trial and external emerging evidence.
This allows for the timely adjustment of treatment strategies,
interventions, and trial processes. Third, platform trials offer
improvements in statistical power. Platform trials require larger
sample sizes because they evaluate multiple interventions, which
can enhance the accuracy for estimating treatment effects and
enable the detection of smaller but clinically significant differ-
ences. Finally, platform trials promote collaboration and data
sharing among researchers and clinicians. For example, 165
researchers e STAMPEDE trial. In addition, the standardization of
data collection methods and data transparency in single trials
could further improve trial quality and facilitate the rapid approval
of research protocols. In summary, the above features render
platform trials an innovative and effective approach for clinical
trials in precision medicine.

DEVELOPMENT: EXCAVATING THERAPEUTIC POTENTIAL
ACCORDING TO NEW BIOMARKER-GUIDED CLINICAL
TRIAL DESIGN
The clinical popularization of NGS has revealed an abundance of
potential therapeutic targets. However, it is unknown whether
targeted therapy can achieve clinical benefits. The new clinical
trial design guided by biomarkers efficiently explores the
therapeutic potential of emerging gene-variation data. Based on
the logic of drug-target relationships, tumor molecular typing, and

dynamic changes, this paper summarizes the development
achievements of basket, umbrella, and platform clinical trials.

Basket trials unearthing the pan-cancer therapy of existing drugs
based on the drug-target relationship
Based on the drug-target relationship, basket theory provides
“targets search drugs” and “drugs identify targets” as two
methodology models, extending drug indications for confirmed
proliferation-driven targets and potential targets for proven
effective drugs across different tumor species.

Targets search drugs. The “targets search drugs” mode of basket
theory focuses on targets with confirmed pan-cancer independent
proliferation-driven ability, such as receptor tyrosine kinase
families (e.g., EGFR, HER2, MET, and FGFR) and their downstream
MAPK/PI3K pathway trunk signals (KRAS, BRAF, MEK, PI3K, AKT,
and mTOR), and CDK4/6. Therefore, as long as potentially
beneficial cancer species are identified, researchers can directly
search for the corresponding drugs after detecting the targets
(Fig. 3).
The “targets search single-drug” mode is undoubtedly the most

classic pan-cancer treatment of the basket trial. By visually
demonstrating the response rate and potential beneficial cancer
species of common targeted drugs, we aim to assist cancer-
related researchers in conducting large-scale clinical verification or
new basket trials.
EGFR: EGFR is the most extensive proliferation-driven target in

epithelial cancers, and its driving value extends from the first-line
therapy for lung, colorectal, head and neck, and pancreatic
cancers to cancers with squamous characteristics (head and neck
carcinoma, cervical cancer, and Chinese esophageal cancer) and
female reproductive system cancers (ovarian and breast cancers).
Combined chemotherapy with EGFR-TKI prolongs the progression-
free survival (PFS) of patients with NSCLC to almost 3 years.116,117

In addition, EGFR monoclonal antibody combined with che-
motherapy has been approved as a first-line treatment for
advanced colorectal cancer with KRAS wild-type, pancreatic, and
head and neck cancers. Furthermore, in tumors with squamous
characteristics, such as head and neck carcinoma, cervical, and
Chinese esophageal cancers, the ORR of EGFR inhibition therapy
combined with radiotherapy and chemotherapy is up to ~90%,
showing improved survival compared to radiotherapy and
chemotherapy alone.118–121 Similarly, the ORR of EGFR inhibition
combined with chemotherapy for female reproductive system
tumors, such as ovarian and breast cancers, also exceeds
50%.122,123

HER2: As the second-ranked molecule in the EGF receptor family,
HER2 is recognized as a proliferation-driven target with over-
expression (IHC2+ /3+ ) across multiple cancer types. Supporting
the survival benefits for patients with breast and gastric cancers,
anti-HER2 therapy has also achieved gratifying remission rates for
lung,124–127 digestive tract tumors (esophageal, gastric, and color-
ectal cancers),128–135 digestive gland tumors (gallbladder and
pancreatic cancers),136,137 and genitourinary tumors (breast,
prostate, urothelial, and endometrial cancers).138–141

MET: MET, belonging to the HGF receptor family, was originally
found in the form of a MET exon 14 skipping mutation in
chemotherapy-insensitive tumors, such as liver cancer and renal
cell carcinoma with poor prognosis, which could be reversed by
MET inhibition therapy.142–144 Considering the transformative
potential of MET in epithelial cells, MET inhibition has been
validated in epithelial-derived tumors such as lung cancer and
digestive tract tumors (gastric and colorectal cancers).145–151

FGFR: In addition to the evolution of tumor cells, fibrotic matrix
remodeling mediated by FGFR activation leads to resistance. FGFR
inhibition has been approved for FGFR2 amplification or mutation
in urinary tumor and cholangiocarcinoma.152,153 Therefore,
potentially beneficial tumor types may be those anatomical sites
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with a high degree of fibrosis caused by long-term chronic
inflammatory stimulation, including pancreatic, lung, endometrial,
and breast cancers, as well as head and neck squamous cell
carcinoma.153

MAPK: The MAPK pathway, represented by RAS/RAF/MEK, has
high evolutionary conservation and performs generalized func-
tions, such as cell growth, differentiation, apoptosis, and migration
by virtue of the widely expressed Ser/Thr kinase, which is the
foundation of pan-cancer therapy. MAPK is the main downstream
and compensatory activation pathway for ERGR, HER2, MET, and
FGFR. Therefore, the tumor types that are likely to see the greatest
benefit from KRAS, BRAF, and MEK-targeted therapy are similar to
those of RTK families, mainly concentrated in lung and digestive
system tumors.83,154–162 BRAF and MEK have also been approved
as characteristic signals for BRAF-mutated solid tumors.
PI3K: PI3K/Akt/mTOR is another pan-cancer proliferation-driven

pathway, and the downstream hub molecule mTOR has been
functionally validated in most solid tumors. In addition, PI3K and
Akt, which are characteristic resistance signals of breast cancer, are
expanding the therapeutic potential of breast cancer to repro-
ductive system tumors.163–170

CDK4/6: CDK4/6 inhibitor reverses the dilemma of endocrine
resistance in breast cancer by alternating activation of CyclinD1
and ER.171,172 The CCND1 encoding CyclinD1 is a target gene of
ER, and CyclinD1 can bind to ER to promote downstream gene
expression of ER through a non-CDK-dependent pathway.173

According to interactions with hormone dependent pathways,

CDK4/6 inhibitors are widely proven effective in reproductive
system tumors.174–180

With the prolongation of survival and evolution of tumors under
therapeutic stress, the proliferative signal network is intricate and
ever-changing. Therefore, the low signal-blocking intensity and
breadth of monotherapy will undoubtedly lead to a poor response
or resistance.
According to multidrug synergy, the “targets search multi-drug”

of basket trial is proposed to increase efficacy and delay drug
resistance. On account of the inhibition of universal driving targets
such as PD-1, MEK, and EGFR, the combined drugs design
simultaneously cover tumor characteristics to ensure powerful and
comprehensive signal blocking, achieving “high efficacy and slow
resistance” across different tumor species.
PD-1 inhibitor-based therapy: PD-1 inhibitors improve the

feasibility of the combination regimen for the universal mechan-
ism among different tumor types. The phosphorylated intracellular
structure of PD-1 mediates the dephosphorylation of downstream
protein kinases Syk and PI3K, and further inhibits the activation of
the AKT and ERK pathways, which can downregulate the
expression of T-cell activation genes.181,182

The “omnipotent combination” of PD-1 inhibitors and multi-
target TKIs is representative of the pan-cancer combined drug
design, which shifts from posterior- to first-line stemming from
their broad-spectrum antitumor activity.183 Multitarget TKIs
promote vascular normalization to increase immune cell infiltra-
tion and improve the hypoxic microenvironment, thereby exerting

Fig. 3 The efficacy and approval status of common targeted drugs in different tumor species. The number represents the ORR of drugs in
different tumor species, with red indicating high response rates and blue indicating low response rates. The pentagram represents that the
drug indication in a certain tumor species has been approved by FDA
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synergistic efficiency enhancement. Moreover, multitarget TKI
work quickly but are easily resistant, whereas PD-1 inhibitors take
effect slowly but are unlikely to be resistant once effective.
Therefore, this combination can cover the entire treatment
process and achieve rapid and continuous remission. Specifically,
apatinib inhibited PD-L1 expression in macrophages by targeting
VEGFR2/STAT3 to reduce immune escape.184–188 Conversely, PD-
L1 inhibitors can interact with VEGFR2 to block angiogenesis that
is activated by the FAK/AKT pathway.189,190 Similarly, anlotinib
reprograms the immunosuppressive microenvironment and
increases immune cell infiltration to potentiate the therapeutic
effect of PD-1 blockade.191,192 Apatinib combined with camrelizu-
mab and anlotinib combined with cedilimumab have been
validated in most solid tumors.157,183,193–206 Similar omnipotent
combined drug design include lenvatinib with pembrolizumab
and sulfatinib with toripalimab.
The PD-1, BRAF, and MEK inhibitor combined drug design

blocks the synergistic enhancement of the oncogenic pathway
and immune response in characteristic BRAF mutant tumors,
including NSCLC, colorectal cancer, thyroid cancer, and mela-
noma. BRAF combined with MEK inhibitors has been approved for
use in BRAF mutant solid tumors. BRAF upregulates PD-L1
expression by C-Jun via the MAPK/JNK pathway, which can be
reversed by MEK inhibition.167,207 BRAF also upregulates PD-L1
expression through non-MAPK pathways, such as by activating
IL-1 or LEF-1 transcription.208,209 Furthermore, BRAF responds to
immunotherapy by inducing an IFN-γ-dominant immune micro-
environment.210 Mutually, PD-1 inhibition reverses the exhaustion
of CD8+ T cells induced by BRAF and MEK inhibitors.167 PD-1
inhibition suppresses the RAS/RAF/MAPK cascade by preventing
SHP2 recruitment.211,212 The persistent immune response induced
by PD-1 inhibition can also monitor reactivation of drug resistance
pathways, including MAPK.213 Therefore, PD-1, BRAF, and MEK
inhibitor combined therapies have been confirmed to be effective
in BRAF-mutated colorectal cancer and melanoma.211,214–216

The PD-1 and KRAS inhibitor combined drug design also blocks
the synergistic effect of the driving signal and immune escape in
characteristic KRAS mutant tumors, including lung cancer and
digestive tumors such as gastric cancer, colorectal cancer, and
pancreatic cancer. KRAS upregulates PD-L1 expression by activat-
ing MEK/ERK, TGF-β/EMT, or YAP/TAZ transcriptional activators in
lung cancer.217–220 Similarly, KRAS-driven pancreatic cancer is
accompanied by PD-L1 overexpression caused by the deletion of
the transcriptional suppressor TGIF1.217 The PD-1 and KRAS
inhibitor basket has been demonstrated to be effective in KRAS
mutant lung cancer and colorectal cancer.221

MEK inhibitor-based therapy: The MEK inhibitor-based therapy
enhanced the blocking intensity of the MAPK pathway and
predictably suppressed the alternative activation pathway to delay
the occurrence of resistance, thereby improving the outcome of
BRAF/KRAS mutant solid tumors that depend on the MAPK
pathway.
The BRAF and MEK inhibitor combined design improves the

efficacy of BRAF mutant tumors by blocking upstream and
downstream signals. BRAF is a pan-cancer driver mutation with
an incidence of 50% in melanoma and thyroid cancer and 10% in
colorectal cancer.29 BRAF mutant tumors are MEK-dependent.
Highly active mutants directly phosphorylate MEK through
monomers or dimers, whereas low-activity mutants activate MEK
through endogenous CRAF or RAS.222–224 Furthermore, resistance
to BRAF inhibitors is also related to MAPK reactivation.225–228

However, the BRAF inhibitor vemurafenib or the MEK inhibitor
trametinib alone failed in the cross-tumor exploration of BRAF
V600E-mutated melanoma to other solid tumors.229–232 The failure
of monotherapy suggests the necessity of increasing the blocking
intensity of the MAPK pathway to accommodate differences
across tumor species. Further trials have demonstrated that the
combination of dabrafenib and trametinib, targeting both BRAF

and downstream MEK, is effective in melanoma after BRAF
inhibitor resistance.233 Similar combinations include vemurafenib
with cobimetinib and encorafenib with binimetinib.234,235 The
latter combination has also been validated in BRAF V600E mutant
lung cancer and colorectal cancer.158,236 Moreover, the combined
drug basket not only enhances the blocking intensity of the MAPK
pathway but also magnifies its pro-apoptotic activity. BFAF
inhibitors induce the ER stress response and upregulate the pro-
apoptotic protein PUMA through the PERK pathway. MEK
inhibitors can also mediate the expression of the pro-apoptotic
protein BIM and the activation of the apoptosis mitochondrial
pathway.237 As expected, the overall response rates of BRAF V600E
solid tumors in the phase II ROAR (including cholangiocarcinoma,
glioma, and thyroid cancer) basket trial and the NCI-MATCH sub-
regimen are both around 80%.83–86 Subsequently, dabrafenib and
trametinib baskets were approved in BRAF V600E mutant solid
tumors, representing a defining change for the multidrug basket
based on MEK inhibitors.
The EGFR, BRAF, and MEK inhibitor combined drug design

blocks the downstream, upstream, and alternative activation
signals to overcome the resistance of BRAF mutant tumors after
combined treatment. BRAF mutant colorectal cancer has a high
level of EGFR phosphorylation, which may induce the reactivation
of ERK through EGFR-mediated RAS and CRAF activation to resist
vemurafenib.228,238 However, a phase 2 basket trial of vemurafenib
combined with cetuximab for treating BRAF V600E mutant non-
melanoma cancer failed.75 Resistance may be attributed to MAPK
reactivation and could not be reversed by adding chemother-
apy.157,239 Furthermore, NRG1 derived from stromal cells can resist
dabrafenib and trametinib through EGFR signal transduc-
tion.238,240 In other words, the combined inhibition of BRAF and
EGFR leads to MEK-activated resistance, whereas combined
inhibition of BRAF and MEK leads to EGFR-activated resistance.
The failure of these clinical trials suggests the necessity of
combined blocking of upstream, downstream, and alternative
activation signals. Finally, encorafenib, binimetinib, and cetuximab
basket were shown to prolong OS in patients with BRAF mutant
colorectal cancer compared to standard treatment, which opens
up new ideas for comprehensively blocking signal networks.241

The SHP2 and MEK inhibitor combined drug design has been
shown to improve the efficacy of refractory KRAS-driven solid
tumors by jointly blocking downstream and key node signals.
SHP2 is not only the universal node of the MAPK pathway
activated by different RTKs but is also the convergence node of
many signaling pathways, including JAK/STAT, PI3K/AKT/mTOR,
and PD-1/PD-L1. RAS-GTP-dependent carcinogenic KRAS mutation
and amplification causes the full activation of upstream RTKs to
converge to the RAS signal in pancreatic cancer, lung cancer, and
melanoma cells.242–247 KRAS mutations also mediate acquired
resistance to MEK inhibitors in NSCLC and thyroid cancers.248–250

SHP2 inhibitors can suppress the activation of KRAS mutants with
GTP activity, and prevent SOS/RAS/MEK/ERK from responding to
RTK reactivation induced by MEK inhibitors. The SHP2 inhibitor
SHP099 combined with the MEK inhibitor trametinib has been
shown to be effective in pancreatic, lung, and ovarian cancers with
KRAS mutations and in triple-negative breast and gastric cancers
with RAS amplification.244,245

EGFR inhibitor-based therapy: The EGFR inhibitor-based therapy
blocks the same level of signal crosstalk to inhibit growth factor
signal-dependent epithelial tumor proliferation. EGFR is the most
significant proliferation-driven signal in epithelial tumors, with
strong cross-tumor conservation. HER2, FGFR, MET, and VEGFR are
the major alternative bypass signals that mediate resistance.
Therefore, the foresighted combined inhibition of EGFR and
accessory signals can improve the reduction rate and delay
resistance of “dual signal addiction” tumors.
The EGFR and HER2 inhibitor combined drug design delays the

resistance of EGFR/HER2-driven solid tumors due to the alternative
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activation signal within the ERBB family. ERBB2 mutations and
amplification bypass activate downstream signals leading to EGFR
inhibitor/antibody resistance to lung, colorectal, head and neck,
and bladder cancers. HER2/HER3 dimerization activates the PI3K/
AKT and ERK pathways to promote tumor growth in head and
neck tumors after anti-EGFR therapy.251,252 HER2 D16 mutation
promotes lung cancer resistance to osimertinib through an Src-
independent pathway.253 HER2 L755S and R784G mutations are
associated with anti-EGFR resistance in colorectal cancer.254

Bladder cancer cells resistant to cetuximab have high levels of
ERBB2 phosphorylation and respond well to pan-HER inhibitors.255

Similarly, EGFR activation is the primary mechanism of anti-HER2
resistance in breast cancer and gastrointestinal tumors. ERBB
mutations are present in 7% of HER2+ breast cancer cohorts and
are resistant to HER2 inhibitors.256 Herceptin-resistant breast
cancer cells show higher levels of EGFR phosphorylation and
EGFR/HER2 heterodimers, with sensitivity to erlotinib and
gefitinib.257,258 Overexpression of EGFR is observed in 26% of
patients with HER2+ gastric cancer.259 Gastroesophageal cancer
with co-amplified EGFR/HER2 is trastuzumab-resistant but sensi-
tive to the pan-HER inhibitor afatinib.260 Lapatinib, may add
therapeutic value in combination with trastuzumab through
increased membrane HER2 levels and enhanced ADCC activity in
breast cancer.261,262 Similarly, trastuzumab combined with lapati-
nib achieves regression of HER2-amplified gastrointestinal tumors
by blocking HER3/EGFR reactivation.263 The activity of BIBW2292,
AZD8931, AST1306, TAK-285, epertinib, and other EGFR/HER2
tyrosinase inhibitors in solid tumors indirectly confirms their
interdependent proliferation-driven activity.264–269

The EGFR and FGFR inhibitor combined drug design prevents
resistance from bypass activation in EGFR/FGFR dual-signal
addictive tumors such as lung cancer, head and neck squamous
cell carcinoma, hepatobiliary carcinoma, and esophageal cancer.
The high expression/fusion of FGFR1 increases tumorigenicity and
resistance to EGFR-TKI in EGFR mutant lung adenocarcinoma cells,
which can be reversed by the dual inhibition of EGFR and
FGFR.270,271 The combination of EGFR and FGFR inhibitors reverses
EGFR resistance mediated by downstream PIK3CA activation in
skin squamous cell carcinoma.272 Interactively, EGFR-dependent
signal transduction induces resistance to FGFR inhibitors in head
and neck squamous cell carcinoma cells with high expression of
FGFR1 and cholangiocarcinoma cells with FGFR2 fusion.273,274 The
inhibition of FGFR by lenvatinib results in the feedback activation
of the EGFR–PAK2–ERK5 signal axis, which can be blocked by
EGFR and EGFR inhibitors combined therapy.275 The combination
of the FGFR inhibitor and gefitinib significantly decreased the
levels of p-AKT and p-ERK1/2, inducing strong apoptosis and
decreasing the ability of clone formation in esophageal squamous
cell carcinoma.276

The EGFR and MET inhibitor combined drug design blocks MET
co-activation through ligand-dependent or -independent path-
ways in EGFR-addicted tumors, including lung cancer, gastro-
esophageal cancer, colorectal cancer, and head and neck tumors.
MET inhibition induces TGF-α to activate EGFR, resulting in bypass
resistance in the abovementioned tumors.277–279 Conversely, EGFR
inhibitors also induce HGF overexpression to bind to MET
receptors that activate MAPK.280 Interestingly, TGF-α/HGF could
activate MET/EGFR in both ligand-dependent and -independent
manner.281,282 Therefore, inhibition of MET or EGFR alone is
insufficient in MET/EGFR co-activated tumors. In MET amplification
and EGFR mutation with T790M-negative NSCLC, the ORR of
savolitinib combined with osimertinib is 64%,283 while the
combination of tepotinib and gefitinib extends the OS to
24.2 months.284 Similarly, patients with NSCLC with EGFR mutant
and high expression of MET treated with MET monoclonal
antibody plus erlotinib exhibit a median PFS that is increased by
15.3 months compared to treatment with erlotinib alone.285

Moreover, combined treatment of MET inhibitor and cetuximab

causes further tumor regression in patients with MET-positive
colorectal cancer after anti-EGFR therapy.147 The bispecific anti-
body avantumab effectively downregulates the level of EGFR/MET
activation and increases the immune directional antitumor activity
induced by γ-IFN secretion.286 The ORR of avantumab reaches
40% in NSCLC with EGFR exon 20ins after platinum chemotherapy,
and its potency in other tumors, such as gastroesophageal
adenocarcinoma, is still being elucidated.151,287

The EGFR and VEGF inhibitor combined drug design blocks the
energy loop enhanced by the cross-linking of epithelial prolifera-
tion and angiogenesis activation signals in EGFR-addicted tumors.
Bevacizumab induces intracellular accumulation and activation of
EGFR in colon cancer cells and tumor-associated endothelial cells,
which can be attenuated by erlotinib, regardless of RAS status.288

Similarly, EGFR resistance in lung cancer may be related to
increased VEGF expression in tumor and stromal cells.289 VEGF
expression is regulated by EGFR signaling in a hypoxia-
independent manner and remains high after resistance to EGFR
inhibitors in EGFR-mutant lung cancers.160 The combination of
bevacizumab and erlotinib basket has been validated in solid
tumors, such as NSCLC, cholangiocarcinoma, liver cancer, breast
cancer, head and neck carcinoma, glioblastoma, and anaplastic
glioma.290–294 Other dural EGFR/VEGF inhibition therapy have also
been proven effective, such as erlotinib plus cabozantinib in
NSCLC, pazopanib plus cetuximab in head and neck squamous
cell carcinoma, sorafenib plus cetuximab in colorectal cancer,
pazopanib plus cetuximab in head and neck squamous cell
carcinoma, and vandetanib in liver and thyroid cancer.295–299

The NCI and National Clinical Trials Network developed NCI-
ComboMATCH in 2023, followed by a biomarker-guided study of
NCI-MATCH, in order to address biomarker-guided drug synergies
to increase efficacy.300 The therapeutic regime was supported by
valid preclinical in vivo experimental evidence, consistent with the
underlying logic of our proposed combined therapy. Further,
ComboMATCH has both histology-specific and histology-agnostic
arms, which reflects the comprehensiveness and inclusiveness of
the new clinical design, including basket and umbrella trials. The
publication of the ComboMATCH plan also manifested the
recognition of the “targets search multidrug” model in basket
trials by international institutions.

Drugs identify targets. The “drugs identify targets” mode of
basket trials establishes therapeutic potential by identifying new
targets of confirmed effective drugs across different tumor types.
The detection of unknown gene variations by using NGS is the
foundation for target expansion. Meanwhile, the pan-cancer
application permission of the basket trial accelerates the verifica-
tion of the therapeutic value of new targets. For example, PARP
inhibitors expanded potential effective targets from BRCA2 to
homologous recombination deficiency (HRD) and DNA repair-
related genes.
From BRCA mutation to HRD and then to DNA damage repair-

associated genes, PRAP inhibitors enlarge the pool of potential
targets based on the generalizations of commonalities between
individual cases. PARP can repair DNA single-strand breaks via the
BER pathway. PARP inhibitors block BER, sequentially resulting in
single-strand break accumulation, shortened replication forks, and
formation of double-strand breaks. If BRCA mutations lead to HRD
simultaneously, double-strand breaks mediated by PARP inhibitors
will lead to cell death owing to their inability to be repaired.
Olaparib and other PARP inhibitors have been approved for the
treatment of advanced ovarian, breast, prostate, and pancreatic
cancers with BRCA mutation.301–307 Unlike the “target search drug”
mode, PARP inhibitors do not directly block the activation signal
but anchor HRD to expand potential targets. Clinical studies have
confirmed that PARP inhibitors offer clinical benefits to the above
four cancers with other HRD-related genes (RAD51, ATM, and
PABL2) and HRD without germline BRCA mutations.308–315
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Clinicians have demonstrated that other DNA damage repair-
related genes, such as SLFN11, indicate better efficacy of PARP
inhibitors combined with temozolomide in small cell lung cancer
(SCLC) and Ewing’s sarcoma.316–318

The basket trial has successfully opened up new opportunities
for single-drug or multidrug therapies of rare tumors, which
typically present challenges such as enrollment difficulties in
traditional randomized trials. However, the trial type also has
limitations. For example, replacing tumor tissue types with
proliferation-driven molecular characteristics as treatment classi-
fication criteria is not always effective. Further, the gene-mutation
spectrum of tumors is usually related to the site of tumor origin.
Therefore, how to eliminate or master the negative impact of
tumor tissue types on targeted therapy is a challenge and a major
future research direction for basket trial design.
The internal logic of the success of the basket trial for tumors is

that tumors have definite driving gene variations. In non-tumor
diseases, if similar situations exist, patients may also benefit from a
basket trial in the paradigm of “same drug for different diseases.”
In neurodegenerative diseases such as Alzheimer’s disease, the
biggest obstacle to performing a basket trial is the lack of
sufficient biomarkers for most molecular pathologies besides Ab
and tau. However, because both AD and certain non-AD
neurodegenerative syndromes are strongly linked to underlying
tau pathology, it is possible to combine populations such as AD,
PSP, and corticobasal syndrome (CBS) in a single clinical trial of a
tau-targeted intervention.89 Studies of drugs for infectious
diseases or metastatic disease caused by the same pathogenic
factor can also be done on the basket trial.93 In these studies,
different stages of the disease were treated as different cohorts.94

When the concept of the basket trial extends to the research field
of animal experiments, it can quickly help identify biomarkers.92

Umbrella trial exploring tumor molecular-subtype-driven therapy
Umbrella trials allow the rapid validation of the effectiveness of
multiple therapies or intervention for a certain disease, over-
coming the limitation of traditional trial designs that only recruit
patients who share common characteristics. These trials maximize
the inclusion of individuals in the implementation of precision
medicine, aiming to find the most suitable and personalized
treatment strategies for each patient. Thus, it is essential for the
application of an umbrella trial design to accurately and
thoroughly identify the molecular biological feature of a specific
disease, especially for precision-oncology research. Previously,
numerous umbrella trials in the field of oncology have revealed
many potential therapeutic strategies for cancer without a highly
effective regimen.
There is currently no approved targeted therapy for squamous

cell lung cancer. Despite The Cancer Genome Atlas (TCGA) project
and other similar works detecting a high number of somatic gene
mutations in squamous cell lung cancer, these molecular
alternations occur at a relatively low frequency (5–20%), posing
a significant challenge in rapid recruitment and efficient research
if using traditional clinical trial design.100 Thus, the Lung-MAP
(Lung Cancer Master Protocol) has emerged, which is a well-
known umbrella trial for patients with squamous NSCLC that
started in 2014.100 By incorporating multiple treatment options,
investigators could simultaneously evaluate the biomarker-guided
therapies more rapidly and without the need for separate trials for
each regimen. This trial initially consisted of five arms, each
investigating the efficacy and safety of a corresponding different
approach. The first subgroup included patients without actionable
molecular alterations of interest, who were assigned to receive
durvalumab. Four additional subgroups were biomarker-driven
and investigated targeted therapies including the PI3K inhibitor
(taselisib) for PIK3CA alteration, CDK4/CDK6 inhibitor (palbociclib)
for CDK4/CCND1/CCND2/CCND3 amplification, FGFR inhibitor
(AZD4547) for EGFR1/2/3 alteration, and rilotumab and erlotinib

for MET mutation (this arm was closed owing to toxicity).319 The
Lung-MAP is a comprehensive umbrella trial that evaluates
multiple targeted therapies and treatment approaches for
squamous NSCLC patients. It utilizes biomarker-driven designs to
match patients to specific interventions based on their molecular
characteristics, ultimately improving treatment outcomes and
advancing personalized medicine in lung cancer. Owing to the
good design of Lung-MAP, this trial was expanded to include all of
the histologic types of NSCLC in 2019 using a new screening
protocol. The overarching aim of novel Lung-MAP is to evaluate
multiple therapies and biomarkers in a single master protocol,
facilitating personalized treatment approaches for patients
with NSCLC.
Another important example is triple-negative breast cancer

(TNBC). Although TNBC accounts for about 10–20% of all of the
newly diagnosed breast cancers, patients with this type of breast
cancer are prone to visceral metastasis. TNBC also comes with the
highest risk of recurrence and the poorest survival rate of all breast
cancers. Owing to lack of common breast cancer-associated
targets such as the estrogen receptor, progesterone receptor, and
HER2 expression, biomarker-guided treatment for patients with
TNBC has been challenging. To address this issue, investigators
have proposed the “Fudan Classification” based on multi-omics
profiling of TNBC. In this classification system, patients with TNBC
are categorized into four different subtypes: luminal androgen
receptor (LAR), immunomodulatory (IM), basal-like immune-
suppressed (BLIS), and mesenchymal-like (MES).320 Subsequently,
the FUTURE trial using an umbrella design was initiated, in which
previously heavily treated patients with TNBC were enrolled in
four arms and received corresponding biomarker-guided therapy
based on the FUDAN classification. The FUTURE trial found that
the progression-free survival almost doubled compared with
conventional chemotherapy.320–322 Therefore, the FUTURE trial has
provided precision treatment options for patients with TNBC. This
umbrella trial design has also offered a novel method for the
efficient exploration of personalized treatment strategies.
The K-Umbrella trial for gastric cancer was carried out later, in

which patients with gastric cancer were divided into three
biomarker-guided therapy arms based on molecular subtyping
(arm 1: EGFR IHC2+ or 3+ ; arm 2: PTEN loss/ineffectiveness; arm 3:
immune-related biomarker enrichment including PD-L1 positive,
microsatellite instability-high (MSI-H)/mismatch repair deficiency
(dMMR), or EBV-related), as well as a control arm, with none of the
abovementioned biomarkers.323 Similarly, the K-Umbrella trial
aimed to simultaneously assess the efficacy improvement of three
biomarker-based regimens. Even though this umbrella trial did not
reach the study endpoint, it initiated the precedent of umbrella
trials in a gastric cancer cohort. In addition, multiple umbrella trials
are also being conducted to assess biomarker-guided therapy for
ovarian cancer, urothelial cancer, and other diseases.324,325 The
results of the above various umbrella trials allow us to realize the
importance of accurate molecular profiling to achieve biomarker-
based strategies in the era of precision medicine.
At present, tumor molecular profiling has become a focal point

of research investment in line with precision medicine strategies.
As the first comprehensive catalog of cancer-associated genomic
alterations, TCGA has allowed researchers to explore genomic
changes that may contribute to oncogenic phenotypes. The
method uses genomic signatures to classify cancer at a molecular
level, which has greatly enhanced the accuracy of selecting
biomarker-guided therapies, thereby further improving the
success rate of umbrella trials. Moreover, researchers can further
establish tumor molecular profiling based on the vast amount of
emerging omics data from advancements in next-generation
sequencing and multi-omics technologies.

Lung cancer. The discovery of the common driver-gene ther-
apeutic value, such as EGFR, ALK, and ROS1 in lung cancer, marked
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the initial exploration of umbrella trials based on molecular
subtyping. The integration of comprehensive transcriptomic and
epigenetic analysis, along with clinical-pathological data, has
uncovered more intricate gene-network events and potential
classifications. This advancement offers guidance for patients with
lung cancer who do not harbor the defined driver genes. One
novel classification has been proposed for this type of lung cancer,
in which lung cancer is divided into three subtypes: Proximal-
Proliferative (PP), characterized by KRAS mutations combined with
STK11 inactivation; Proximal-Inflammatory (PI), characterized by
NF1 and TP53 co-mutations; and Terminal Respiratory Unit (TRU),
characterized by a high frequency of EGFR mutations.326 Similarly,
the response to immunotherapy in KRAS mutant lung cancer is
also closely linked to molecular subtyping. Different subtypes have
shown significantly varying ORRs to PD-1 inhibitors: KL subtype
(KRAS mutation with STK11/LKB1 co-mutations) had a rate of
7.4%, KP subtype (KRAS mutation with TP53 co-mutations) had a
rate of 35.7%, and K-only (KRAS mutation alone) had a rate of
28.6%.327 All of these novel molecular subtypes have provided the
possibility of conducting umbrella trials in common driver-gene-
negative lung cancer, similarly to the FUTURE trial in TNBC.

Colorectal cancer. Colorectal cancer is another paradigm in the
field of precision oncology. However, the previous biomarker-
guided therapy for this cancer has been used for reverse selection
of colorectal patients who are not responsive to targeted agents.
For example, patients with colorectal cancer with the RAS/RAF-
mutation could not obtain a clinical benefit from an anti-EGFR
therapy should be treated with an anti-VEGF-targeted therapy.328

This molecular classification seems to be insufficient to support
the application of a biomarker-guided therapy in the era of
precision medicine. Thus, a more novel classification has been
proposed. In 2015, the Colorectal Cancer Subtyping Consortium
provided the clearest classification system for colorectal cancer to
date.329 The consortium identified four molecular subtypes (CMS):
the CMS1-MSI immune subtype, CMS2-Classic subtype, CMS3-
Metabolic subtype, and CMS4-Mesenchymal subtype. Each sub-
type has distinct characteristics and potential benefits from
specific biomarker-guided treatments. CMS1 has the character-
istics of immune cell infiltration and the highest potential benefit
from immunotherapy. CMS2 is primarily characterized by down-
stream targets of the WNT signaling pathway (APC gene) and
high-frequency mutations in the p53 gene, which may benefit
from treatments aimed at restoring the p53 function. CMS3 is the
only subtype of the four with a high frequency of KRAS gene
mutations, and RAS gene mutations have prognostic implications
in colorectal cancer, predicting resistance to the anti-EGFR therapy
in metastatic colorectal cancer. CMS4 is characterized by
upregulation of EMT and stromal infiltration, which may be
sensitive to therapy targeting WNT2. These classifications were
developed in a preclinical setting, but further umbrella trials could
explore biomarker-based therapy in accordance with molecular
profiling.

Breast cancer. The most well-known molecular subtypes of
breast cancer are Luminal A, Luminal B, HER2 overexpression,
and TNBC, which have been widely used in clinical practice.330 In
addition to these subtypes, as mentioned above, a novel
molecular classification for TNBC, called “Fudan classification,”
was developed based on clinical, genomic, and transcriptomic
data.320 Despite hormone receptor-positive, HER2-negative breast
cancer being the most prevalent form of breast cancer, the
problem of resistance to endocrine therapy remains unresolved,
highlighting the urgent need for accurate molecular classification
to guide biomarker-based precision treatments. Based on the
comprehensive omics data, investigators have classified HR+ /
HER2- breast cancer into four distinct subtypes: canonical luminal,
immunogenic, proliferative, and receptor tyrosine kinase (RTK)-

driven.331 Specific biomarker-guided treatment strategies would
be developed based on the biological characteristics of each
subtype. For example, the immunogenic subtype, which exhibits
abundant immune cells, may produce a clinical benefit from an
immune checkpoint inhibitor.

Gastric cancer. The failure of the K-Umbrella trial emphasizes the
crucial importance of accurate and precise molecular classification
for the successful implementation of an umbrella trial. Recently,
multiple molecular-subtyping strategies for gastric cancer were
proposed. TCGA proposed four subtypes of gastric cancer in 2014:
genomic stability, chromosomal instability (CIN), microsatellite
instability (MSI), and Epstein–Barr virus-positive.332 Unfortunately,
the treatment-guided value of these molecular profiling types
remains uncertain owing to the lack of adequate clinical data. In
2015, the Asian Cancer Research Group (ACRG) categorized gastric
cancer into four subtypes, namely, MSI-H, MSS/TP53+ , MSS/
TP53–, and MSS/EMT subtype, using gene-expression profiles,
whole-genome-copy number-variation arrays, and targeted gene
sequencing.333 The prognosis analysis demonstrated that patients
with the MSI-H subtype exhibited the most favorable survival rate.
In addition, gastric cancer has been classified into two groups
using a predictive stratification based on genes related to immune
function (GZMB and WARS) and intestinal epithelium (CDX1): one
that would benefit from adjuvant chemotherapy and one that
would not.334 Of course, this also requires the use of an umbrella
trial design to effectively explore whether these novel preclinical
molecular subtypes could guide clinical practice in the era of
Precision Pro.

Biliary tract cancer. Biliary tract cancer is a highly heterogeneous
malignant tumor at the genomic and epigenetic levels. With the
development of gene-sequencing technology, multiple biomar-
kers that could guide targeted therapy or immunotherapy have
been discovered, such as FGFR2 alteration, IDH1/2 mutation, NTRK
fusion, RET fusion, BRAF V600E mutation, HER2 alteration, MSI-H/
dMMR, and high tumor-mutation burden (TMB).74,335–338 As the
traditional histopathological classification has exceeded the
demands of precision medicine, a traditional “one-size-fits-all”
trial also could not effectively assess the potential of a therapy
target to the above molecular alterations. With the implementa-
tion of a new trial design for the umbrella trial, several biomarker-
guided therapy approaches have been incorporated into clinical
guidelines for cholangiocarcinoma. For instance, using the
philosophy of an umbrella trial design, the FIGHT-202 trial aimed
to explore the FGFR inhibitor in cholangiocarcinoma with FGFR
gene alteration, including two genetic subpopulations: FGFR2
fusion or rearrangement and other FGF/FGFR alterations.339 In
2020 ASCO, an umbrella trial was designed to explore multiple
biomarker-based therapy-target MET amplification, HER2 amplifi-
cation, IDH1 mutation, and FGFR fusion among 46 patients with
refractory biliary tract tumors, which yielded 26.1% of the ORR,
with a median progression-free survival of 5 months.340 Except for
these molecular events, there are several potential druggable
genetic alterations in ongoing trials, such as EGFR, PI3K, and
BRAF.341 Moreover, the molecular subtyping of cholangiocarci-
noma has advanced into the field of multiple omics. For example,
biliary tract cancer is now classified into five subtypes based on
the tumor microenvironment, namely, immune classical, inflam-
matory stromal, hepatic stem-like, tumor classical, and desert-
like.342 Each subtype has distinct characteristics, which can
potentially guide trial design in a future umbrella trial.

Ovarian cancer. Biomarker-based therapy based on molecular
heterogeneity has clearly emerged as a direction for precision
treatment in ovarian cancer. Precision molecular subtyping forms
the foundation for achieving individualized treatment for ovarian
cancer. In 2011, TCGA categorized high-grade serous ovarian
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cancer into four subtypes based on gene content, namely,
immunoreactive subtype, characterized by CXCL11/CXCL10/
CXCR3 expression; proliferation subtype, characterized by
HMGA2/SOX11/MCM2/PCNA overexpression with MUC1/MUC16
low-expression; differentiated subtype, characterized by MUC16/
MUC1with SLP1-positive; and mesenchymal subtype, character-
ized by a HOX/stromal high-expression marker.343 The survival
analysis showed that patients with the immunoreactive and
mesenchymal subtypes had the best and worst prognosis,
respectively. Further, Tan et al. reported a novel classification
scheme to address the heterogeneity of epithelial ovarian cancer
based on the gene-expression patterns of 1538 cases. Five
subtypes, namely, epithelial-A, epithelial-B, mesenchymal, stem-
like-A, and stem-like-B, exhibited biologically distinct character-
istics and prognoses, as well as sensitivity to drugs.344 This
molecular subtyping offers new insights into the development of
biomarker-guided personalized therapy for ovarian cancer using
the umbrella trial design.

Prostate cancer. Although precision medicine for prostate cancer
started comparatively late, prostate cancer has also entered its era
of precision medicine. The PROfound trial, released in 2020, is the
first phase III clinical trial to explore biomarker-based therapy
based on molecular subtyping in the field of prostate cancer.303

The PROfound trial has become a milestone in precision medicine
for prostate cancer, leading to the approval of a PARP inhibitor
(Olaparib) for advanced metastatic castration-resistant prostate
cancer patients with BRCA mutations. The molecular subtyping of
prostate cancer is mainly based on factors including transcrip-
tomics, genomics, and proteomics. The molecular classification
analysis based on this multi-omics information can help identify
the gene-expression profile, activation status of oncogenes, DNA
repair deficiencies, as well as protein expression, thus guiding the
selection of biomarker-based therapies. For instance, BRCA1/2
gene mutations contribute to high sensitivity to PARP inhibi-
tors.345 Moreover, PTEN gene loss is associated with the potential
efficacy of PI3K/AKT/mTOR pathway inhibitors.346 Patients with
the androgen-receptor variant may obtain a clinical benefit from
androgen-receptor antagonists or CYP17 inhibitors.346 Similarly,
therapy targeting the prostate-specific membrane antigen (PSMA),
a prostate cancer-specific protein, is being tested in an ongoing
trial. Owing to the high degree of genetic variation in metastatic
castration-resistant prostate cancer, ~90% of patients harbor gene
mutations with clinical significance.347 Therefore, using umbrella
trial designs to evaluate the efficacy of multiple biomarker-guided
therapies simultaneously is expected to become an effective
approach for exploring precision treatment in prostate cancer.

Cervical cancer. The development of precision medicine in
cervical cancer seems relatively slow, which can be attributed
partly to the lack of an accurate understanding of the molecular
subtype in cervical cancer. The accurate molecular classification
can lay the foundation for therapeutic stratification of cervical
cancer. Researchers have also made many attempts to explore the
molecular subtyping of cervical cancer. For example, Li et al.
reported a molecular stratification based on the data of single-cell
transcriptomics and further identified four different molecular
subtypes: hypoxia (S-H subtype), proliferation (S-P subtype),
differentiation (S-D subtype), and immunoactive (S-I subtype).348

Moreover, patients with the S-H subtype, the S-I subtype exhibited
the worst and best prognosis, respectively. In addition, different
molecular subtypes presented various infiltrations of immune
cells, especially for CD8+ T cells, suggesting immunotherapeutic
potential of the immunoactive subtype. Currently, there is no
standardized molecular subtyping for cervical cancer supported
by relevant clinical trials. Cervical cancer exhibits a lot of genetic
molecular alternations with unknown treatment values. The

umbrella trials can help rapidly and effectively identify molecular
alterations with significant treatment value.
In addition, molecular classification exploration is being

conducted for many cancers, and an umbrella trial is an effective
method for identifying a biomarker-guided therapy. Similarly, with
the development of precise molecular-subtype exploration of the
nononcology disease, the umbrella trial design would play a huge
role in the precision treatment of these diseases.

Platform trial screening of an optimal treatment in a long-term
dynamic model
As a dynamic umbrella trial design, the platform trial is another
new trial design that has revolutionized clinical research and drug
development. The platform trial has broken from the traditional
clinical trial model, using an adaptive clinical trial model designed
to improve trial efficiency by minimizing the number of
participants and shortening the time required to evaluate an
experimental invention. Compared with umbrella trials, the
standards for experimental intervention or controls are dynami-
cally changing, resulting in a more effective way to screen out
optimal treatment in a long-term dynamic model. Therefore,
during the long process, the efficacy differences between different
subgroups are dynamically quantified to ensure that the included
patients receive the best treatment. The first platform trial,
STAMPEDE, provides multiple standard treatment options for
advanced prostate cancer.108 Subsequently, several platform trials
have emerged in the field of precision oncology, although the
number of this type of trial remains relatively small.112,349

The I-SPY 2 trial is widely regarded as another pioneer of tumor
platform trials, which is designed to evaluate a neoadjuvant
therapy in breast cancer, primarily to explore the effectiveness of
different biomarkers and corresponding experimental drugs. First,
a new patient with breast cancer is classified into one of 10
molecular subtypes.349 Then, I-SPY 2 trial’s adaptive randomization
design enables this participant to be assigned randomly to a study
arm. Initially, five experimental drugs can be efficiently, indepen-
dently evaluated in parallel compared with the control, with a
pathological complete response rate as the primary endpoint.
During the course of the I-SPY 2 trial, the efficacy of each
experimental drug is evaluated in a timely manner, and the study
protocol can be adjusted based on the emerging evidence. For
example, an experimental drug is considered successful if it
achieves a predetermined level of effectiveness in one or more
molecular subtypes. However, if it reaches a maximum number of
participants without demonstrating any effectiveness, it may be
terminated owing to futility. Throughout the trial, new experi-
mental agents can enter into the trial by following a protocol
amendment.
The I-SPY 2 trial provides several neoadjuvant regimens for

different molecular subtypes of breast cancer in a single trial. In
triple-negative breast cancer, the combination of veliparib-
carboplatin and standard chemotherapy can result in significantly
higher rates of a pathological complete response than standard
therapy alone.350 Among patients with HER2-positive, HR-negative
breast cancer, the I-SPY 2 trial revealed that neratinib added to
standard chemotherapy was more likely to achieve a pathological
complete response than standard chemotherapy with trastuzu-
mab.351 In HER2-negative breast cancer, the combination of
durvalumab and olaparib added to standard neoadjuvant
chemotherapy showed superior efficacy to standard neoadjuvant
chemotherapy, especially in a highly sensitive subset of patients
with high-risk HR-positive/HER2-negative breast cancer.352 More-
over, MK-2206 (Akt inhibitor) combined with standard neoadju-
vant therapy resulted in higher estimated rates of a complete
pathological response in patients with HR-negative and HER2-
positive breast cancer.353 The success of I-SPY 2 trial has
highlighted the efficiency of umbrella trials in the field of
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precision medicine, specifically when exploring the use of
molecular-biomarker-guided therapy.
The groundbreaking I-SPY 2 trial of neoadjuvant treatment for

locally advanced breast cancer has established a new benchmark
for the efficiency of phase II clinical trials. I-SPY 2 trial has several
unique and novel aspects. First, it has an adaptive randomization
method. The experimental drug group with a higher effective data
receives more random patients. Second, it has a shared standard
treatment control group. The shared standard treatment group
avoids multiple enrollments of control group patients, improving
the efficiency of the trial. Third, it employs the Bayesian decision
method. If the experimental drug has a high Bayesian predictive
probability of success in subsequent phase III clinical trials based
on I-SPY 2, regimens will be moved from this trial and will enter
the phase III trial. If the predictive success probability of the
experimental regimen in phase III is low, this group will be
stopped directly and withdrawn owing to futility. Fourth, the trial
offers a dynamic adjustment of a trial protocol. According to the
latest evidence, researchers have the capacity to promptly adjust
the plan by increasing or reducing experimental regimens. I-SPY 2
trial continues to have a major influence on the development of
next-generation trial designs in oncology and beyond.
Beyond oncology, platform trials are especially suitable for

sudden public health emergencies that require effective treat-
ment, like COVID-19, owing to the high efficiency of recruiting
patients compared with conventional trials.354–366 In addition,
platform trials can incorporate adaptive components whereby
specific trial parameters may be altered during the course of the
study if planned in advance. This kind of “rolling platform” can
move on to test new drugs without stopping the trial or
seamlessly including multiple stages of development.367 This is
also good news for some diseases lacking effective treatment
drugs, such as Alzheimer’s disease. For example, DIAN-TU is a
platform trial that simultaneously evaluated solanezumab and
gantenerumab in Alzheimer’s disease.368

DIRECTION: PRECISION PRO, DYNAMIC PRECISION, AND
INTELLIGENT PRECISION CLINICAL TRIAL DESIGN
In the past decade, since the master protocol-based novel clinical
trial design was proposed, precision medicine has developed
rapidly. New-drug efficacy verification has shifted from empiricism
to biomarker-guided trials. Owing to the efficient and flexible
design of the basket, umbrella, and platform trials, researchers
have transformed generous drug targets into treatment opportu-
nities. However, with the gradual exploration of simple targets and
molecular typing, the dividend period of the current trial design
methodology for research innovation has passed. The precision
medicine era 1.0 of biomarker-guided new clinical trial design is
also drawing to an end.
How to further thoroughly and precisely explore the therapeutic

guidance value of bursting biomarkers is the most important
proposition of clinical trial design in the era of precision medicine
2.0. The deep mining of genetic-variation data from multiple
dimensions represents a necessary path for innovative new clinical
design in the next decade. Moreover, to improve the therapeutic
efficacy, both biological rationality and practical feasibility should
be considered in the trial-design stage. Therefore, we propose that
Precision Pro, Dynamic Precision, and Intelligent Precision be used
to instruct new biomarker-guided clinical trial design in the
precision medicine era 2.0.

Precision Pro
Precision Pro refers to a treatment concept that explores optimal
regimen closer to the essential biological mechanisms than
current precision medicine. The Precision Pro concept re-
evaluates characteristics of biological processes and involved
molecules from multiple dimensions based on existing clinical and

biological data. The Precision Pro concept will lead the second
wave of new biomarker-guided clinical trials.

From a single target to multiple targets. Currently, most clinical
trials focus on a single correspondence between the driving
mutations and drugs. However, a comprehensive analysis found
that genetic characteristics other than driving mutations were also
related to curative efficacy and prognosis. Considering the impact
of background gene features, including the TMB and TP53,369,370

on driving mutations, the combined targets improve the
representativeness of the target to biological behavior and
enhances its compatibility with differences in clinicopathological
characteristics (Fig. 4a).
TMB combined with driver mutation: TMB, representing tumor

immunogenicity, has been proven to predict the efficacy of
immunotherapy for 27 tumor types.79,371 TMB, as a marker of new
antigen and clone formation, can also assist in identifying tumor
proliferation-advantageous clones.
Strong driver-mutated (such as EGFR, ALK, ROS1, MET, and RET)

tumors have monoclonal growth advantages across tumor
species, which suppress new mutations and clones, resulting in
low TMB.372,373 The suppressive ability reflected by TMB positively
correlated with single-drug basket therapy. Compared to those
with high TMB, lung cancer patients with EGFR mutations and low
TMB show a longer OS following treatment with EGFR-TKI.126

Similarly, patients with colorectal cancer with low TMB showed
better efficacy when treated with EGFR monoclonal antibo-
dies.374,375 Therefore, low TMB combined targets indicate that
the signaling pathway activated by a strong driver mutation is the
dominant factor in tumor proliferation.
Vulnerable driver-mutated tumors (e.g., BRAF, HER2, KRAS, and

PI3KCA) require more mutations to gain survival advantages. The high
TMB produced by nonsense mutations may dominate proliferation,
exceeding that of driver mutations, indicating the benefits of
immunotherapy.372 A high TMB has been shown to be associated
with a low clinical benefit of EGFR/BRAF blocking therapy in patients
with advanced colorectal with BRAF mutation.375 Moreover, lung
cancer and melanoma with high TMB and BRAF mutations respond
better to immune checkpoint blockade (ICB) therapy.376–378 Similarly,
high TMB is an independent prognostic factor for KRAS mutant lung
cancer and colorectal cancer treated with ICB.376,379–381 Furthermore,
HER2 mutations are often associated with higher TMB in lung, breast,
gastric, and colorectal cancers, all of which could benefit from ICB
therapy.382–387 Anti-HER2 combined with PD-1 inhibitors has
synergistic antitumor activity in both first- and posterior-line
treatment of HER2-positive gastroesophageal adenocarcinoma.388,389

Therefore, although polyclonal proliferation driven by a high TMB
responds poorly to single drugs, a higher level of antigen presentation
tends to benefit from immunotherapy.
In summary, TMB condenses complex background genetic

features into a single number, which is in accordance with the
underlying logic of master protocol-based clinical trials. As a
routine detection project for NGS, TMB has enormous potential for
combined target applications.
TP53 combined with driver mutation: TP53 is a pan-cancer

unfavorable prognostic gene that is mutated in 48.3% of solid
tumors.390 TP53 and RAS mutations usually coexist in NSCLC,
colorectal cancer, gastric cancer, pancreatic cancer, cholangiocar-
cinoma, and ampullary cancer, leading to increased invasiveness
and shorter OS.391–401 However, TP53 wild-type can weaken the
negative effect of RAS mutations on OS in lung and colorectal
cancers.391,397 Accordingly, TP53 deletion may be more dominant
than the driving mutation; thus, ignoring its combined predictive
value may lead to a poor response.
TP53 combined with driver mutations exposes the weaknesses

of strong tendency mutations, which can be exploited in
immunotherapy. Although the extensive oncogenicity of TP53
and KRAS co-mutations enhances the proliferation and
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invasiveness of lung cancer and digestive system tumors, it also
leads to higher immunogenicity and makes it easier to be
recognized by immune cells. TP53 mutant lung cancer loses the
binding constraint of BTG2 to RAS (G12V), resulting in a substantial
increase in RAS proliferative activity.402,403 KRAS/TP53 co-mutation
activates the Wnt/β-catenin pathway, leading to the separation of
E-cadherin and β-catenin, thereby losing cell adhesion, and
promoting invasion and metastasis in pancreatic ductal adeno-
carcinoma and gastric cancer.404–406 Similarly, TP53 deletion
facilitates RhoA–ROCK pathway-dependent cell invasion and
lymphatic metastasis in KRAS-mutated colorectal cancer.407,408

Fortunately, the widely oncogene expression activated by TP53/
KRAS co-mutation also leads to the upregulation of immunogenic
markers, such as TMB, PD-1, and MHC-I, and immunomodulatory
factors, such as type I and type II interferons, indicating the
potential benefits of immunotherapy.409 Clinical research has
demonstrated that PD-L1 is upregulated in KRAS/TP53 co-mutated
lung cancer and gastroesophageal adenocarcinoma,410,411 leading
to better survival benefits with ICB therapy.

The discovery of the predictive value of high-frequency TP53
deletion in combined targets not only expands the potential
beneficiaries but also avoids the poor efficacy of single-driver
target suppression. Meanwhile, aiming functional enriched
targets, such as TP53 and KRAS, further magnifies their
proliferative advantages and reveals the weaknesses of immuno-
genic exposures behind their strengths. According to reverse
thinking, the combined targets providing a unique approach for
clinical trials to solve the bottleneck problem.
In clinical trial design, researchers should fully evaluate the

sequencing data results and the biological implications of the
enrolled patients. The accurate interpretation of biological-related
data beyond therapeutic targets assists in precise treatment
decision-making.

From the mutation to the mutation subtype. The salvageable
structural p53 mutation subtype is screened by Arsenic trioxide
from over 800 p53 mutations, which typically represents the “from
the mutation to the mutation subtype” concept of Precision Pro.

Fig. 4 The molecular signaling pattern of the Precision Pro and Dynamic Precision. a The key signal transduction signaling with therapeutic
potential from transmembrane to intracellular and nuclear. The combined application of TP53 and TMB accurately characterize the biological
behavior of targets. The TP53 mutation and TMB serve as immunogenic backgrounds, presented in the form of extensive activation of
oncogenes and nonsense mutations, respectively. The extensive genetic variations lead to the plenty production of tumor antigens and
predict immunotherapy responses. The HDAC and EZH2 are the main epigenetic regulatory targets in nucleus with wide-ranging but
relatively concentrated biological functions. The EGFR and HER2, FGFR, VEGR, MET are the main proliferation-driven transmembrane signals.
The MAPK, JAK/STAT3, PI3K/AKT are the main intracellular proliferative signaling cascade pathways. The PD-1/PD-L1 is currently the most
widely used immune checkpoint. b The signaling pattern transformation in Dynamic Precision. HER2 clearance occurs after initial anti-HER2
therapy, presented as protein inactivation and disappearance of original gene mutations. The genetic profiles and biologic characteristics of
tumors change greatly after neuroendocrine transformation
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Although the mutation frequency of TP53 in advanced solid
tumors is 48.3%, no drug targeting this mutation has been
approved for 40 years.390 The failure of the eprenetapopt non-
selective targeting of p53 mutation in the transition from phase II
to III manifests the limitations of pan-target therapy.412 Essentially,
the mechanism by which p53 mutations lead to functional loss
varies, but includes unfoldable structural mutants, DNA-binding
mutants with DNA-binding amino acid variation, and nonsense
mutants.413 Arsenic trioxide, an approved therapeutic drug for
acute promyelocytic leukemia, causes unfoldable p53 structural
mutations to fold and restore its tumor inhibition function in the
balance of denaturation and renaturation by releasing arsenic
atoms and covalently bonding DNA-binding sites and β-sandwich
domain in p53.413,414 Based on the logic of “from mutation itself to
mutation subtype”, researchers have evaluated more than 800
TP53 mutants and found that 390 of them could be rescued by
arsenic trioxide, of which 33 restored activities similar to the wild-
type.414 The “PANDA” (P53 AND As) pan-cancer basket trial is
currently being conducted to further verify the therapeutic value
of arsenic trioxide in solid tumors with TP53 structural mutations.
Similarly, the activator PC14586 selectively binds to the gaps in
TP53 Y220C mutations to regain transcriptional activity, attaining
an ORR of 24.2% in solid tumors.415 From the failure of general
pan-targeting to the success of specific targeting of p53 mutates,
the discovery of unknown structural variation through the “from
mutation itself to mutation subtype” mode clarifies the bene-
ficiaries of p53 inhibitors.
Similarly, the therapeutic potential exploration of pemigatinib

among patients with cholangiocarcinoma in FIGHT-202 trial
demonstrated the logic rationality of “From the mutation to the
mutation subtype”.339 The different responses of FGFR subtypes to
pemigatinib suggested varying drug responses in different
molecular subtypes, even within the same gene alteration.
Therefore, the determination of mutation subtypes among

enrolled patients should be based on understanding the
biological nature of the different mutation subtypes of the
targeted gene. Overly strict screening can lead to slow enrollment
efficiency, while excessively broad filtering can reduce the overall
effectiveness of the treatment.

From transmembrane signaling to nuclear signaling. In the era of
precision medicine 1.0, new biomarker-guided clinical trials widely
block transmembrane signals and downstream intracellular
cascade reaction signals. From the perspective of stress selection,
there is less intervention in intranuclear signaling, which maintains
a relatively high therapeutic sensitivity. Moreover, nuclear signals,
represented by epigenetic targets, are the starting point of the
central rule, determining the biological phenotype executed by
the vast majority of functional proteins. Research has found that
the tumor microenvironment is also closely related to epigenetics.
Moreover, epigenetic antitumor drugs have a wide range of
immune regulatory effects. In summary, exploring the efficacy of
nuclear signal regulation is an important direction for new clinical
trial design guided by the Precision Pro concept.
The epigenetic drug therapy regulates the expression of

multiple genes in nucleus to manipulate the tumor phenotype
by targeting an HDAC or EZH2 gene-expression switch, initiating
exploration of nuclear signal targeting (Fig. 4a). The complex drug
resistance in the posterior line requires high-intensity combination
rather than simple specific targeted therapy. HDAC inhibitors
neutralize the positive charge of histone lysine by inhibiting its
deacetylation, reducing its electrostatic attraction to negatively
charged DNA, removing the entanglement between DNA and
histones, and finally regulating the expression of multiple
genes.416 EZH2 inhibitors relieve transcriptional inhibition of
multiple genes by blocking PRC2 deposition mediated by the
EZH2-mediated H3K27me3 complex.417 HDAC and EZH2 inhibitors
can form the complex posterior-line state of tumors by reversing

drug resistance, immune activation, and biological process
enhancement through multi-gene regulation.
HDAC/EZH2 inhibitors reverse drug resistance by regulating the

expression of multiple drug resistance-related pathway genes.
HDAC inhibitors reverse endocrine drug resistance in breast
cancer by reactivating ERα and aromatase expression.418 HDAC
inhibitors also attenuate bypass-activated resistance to EGFR or
MEK inhibitors by reducing the nuclear output of redundant
tyrosine kinases in head and neck and colorectal cancers.419,420

Similarly, EZH2 inhibitors reverse chemoresistance by modulating
local chromatin condensation and gene silencing, mediated by
the downregulation of SLFN11 in SCLC.421 EZH2 downregulates
MEIS1 transcription to maintain the integrity of DNA damage
repair function, resulting in resistance to oxaliplatin in colorectal
cancer, which can be reversed by EZH2 inhibitors.254,422 EZH2
inhibitors also reverse platinum resistance by downregulating the
EZH2-mediated tumor suppressor DAB2IP in ovarian cancer.423

EZH2 induces tamoxifen resistance in breast cancer cells by
silencing the expression of the ERα cofactor GREB1.424 EZH2 also
inhibits RTK phosphorylation and overcomes alternatively acti-
vated sunitinib resistance in renal clear-cell carcinoma.425 More-
over, EZH2 downregulates the regulatory subunit of PP2A,
PPP2R2B, resulting in sustained phosphorylation of the PP2A
targets p70S6K and 4EBP1 to mediate anti-HER2 drug resistance in
breast cancer.426

HDAC/EZH2 inhibitors enhance the efficacy of immunotherapy
by upregulating the expression of inflammatory factors and
immune-activating genes to reshape the proinflammatory tumor
microenvironment. HDAC inhibitors stimulate the antitumor
immune response by increasing the expression of proinflammatory
chemokines and immunogenic cell death, thereby inducing
proinflammatory tumor microenvironment in solid tumors such
as triple-negative breast cancer, colorectal cancer, and adrenocor-
tical carcinoma.427–430 EZH2 inhibitors decrease histone H3K27me3
modification on the β2-microglobulin promoter, leading to
upregulation of MHC-I expression in head and neck squamous
cell carcinoma and upregulation of MHC-II expression and immune
cell infiltration in urothelial carcinoma.431,432 EZH2 inhibitors
upregulate the NK cell-related genes MIP-1α, ICAM1, ICAM2, and
CD86; activate NK cells in muscle-infiltrating bladder cancer; and
upregulate the transcriptional level of the NKG2D ligand, which
enhances the eradication of hepatoma cells by NK cells.433,434

HDAC inhibitors solve the therapeutic problems of undrugable
targets by inducing cell death. HDAC inhibitors initiate the process
of gene transcription of oxidative stress and apoptosis to treat
undrugable targets, such as MYC, RAS, and NF1, in glioma, breast
cancer, non-small cell lung cancer, and thyroid cancer.435–438

EZH2 inhibitors inhibit invasion-related pathways to reduce
distant metastasis and improve disease control rates. EZH2
triggers SMAD3 methylation to promote the interaction between
SMAD3 and its cell membrane locator, maintaining SMAD3
phosphorylation of TGFβ receptors and facilitating breast cancer
metastasis.439 EZH2 also induces ribosomal synthesis overactiva-
tion and ribosomal DNA instability by silencing PHACTR2-AS1 to
accelerate breast cancer metastasis.440 EZH2 induces methylation
of lysine K362 in ERG, which is beneficial for DNA binding and
increases ERG transcriptional activity, thereby enhancing the
invasiveness of ERG fusion prostate cancer.441,442 EZH2 silences
primary cilia genes and activates the Wnt pathway to promote
melanoma metastasis.443

Clinical studies have confirmed that the EZH2 inhibitor
tazemetostat has a good disease control rate in patients with
epithelioid sarcoma and malignant pleural mesothelioma.444,445

HDAC inhibitors have also been shown to be effective in solid
tumors, such as hormone-resistant melanoma, prostate, endome-
trial, and breast cancers.446–449 New clinical trials are expected to
accelerate the clinical applications of epigenetic drugs. However,
owing to the widespread impact of nuclear signaling on biological
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functions, serious side effects may occur. Therefore, in clinical trial
design, a comprehensive evaluation should be conducted from
the aspects of clinical drug accessibility, biological feasibility, and
safety. Simultaneously, close monitoring of patients should be
carried out.

From pan-cancer to relative specific cancer. As mentioned earlier,
the “omnipotent combination” of PD-1 inhibitors and multitarget
TKIs is representative of the pan-cancer drug combination.
However, the “omnipotent combination” is not universally power-
ful for each cancer species. Clarifying the cancer relative specificity
of combined therapy, especially the “omnipotent combination”, is
an important mission assigned by precision oncology to new
clinical trials design.
PD-1 expression specificity: PD-1 inhibitors, as a type of

immunotherapy, stem from a universal biological mechanism
and should be widely effective in pan-cancer therapies. However,
the response rate to PD-1 inhibitors in advanced solid tumors is
~20%.450–452 Distinct PD-1 inhibitors were not significantly
different because they share a similar mechanism. Successive
studies have demonstrated that differences in efficacy may be
attributed to varied immune characteristics represented by PD-1/
PD-L1 expression across distinct anatomical tumor sites.
According to the distribution difference of PD-L1 on the surface

of tumor cells and immune cells, the potential immune benefit
tumors can be divided into tumor cell proportion score (TPS)-
inclined and combined positive score (CPS)-inclined types. The
TPS-inclined type includes NSCLC, melanoma, and renal cell
carcinoma.192,451,453,454 Patients with positive tumor PD-L1 expres-
sion (TPS type) had a higher remission rate and were positively
correlated with tumor quantity.192,454–457 However, further studies
have shown that PD-1 is not only expressed in tumor cells, but
also in tumor-infiltrating immune cells. The total level of PD-L1
expression in tumors and infiltrating immune cells (CPS type) is
more sensitive than TPS in predicting the efficacy of PD-1.453,458

Clinical studies have confirmed the survival benefits of PD-1
inhibitors in CPS-inclined tumors, such as head and neck
squamous cell carcinoma and esophageal, gastric, triple-negative
breast, urothelial, cervical, and ovarian cancers.191,459–466

Multi-target TKI specificity: Different cancer species show
different responses in the clinical application of multitarget TKIs
because of their different target spectra coverage. To optimize the
selection of drugs in clinical practice, we divided multitarget TKIs

in the “omnipotent combination” into six categories, namely, pan-
cancer-prone (anlotinib and apatinib), neuroendocrine cancer-
prone (sulfatinib), chemotherapy insensitivity prone (lenvatinib),
renal cancer-prone (sunitinib, axitinib, and cabozantinib), gastro-
intestinal cancer-prone (fruquintinib and regorafinib), and liver
cancer-prone (sorafenib and regorafenib), presenting with IC50
values for different targets (Fig. 5).467–476

The high-intensity blockade of VEGFR2 by the pan-cancer-prone
TKIs, apatinib and anlotinib, empowers them with stronger cross-
tumor differential compatibility. As mentioned for the combined
drug basket, both anlotinib and apatinib can be used in the pan-
cancer combined drug basket.
The chemotherapy-insensitive cancer-prone TKI lenvatinib

tends to comprehensively inhibit various growth factors, including
VEGFR/FGFR/PDGFR, which may dominate proliferation in
chemotherapy-insensitive tumors.477–479 Lenvatinib combined
with the PD-1 inhibitor pembrolizumab has been shown to be
effective in metastatic liver cancer, renal cell carcinoma, mela-
noma, endometrial cancer, and gastric cancer.480–484

The neuroendocrine cancer-prone TKI sulfatinib monother-
apy with a disease control rate of up to 90% in neuroendocrine
tumors (NET) perfectly interprets its rationale for tumor
specificity.485 Sulfatinib also reduces the progression risk of
pancreatic and extrapancreatic NET by 51% and 67%,
respectively.486,487 Furthermore, sulfatinib inhibits tumor inva-
sion of myeloid-derived suppressor cells (MDSCs) by specifi-
cally targeting CSF-1R, reducing the number or changing the
phenotype of tumor-associated macrophages, upregulating
the ratio of CD8+ /CD4+ T cells, thereby improving the
combined immunotherapy efficacy.488–491 The combination of
sulfatinib and the PD-1 inhibitor treprinumab has an efficacy of
24% in advanced solid tumors (neuroendocrine cancer and
gastrointestinal tumors with high neuroendocrine differentia-
tion), in which standard treatment failed.492

Renal cancer-prone TKIs have clear therapeutic effects in renal
cell carcinoma, and research on soft tissue sarcoma can draw on
work related to renal cancer because of their similar pathological
type. In addition to the inhibition of VEGFR2, sunitinib, axitinib,
and cabozantinib also inhibit tumor proliferation by blocking the
MEK/ERK and SAPK/JNK pathways and inhibiting the autopho-
sphorylation of KIT, RET, and FLT3, which are usually activated in
these two types of tumors.493–496 The efficacy of sunitinib, axitinib,
and cabozantinib combined with PD-1 inhibitors has been

Fig. 5 The inhibition power of common multitarget TKIs on different targets. The IC50 (nM) for different targets in different tumor types of
multitarget TKIs are shown. The application preference of multitarget TKIs in multi-cancer with common characteristics has been summarized
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confirmed in renal cell carcinoma and soft tissue
sarcoma.390,497–504

Gastrointestinal cancer-prone TKIs, such as fruquintinib and
regorafinib, combined with PD-1 inhibitors, have been proven to
be effective in gastric and colorectal cancers.505–508 The ther-
apeutic value of fruquintinib may have been underestimated in
the past.
The liver cancer-prone TKIs Sorafenib and Regorafenib have

been widely used to treat liver cancer. This clinical preference may
be related to the rich blood supply to the liver, although the
specific mechanism remains unclear. Sorafenib and PD-1 inhibi-
tion therapies improve the prognosis of patients with liver
cancer.509 The survival benefit of sorafenib is positively correlated
with the level of IFN-γ+ /CD8+ T cells, whereas PD-1 inhibition
enhances the local concentration of antineoplastic drugs by
increasing blood perfusion through CD8+ T-cell accumulation
and IFN-γ production.510–512 Similarly, regorafenib and PD-1
inhibitors are highly effective in the posterior-line treatment of
liver cancer.513

The pan-cancer clinical design does not mean that tumor
species should not be screened. Instead, the inclusion criteria for
tumor species should be formulated based on a comprehensive
consideration of the biological behavior of the tumor species and
the characteristics of the drug. The cancer relative specificity
constantly changes with ongoing preclinical and post-clinical
evidence. Therefore, the cancer relative specificity concept is more
important than the results we have summarized.

Dynamic precision
Proliferation-dependent genetic characteristics of tumors con-
stantly change dynamically under natural progression and
therapeutic pressure. Accordingly, the drug-target relationship in
new trial design should be considered with respect to variations in
tumor characteristics. We focused on two types of dynamic target
changes that have a considerable impact on the treatment
strategy: from presence to absence, signifying the clearance of the
driving target after treatment; and from absence to presence,
signifying neuroendocrine transformation after treatment in non-
neuroendocrine tumors (Fig. 4b).

Targets from presence to absence. HER2 clearance occurs in
breast and gastric cancers with low target expression intensity but
high anti-HER2 therapy intensity. After patients with HER2-positive
early-stage breast cancer received T-DM1 or trastuzumab neoad-
juvant therapy, the residual lesions in 8.3% of the patients became
HER2-negative.514 HER2 also changed from positive to negative in
8.6% of patients with advanced breast cancer with bone
metastasis.515 Similarly, in the T-ACT and GASTHER3 studies of
advanced gastric cancer, 69% and 29.1% of patients treated with
trastuzumab combined with chemotherapy became HER2-nega-
tive, respectively.516,517

However, the HER2-ADC still had strong disease control ability
after the HER2 status changed from positive to negative. In
patients with early breast cancer whose HER2 turned negative
after neoadjuvant therapy, the 3-year disease-free survival of
patients treated with T-DM1 was 100%, whereas that of patients
treated with trastuzumab was only 70.1%.514 DS-8201 has also
been approved for patients with breast cancer with low HER2
(IHC1+ ) expression based on DESTINY-Breast04 studies.518

Similarly, in the DESTINY-Gastirc01 study of advanced gastric
cancer, the disease control rate of DS-8201 in HER2-negative
(HER2 IHC ≤ 1+ ) patients was as high as 71.5%, and the median
duration of response was 12.5 months.519

Target clearance after treatment is widespread in other tumor
species and targets. For example, after first-line treatment of colon
cancer, RAS and BRAF clearance occurred in 42.6% and 50% of
patients with RAS and BRAF mutations, respectively.520 In addition,
the incidence of microsatellite instability (MSI) in colorectal cancer

was higher in the early stages than in late stages.521 Therefore,
defining more characteristic tumor species and targets and further
exploring treatment after target clearance is the future direction of
dynamic precision clinical trial design. Furthermore, researchers
should fully consider the potential impact of past treatments on
the biological behavior of the tumor in a clinical trial design.

Targets from absence to presence. Neuroendocrine transforma-
tion characterized by presence of TP53 and RB1 variation is
gradually becoming a common state of assimilation after multiline
therapy. Profiting from the application of secondary biopsy after
drug resistance, we observed the phenomenon of “neuroendo-
crine spectrum plasticity,” which means that non-neuroendocrine
(non-NE) epithelial carcinoma changes to an invasive NE
phenotype.522 Neuroendocrine transformation is widely found in
solid tumors, such as lung cancer, prostate cancer, breast cancer,
gastrointestinal tumors, and head and neck carcinoma, but it has
poor efficacy owing to the lack of specific targets. Although other
types of neuroendocrine carcinoma (NEC) can follow the
treatment paradigm of small cell lung cancer (SCLC) according
to the basket concept of the same treatment for different tumors,
the efficacy of etoposide and platinum regimens in gastroeso-
phageal, colorectal, pancreatic, prostate, large-cell lung, and other
neuroendocrine cancers is limited.523–526

The entire gene-expression profile of tumors changes greatly
after neuroendocrine transformation, along with the target feature
changing from driving gene mutations to extensive gene
variation.527 Moreover, mutations with complex functions, such
as NOTCH inactivation and TP53 and RB1 deletions, have been
found to play an important role in the transformation of SCLC and
extrapulmonary small cell carcinoma.528–531 The extensive pattern
of genetic variation in neuroendocrine cancer requires carpet-
bombing therapy, based on immune checkpoint inhibitors
combined with chemotherapy or anti-vascular targeting, to
achieve long-term disease control. An etoposide and platinum
regimen combined with ICB has been shown to achieve good
efficacy and survival benefits in patients with advanced unresect-
able gastroenteropancreatic cancer, unidentified primary neu-
roendocrine neoplasms, and SCLC.532–534 The ORR of toripalimab
combined with sulfatinib in patients with advanced NEC was
33%.492 Similarly, the ORR of atezolizumab combined with
bevacizumab in pancreatic and extrapancreatic NET were 20%
and 15%, respectively.535

The transformation of tumors into a state of multidrug
resistance after multiline therapeutic pressure is the main
evolutionary path of pan-cancer species. In addition to treatment
pressure, tumor natural evolution may also result in changes in
targets. For example, the HER2-positive rate in both advanced
colon cancer and breast cancer were higher than that in early
stage.536–538 Accordingly, identifying pan-cancer posterior-line
homogeneity status and dealing with broad-spectrum biological
effect drugs are meaningful directions for clinical trials in the era
of precision oncology.

Intelligent precision
Innovative thinking based on underlying biological logic is the
primary version of new clinical design in the era of precision
medicine 2.0. However, with the emergence of bioinformatics data
brought about by technological progress, there is a strong
demand for tools with powerful and flexible analytical capabilities.
Further, complex and heterogeneous data in new clinical trials
have increased this demand. Therefore, we propose the advanced
version of “Intelligent Precision” to integrate intelligent technol-
ogy support with a new clinical trial design.
Artificial intelligence (AI) and machine-learning algorithms have

significantly improved the width and depth of data mining that
traditional thinking models cannot accomplish. The disease
diagnosis classification abilities of AI algorithms such as deep
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convolutional neural networks based on image recognition have
been proven to be effective in the field of diabetes and oncology.
The diagnostic accuracy is comparable to that of clinicians.539,540

The AI algorithms for disease progression modeling are also being
developed to accurately characterize complexity and heterogene-
ity of neurological diseases, such as AD and Huntington’s
disease.541–543 The formulation of more precise biomarkers and
molecular subtypes in a clinical trial design will further improve
therapeutic efficacy. Furthermore, intelligent technology also
enables continuous data collection, reducing the negative impact
of subjective measurements on data validity and regional barrier
pressure on long-term research follow-up such as platform trials.
Intelligent-precision-guided technology support can optimize the
design of new clinical trials by analyzing and interpreting omics
data and dynamic monitoring of patients, thereby assisting in the
design of more feasible and effective trial protocols.
Intelligent precision incorporates histological heterogeneity in a

basket trial design through comprehensive analysis of pan-cancer
data. The pan-cancer data analysis of AI can reveal the
heterogeneity of biomarkers between different diseases and
guide the design of precise treatment plans. Researchers
proposed the “comboSC” AI algorithm to 119 tumor samples of
15 tumor types, demonstrating its widespread practicality and
superior performance in optimizing combination therapy plans in
different cancer types.544

Intelligent precision identifies more accurate and diverse
molecular subtype in an umbrella trial design through in-depth
mining of multi-omics data. The analysis of genomic, transcrip-
tome, and proteomic data by AI can fully reproduce the biological
activity patterns from DNA to proteins. Researchers using spatial
multi-omics techniques to analyze colon cancer samples have
found that immune-exclusion (IEX) markers composed of DDR1,
TGFBI, PAK4, and DPEP1 genes may become important predictors
in the stratification of immunotherapy.545 In addition to bio-omics,
clinical imaging omics data can also be fully utilized in an umbrella
trial. The immune-consensus molecular subtype CMS (imCMS) of
colon cancer based on AI algorithms in image-omics accurately
classifies TCGA samples that cannot be classified by RNA
expression profiles, compensating for the limitations of bio-
omics in patient classification.546

Intelligent precision improves feasibility and patient compliance
in long-term platform trial design through real-world data analysis.
First, AI can efficiently estimate existing therapeutic efficacy data
during platform trials (including successful and failed data) to
verify the necessity of trial implementation. Second, in terms of
patient recruitment, AI algorithms can search, analyze, and
interpret big data such as electronic medical records, genetic
testing omics data, and medical imaging data. Then, AI identifies
potential clinical trial subjects and matches them with appropriate
arms in platform trials, thereby significantly improving recruitment
efficiency and reducing costs. Third, in terms of patient manage-
ment, AI algorithms assist in continuously monitoring and
managing patients through automated data collection in patient
drug use, organ function, efficacy evaluation, adverse reactions,
and other patient-centered data. Moreover, real-time and dynamic
data monitoring further aligns with flexible designs represented
by platform clinical trials, ensuring the accuracy of the verifying
direction.
Based on a full understanding of underlying biological

mechanisms, the Precision Pro, Dynamic Precision, and Intelligent
Precision concept will assist clinicians and trial-related researchers
develop full-scale precise therapeutic strategies (Fig. 6).

CONCLUSIONS AND PERSPECTIVES
In summary, the rapid development of high-throughput sequen-
cing and multi-omics technology has created more possibilities for
precision medicine. The new biomarker-guided clinical trial

designs including basket, umbrella and platform trials have
successfully transformed these possibilities into clinical benefits
for patients. By sorting out the discovery and development of the
new trial designs, trial-related researchers would be able to
improve their understanding of this new methodology. However,
with the gradual exploration of simple gene alterations and
molecular typing, the innovation of trial methodology itself can no
longer keep up with the individualized therapeutic demands. The
cognition of the new biomarker-guided clinical trial design should
not only focus on the primary idea of matching the targets, drugs,
and diseases but also on the in-depth underlying biological logic
of the origin and progression of diseases. The deep exploration of
biomarker-related data will be full of opportunities for precision
medicine in the next decade. We propose future direction for new
clinical trials including Precision Pro, Dynamic Precision and
Intelligent Precision. We look forward to jointly promoting clinical
precision treatment from the perspectives of biological rationality
and practical feasibility in the era of precision medicine.
The precise thinking model of biological mechanism-driven

therapy will be the first principle in future clinical trial design.
According to fully integrating theoretical innovation and intelli-
gent technology to address the practical therapeutic demands of
individual patients, the ability to control and manage disease
precisely will be highly improved. The knowledge system
construction based on new clinical trial design will assist
researchers in grasping the decision occlusion and making a
significant contribution to the rapid development of precision
medicine era 2.0.

ACKNOWLEDGEMENTS
This work was supported by Chinese National Natural Science Funding [grant
number 82172710, 2021]; State Key Program for Chronic non-communicable Disease
Prevention and Control of the Ministry of Science and Technology, China [grant
number 2017YFC1309202, 2017]; Medical Innovation Research Project of Shanghai
Science and Technology Commission (grant number 20Y11914400, 2020); Out-
standing Discipline Leader Project in Public Health in Shanghai (grant number GWVI-
11.2-XD22, 2023); Innovation Clinical Research Project of Shanghai Changzheng
Hospital [grant number 2020YLCYJ-Z03, 2020; grant number 2023YJBF-FH05, 2023].

Fig. 6 The future direction of new clinical trial design in precision
medicine: Precision Pro, Dynamic Precision, and Intelligent Precision

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

18

Signal Transduction and Targeted Therapy            (2024) 9:57 



AUTHOR CONTRIBUTIONS
Z.Y.S. conceptualized the study and drafted and revised the manuscript. D.X.P., Q.B.D.,
J.X.D., L.K., and W.Z. drafted and checked the manuscript. D.X.P., Q.B.D., and J.X.D.
drew the figures. All authors have read and approved the article.

ADDITIONAL INFORMATION
Competing interests: The authors declare no competing interests.

REFERENCES
1. Nurk, S. et al. The complete sequence of a human genome. Science 376, 44–53

(2022).
2. Collins, F. S. & Varmus, H. A new initiative on precision medicine. New Engl. J.

Med. 372, 793–795 (2015).
3. Ashley, E. A. Towards precision medicine. Nat. Rev. Genet. 17, 507–522 (2016).
4. Baccarelli, A. A. & Ordovas, J. Epigenetics of early cardiometabolic disease:

mechanisms and precision medicine. Circ. Res. 132, 1648–1662 (2023).
5. Kato, M. & Natarajan, R. Epigenetics and epigenomics in diabetic kidney disease

and metabolic memory. Nat. Rev. Nephrol. 15, 327–345 (2019).
6. Pleasance, E. et al. Whole-genome and transcriptome analysis enhances preci-

sion cancer treatment options. Ann. Oncol. 33, 939–949 (2022).
7. Rodriguez, H., Zenklusen, J. C., Staudt, L. M., Doroshow, J. H. & Lowy, D. R. The

next horizon in precision oncology: Proteogenomics to inform cancer diagnosis
and treatment. Cell 184, 1661–1670 (2021).

8. Wishart, D. S. Emerging applications of metabolomics in drug discovery and
precision medicine. Nat. Rev. Drug Discov. 15, 473–484 (2016).

9. Konig, I. R., Fuchs, O., Hansen, G., von Mutius, E. & Kopp, M. V. What is precision
medicine? Eur. Respir. J. 50, 1700391 (2017).

10. Beckmann, J. S. & Lew, D. Reconciling evidence-based medicine and precision
medicine in the era of big data: challenges and opportunities. Genome Med. 8,
134 (2016).

11. Aronson, S. J. & Rehm, H. L. Building the foundation for genomics in precision
medicine. Nature 526, 336–342 (2015).

12. Kumar-Sinha, C. & Chinnaiyan, A. M. Precision oncology in the age of integrative
genomics. Nat. Biotechnol. 36, 46–60 (2018).

13. Tsimberidou, A. M., Fountzilas, E., Nikanjam, M. & Kurzrock, R. Review of preci-
sion cancer medicine: evolution of the treatment paradigm. Cancer Treat. Rev.
86, 102019 (2020).

14. Lu, C. Y., Terry, V. & Thomas, D. M. Precision medicine: affording the successes of
science. NPJ Precis. Oncol. 7, 3 (2023).

15. Renfro, L. A. & Sargent, D. J. Statistical controversies in clinical research: basket
trials, umbrella trials, and other master protocols: a review and examples. Ann.
Oncol. 28, 34–43 (2017).

16. Woodcock, J. & LaVange, L. M. Master protocols to study multiple therapies,
multiple diseases, or both. New Engl. J. Med. 377, 62–70 (2017).

17. Redman, M. W. & Allegra, C. J. The master protocol concept. Semin. Oncol. 42,
724–730 (2015).

18. Fountzilas, E., Tsimberidou, A. M., Vo, H. H. & Kurzrock, R. Clinical trial design in
the era of precision medicine. Genome Med. 14, 101 (2022).

19. Lengline, E. et al. Basket clinical trial design for targeted therapies for cancer: a
French National Authority for Health statement for health technology assess-
ment. Lancet Oncol. 22, e430–e434 (2021).

20. Park, J. J. H., Hsu, G., Siden, E. G., Thorlund, K. & Mills, E. J. An overview of
precision oncology basket and umbrella trials for clinicians. CA Cancer J. Clin. 70,
125–137 (2020).

21. Qin, B. D. et al. Basket trials for intractable cancer. Front. Oncol. 9, 229 (2019).
22. Park, J. J. H. et al. Systematic review of basket trials, umbrella trials, and platform

trials: a landscape analysis of master protocols. Trials 20, 572 (2019).
23. Bhatt, D. L. & Mehta, C. Adaptive designs for clinical trials. New Engl. J. Med. 375,

65–74 (2016).
24. Parmar, M. K. et al. Testing many treatments within a single protocol over 10

years at MRC Clinical Trials Unit at UCL: multi-arm, multi-stage platform,
umbrella and basket protocols. Clin. Trials 14, 451–461 (2017).

25. Collins, F. S., Morgan, M. & Patrinos, A. The Human Genome Project: lessons from
large-scale biology. Science 300, 286–290 (2003).

26. Schuster, S. C. Next-generation sequencing transforms today’s biology. Nat.
Methods 5, 16–18 (2008).

27. Gulilat, M. et al. Targeted next generation sequencing as a tool for precision
medicine. BMC Med. Genomics 12, 81 (2019).

28. Yadav, D. et al. Next-Generation sequencing transforming clinical practice and
precision medicine. Clin. Chim. Acta 551, 117568 (2023).

29. Zehir, A. et al. Mutational landscape of metastatic cancer revealed from pro-
spective clinical sequencing of 10,000 patients. Nat. Med. 23, 703–713 (2017).

30. Antman, E. M. & Loscalzo, J. Precision medicine in cardiology. Nat. Rev. Cardiol.
13, 591–602 (2016).

31. Ashina, M. et al. Migraine: disease characterisation, biomarkers, and precision
medicine. Lancet 397, 1496–1504 (2021).

32. Brown, K. D., Campbell, C. & Roberts, G. V. Precision medicine in kidney disease:
the patient’s view. Nat. Rev. Nephrol. 16, 625–627 (2020).

33. Chung, W. K. et al. Precision medicine in diabetes: a consensus report from the
American Diabetes Association (ADA) and the European Association for the
Study of Diabetes (EASD). Diabetes Care 43, 1617–1635 (2020).

34. Druker, B. J. et al. Five-year follow-up of patients receiving imatinib for chronic
myeloid leukemia. New Engl. J. Med. 355, 2408–2417 (2006).

35. Hsu, W. H., Yang, J. C., Mok, T. S. & Loong, H. H. Overview of current systemic
management of EGFR-mutant NSCLC. Ann. Oncol. 29, i3–i9 (2018).

36. Remon, J., Steuer, C. E., Ramalingam, S. S. & Felip, E. Osimertinib and other third-
generation EGFR TKI in EGFR-mutant NSCLC patients. Ann. Oncol. 29, i20–i27
(2018).

37. Westover, D., Zugazagoitia, J., Cho, B. C., Lovly, C. M. & Paz-Ares, L. Mechanisms
of acquired resistance to first- and second-generation EGFR tyrosine kinase
inhibitors. Ann. Oncol. 29, i10–i19 (2018).

38. Hay, M., Thomas, D. W., Craighead, J. L., Economides, C. & Rosenthal, J. Clinical
development success rates for investigational drugs. Nat. Biotechnol. 32, 40–51
(2014).

39. Bateman-House, A. & Robertson, C. T. The federal right to try act of 2017-A
wrong turn for access to investigational drugs and the path forward. JAMA
Intern. Med. 178, 321–322 (2018).

40. Druker, B. J. et al. Activity of a specific inhibitor of the BCR-ABL tyrosine
kinase in the blast crisis of chronic myeloid leukemia and acute lympho-
blastic leukemia with the Philadelphia chromosome. New Engl. J. Med. 344,
1038–1042 (2001).

41. Demetri, G. D. et al. Efficacy and safety of imatinib mesylate in advanced gas-
trointestinal stromal tumors. New Engl. J. Med. 347, 472–480 (2002).

42. Willyard, C. Basket studies’ will hold intricate data for cancer drug approvals.
Nat. Med. 19, 655 (2013).

43. Flaherty, K. T. et al. Molecular landscape and actionable alterations in a geno-
mically guided cancer clinical trial: national cancer institute molecular analysis
for therapy choice (NCI-MATCH). J. Clin. Oncol. 38, 3883–3894 (2020).

44. Di Fiore, P. P. et al. erbB-2 is a potent oncogene when overexpressed in NIH/3T3
cells. Science 237, 178–182 (1987).

45. Slamon, D. J. et al. Studies of the HER-2/neu proto-oncogene in human breast
and ovarian cancer. Science 244, 707–712 (1989).

46. Slamon, D. J. et al. Human breast cancer: correlation of relapse and survival with
amplification of the HER-2/neu oncogene. Science 235, 177–182 (1987).

47. Colomer, R. et al. Circulating HER2 extracellular domain and resistance to che-
motherapy in advanced breast cancer. Clin. Cancer Res. 6, 2356–2362 (2000).

48. Slamon, D. J. et al. Use of chemotherapy plus a monoclonal antibody against
HER2 for metastatic breast cancer that overexpresses HER2. New Engl. J. Med.
344, 783–792 (2001).

49. Gandour-Edwards, R. et al. Does HER2/neu expression provide prognostic
information in patients with advanced urothelial carcinoma? Cancer 95,
1009–1015 (2002).

50. Amsellem-Ouazana, D. et al. Management of primary resistance to gemcitabine
and cisplatin (G-C) chemotherapy in metastatic bladder cancer with HER2 over-
expression. Ann. Oncol. 15, 538 (2004).

51. Kern, J. A. et al. p185neu expression in human lung adenocarcinomas predicts
shortened survival. Cancer Res. 50, 5184–5187 (1990).

52. Kim, Y. C. et al. The interactive effect of Ras, HER2, P53 and Bcl-2 expression in
predicting the survival of non-small cell lung cancer patients. Lung Cancer 22,
181–190 (1998).

53. Saffari, B. et al. Amplification and overexpression of HER-2/neu (c-erbB2) in
endometrial cancers: correlation with overall survival. Cancer Res. 55, 5693–5698
(1995).

54. D’Emilia, J. et al. Expression of the c-erbB-2 gene product (p185) at different
stages of neoplastic progression in the colon. Oncogene 4, 1233–1239 (1989).

55. Herrera, G. A. C-erb B-2 amplification in cystic renal disease. Kidney Int. 40,
509–513 (1991).

56. Jaehne, J. et al. Expression of Her2/neu oncogene product p185 in correlation to
clinicopathological and prognostic factors of gastric carcinoma. J. Cancer Res.
Clin. Oncol. 118, 474–479 (1992).

57. Arai, Y., Yoshiki, T. & Yoshida, O. c-erbB-2 oncoprotein: a potential biomarker of
advanced prostate cancer. Prostate 30, 195–201 (1997).

58. Bookman, M. A., Darcy, K. M., Clarke-Pearson, D., Boothby, R. A. & Horowitz, I. R.
Evaluation of monoclonal humanized anti-HER2 antibody, trastuzumab, in
patients with recurrent or refractory ovarian or primary peritoneal carcinoma
with overexpression of HER2: a phase II trial of the Gynecologic Oncology
Group. J. Clin. Oncol. 21, 283–290 (2003).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

19

Signal Transduction and Targeted Therapy            (2024) 9:57 



59. Ménard, S. et al. HER2 overexpression in various tumor types, focussing on its
relationship to the development of invasive breast cancer. Ann. Oncol. 12,
S15–S19 (2001).

60. Langer, C. J., Stephenson, P., Thor, A., Vangel, M. & Johnson, D. H. Trastuzumab
in the treatment of advanced non-small-cell lung cancer: is there a role? Focus
on Eastern Cooperative Oncology Group study 2598. J. Clin. Oncol. 22,
1180–1187 (2004).

61. Bang, Y. J. et al. Trastuzumab in combination with chemotherapy versus che-
motherapy alone for treatment of HER2-positive advanced gastric or gastro-
oesophageal junction cancer (ToGA): a phase 3, open-label, randomised con-
trolled trial. Lancet 376, 687–697 (2010).

62. Scholl, S., Beuzeboc, P. & Pouillart, P. Targeting HER2 in other tumor types. Ann.
Oncol. 12, S81–S87 (2001).

63. Morris, S. W. et al. Fusion of a kinase gene, ALK, to a nucleolar protein gene,
NPM, in non-Hodgkin’s lymphoma. Science 263, 1281–1284 (1994).

64. Benharroch, D. et al. ALK-positive lymphoma: a single disease with a broad
spectrum of morphology. Blood 91, 2076–2084 (1998).

65. Soda, M. et al. Identification of the transforming EML4-ALK fusion gene in non-
small-cell lung cancer. Nature 448, 561–566 (2007).

66. Shaw, A. T. et al. Clinical features and outcome of patients with non-small-cell
lung cancer who harbor EML4-ALK. J. Clin. Oncol. 27, 4247–4253 (2009).

67. Shaw, A. T. et al. Pemetrexed-based chemotherapy in patients with advanced,
ALK-positive non-small cell lung cancer. Ann. Oncol. 24, 59–66 (2013).

68. Kwak, E. L. et al. Anaplastic lymphoma kinase inhibition in non-small-cell lung
cancer. New Engl. J. Med. 363, 1693–1703 (2010).

69. Abeykoon, J. P. et al. Outcomes after treatment with cobimetinib in patients
with Rosai-Dorfman disease based on KRAS and MEK alteration status. JAMA
Oncol. 8, 1816–1820 (2022).

70. Mossé, Y. P. et al. Safety and activity of crizotinib for paediatric patients with
refractory solid tumours or anaplastic large-cell lymphoma: a Children’s
Oncology Group phase 1 consortium study. Lancet Oncol. 14, 472–480 (2013).

71. Hung, Y. P. et al. Identification of ALK rearrangements in malignant peritoneal
mesothelioma. JAMA Oncol. 4, 235–238 (2018).

72. Drilon, A. et al. Safety and antitumor activity of the multitargeted Pan-TRK, ROS1,
and ALK inhibitor entrectinib: combined results from two phase I trials (ALKA-
372-001 and STARTRK-1). Cancer Discov. 7, 400–409 (2017).

73. André, F. Developing anticancer drugs in orphan molecular entities—a para-
digm under construction. New Engl. J. Med. 378, 763–765 (2018).

74. Drilon, A. et al. Efficacy of larotrectinib in TRK fusion-positive cancers in adults
and children. New Engl. J. Med. 378, 731–739 (2018).

75. Hyman, D. M. et al. Vemurafenib in multiple nonmelanoma cancers with BRAF
V600 mutations. New Engl. J. Med. 373, 726–736 (2015).

76. Planchard, D. et al. Dabrafenib plus trametinib in patients with previously
treated BRAF(V600E)-mutant metastatic non-small cell lung cancer: an open-
label, multicentre phase 2 trial. Lancet Oncol. 17, 984–993 (2016).

77. Dolgin, E. Basket study yields approval for rare cancer. Cancer Discov. 8, 4 (2018).
78. Marcus, L., Lemery, S. J., Keegan, P. & Pazdur, R. FDA approval summary: pem-

brolizumab for the treatment of microsatellite instability-high solid tumors. Clin.
Cancer Res. 25, 3753–3758 (2019).

79. Marabelle, A. et al. Association of tumour mutational burden with outcomes in
patients with advanced solid tumours treated with pembrolizumab: prospective
biomarker analysis of the multicohort, open-label, phase 2 KEYNOTE-158 study.
Lancet Oncol. 21, 1353–1365 (2020).

80. Wirth, L. J. et al. Efficacy of selpercatinib in RET-altered thyroid cancers. New
Engl. J. Med. 383, 825–835 (2020).

81. Drilon, A. et al. Efficacy of selpercatinib in RET fusion-positive non-small-cell lung
cancer. New Engl. J. Med. 383, 813–824 (2020).

82. Oaknin, A. et al. Safety and antitumor activity of dostarlimab in patients with
advanced or recurrent DNA mismatch repair deficient/microsatellite instability-
high (dMMR/MSI-H) or proficient/stable (MMRp/MSS) endometrial cancer:
interim results from GARNET-a phase I, single-arm study. J. Immunother. Cancer
10, e003777 (2022).

83. Subbiah, V. et al. Dabrafenib plus trametinib in patients with BRAF(V600E)-
mutated biliary tract cancer (ROAR): a phase 2, open-label, single-arm, multi-
centre basket trial. Lancet Oncol. 21, 1234–1243 (2020).

84. Wen, P. Y. et al. Dabrafenib plus trametinib in patients with BRAF(V600E)-mutant
low-grade and high-grade glioma (ROAR): a multicentre, open-label, single-arm,
phase 2, basket trial. Lancet Oncol. 23, 53–64 (2022).

85. Subbiah, V. et al. Dabrafenib plus trametinib in patients with BRAF V600E-
mutant anaplastic thyroid cancer: updated analysis from the phase II ROAR
basket study. Ann. Oncol. 33, 406–415 (2022).

86. Salama, A. K. S. et al. Dabrafenib and trametinib in patients with tumors with
BRAF(V600E) mutations: results of the NCI-MATCH trial subprotocol H. J. Clin.
Oncol. 38, 3895–3904 (2020).

87. Qin, S. et al. Serplulimab, a novel anti-PD-1 antibody, in patients with micro-
satellite instability-high solid tumours: an open-label, single-arm, multicentre,
phase II trial. Br. J. Cancer 127, 2241–2248 (2022).

88. Lindblad, K. E. & Lujambio, A. Liver metastases inhibit immunotherapy efficacy.
Nat. Med. 27, 25–27 (2021).

89. Boxer, A. L. & Sperling, R. Accelerating Alzheimer’s therapeutic development: the
past and future of clinical trials. Cell 186, 4757–4772 (2023).

90. Tsai, R. M. et al. Reactions to multiple ascending doses of the microtubule
stabilizer TPI-287 in patients with Alzheimer disease, progressive supranuclear
palsy, and corticobasal syndrome: a randomized clinical trial. JAMA Neurol. 77,
215–224 (2020).

91. Carnero-Montoro, E. & Alarcon-Riquelme, M. E. A basket genetic trial of the
vasculitides. Nat. Rev. Rheumatol. 19, 541–542 (2023).

92. Oh, J. H. et al. Discovery of dipeptidyl peptidase-4 inhibitor specific biomarker in
non-alcoholic fatty liver disease mouse models using modified basket trial. Clin.
Mol. Hepatol. 28, 497–509 (2022).

93. Watts, G. F. et al. RNA interference targeting ANGPTL3 for triglyceride and
cholesterol lowering: phase 1 basket trial cohorts. Nat. Med. 29, 2216–2223
(2023).

94. Moore, C. L. et al. ODYSSEY clinical trial design: a randomised global study to
evaluate the efficacy and safety of dolutegravir-based antiretroviral therapy in
HIV-positive children, with nested pharmacokinetic sub-studies to evaluate
pragmatic WHO-weight-band based dolutegravir dosing. BMC Infect. Dis. 21, 5
(2021).

95. Fleuriet, J. et al. Rapid rEcognition of COrticosteRoiD resistant or sensitive Sepsis
(RECORDS): study protocol for a multicentre, placebo-controlled, biomarker-
guided, adaptive Bayesian design basket trial. BMJ Open 13, e066496 (2023).

96. Haura, E. B. et al. Molecular origins of lung cancer: prospects for personalized
prevention and therapy. J. Thorac. Oncol. 5, S207–S213 (2010).

97. Seijo, L. M. et al. Biomarkers in lung cancer screening: achievements, promises,
and challenges. J. Thorac. Oncol. 14, 343–357 (2019).

98. Kim, E. S. et al. The BATTLE trial: personalizing therapy for lung cancer. Cancer
Discov. 1, 44–53 (2011).

99. Fan, L. et al. Optimising first-line subtyping-based therapy in triple-negative
breast cancer (FUTURE-SUPER): a multi-cohort, randomised, phase 2 trial. Lancet
Oncol. 25, 184–197 (2024).

100. Herbst, R. S. et al. Lung master protocol (Lung-MAP)—a biomarker-driven pro-
tocol for accelerating development of therapies for squamous cell lung cancer:
SWOG S1400. Clin. Cancer Res. 21, 1514–1524 (2015).

101. LoRusso, P. M. et al. Pilot trial of selecting molecularly guided therapy for
patients with non-V600 BRAF-mutant metastatic melanoma: experience of the
SU2C/MRA melanoma dream team. Mol. Cancer Ther. 14, 1962–1971 (2015).

102. Papadimitrakopoulou, V. et al. The BATTLE-2 study: a biomarker-integrated
targeted therapy study in previously treated patients with advanced non-small-
cell lung cancer. J. Clin. Oncol. 34, 3638–3647 (2016).

103. Ouma, L. O., Wason, J. M. S., Zheng, H., Wilson, N. & Grayling, M. Design and
analysis of umbrella trials: where do we stand? Front. Med. 9, 1037439 (2022).

104. Ravi, R. & Kesari, H. V. Novel study designs in precision medicine—basket,
umbrella and platform trials. Curr. Rev. Clin. Exp. Pharm. 17, 114–121 (2022).

105. Mullard, A. NCI-MATCH trial pushes cancer umbrella trial paradigm. Nat. Rev.
Drug Discov. 14, 513–515 (2015).

106. O’Dwyer, P. J. et al. The NCI-MATCH trial: lessons for precision oncology. Nat.
Med. 29, 1349–1357 (2023).

107. Sydes, M. R. et al. Flexible trial design in practice-stopping arms for lack-of-
benefit and adding research arms mid-trial in STAMPEDE: a multi-arm multi-
stage randomized controlled trial. Trials 13, 168 (2012).

108. Sydes, M. R. et al. Issues in applying multi-arm multi-stage methodology to a
clinical trial in prostate cancer: the MRC STAMPEDE trial. Trials 10, 39 (2009).

109. Attard, G. et al. Abiraterone acetate and prednisolone with or without enzalu-
tamide for high-risk non-metastatic prostate cancer: a meta-analysis of primary
results from two randomised controlled phase 3 trials of the STAMPEDE plat-
form protocol. Lancet 399, 447–460 (2022).

110. James, N. D. et al. Addition of docetaxel, zoledronic acid, or both to first-line
long-term hormone therapy in prostate cancer (STAMPEDE): survival results
from an adaptive, multiarm, multistage, platform randomised controlled trial.
Lancet 387, 1163–1177 (2016).

111. Parker, C. C. et al. Radiotherapy to the primary tumour for newly diagnosed,
metastatic prostate cancer (STAMPEDE): a randomised controlled phase 3 trial.
Lancet 392, 2353–2366 (2018).

112. Alexander, B. M. et al. Adaptive global innovative learning environment for
glioblastoma: GBM AGILE. Clin. Cancer Res. 24, 737–743 (2018).

113. Park, J. J. H., Detry, M. A., Murthy, S., Guyatt, G. & Mills, E. J. How to use and
interpret the results of a platform trial: users’ guide to the medical literature. J.
Am. Med. Assoc. 327, 67–74 (2022).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

20

Signal Transduction and Targeted Therapy            (2024) 9:57 



114. Park, J. J. H. et al. An overview of platform trials with a checklist for clinical
readers. J. Clin. Epidemiol. 125, 1–8 (2020).

115. Saville, B. R. & Berry, S. M. Efficiencies of platform clinical trials: a vision of the
future. Clin. Trials 13, 358–366 (2016).

116. Saito, R. et al. Phase 2 study of osimertinib in combination with platinum and
pemetrexed in patients with previously untreated EGFR-mutated advanced
non-squamous non-small cell lung cancer: the OPAL study. Eur. J. Cancer 185,
83–93 (2023).

117. Soria, J. C. et al. Osimertinib in untreated EGFR-mutated advanced non-small-
cell lung cancer. New Engl. J. Med. 378, 113–125 (2018).

118. Li, G. et al. Phase II study of concurrent chemoradiation in combination with
erlotinib for locally advanced esophageal carcinoma. Int. J. Radiat. Oncol. Biol.
Phys. 78, 1407–1412 (2010).

119. Nogueira-Rodrigues, A. et al. Phase 2 trial of erlotinib combined with cisplatin
and radiotherapy in patients with locally advanced cervical cancer. Cancer 120,
1187–1193 (2014).

120. Ang, M. K. et al. Phase II study of nimotuzumab (TheraCim-hR3) concurrent with
cisplatin/radiotherapy in patients with locally advanced head and neck squa-
mous cell carcinoma. Head. Neck 43, 1641–1651 (2021).

121. Teng, F., Cui, G., Qian, L. & Zhao, L. Changes of T lymphocyte subsets in per-
ipheral blood of patients with intermediate and advanced cervical cancer
before and after nimotuzumab combined with chemoradiotherapy. Int. Arch.
Allergy Immunol. 184, 85–97 (2023).

122. Cowherd, S. et al. A phase II clinical trial of weekly paclitaxel and carboplatin in
combination with panitumumab in metastatic triple negative breast cancer.
Cancer Biol. Ther. 16, 678–683 (2015).

123. Vasey, P. A. et al. A phase Ib trial of docetaxel, carboplatin and erlotinib in
ovarian, fallopian tube and primary peritoneal cancers. Br. J. Cancer 98,
1774–1780 (2008).

124. Peters, S. et al. Trastuzumab emtansine (T-DM1) in patients with previously
treated HER2-overexpressing metastatic non-small cell lung cancer: efficacy,
safety, and biomarkers. Clin. Cancer Res. 25, 64–72 (2019).

125. Li, B. T. et al. Trastuzumab deruxtecan in HER2-mutant non-small-cell lung
cancer. New Engl. J. Med. 386, 241–251 (2022).

126. Mazieres, J. et al. Combination of trastuzumab, pertuzumab, and docetaxel in
patients with advanced non-small-cell lung cancer harboring HER2 mutations:
results from the IFCT-1703 R2D2 trial. J. Clin. Oncol. 40, 719–728 (2022).

127. Zhou, C. et al. Pyrotinib in HER2-mutant advanced lung adenocarcinoma after
platinum-based chemotherapy: a multicenter, open-label, single-arm, phase II
study. J. Clin. Oncol. 38, 2753–2761 (2020).

128. Thuss-Patience, P. C. et al. Trastuzumab emtansine versus taxane use for pre-
viously treated HER2-positive locally advanced or metastatic gastric or gastro-
oesophageal junction adenocarcinoma (GATSBY): an international randomised,
open-label, adaptive, phase 2/3 study. Lancet Oncol. 18, 640–653 (2017).

129. Siena, S. et al. Trastuzumab deruxtecan (DS-8201) in patients with HER2-
expressing metastatic colorectal cancer (DESTINY-CRC01): a multicentre, open-
label, phase 2 trial. Lancet Oncol. 22, 779–789 (2021).

130. Meric-Bernstam, F. et al. Pertuzumab plus trastuzumab for HER2-amplified
metastatic colorectal cancer (MyPathway): an updated report from a multi-
centre, open-label, phase 2a, multiple basket study. Lancet Oncol. 20, 518–530
(2019).

131. Liu, T. et al. Pertuzumab in combination with trastuzumab and chemotherapy
for Chinese patients with HER2-positive metastatic gastric or gastroesophageal
junction cancer: a subpopulation analysis of the JACOB trial. Cancer Commun.
39, 38 (2019).

132. Fu, X. et al. Dual targeted therapy with pyrotinib and trastuzumab for HER2-
positive advanced colorectal cancer: a phase 2 trial. Cancer Sci. 114, 1067–1074
(2023).

133. Liu, D. et al. Pyrotinib alone or in combination with docetaxel in refractory HER2-
positive gastric cancer: a dose-escalation phase I study. Cancer Med. 12,
10704–10714 (2023).

134. Kim, S. T. et al. Impact of genomic alterations on lapatinib treatment outcome
and cell-free genomic landscape during HER2 therapy in HER2+ gastric cancer
patients. Ann. Oncol. 29, 1037–1048 (2018).

135. Tosi, F. et al. Long-term clinical outcome of trastuzumab and lapatinib for HER2-
positive metastatic colorectal cancer. Clin. Colorectal Cancer 19, 256–262.e2
(2020).

136. Lee, C. K. et al. Trastuzumab plus FOLFOX for HER2-positive biliary tract cancer
refractory to gemcitabine and cisplatin: a multi-institutional phase 2 trial of the
Korean Cancer Study Group (KCSG-HB19-14). Lancet Gastroenterol. Hepatol. 8,
56–65 (2023).

137. Assenat, E. et al. Phase II study evaluating the association of gemcitabine,
trastuzumab and erlotinib as first-line treatment in patients with metastatic
pancreatic adenocarcinoma (GATE 1). Int. J. Cancer 148, 682–691 (2021).

138. Fader, A. N. et al. Randomized phase II trial of carboplatin-paclitaxel versus
carboplatin-paclitaxel-trastuzumab in uterine serous carcinomas that over-
express human epidermal growth factor receptor 2/neu. J. Clin. Oncol. 36,
2044–2051 (2018).

139. Oudard, S. et al. Multicentre randomised phase II trial of gemcitabine+platinum,
with or without trastuzumab, in advanced or metastatic urothelial carcinoma
overexpressing Her2. Eur. J. Cancer 51, 45–54 (2015).

140. Cerbone, L. et al. Results from a phase I study of lapatinib with gemcitabine and
cisplatin in advanced or metastatic bladder cancer: EORTC Trial 30061. Oncology
90, 21–28 (2016).

141. Oaknin, A. et al. Neratinib in patients with HER2-mutant, metastatic cervical
cancer: findings from the phase 2 SUMMIT basket trial. Gynecol. Oncol. 159,
150–156 (2020).

142. Schöffski, P. et al. Crizotinib achieves long-lasting disease control in advanced
papillary renal-cell carcinoma type 1 patients with MET mutations or amplifi-
cation. EORTC 90101 CREATE trial. Eur. J. Cancer 87, 147–163 (2017).

143. Ryoo, B. Y. et al. Randomised Phase 1b/2 trial of tepotinib vs sorafenib in Asian
patients with advanced hepatocellular carcinoma with MET overexpression. Br.
J. Cancer 125, 200–208 (2021).

144. Suárez, C. et al. Phase II study investigating the safety and efficacy of savolitinib
and durvalumab in metastatic papillary renal cancer (CALYPSO). J. Clin. Oncol.
41, 2493–2502 (2023).

145. Moro-Sibilot, D. et al. Crizotinib in c-MET- or ROS1-positive NSCLC: results of the
AcSé phase II trial. Ann. Oncol. 30, 1985–1991 (2019).

146. Wolf, J. et al. Capmatinib in MET exon 14-mutated or MET-amplified non-small-
cell lung cancer. New Engl. J. Med. 383, 944–957 (2020).

147. Delord, J. P. et al. A phase 1b study of the MET inhibitor capmatinib combined
with cetuximab in patients with MET-positive colorectal cancer who had pro-
gressed following anti-EGFR monoclonal antibody treatment. Investig. New
Drugs 38, 1774–1783 (2020).

148. Shah, M. A. et al. Effect of fluorouracil, leucovorin, and oxaliplatin with or
without onartuzumab in HER2-negative, MET-positive gastroesophageal ade-
nocarcinoma: the METGastric randomized clinical trial. JAMA Oncol. 3, 620–627
(2017).

149. Paik, P. K. et al. Tepotinib in non-small-cell lung cancer with MET exon
14 skipping mutations. New Engl. J. Med. 383, 931–943 (2020).

150. Lu, S. et al. Once-daily savolitinib in Chinese patients with pulmonary sarco-
matoid carcinomas and other non-small-cell lung cancers harbouring MET exon
14 skipping alterations: a multicentre, single-arm, open-label, phase 2 study.
Lancet Respir. Med. 9, 1154–1164 (2021).

151. Park, K. et al. Amivantamab in EGFR exon 20 insertion-mutated non-small-cell
lung cancer progressing on platinum chemotherapy: initial results from the
CHRYSALIS phase I study. J. Clin. Oncol. 39, 3391–3402 (2021).

152. Subbiah, V. et al. FIGHT-101, a first-in-human study of potent and selective FGFR
1-3 inhibitor pemigatinib in pan-cancer patients with FGF/FGFR alterations and
advanced malignancies. Ann. Oncol. 33, 522–533 (2022).

153. Pant, S. et al. Erdafitinib in patients with advanced solid tumours with FGFR
alterations (RAGNAR): an international, single-arm, phase 2 study. Lancet Oncol.
24, 925–935 (2023).

154. Fakih, M. G. et al. Sotorasib for previously treated colorectal cancers with
KRAS(G12C) mutation (CodeBreaK100): a prespecified analysis of a single-arm,
phase 2 trial. Lancet Oncol. 23, 115–124 (2022).

155. Strickler, J. H. et al. Sotorasib in KRAS p.G12C-mutated advanced pancreatic
cancer. New Engl. J. Med. 388, 33–43 (2023).

156. Yaeger, R. et al. Adagrasib with or without cetuximab in colorectal cancer with
mutated KRAS G12C. New Engl. J. Med. 388, 44–54 (2023).

157. Meng, X. et al. Camrelizumab plus apatinib as second-line treatment for
advanced oesophageal squamous cell carcinoma (CAP 02): a single-arm, open-
label, phase 2 trial. Lancet Gastroenterol. Hepatol. 7, 245–253 (2022).

158. Riely, G. J. et al. Phase II, open-label study of encorafenib plus binimetinib in
patients with BRAF(V600)-mutant metastatic non-small-cell lung cancer. J. Clin.
Oncol. 41, 3700–3711 (2023).

159. Kasuga, A. et al. A phase I/Ib study of trametinib (GSK1120212) alone and in
combination with gemcitabine in Japanese patients with advanced solid
tumors. Investig. New Drugs 33, 1058–1067 (2015).

160. Kim, R. D. et al. Randomised phase II trial (SWOG S1310) of single agent MEK
inhibitor trametinib Versus 5-fluorouracil or capecitabine in refractory advanced
biliary cancer. Eur. J. Cancer 130, 219–227 (2020).

161. Soria, J. C. et al. SELECT-2: a phase II, double-blind, randomized, placebo-
controlled study to assess the efficacy of selumetinib plus docetaxel as a
second-line treatment of patients with advanced or metastatic non-small-cell
lung cancer. Ann. Oncol. 28, 3028–3036 (2017).

162. Van Cutsem, E. et al. ANCHOR CRC: results from a single-arm, phase II study of
encorafenib plus binimetinib and cetuximab in previously untreated

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

21

Signal Transduction and Targeted Therapy            (2024) 9:57 



BRAF(V600E)-mutant metastatic colorectal cancer. J. Clin. Oncol. 41, 2628–2637
(2023).

163. Konstantinopoulos, P. A. et al. Olaparib and α-specific PI3K inhibitor alpelisib for
patients with epithelial ovarian cancer: a dose-escalation and dose-expansion
phase 1b trial. Lancet Oncol. 20, 570–580 (2019).

164. Myers, A. P. et al. Phase II, 2-stage, 2-arm, PIK3CA mutation stratified trial of MK-
2206 in recurrent endometrial cancer. Int. J. Cancer 147, 413–422 (2020).

165. Westin, S. N. et al. Phase Ib dose expansion and translational analyses of ola-
parib in combination with capivasertib in recurrent endometrial, triple-negative
breast, and ovarian cancer. Clin. Cancer Res. 27, 6354–6365 (2021).

166. Kolinsky, M. P. et al. A phase I dose-escalation study of enzalutamide in com-
bination with the AKT inhibitor AZD5363 (capivasertib) in patients with meta-
static castration-resistant prostate cancer. Ann. Oncol. 31, 619–625 (2020).

167. Kalinsky, K. et al. Effect of capivasertib in patients with an AKT1 E17K-mutated
tumor: NCI-MATCH subprotocol EAY131-Y nonrandomized trial. JAMA Oncol. 7,
271–278 (2021).

168. Tew, W. P. et al. Randomized phase II trial of bevacizumab plus everolimus
versus bevacizumab alone for recurrent or persistent ovarian, fallopian tube or
peritoneal carcinoma: An NRG oncology/gynecologic oncology group study.
Gynecol. Oncol. 151, 257–263 (2018).

169. Slomovitz, B. M. et al. Phase II study of everolimus and letrozole in patients with
recurrent endometrial carcinoma. J. Clin. Oncol. 33, 930–936 (2015).

170. Royce, M. et al. Everolimus plus endocrine therapy for postmenopausal women
with estrogen receptor-positive, human epidermal growth factor receptor
2-negative advanced breast cancer: a clinical trial. JAMA Oncol. 4, 977–984
(2018).

171. Tripathy, D. et al. Ribociclib plus endocrine therapy for premenopausal women
with hormone-receptor-positive, advanced breast cancer (MONALEESA-7): a
randomised phase 3 trial. Lancet Oncol. 19, 904–915 (2018).

172. Dickler, M. N. et al. MONARCH 1, a phase II study of abemaciclib, a CDK4 and
CDK6 inhibitor, as a single agent, in patients with refractory HR(+)/HER2(-)
metastatic breast cancer. Clin. Cancer Res. 23, 5218–5224 (2017).

173. Giltnane, J. M. et al. Genomic profiling of ER(+) breast cancers after short-term
estrogen suppression reveals alterations associated with endocrine resistance.
Sci. Transl. Med. 9, eaai7993 (2017).

174. Palmbos, P. L. et al. A randomized phase II study of androgen deprivation
therapy with or without palbociclib in RB-positive metastatic hormone-sensitive
prostate cancer. Clin. Cancer Res. 27, 3017–3027 (2021).

175. Louveau, B. et al. Phase I-II open-label multicenter study of palbociclib +
vemurafenib in BRAF (V600MUT) metastatic melanoma patients: uncovering
CHEK2 as a major response mechanism. Clin. Cancer Res. 27, 3876–3883
(2021).

176. Dennis, M. J. et al. A phase I study of avelumab, palbociclib, and cetuximab in
patients with recurrent or metastatic head and neck squamous cell carcinoma.
Oral. Oncol. 135, 106219 (2022).

177. Konstantinopoulos, P. A. et al. A Phase II, two-stage study of letrozole and
abemaciclib in estrogen receptor-positive recurrent endometrial cancer. J. Clin.
Oncol. 41, 599–608 (2023).

178. Coffman, L. G. et al. Phase I trial of ribociclib with platinum chemotherapy in
ovarian cancer. JCI Insight 7, e160573 (2022).

179. Colon-Otero, G. et al. Phase II trial of ribociclib and letrozole in patients with
relapsed oestrogen receptor-positive ovarian or endometrial cancers. ESMO
Open 5, e000926 (2020).

180. de Kouchkovsky, I. et al. A phase Ib/II study of the CDK4/6 inhibitor ribociclib in
combination with docetaxel plus prednisone in metastatic castration-resistant
prostate cancer. Clin. Cancer Res. 28, 1531–1539 (2022).

181. Boussiotis, V. A. Molecular and biochemical aspects of the PD-1 checkpoint
pathway. New Engl. J. Med. 375, 1767–1778 (2016).

182. Chen, X. et al. Camrelizumab plus gemcitabine and oxaliplatin (GEMOX) in
patients with advanced biliary tract cancer: a single-arm, open-label, phase II
trial. J. Immunother. Cancer 8, e001240 (2020).

183. Qin, B. D. et al. Pan-cancer efficacy and safety of anlotinib plus PD-1 inhibitor in
refractory solid tumor: a single-arm, open-label, phase II trial. Int. J. Cancer 153,
815–825 (2023).

184. Roskoski, R. Jr Vascular endothelial growth factor (VEGF) and VEGF receptor
inhibitors in the treatment of renal cell carcinomas. Pharm. Res. 120, 116–132
(2017).

185. Adya, R., Tan, B. K., Punn, A., Chen, J. & Randeva, H. S. Visfatin induces human
endothelial VEGF and MMP-2/9 production via MAPK and PI3K/Akt signalling
pathways: novel insights into visfatin-induced angiogenesis. Cardiovasc Res. 78,
356–365 (2008).

186. Yang, C. & Qin, S. Apatinib targets both tumor and endothelial cells in hepa-
tocellular carcinoma. Cancer Med. 7, 4570–4583 (2018).

187. Zhu, X. et al. FGFR1 SUMOylation coordinates endothelial angiogenic signaling
in angiogenesis. Proc. Natl. Acad. Sci. USA 119, e2202631119 (2022).

188. Shen, G. et al. Anlotinib: a novel multi-targeting tyrosine kinase inhibitor in
clinical development. J. Hematol. Oncol. 11, 120 (2018).

189. Xie, C. et al. Apatinib triggers autophagic and apoptotic cell death via VEGFR2/
STAT3/PD-L1 and ROS/Nrf2/p62 signaling in lung cancer. J. Exp. Clin. Cancer Res.
40, 266 (2021).

190. Yang, Y. et al. Programmed death ligand-1 regulates angiogenesis and metas-
tasis by participating in the c-JUN/VEGFR2 signaling axis in ovarian cancer.
Cancer Commun. 41, 511–527 (2021).

191. Su, Y. et al. Anlotinib induces a T cell-inflamed tumor microenvironment by
facilitating vessel normalization and enhances the efficacy of PD-1 checkpoint
blockade in neuroblastoma. Clin. Cancer Res. 28, 793–809 (2022).

192. Gadgeel, S. et al. Updated analysis from KEYNOTE-189: pembrolizumab or pla-
cebo plus pemetrexed and platinum for previously untreated metastatic non-
squamous non-small-cell lung cancer. J. Clin. Oncol. 38, 1505–1517 (2020).

193. Xie, L. et al. Apatinib plus camrelizumab (anti-PD1 therapy, SHR-1210) for
advanced osteosarcoma (APFAO) progressing after chemotherapy: a single-arm,
open-label, phase 2 trial. J. Immunother. Cancer 8, e000798 (2020).

194. Lan, C. et al. Camrelizumab plus apatinib in patients with advanced cervical
cancer (CLAP): a multicenter, open-label, single-arm, phase II trial. J. Clin. Oncol.
38, 4095–4106 (2020).

195. Fan, Y. et al. Camrelizumab plus apatinib in extensive-stage SCLC (PASSION): a
multicenter, two-stage, phase 2 trial. J. Thorac. Oncol. 16, 299–309 (2021).

196. Mei, K. et al. Camrelizumab in combination with apatinib in second-line or
above therapy for advanced primary liver cancer: cohort A report in a multi-
center phase Ib/II trial. J. Immunother. Cancer 9, e002191 (2021).

197. Peng, Z. et al. Camrelizumab combined with chemotherapy followed by cam-
relizumab plus apatinib as first-line therapy for advanced gastric or gastro-
esophageal junction adenocarcinoma. Clin. Cancer Res. 27, 3069–3078 (2021).

198. Cheng, H. et al. Camrelizumab plus apatinib in patients with high-risk che-
morefractory or relapsed gestational trophoblastic neoplasia (CAP 01): a single-
arm, open-label, phase 2 trial. Lancet Oncol. 22, 1609–1617 (2021).

199. Ju, W. T. et al. A pilot study of neoadjuvant combination of anti-PD-1 camreli-
zumab and VEGFR2 inhibitor apatinib for locally advanced resectable oral
squamous cell carcinoma. Nat. Commun. 13, 5378 (2022).

200. Ding, X. et al. Camrelizumab plus apatinib in patients with recurrent or meta-
static nasopharyngeal carcinoma: an open-label, single-arm, phase II study. J.
Clin. Oncol. 41, 2571–2582 (2023).

201. Wang, X. et al. Apatinib combined with camrelizumab in advanced acral mel-
anoma patients:an open-label, single-arm phase 2 trial. Eur. J. Cancer 182, 57–65
(2023).

202. Chu, T. et al. Phase 1b study of sintilimab plus anlotinib as first-line therapy in
patients with advanced NSCLC. J. Thorac. Oncol. 16, 643–652 (2021).

203. Jin, S. et al. Feasibility and tolerability of sintilimab plus anlotinib as the second-
line therapy for patients with advanced biliary tract cancers: an open-label,
single-arm, phase II clinical trial. Int. J. Cancer 152, 1648–1658 (2023).

204. Chen, X. et al. Safety and efficacy of sintilimab and anlotinib as first line treat-
ment for advanced hepatocellular carcinoma (KEEP-G04): a single-arm phase
2 study. Front. Oncol. 12, 909035 (2022).

205. Wei, W. et al. Phase II trial of efficacy, safety and biomarker analysis of sintilimab
plus anlotinib for patients with recurrent or advanced endometrial cancer. J.
Immunother. Cancer 10, e004338 (2022).

206. Xu, Q. et al. Efficacy and safety of sintilimab plus anlotinib for PD-L1-positive
recurrent or metastatic cervical cancer: a multicenter, single-arm, prospective
phase II trial. J. Clin. Oncol. 40, 1795–1805 (2022).

207. Feng, D. et al. BRAF(V600E)-induced, tumor intrinsic PD-L1 can regulate
chemotherapy-induced apoptosis in human colon cancer cells and in tumor
xenografts. Oncogene 38, 6752–6766 (2019).

208. Khalili, J. S. et al. Oncogenic BRAF(V600E) promotes stromal cell-mediated
immunosuppression via induction of interleukin-1 in melanoma. Clin. Cancer
Res. 18, 5329–5340 (2012).

209. Ma, R. et al. Nuclear PD-L1 promotes cell cycle progression of BRAF-mutated
colorectal cancer by inhibiting THRAP3. Cancer Lett. 527, 127–139 (2022).

210. DeStefano Shields, C. E. et al. Bacterial-driven inflammation and mutant BRAF
expression combine to promote murine colon tumorigenesis that is sensitive to
immune checkpoint therapy. Cancer Discov. 11, 1792–1807 (2021).

211. Ribas, A. et al. Combined BRAF and MEK inhibition with PD-1 blockade immu-
notherapy in BRAF-mutant melanoma. Nat. Med. 25, 936–940 (2019).

212. Liotti, F. et al. PD-1 blockade delays tumor growth by inhibiting an intrinsic
SHP2/Ras/MAPK signalling in thyroid cancer cells. J. Exp. Clin. Cancer Res. 40, 22
(2021).

213. Phadke, M. S. et al. Targeted therapy given after anti-PD-1 leads to prolonged
responses in mouse melanoma models through sustained antitumor immunity.
Cancer Immunol. Res. 9, 554–567 (2021).

214. Tian, J. et al. Combined PD-1, BRAF and MEK inhibition in BRAF(V600E) color-
ectal cancer: a phase 2 trial. Nat. Med. 29, 458–466 (2023).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

22

Signal Transduction and Targeted Therapy            (2024) 9:57 



215. Ribas, A. et al. PD-L1 blockade in combination with inhibition of MAPK oncogenic
signaling in patients with advanced melanoma. Nat. Commun. 11, 6262 (2020).

216. Dummer, R. et al. Combined PD-1, BRAF and MEK inhibition in advanced BRAF-
mutant melanoma: safety run-in and biomarker cohorts of COMBI-i. Nat. Med.
26, 1557–1563 (2020).

217. Lee, M. H. et al. FRA1 contributes to MEK-ERK pathway-dependent PD-L1
upregulation by KRAS mutation in premalignant human bronchial epithelial
cells. Am. J. Transl. Res. 12, 409–427 (2020).

218. Chen, N. et al. KRAS mutation-induced upregulation of PD-L1 mediates immune
escape in human lung adenocarcinoma. Cancer Immunol. Immunother. 66,
1175–1187 (2017).

219. Pan, L. N., Ma, Y. F., Li, Z., Hu, J. A. & Xu, Z. H. KRAS G12V mutation upregulates
PD-L1 expression via TGF-β/EMT signaling pathway in human non-small-cell
lung cancer. Cell Biol. Int. 45, 795–803 (2021).

220. Chao, Y. C. et al. Melatonin downregulates PD-L1 expression and modulates
tumor immunity in KRAS-mutant non-small cell lung cancer. Int. J. Mol. Sci. 22,
5649 (2021).

221. Ou, S. I. et al. First-in-human phase I/IB dose-finding study of adagrasib
(MRTX849) in patients with advanced KRAS(G12C) solid tumors (KRYSTAL-1). J.
Clin. Oncol. 40, 2530–2538 (2022).

222. Heidorn, S. J. et al. Kinase-dead BRAF and oncogenic RAS cooperate to drive
tumor progression through CRAF. Cell 140, 209–221 (2010).

223. Yao, Z. et al. Tumours with class 3 BRAF mutants are sensitive to the inhibition of
activated RAS. Nature 548, 234–238 (2017).

224. Yao, Z. et al. BRAF mutants evade ERK-dependent feedback by different
mechanisms that determine their sensitivity to pharmacologic inhibition. Cancer
Cell 28, 370–383 (2015).

225. Wagle, N. et al. MAP kinase pathway alterations in BRAF-mutant melanoma
patients with acquired resistance to combined RAF/MEK inhibition. Cancer
Discov. 4, 61–68 (2014).

226. Solit, D. B. et al. BRAF mutation predicts sensitivity to MEK inhibition. Nature
439, 358–362 (2006).

227. Villanueva, J. et al. Acquired resistance to BRAF inhibitors mediated by a RAF
kinase switch in melanoma can be overcome by cotargeting MEK and IGF-1R/
PI3K. Cancer Cell 18, 683–695 (2010).

228. Corcoran, R. B. et al. EGFR-mediated re-activation of MAPK signaling contributes
to insensitivity of BRAF mutant colorectal cancers to RAF inhibition with
vemurafenib. Cancer Discov. 2, 227–235 (2012).

229. Chapman, P. B. et al. Improved survival with vemurafenib in melanoma with
BRAF V600E mutation. New Engl. J. Med. 364, 2507–2516 (2011).

230. Kopetz, S. et al. Phase II pilot study of vemurafenib in patients with metastatic
BRAF-mutated colorectal cancer. J. Clin. Oncol. 33, 4032–4038 (2015).

231. Johnson, D. B. et al. Trametinib activity in patients with solid tumors and lym-
phomas harboring BRAF non-V600 mutations or fusions: results from NCI-
MATCH (EAY131). Clin. Cancer Res. 26, 1812–1819 (2020).

232. Flaherty, K. T. et al. Improved survival with MEK inhibition in BRAF-mutated
melanoma. New Engl. J. Med. 367, 107–114 (2012).

233. Schreuer, M. et al. Combination of dabrafenib plus trametinib for BRAF and MEK
inhibitor pretreated patients with advanced BRAF(V600)-mutant melanoma: an
open-label, single arm, dual-centre, phase 2 clinical trial. Lancet Oncol. 18,
464–472 (2017).

234. Larkin, J. et al. Combined vemurafenib and cobimetinib in BRAF-mutated mel-
anoma. New Engl. J. Med. 371, 1867–1876 (2014).

235. Dummer, R. et al. Encorafenib plus binimetinib versus vemurafenib or encor-
afenib in patients with BRAF-mutant melanoma (COLUMBUS): a multicentre,
open-label, randomised phase 3 trial. Lancet Oncol. 19, 603–615 (2018).

236. Sullivan, R. J. et al. A phase Ib/II study of the BRAF inhibitor encorafenib plus the
MEK inhibitor binimetinib in patients with BRAF(V600E/K)-mutant solid tumors.
Clin. Cancer Res. 26, 5102–5112 (2020).

237. Niessner, H. et al. BRAF inhibitors amplify the proapoptotic activity of MEK
inhibitors by inducing ER stress in NRAS-mutant melanoma. Clin. Cancer Res. 23,
6203–6214 (2017).

238. Montero-Conde, C. et al. Relief of feedback inhibition of HER3 transcription by
RAF and MEK inhibitors attenuates their antitumor effects in BRAF-mutant
thyroid carcinomas. Cancer Discov. 3, 520–533 (2013).

239. Hong, D. S. et al. Phase IB study of vemurafenib in combination with irinotecan
and cetuximab in patients with metastatic colorectal cancer with BRAFV600E
mutation. Cancer Discov. 6, 1352–1365 (2016).

240. Capparelli, C. et al. ErbB3 targeting enhances the effects of MEK inhibitor in
wild-type BRAF/NRAS melanoma. Cancer Res. 78, 5680–5693 (2018).

241. Kopetz, S. et al. Encorafenib, binimetinib, and cetuximab in BRAF V600E-
mutated colorectal cancer. New Engl. J. Med. 381, 1632–1643 (2019).

242. Hofmann, M. H. et al. BI-3406, a potent and selective SOS1-KRAS interaction
inhibitor, is effective in KRAS-driven cancers through combined MEK inhibition.
Cancer Discov. 11, 142–157 (2021).

243. Kinsey, C. G. et al. Protective autophagy elicited by RAF→MEK→ERK inhibition
suggests a treatment strategy for RAS-driven cancers. Nat. Med. 25, 620–627
(2019).

244. Fedele, C. et al. SHP2 inhibition prevents adaptive resistance to MEK inhibitors in
multiple cancer models. Cancer Discov. 8, 1237–1249 (2018).

245. Wong, G. S. et al. Targeting wild-type KRAS-amplified gastroesophageal cancer
through combined MEK and SHP2 inhibition. Nat. Med. 24, 968–977 (2018).

246. Wang, J. et al. Combined inhibition of SHP2 and MEK is effective in models of
NF1-deficient malignant peripheral nerve sheath tumors. Cancer Res. 80,
5367–5379 (2020).

247. Nichols, R. J. et al. RAS nucleotide cycling underlies the SHP2 phosphatase
dependence of mutant BRAF-, NF1- and RAS-driven cancers. Nat. Cell Biol. 20,
1064–1073 (2018).

248. Facchinetti, F. et al. Molecular mechanisms of resistance to BRAF and MEK
inhibitors in BRAF(V600E) non-small cell lung cancer. Eur. J. Cancer 132, 211–223
(2020).

249. Niemantsverdriet, M. et al. KRAS mutation as a resistance mechanism to BRAF/
MEK inhibition in NSCLC. J. Thorac. Oncol. 13, e249–e251 (2018).

250. Owen, D. H. et al. KRAS G12V mutation in acquired resistance to combined BRAF
and MEK inhibition in papillary thyroid cancer. J. Natl Compr. Cancer Netw. 17,
409–413 (2019).

251. Wang, D. et al. HER3 targeting sensitizes HNSCC to cetuximab by reducing HER3
activity and HER2/HER3 dimerization: evidence from cell line and patient-
derived xenograft models. Clin. Cancer Res. 23, 677–686 (2017).

252. Almadori, G. et al. Nuclear HER3 expression improves the prognostic stratifica-
tion of patients with HER1 positive advanced laryngeal squamous cell carci-
noma. J. Transl. Med. 19, 408 (2021).

253. Hsu, C. C. et al. Exon 16-skipping HER2 as a novel mechanism of osimertinib
resistance in EGFR L858R/T790M-positive non-small cell lung cancer. J. Thorac.
Oncol. 15, 50–61 (2020).

254. Vaghi, C. et al. The predictive role of ERBB2 point mutations in metastatic
colorectal cancer: a systematic review. Cancer Treat. Rev. 112, 102488 (2022).

255. Quesnelle, K. M. & Grandis, J. R. Dual kinase inhibition of EGFR and HER2
overcomes resistance to cetuximab in a novel in vivo model of acquired
cetuximab resistance. Clin. Cancer Res. 17, 5935–5944 (2011).

256. Elster, N. et al. Frequency, impact and a preclinical study of novel ERBB gene
family mutations in HER2-positive breast cancer. Ther. Adv. Med. Oncol. 10,
1758835918778297 (2018).

257. Ritter, C. A. et al. Human breast cancer cells selected for resistance to trastu-
zumab in vivo overexpress epidermal growth factor receptor and ErbB ligands
and remain dependent on the ErbB receptor network. Clin. Cancer Res. 13,
4909–4919 (2007).

258. Schwarz, L. J. et al. An ERBB1-3 neutralizing antibody mixture with high activity
against drug-resistant HER2+ breast cancers with ERBB ligand overexpression. J.
Natl. Cancer Inst. 109, djx065 (2017).

259. Ha, S. Y. et al. HER2-positive gastric cancer with concomitant MET and/or EGFR
overexpression: a distinct subset of patients for dual inhibition therapy. Int. J.
Cancer 136, 1629–1635 (2015).

260. Sanchez-Vega, F. et al. EGFR and MET amplifications determine response to
HER2 inhibition in ERBB2-amplified esophagogastric cancer. Cancer Discov. 9,
199–209 (2019).

261. Collins, D. M. et al. Effects of HER family-targeting tyrosine kinase inhibitors on
antibody-dependent cell-mediated cytotoxicity in HER2-expressing breast can-
cer. Clin. Cancer Res. 27, 807–818 (2021).

262. Llombart-Cussac, A. et al. HER2-enriched subtype as a predictor of pathological
complete response following trastuzumab and lapatinib without chemotherapy
in early-stage HER2-positive breast cancer (PAMELA): an open-label, single-
group, multicentre, phase 2 trial. Lancet Oncol. 18, 545–554 (2017).

263. Leto, S. M. et al. Sustained inhibition of HER3 and EGFR is necessary to induce
regression of HER2-amplified gastrointestinal carcinomas. Clin. Cancer Res. 21,
5519–5531 (2015).

264. Doi, T. et al. Phase I first-in-human study of TAK-285, a novel investigational dual
HER2/EGFR inhibitor, in cancer patients. Br. J. Cancer 106, 666–672 (2012).

265. Yap, T. A. et al. Phase I trial of the irreversible EGFR and HER2 kinase inhibitor
BIBW 2992 in patients with advanced solid tumors. J. Clin. Oncol. 28, 3965–3972
(2010).

266. Tjulandin, S. et al. Phase I, dose-finding study of AZD8931, an inhibitor of EGFR
(erbB1), HER2 (erbB2) and HER3 (erbB3) signaling, in patients with advanced
solid tumors. Investig. New Drugs 32, 145–153 (2014).

267. Zhang, J. et al. A phase I study of AST1306, a novel irreversible EGFR and HER2
kinase inhibitor, in patients with advanced solid tumors. J. Hematol. Oncol. 7, 22
(2014).

268. Spicer, J. et al. Phase 1 dose-escalation study of S-222611, an oral reversible dual
tyrosine kinase inhibitor of EGFR and HER2, in patients with solid tumours. Eur. J.
Cancer 51, 137–145 (2015).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

23

Signal Transduction and Targeted Therapy            (2024) 9:57 



269. Arkenau, H. T. et al. An extended phase Ib study of epertinib, an orally active
reversible dual EGFR/HER2 tyrosine kinase inhibitor, in patients with solid
tumours. Eur. J. Cancer 103, 17–23 (2018).

270. Quintanal-Villalonga, A. et al. FGFR1 cooperates with EGFR in lung cancer
oncogenesis, and their combined inhibition shows improved efficacy. J. Thorac.
Oncol. 14, 641–655 (2019).

271. Raphael, A. et al. FGFR fusions as an acquired resistance mechanism following
treatment with epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR TKIs) and a suggested novel target in advanced non-small cell lung
cancer (aNSCLC). J. Clin. Med. 11, 2475 (2022).

272. Bernat-Peguera, A. et al. FGFR inhibition overcomes resistance to EGFR-targeted
therapy in epithelial-like cutaneous carcinoma. Clin. Cancer Res. 27, 1491–1504
(2021).

273. Koole, K. et al. FGFR1 is a potential prognostic biomarker and therapeutic target
in head and neck squamous cell carcinoma. Clin. Cancer Res. 22, 3884–3893
(2016).

274. Wu, Q. et al. EGFR inhibition potentiates FGFR inhibitor therapy and overcomes
resistance in FGFR2 fusion-positive cholangiocarcinoma. Cancer Discov. 12,
1378–1395 (2022).

275. Jin, H. et al. EGFR activation limits the response of liver cancer to lenvatinib.
Nature 595, 730–734 (2021).

276. Luo, H. et al. FGFR inhibitor AZD4547 can enhance sensitivity of esophageal
squamous cell carcinoma cells with epithelial‑mesenchymal transition to gefi-
tinib. Oncol. Rep. 39, 2270–2278 (2018).

277. Qi, J. et al. Multiple mutations and bypass mechanisms can contribute to
development of acquired resistance to MET inhibitors. Cancer Res. 71,
1081–1091 (2011).

278. Troiani, T. et al. Increased TGF-α as a mechanism of acquired resistance to the
anti-EGFR inhibitor cetuximab through EGFR-MET interaction and activation of
MET signaling in colon cancer cells. Clin. Cancer Res. 19, 6751–6765 (2013).

279. Xu, H. et al. Dual blockade of EGFR and c-Met abrogates redundant signaling
and proliferation in head and neck carcinoma cells. Clin. Cancer Res. 17,
4425–4438 (2011).

280. Apicella, M. et al. Increased lactate secretion by cancer cells sustains non-cell-
autonomous adaptive resistance to MET and EGFR targeted therapies. Cell
Metab. 28, 848–865.e6 (2018).

281. Brevet, M. et al. Coactivation of receptor tyrosine kinases in malignant meso-
thelioma as a rationale for combination targeted therapy. J. Thorac. Oncol. 6,
864–874 (2011).

282. Raj, S. et al. Molecular mechanism(s) of regulation(s) of c-MET/HGF signaling in
head and neck cancer. Mol. Cancer 21, 31 (2022).

283. Sequist, L. V. et al. Osimertinib plus savolitinib in patients with EGFR mutation-
positive, MET-amplified, non-small-cell lung cancer after progression on EGFR
tyrosine kinase inhibitors: interim results from a multicentre, open-label, phase
1b study. Lancet Oncol. 21, 373–386 (2020).

284. Wu, Y. L. et al. Tepotinib plus gefitinib in patients with EGFR-mutant non-small-
cell lung cancer with MET overexpression or MET amplification and acquired
resistance to previous EGFR inhibitor (INSIGHT study): an open-label, phase 1b/
2, multicentre, randomised trial. Lancet Respir. Med. 8, 1132–1143 (2020).

285. Scagliotti, G. et al. A randomized-controlled phase 2 study of the MET antibody
emibetuzumab in combination with erlotinib as first-line treatment for EGFR
mutation-positive NSCLC patients. J. Thorac. Oncol. 15, 80–90 (2020).

286. Yun, J. et al. Antitumor activity of amivantamab (JNJ-61186372), an EGFR-MET
bispecific antibody, in diverse models of EGFR exon 20 insertion-driven NSCLC.
Cancer Discov. 10, 1194–1209 (2020).

287. Maron, S. B. et al. Epidermal growth factor receptor inhibition in epidermal
growth factor receptor-amplified gastroesophageal cancer: retrospective global
experience. J. Clin. Oncol. 40, 2458–2467 (2022).

288. Mésange, P. et al. Combinations of bevacizumab and erlotinib show activity in
colorectal cancer independent of RAS status. Clin. Cancer Res. 24, 2548–2558
(2018).

289. Naumov, G. N. et al. Combined vascular endothelial growth factor receptor and
epidermal growth factor receptor (EGFR) blockade inhibits tumor growth in
xenograft models of EGFR inhibitor resistance. Clin. Cancer Res. 15, 3484–3494
(2009).

290. Piccirillo, M. C. et al. Addition of bevacizumab to erlotinib as first-line treatment
of patients with EGFR-mutated advanced nonsquamous NSCLC: the BEVERLY
multicenter randomized phase 3 trial. J. Thorac. Oncol. 17, 1086–1097 (2022).

291. Lubner, S. J. et al. Report of a multicenter phase II trial testing a combination of
biweekly bevacizumab and daily erlotinib in patients with unresectable biliary
cancer: a phase II Consortium study. J. Clin. Oncol. 28, 3491–3497 (2010).

292. Dickler, M. N. et al. A phase II trial of erlotinib in combination with bevacizumab
in patients with metastatic breast cancer. Clin. Cancer Res. 14, 7878–7883 (2008).

293. Sathornsumetee, S. et al. Phase II trial of bevacizumab and erlotinib in patients
with recurrent malignant glioma. Neuro Oncol. 12, 1300–1310 (2010).

294. Zhou, A. et al. Complete response to erlotinib and bevacizumab in a patient
with biphenotypic (hepatobiliary) primary liver carcinoma. J. Natl Compr. Cancer
Netw. 13, 1468–1473 (2015).

295. Adkins, D. et al. Pazopanib plus cetuximab in recurrent or metastatic head and
neck squamous cell carcinoma: an open-label, phase 1b and expansion study.
Lancet Oncol. 19, 1082–1093 (2018).

296. Leboulleux, S. et al. Vandetanib in locally advanced or metastatic differentiated
thyroid cancer: a randomised, double-blind, phase 2 trial. Lancet Oncol. 13,
897–905 (2012).

297. Neal, J. W. et al. Erlotinib, cabozantinib, or erlotinib plus cabozantinib as second-
line or third-line treatment of patients with EGFR wild-type advanced non-small-
cell lung cancer (ECOG-ACRIN 1512): a randomised, controlled, open-label,
multicentre, phase 2 trial. Lancet Oncol. 17, 1661–1671 (2016).

298. Do, K. et al. A phase II study of sorafenib combined with cetuximab in EGFR-
expressing, KRAS-mutated metastatic colorectal cancer. Clin. Colorectal Cancer
14, 154–161 (2015).

299. Hsu, C. et al. Vandetanib in patients with inoperable hepatocellular carcinoma: a
phase II, randomized, double-blind, placebo-controlled study. J. Hepatol. 56,
1097–1103 (2012).

300. Meric-Bernstam, F. et al. National cancer institute combination therapy platform
trial with molecular analysis for therapy choice (ComboMATCH). Clin. Cancer Res.
29, 1412–1422 (2023).

301. Pujade-Lauraine, E. et al. Olaparib tablets as maintenance therapy in patients
with platinum-sensitive, relapsed ovarian cancer and a BRCA1/2 mutation
(SOLO2/ENGOT-Ov21): a double-blind, randomised, placebo-controlled, phase 3
trial. Lancet Oncol. 18, 1274–1284 (2017).

302. Diéras, V. et al. Veliparib with carboplatin and paclitaxel in BRCA-mutated
advanced breast cancer (BROCADE3): a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet Oncol. 21, 1269–1282 (2020).

303. de Bono, J. et al. Olaparib for metastatic castration-resistant prostate cancer.
New Engl. J. Med. 382, 2091–2102 (2020).

304. Golan, T. et al. Maintenance olaparib for germline BRCA-mutated metastatic
pancreatic cancer. New Engl. J. Med. 381, 317–327 (2019).

305. Reiss, K. A. et al. Phase II study of maintenance rucaparib in patients with
platinum-sensitive advanced pancreatic cancer and a pathogenic germline or
somatic variant in BRCA1, BRCA2, or PALB2. J. Clin. Oncol. 39, 2497–2505 (2021).

306. Sandhu, S. K. et al. The poly(ADP-ribose) polymerase inhibitor niraparib
(MK4827) in BRCA mutation carriers and patients with sporadic cancer: a phase
1 dose-escalation trial. Lancet Oncol. 14, 882–892 (2013).

307. de Bono, J. S. et al. Talazoparib monotherapy in metastatic castration-resistant
prostate cancer with DNA repair alterations (TALAPRO-1): an open-label, phase 2
trial. Lancet Oncol. 22, 1250–1264 (2021).

308. Carreira, S. et al. Biomarkers associating with PARP inhibitor benefit in prostate
cancer in the TOPARP-B trial. Cancer Discov. 11, 2812–2827 (2021).

309. Casolino, R. et al. Homologous recombination deficiency in pancreatic cancer: a
systematic review and prevalence meta-analysis. J. Clin. Oncol. 39, 2617–2631
(2021).

310. McCabe, N. et al. Deficiency in the repair of DNA damage by homologous
recombination and sensitivity to poly(ADP-ribose) polymerase inhibition. Cancer
Res. 66, 8109–8115 (2006).

311. Miller, R. E. et al. ESMO recommendations on predictive biomarker testing for
homologous recombination deficiency and PARP inhibitor benefit in ovarian
cancer. Ann. Oncol. 31, 1606–1622 (2020).

312. González-Martín, A. et al. Progression-free survival and safety at 3.5years of
follow-up: results from the randomised phase 3 PRIMA/ENGOT-OV26/GOG-3012
trial of niraparib maintenance treatment in patients with newly diagnosed
ovarian cancer. Eur. J. Cancer 189, 112908 (2023).

313. Mateo, J. et al. Olaparib in patients with metastatic castration-resistant prostate
cancer with DNA repair gene aberrations (TOPARP-B): a multicentre, open-label,
randomised, phase 2 trial. Lancet Oncol. 21, 162–174 (2020).

314. Javle, M. et al. Olaparib monotherapy for previously treated pancreatic cancer
with DNA damage repair genetic alterations other than germline BRCA variants:
findings from 2 phase 2 nonrandomized clinical trials. JAMA Oncol. 7, 693–699
(2021).

315. Patsouris, A. et al. Rucaparib in patients presenting a metastatic breast cancer
with homologous recombination deficiency, without germline BRCA1/2 muta-
tion. Eur. J. Cancer 159, 283–295 (2021).

316. Lok, B. H. et al. PARP inhibitor activity correlates with SLFN11 expression and
demonstrates synergy with temozolomide in small cell lung cancer. Clin. Cancer
Res. 23, 523–535 (2017).

317. Federico, S. M. et al. A phase I trial of talazoparib and irinotecan with and
without temozolomide in children and young adults with recurrent or refractory
solid malignancies. Eur. J. Cancer 137, 204–213 (2020).

318. Pietanza, M. C. et al. Randomized, double-blind, phase II study of temozolomide
in combination with either veliparib or placebo in patients with relapsed-

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

24

Signal Transduction and Targeted Therapy            (2024) 9:57 



sensitive or refractory small-cell lung cancer. J. Clin. Oncol. 36, 2386–2394
(2018).

319. Redman, M. W. et al. Biomarker-driven therapies for previously treated squa-
mous non-small-cell lung cancer (Lung-MAP SWOG S1400): a biomarker-driven
master protocol. Lancet Oncol. 21, 1589–1601 (2020).

320. Jiang, Y. Z. et al. Genomic and transcriptomic landscape of triple-negative breast
cancers: subtypes and treatment strategies. Cancer Cell 35, 428–440.e5 (2019).

321. Liu, Y. et al. Subtyping-based platform guides precision medicine for heavily
pretreated metastatic triple-negative breast cancer: The FUTURE phase II
umbrella clinical trial. Cell Res. 33, 389–402 (2023).

322. Jiang, Y. Z. et al. Molecular subtyping and genomic profiling expand precision
medicine in refractory metastatic triple-negative breast cancer: the FUTURE trial.
Cell Res. 31, 178–186 (2021).

323. Lee, C. K. et al. Open-label, multicenter, randomized, biomarker-integrated
umbrella trial for second-line treatment of advanced gastric cancer: K-umbrella
gastric cancer study. J. Clin. Oncol. 42, 348–357 (2024).

324. Drakaki, A. et al. Atezolizumab plus magrolimab, niraparib, or tocilizumab versus
atezolizumab monotherapy in platinum-refractory metastatic urothelial carci-
noma: a phase Ib/II open-label, multicenter, randomized umbrella study
(MORPHEUS urothelial carcinoma). Clin. Cancer Res. 29, 4373–4384 (2023).

325. Lee, J. Y. et al. Biomarker-guided targeted therapy in platinum-resistant ovarian
cancer (AMBITION; KGOG 3045): a multicentre, open-label, five-arm, uncon-
trolled, umbrella trial. J. Gynecol. Oncol. 33, e45 (2022).

326. The Cancer Genome Atlas Research Network. Comprehensive molecular pro-
filing of lung adenocarcinoma. Nature 511, 543–550 (2014).

327. Skoulidis, F. et al. STK11/LKB1 mutations and PD-1 inhibitor resistance in KRAS-
mutant lung adenocarcinoma. Cancer Discov. 8, 822–835 (2018).

328. Di Nicolantonio, F. et al. Precision oncology in metastatic colorectal cancer—
from biology to medicine. Nat. Rev. Clin. Oncol. 18, 506–525 (2021).

329. Wang, W. et al. Molecular subtyping of colorectal cancer: recent progress, new
challenges and emerging opportunities. Semin Cancer Biol. 55, 37–52 (2019).

330. Kennecke, H. et al. Metastatic behavior of breast cancer subtypes. J. Clin. Oncol.
28, 3271–3277 (2010).

331. Jin, X. et al. Molecular classification of hormone receptor-positive HER2-negative
breast cancer. Nat. Genet 55, 1696–1708 (2023).

332. The Cancer Genome Atlas Research Network. Comprehensive molecular char-
acterization of gastric adenocarcinoma. Nature 513, 202–209 (2014).

333. Cristescu, R. et al. Molecular analysis of gastric cancer identifies subtypes
associated with distinct clinical outcomes. Nat. Med. 21, 449–456 (2015).

334. Cheong, J. H. et al. Predictive test for chemotherapy response in resectable
gastric cancer: a multi-cohort, retrospective analysis. Lancet Oncol. 19, 629–638
(2018).

335. Goyal, L. et al. Futibatinib for FGFR2-rearranged intrahepatic cholangiocarci-
noma. New Engl. J. Med. 388, 228–239 (2023).

336. Abou-Alfa, G. K. et al. Ivosidenib in IDH1-mutant, chemotherapy-refractory
cholangiocarcinoma (ClarIDHy): a multicentre, randomised, double-blind, pla-
cebo-controlled, phase 3 study. Lancet Oncol. 21, 796–807 (2020).

337. Subbiah, V. et al. Dabrafenib plus trametinib in BRAFV600E-mutated rare can-
cers: the phase 2 ROAR trial. Nat. Med. 29, 1103–1112 (2023).

338. Subbiah, V. et al. Tumour-agnostic efficacy and safety of selpercatinib in patients
with RET fusion-positive solid tumours other than lung or thyroid tumours
(LIBRETTO-001): a phase 1/2, open-label, basket trial. Lancet Oncol. 23,
1261–1273 (2022).

339. Abou-Alfa, G. K. et al. Pemigatinib for previously treated, locally advanced or
metastatic cholangiocarcinoma: a multicentre, open-label, phase 2 study. Lancet
Oncol. 21, 671–684 (2020).

340. Lin, J. et al. Genomics and translational precision oncology for 803 patients with
biliary tract cancer. J. Clin. Oncol. 38, 15_suppl (2020).

341. Spencer, K. et al. Molecular profiling and treatment pattern differences between
intrahepatic and extrahepatic cholangiocarcinoma. J. Natl. Cancer Inst. 115,
870–880 (2023).

342. Martin-Serrano, M. A. et al. Novel microenvironment-based classification of
intrahepatic cholangiocarcinoma with therapeutic implications. Gut 72, 736–748
(2023).

343. Cancer Genome Atlas Research N. Integrated genomic analyses of ovarian
carcinoma. Nature 474, 609–615 (2011).

344. Tan, T. Z. et al. Functional genomics identifies five distinct molecular subtypes
with clinical relevance and pathways for growth control in epithelial ovarian
cancer. EMBO Mol. Med. 5, 1051–1066 (2013).

345. Tsujino, T. et al. CRISPR screens reveal genetic determinants of PARP inhibitor
sensitivity and resistance in prostate cancer. Nat. Commun. 14, 252 (2023).

346. Turnham, D. J., Bullock, N., Dass, M. S., Staffurth, J. N. & Pearson, H. B. The PTEN
Conundrum: how to target PTEN-deficient prostate. Cancer Cells 9, 2342 (2020).

347. Mosillo, C. et al. Targeted approaches in metastatic castration-resistant prostate
cancer: which data? Cancers 14, 4189 (2022).

348. Li, C. et al. Single-cell transcriptomics reveals cellular heterogeneity and mole-
cular stratification of cervical cancer. Commun. Biol. 5, 1208 (2022).

349. Wolf, D. M. et al. Redefining breast cancer subtypes to guide treatment prior-
itization and maximize response: Predictive biomarkers across 10 cancer
therapies. Cancer Cell 40, 609–623.e6 (2022).

350. Rugo, H. S. et al. Adaptive randomization of veliparib-carboplatin treatment in
breast cancer. New Engl. J. Med. 375, 23–34 (2016).

351. Park, J. W. et al. Adaptive randomization of neratinib in early breast cancer. New
Engl. J. Med. 375, 11–22 (2016).

352. Pusztai, L. et al. Durvalumab with olaparib and paclitaxel for high-risk HER2-
negative stage II/III breast cancer: results from the adaptively randomized I-SPY2
trial. Cancer Cell 39, 989–998.e5 (2021).

353. Chien, A. J. et al. MK-2206 and standard neoadjuvant chemotherapy improves
response in patients with human epidermal growth factor receptor 2-positive
and/or hormone receptor-negative breast cancers in the I-SPY 2 trial. J. Clin.
Oncol. 38, 1059–1069 (2020).

354. Park, J. J. H. et al. How COVID-19 has fundamentally changed clinical research in
global health. Lancet Glob. Health 9, e711–e720 (2021).

355. Wilkinson, T. et al. ACCORD: a multicentre, seamless, phase 2 adaptive randomisa-
tion platform study to assess the efficacy and safety of multiple candidate agents for
the treatment of COVID-19 in hospitalised patients: a structured summary of a study
protocol for a randomised controlled trial. Trials 21, 691 (2020).

356. Boulware, D. R. et al. Inhaled fluticasone furoate for outpatient treatment of
Covid-19. New Engl. J. Med. 389, 1085–1095 (2023).

357. Naggie, S. et al. Effect of ivermectin vs placebo on time to sustained recovery in
outpatients with mild to moderate COVID-19: a randomized clinical trial. J. Am.
Med. Assoc. 328, 1595–1603 (2022).

358. Investigators, R.-C. et al. Interleukin-6 receptor antagonists in critically Ill patients
with Covid-19. New Engl. J. Med. 384, 1491–1502 (2021).

359. Reis, G. et al. Oral fluvoxamine with inhaled budesonide for treatment of early-
onset COVID-19: a randomized platform trial. Ann. Intern. Med. 176, 667–675
(2023).

360. Abani, O. et al. Higher dose corticosteroids in patients admitted to hospital with
COVID-19 who are hypoxic but not requiring ventilatory support (RECOVERY): a
randomised, controlled, open-label, platform trial. Lancet 401, 1499–1507
(2023).

361. Schilling, W. H. K. et al. Antiviral efficacy of molnupiravir versus ritonavir-boosted
nirmatrelvir in patients with early symptomatic COVID-19 (PLATCOV): an open-
label, phase 2, randomised, controlled, adaptive trial. Lancet Infect. Dis. 24,
36–45 (2024).

362. Solomon, S. D. et al. Effect of the P-selectin inhibitor crizanlizumab on survival
free of organ support in patients hospitalized for COVID-19: a randomized
controlled trial. Circulation 148, 381–390 (2023).

363. Reis, G. et al. Early treatment with pegylated interferon lambda for Covid-19.
New Engl. J. Med. 388, 518–528 (2023).

364. Evering, T. H. et al. Safety and efficacy of combination SARS-CoV-2 neutralizing
monoclonal antibodies amubarvimab plus romlusevimab in nonhospitalized
patients with COVID-19. Ann. Intern. Med. 176, 658–666 (2023).

365. Florescu, S. et al. Long-term (180-day) outcomes in critically Ill patients with
COVID-19 in the REMAP-CAP randomized clinical trial. J. Am. Med. Assoc. 329,
39–51 (2023).

366. Li, G., Hilgenfeld, R., Whitley, R. & De Clercq, E. Therapeutic strategies for COVID-
19: progress and lessons learned. Nat. Rev. Drug Discov. 22, 449–475 (2023).

367. Noor, N. M. et al. Uptake of the multi-arm multi-stage (MAMS) adaptive platform
approach: a trial-registry review of late-phase randomised clinical trials. BMJ
Open 12, e055615 (2022).

368. Salloway, S. et al. A trial of gantenerumab or solanezumab in dominantly
inherited Alzheimer’s disease. Nat. Med. 27, 1187–1196 (2021).

369. Jiao, X. D., Qin, B. D., You, P., Cai, J. & Zang, Y. S. The prognostic value of TP53
and its correlation with EGFR mutation in advanced non-small cell lung cancer,
an analysis based on cBioPortal data base. Lung Cancer 123, 70–75 (2018).

370. Qin, B. D., Jiao, X. D. & Zang, Y. S. Tumor mutation burden to tumor burden ratio
and prediction of clinical benefit of anti-PD-1/PD-L1 immunotherapy. Med.
Hypotheses 116, 111–113 (2018).

371. Yarchoan, M., Hopkins, A. & Jaffee, E. M. Tumor mutational burden and response
rate to PD-1 inhibition. New Engl. J. Med. 377, 2500–2501 (2017).

372. Singal, G. et al. Association of patient characteristics and tumor genomics with
clinical outcomes among patients with non-small cell lung cancer using a
clinicogenomic database. J. Am. Med. Assoc. 321, 1391–1399 (2019).

373. Sabari, J. K. et al. PD-L1 expression, tumor mutational burden, and response to
immunotherapy in patients with MET exon 14 altered lung cancers. Ann. Oncol.
29, 2085–2091 (2018).

374. Innocenti, F. et al. Mutational analysis of patients with colorectal cancer in
CALGB/SWOG 80405 identifies new roles of microsatellite instability and tumor
mutational burden for patient outcome. J. Clin. Oncol. 37, 1217–1227 (2019).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

25

Signal Transduction and Targeted Therapy            (2024) 9:57 



375. Randon, G. et al. Tumour mutational burden predicts resistance to EGFR/BRAF
blockade in BRAF-mutated microsatellite stable metastatic colorectal cancer.
Eur. J. Cancer 161, 90–98 (2022).

376. Negrao, M. V. et al. Oncogene-specific differences in tumor mutational burden,
PD-L1 expression, and outcomes from immunotherapy in non-small cell lung
cancer. J. Immunother. Cancer 9, e002891 (2021).

377. Hodi, F. S. et al. TMB and inflammatory gene expression associated with clinical
outcomes following immunotherapy in advanced melanoma. Cancer Immunol.
Res. 9, 1202–1213 (2021).

378. Dudnik, E. et al. BRAF mutant lung cancer: programmed death ligand 1
expression, tumor mutational burden, microsatellite instability status, and
response to immune check-point inhibitors. J. Thorac. Oncol. 13, 1128–1137
(2018).

379. Wang, J., Song, J., Liu, Z., Zhang, T. & Liu, Y. High tumor mutation burden
indicates better prognosis in colorectal cancer patients with KRAS mutations.
Front. Oncol. 12, 1015308 (2022).

380. Mok, T. S. K. et al. Associations of tissue tumor mutational burden and muta-
tional status with clinical outcomes in KEYNOTE-042: pembrolizumab versus
chemotherapy for advanced PD-L1-positive NSCLC. Ann. Oncol. 34, 377–388
(2023).

381. Salehi-Rad, R. et al. Novel Kras-mutant murine models of non-small cell lung
cancer possessing co-occurring oncogenic mutations and increased tumor
mutational burden. Cancer Immunol. Immunother. 70, 2389–2400 (2021).

382. Wang, Q. et al. Characteristics of the immunogenicity and tumor immune
microenvironment in HER2-amplified lung adenocarcinoma. Front. Immunol. 13,
1042072 (2022).

383. Xiao, J. et al. A next-generation sequencing-based strategy combining micro-
satellite instability and tumor mutation burden for comprehensive molecular
diagnosis of advanced colorectal cancer. BMC Cancer 21, 282 (2021).

384. Zhang, C. et al. Clinical implications of plasma ctDNA features and dynamics in
gastric cancer treated with HER2-targeted therapies. Clin. Transl. Med. 10, e254
(2020).

385. Anwar, M. et al. Pyrotinib treatment in patients with HER2-positive metastatic
breast cancer and brain metastasis: exploratory final analysis of real-world,
multicenter data. Clin. Cancer Res. 27, 4634–4641 (2021).

386. Park, S. E. et al. Clinical implication of tumor mutational burden in patients with
HER2-positive refractory metastatic breast cancer. Oncoimmunology 7,
e1466768 (2018).

387. Cai, H. et al. Mutational landscape of gastric cancer and clinical application of
genomic profiling based on target next-generation sequencing. J. Transl. Med.
17, 189 (2019).

388. Catenacci, D. V. T. et al. Margetuximab plus pembrolizumab in patients with
previously treated, HER2-positive gastro-oesophageal adenocarcinoma (CP-
MGAH22-05): a single-arm, phase 1b-2 trial. Lancet Oncol. 21, 1066–1076 (2020).

389. Janjigian, Y. Y. et al. First-line pembrolizumab and trastuzumab in HER2-positive
oesophageal, gastric, or gastro-oesophageal junction cancer: an open-label,
single-arm, phase 2 trial. Lancet Oncol. 21, 821–831 (2020).

390. Nguyen, B. et al. Genomic characterization of metastatic patterns from pro-
spective clinical sequencing of 25,000 patients. Cell 185, 563–575.e11 (2022).

391. Lillemoe, H. A. et al. RAS/TP53 co-mutation is associated with worse survival
after concurrent resection of colorectal liver metastases and extrahepatic dis-
ease. Ann. Surg. 276, 357–362 (2022).

392. Chun, Y. S. et al. Deleterious effect of RAS and evolutionary high-risk TP53
double mutation in colorectal liver metastases. Ann. Surg. 269, 917–923 (2019).

393. Datta, J. et al. Coaltered Ras/B-raf and TP53 is associated with extremes of
survivorship and distinct patterns of metastasis in patients with metastatic
colorectal cancer. Clin. Cancer Res. 26, 1077–1085 (2020).

394. Sclafani, F. et al. Analysis of KRAS, NRAS, BRAF, PIK3CA and TP53 mutations in a
large prospective series of locally advanced rectal cancer patients. Int. J. Cancer
146, 94–102 (2020).

395. Datta, J. et al. Distinct mechanisms of innate and adaptive immune regulation
underlie poor oncologic outcomes associated with KRAS-TP53 co-alteration in
pancreatic cancer. Oncogene 41, 3640–3654 (2022).

396. Scheffler, M. et al. K-ras mutation subtypes in NSCLC and associated co-occuring
mutations in other oncogenic pathways. J. Thorac. Oncol. 14, 606–616 (2019).

397. Kawaguchi, Y. et al. Mutation status of RAS, TP53, and SMAD4 is superior to
mutation status of RAS alone for predicting prognosis after resection of color-
ectal liver metastases. Clin. Cancer Res. 25, 5843–5851 (2019).

398. Escobar-Hoyos, L. F. et al. Altered RNA splicing by mutant p53 activates onco-
genic RAS signaling in pancreatic cancer. Cancer Cell 38, 198–211.e8 (2020).

399. Mafficini, A. et al. Ampulla of Vater carcinoma: sequencing analysis identifies
TP53 status as a novel independent prognostic factor and potentially actionable
ERBB, PI3K, and WNT pathways gene mutations. Ann. Surg. 267, 149–156 (2018).

400. Hill, M. A. et al. Kras and Tp53 mutations cause cholangiocyte- and hepatocyte-
derived cholangiocarcinoma. Cancer Res. 78, 4445–4451 (2018).

401. O’Dell, M. R. et al. Kras(G12D) and p53 mutation cause primary intrahepatic
cholangiocarcinoma. Cancer Res. 72, 1557–1567 (2012).

402. Boiko, A. D. et al. A systematic search for downstream mediators of tumor
suppressor function of p53 reveals a major role of BTG2 in suppression of Ras-
induced transformation. Genes Dev. 20, 236–252 (2006).

403. Buganim, Y. et al. p53 Regulates the Ras circuit to inhibit the expression of a
cancer-related gene signature by various molecular pathways. Cancer Res. 70,
2274–2284 (2010).

404. Kim, M. P. et al. Oncogenic KRAS recruits an expansive transcriptional network
through mutant p53 to drive pancreatic cancer metastasis. Cancer Discov. 11,
2094–2111 (2021).

405. Hashimoto, S. et al. ARF6 and AMAP1 are major targets of KRAS and TP53
mutations to promote invasion, PD-L1 dynamics, and immune evasion of
pancreatic cancer. Proc. Natl. Acad. Sci. USA 116, 17450–17459 (2019).

406. Till, J. E. et al. Oncogenic KRAS and p53 loss drive gastric tumorigenesis in mice
that can be attenuated by E-cadherin expression. Cancer Res. 77, 5349–5359
(2017).

407. Xia, M. & Land, H. Tumor suppressor p53 restricts Ras stimulation of RhoA and
cancer cell motility. Nat. Struct. Mol. Biol. 14, 215–223 (2007).

408. Chow, O. S. et al. KRAS and combined KRAS/TP53 mutations in locally advanced
rectal cancer are independently associated with decreased response to
neoadjuvant therapy. Ann. Surg. Oncol. 23, 2548–2555 (2016).

409. Otano, I., Ucero, A. C., Zugazagoitia, J. & Paz-Ares, L. At the crossroads of
immunotherapy for oncogene-addicted subsets of NSCLC. Nat. Rev. Clin. Oncol.
20, 143–159 (2023).

410. Shirasawa, M. et al. Differential immune-related microenvironment determines
programmed cell death protein-1/programmed death-ligand 1 blockade effi-
cacy in patients with advanced NSCLC. J. Thorac. Oncol. 16, 2078–2090 (2021).

411. Wang, J. Y. et al. Distinct genomic landscapes of gastroesophageal adeno-
carcinoma depending on PD-L1 expression identify mutations in RAS-MAPK
pathway and TP53 as potential predictors of immunotherapy efficacy. Ann.
Oncol. 32, 906–916 (2021).

412. Cluzeau, T. et al. Eprenetapopt plus azacitidine in TP53-mutated myelodysplastic
syndromes and acute myeloid leukemia: a phase II study by the groupe fran-
cophone des myélodysplasies (GFM). J. Clin. Oncol. 39, 1575–1583 (2021).

413. Chen, S. et al. Arsenic trioxide rescues structural p53 mutations through a
cryptic allosteric site. Cancer Cell 39, 225–239.e8 (2021).

414. Song, H. et al. Diverse rescue potencies of p53 mutations to ATO are pre-
determined by intrinsic mutational properties. Sci. Transl. Med. 15, eabn9155
(2023).

415. Rose, S. Adagrasib moving ahead in GI cancers. Cancer Discov. 12, 590–591
(2022).

416. Dang, F. & Wei, W. Targeting the acetylation signaling pathway in cancer
therapy. Semin. Cancer Biol. 85, 209–218 (2022).

417. Wang, J. et al. EZH2 noncanonically binds cMyc and p300 through a cryptic
transactivation domain to mediate gene activation and promote oncogenesis.
Nat. Cell Biol. 24, 384–399 (2022).

418. Sabnis, G. J. et al. Functional activation of the estrogen receptor-α and aro-
matase by the HDAC inhibitor entinostat sensitizes ER-negative tumors to
letrozole. Cancer Res. 71, 1893–1903 (2011).

419. Burtness, B., Bauman, J. E. & Galloway, T. Novel targets in HPV-negative head
and neck cancer: overcoming resistance to EGFR inhibition. Lancet Oncol. 14,
e302–e309 (2013).

420. Carson, R. et al. HDAC inhibition overcomes acute resistance to MEK inhibition in
BRAF-mutant colorectal cancer by downregulation of c-FLIPL. Clin. Cancer Res.
21, 3230–3240 (2015).

421. Gardner, E. E. et al. Chemosensitive relapse in small cell lung cancer proceeds
through an EZH2-SLFN11 axis. Cancer Cell 31, 286–299 (2017).

422. Li, Y. et al. Downregulation of MEIS1 mediated by ELFN1-AS1/EZH2/DNMT3a
axis promotes tumorigenesis and oxaliplatin resistance in colorectal cancer.
Signal Transduct. Target Ther. 7, 87 (2022).

423. Zong, X. et al. EZH2-mediated downregulation of the tumor suppressor DAB2IP
maintains ovarian cancer stem cells. Cancer Res. 80, 4371–4385 (2020).

424. Wu, Y. et al. Tamoxifen resistance in breast cancer is regulated by the EZH2-ERα-
GREB1 transcriptional axis. Cancer Res. 78, 671–684 (2018).

425. Adelaiye-Ogala, R. et al. EZH2 modifies sunitinib resistance in renal cell carci-
noma by kinome reprogramming. Cancer Res. 77, 6651–6666 (2017).

426. Bao, Y. et al. EZH2-mediated PP2A inactivation confers resistance to HER2-
targeted breast cancer therapy. Nat. Commun. 11, 5878 (2020).

427. Hicks, K. C. et al. Cooperative immune-mediated mechanisms of the HDAC
inhibitor entinostat, an IL15 superagonist, and a cancer vaccine effectively
synergize as a novel cancer therapy. Clin. Cancer Res. 26, 704–716 (2020).

428. Fan, F. et al. A dual PI3K/HDAC inhibitor induces immunogenic ferroptosis to
potentiate cancer immune checkpoint therapy. Cancer Res. 81, 6233–6245
(2021).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

26

Signal Transduction and Targeted Therapy            (2024) 9:57 



429. Vancurova, I., Uddin, M. M., Zou, Y. & Vancura, A. Combination therapies tar-
geting HDAC and IKK in solid tumors. Trends Pharm. Sci. 39, 295–306 (2018).

430. Oliveira, T. et al. HDAC inhibition induces EMT and alterations in cellular iron
homeostasis to augment ferroptosis sensitivity in SW13 cells. Redox Biol. 47,
102149 (2021).

431. Zhou, L., Mudianto, T., Ma, X., Riley, R. & Uppaluri, R. Targeting EZH2 enhances
antigen presentation, antitumor immunity, and circumvents anti-PD-1 resis-
tance in head and neck cancer. Clin. Cancer Res. 26, 290–300 (2020).

432. Piunti, A. et al. Immune activation is essential for the antitumor activity of EZH2
inhibition in urothelial carcinoma. Sci. Adv. 8, eabo8043 (2022).

433. Ramakrishnan, S. et al. Inhibition of EZH2 induces NK cell-mediated differ-
entiation and death in muscle-invasive bladder cancer. Cell Death Differ. 26,
2100–2114 (2019).

434. Bugide, S., Green, M. R. & Wajapeyee, N. Inhibition of enhancer of zeste homolog
2 (EZH2) induces natural killer cell-mediated eradication of hepatocellular car-
cinoma cells. Proc. Natl. Acad. Sci. USA 115, e3509–e3518 (2018).

435. Nguyen, T. T. T. et al. HDAC inhibitors elicit metabolic reprogramming by tar-
geting super-enhancers in glioblastoma models. J. Clin. Investig. 130, 3699–3716
(2020).

436. Nebbioso, A. et al. c-Myc modulation and acetylation is a key HDAC inhibitor
target in cancer. Clin. Cancer Res. 23, 2542–2555 (2017).

437. Malone, C. F. et al. mTOR and HDAC inhibitors converge on the TXNIP/thior-
edoxin pathway to cause catastrophic oxidative stress and regression of RAS-
driven tumors. Cancer Discov. 7, 1450–1463 (2017).

438. Kotian, S. et al. Dual inhibition of HDAC and tyrosine kinase signaling pathways
with CUDC-907 inhibits thyroid cancer growth and metastases. Clin. Cancer Res.
23, 5044–5054 (2017).

439. Huang, C. et al. EZH2-triggered methylation of SMAD3 promotes its activation
and tumor metastasis. J. Clin. Investig. 132, e152394 (2022).

440. Chu, W. et al. The EZH2-PHACTR2-AS1-ribosome axis induces genomic instability
and promotes growth and metastasis in breast cancer. Cancer Res. 80,
2737–2750 (2020).

441. Zoma, M. et al. EZH2-induced lysine K362 methylation enhances TMPRSS2-ERG
oncogenic activity in prostate cancer. Nat. Commun. 12, 4147 (2021).

442. Patil, S. et al. EZH2 regulates pancreatic cancer subtype identity and tumor
progression via transcriptional repression of GATA6. Cancer Res. 80, 4620–4632
(2020).

443. Jackson, P. K. EZH2 inactivates primary cilia to activate Wnt and drive mela-
noma. Cancer Cell 34, 3–5 (2018).

444. Gounder, M. et al. Tazemetostat in advanced epithelioid sarcoma with loss of
INI1/SMARCB1: an international, open-label, phase 2 basket study. Lancet Oncol.
21, 1423–1432 (2020).

445. Zauderer, M. G. et al. EZH2 inhibitor tazemetostat in patients with relapsed or
refractory, BAP1-inactivated malignant pleural mesothelioma: a multicentre,
open-label, phase 2 study. Lancet Oncol. 23, 758–767 (2022).

446. Duska, L. R. et al. A Surgical window trial evaluating medroxyprogesterone
acetate with or without entinostat in patients with endometrial cancer and
validation of biomarkers of cellular response. Clin. Cancer Res. 27, 2734–2741
(2021).

447. Lin, J. et al. Phase I study of entinostat in combination with enzalutamide for
treatment of patients with metastatic castration-resistant prostate cancer.
Oncologist 26, e2136–e2142 (2021).

448. Ny, L. et al. The PEMDAC phase 2 study of pembrolizumab and entinostat in
patients with metastatic uveal melanoma. Nat. Commun. 12, 5155 (2021).

449. Xu, B. et al. Entinostat, a class I selective histone deacetylase inhibitor, plus
exemestane for Chinese patients with hormone receptor-positive advanced
breast cancer: a multicenter, randomized, double-blind, placebo-controlled,
phase 3 trial. Acta Pharm. Sin. B 13, 2250–2258 (2023).

450. Romano, E. & Romero, P. The therapeutic promise of disrupting the PD-1/PD-L1
immune checkpoint in cancer: unleashing the CD8 T cell mediated anti-tumor
activity results in significant, unprecedented clinical efficacy in various solid
tumors. J. Immunother. Cancer 3, 15 (2015).

451. Topalian, S. L. et al. Safety, activity, and immune correlates of anti-PD-1 antibody
in cancer. New Engl. J. Med. 366, 2443–2454 (2012).

452. Shukuya, T. & Carbone, D. P. Predictive markers for the efficacy of anti-PD-1/PD-
L1 antibodies in lung cancer. J. Thorac. Oncol. 11, 976–988 (2016).

453. Yoon, H. H. et al. Association of PD-L1 expression and other variables with
benefit from immune checkpoint inhibition in advanced gastroesophageal
cancer: systematic review and meta-analysis of 17 phase 3 randomized clinical
trials. JAMA Oncol. 8, 1456–1465 (2022).

454. Herbst, R. S. et al. Pembrolizumab versus docetaxel for previously treated, PD-
L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010): a randomised
controlled trial. Lancet 387, 1540–1550 (2016).

455. Reck, M. et al. Pembrolizumab versus chemotherapy for PD-L1-positive non-
small-cell lung cancer. New Engl. J. Med. 375, 1823–1833 (2016).

456. Ricciuti, B. et al. Association of high tumor mutation burden in non-small cell
lung cancers with increased immune infiltration and improved clinical out-
comes of PD-L1 blockade across PD-L1 expression levels. JAMA Oncol. 8,
1160–1168 (2022).

457. Garon, E. B. et al. Pembrolizumab for the treatment of non-small-cell lung
cancer. New Engl. J. Med. 372, 2018–2028 (2015).

458. Cohen, E. E. W. et al. Pembrolizumab versus methotrexate, docetaxel, or
cetuximab for recurrent or metastatic head-and-neck squamous cell carcinoma
(KEYNOTE-040): a randomised, open-label, phase 3 study. Lancet 393, 156–167
(2019).

459. Lu, Z. et al. Sintilimab versus placebo in combination with chemotherapy as first
line treatment for locally advanced or metastatic oesophageal squamous cell
carcinoma (ORIENT-15): multicentre, randomised, double blind, phase 3 trial.
BMJ 377, e068714 (2022).

460. Sun, J. M. et al. Pembrolizumab plus chemotherapy versus chemotherapy alone
for first-line treatment of advanced oesophageal cancer (KEYNOTE-590): a ran-
domised, placebo-controlled, phase 3 study. Lancet 398, 759–771 (2021).

461. Vuky, J. et al. Long-term outcomes in KEYNOTE-052: phase II study investigating
first-line pembrolizumab in cisplatin-ineligible patients with locally advanced or
metastatic urothelial cancer. J. Clin. Oncol. 38, 2658–2666 (2020).

462. Cortes, J. et al. Pembrolizumab plus chemotherapy in advanced triple-negative
breast cancer. New Engl. J. Med. 387, 217–226 (2022).

463. Shitara, K. et al. Efficacy and safety of pembrolizumab or pembrolizumab plus
chemotherapy vs chemotherapy alone for patients with first-line, advanced
gastric cancer: the KEYNOTE-062 phase 3 randomized clinical trial. JAMA Oncol.
6, 1571–1580 (2020).

464. Colombo, N. et al. Pembrolizumab for persistent, recurrent, or metastatic cer-
vical cancer. New Engl. J. Med. 385, 1856–1867 (2021).

465. Matulonis, U. A. et al. Antitumor activity and safety of pembrolizumab in
patients with advanced recurrent ovarian cancer: results from the phase II
KEYNOTE-100 study. Ann. Oncol. 30, 1080–1087 (2019).

466. Bellmunt, J. et al. Pembrolizumab as second-line therapy for advanced urothelial
carcinoma. New Engl. J. Med. 376, 1015–1026 (2017).

467. Xu, J. M. et al. Sulfatinib, a novel kinase inhibitor, in patients with advanced solid
tumors: results from a phase I study. Oncotarget 8, 42076–42086 (2017).

468. Roskoski, R. Jr Sunitinib: a VEGF and PDGF receptor protein kinase and angio-
genesis inhibitor. Biochem Biophys. Res. Commun. 356, 323–328 (2007).

469. Xie, C. et al. Preclinical characterization of anlotinib, a highly potent and
selective vascular endothelial growth factor receptor-2 inhibitor. Cancer Sci. 109,
1207–1219 (2018).

470. Tian, S. et al. YN968D1 is a novel and selective inhibitor of vascular endothelial
growth factor receptor-2 tyrosine kinase with potent activity in vitro and in vivo.
Cancer Sci. 102, 1374–1380 (2011).

471. Wilhelm, S. M. et al. Regorafenib (BAY 73-4506): a new oral multikinase inhibitor
of angiogenic, stromal and oncogenic receptor tyrosine kinases with potent
preclinical antitumor activity. Int. J. Cancer 129, 245–255 (2011).

472. Wilhelm, S. M. et al. BAY 43-9006 exhibits broad spectrum oral antitumor activity
and targets the RAF/MEK/ERK pathway and receptor tyrosine kinases involved
in tumor progression and angiogenesis. Cancer Res. 64, 7099–7109 (2004).

473. Matsui, J. et al. E7080, a novel inhibitor that targets multiple kinases, has potent
antitumor activities against stem cell factor producing human small cell lung cancer
H146, based on angiogenesis inhibition. Int. J. Cancer 122, 664–671 (2008).

474. Sun, Q. et al. Discovery of fruquintinib, a potent and highly selective small
molecule inhibitor of VEGFR 1, 2, 3 tyrosine kinases for cancer therapy. Cancer
Biol. Ther. 15, 1635–1645 (2014).

475. Yakes, F. M. et al. Cabozantinib (XL184), a novel MET and VEGFR2 inhibitor,
simultaneously suppresses metastasis, angiogenesis, and tumor growth. Mol.
Cancer Ther. 10, 2298–2308 (2011).

476. Hu-Lowe, D. D. et al. Nonclinical antiangiogenesis and antitumor activities of
axitinib (AG-013736), an oral, potent, and selective inhibitor of vascular endo-
thelial growth factor receptor tyrosine kinases 1, 2, 3. Clin. Cancer Res. 14,
7272–7283 (2008).

477. Yi, C. et al. Lenvatinib targets FGF receptor 4 to enhance antitumor immune
response of anti-programmed cell death-1 in HCC. Hepatology 74, 2544–2560
(2021).

478. Deng, H. et al. Dual vascular endothelial growth factor receptor and fibroblast
growth factor receptor inhibition elicits antitumor immunity and enhances
programmed cell death-1 checkpoint blockade in hepatocellular carcinoma.
Liver Cancer 9, 338–357 (2020).

479. Adachi, Y. et al. Inhibition of FGFR reactivates IFNγ signaling in tumor cells to
enhance the combined antitumor activity of lenvatinib with anti-PD-1 anti-
bodies. Cancer Res. 82, 292–306 (2022).

480. Lee, C. H. et al. Lenvatinib plus pembrolizumab in patients with either
treatment-naive or previously treated metastatic renal cell carcinoma (Study
111/KEYNOTE-146): a phase 1b/2 study. Lancet Oncol. 22, 946–958 (2021).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

27

Signal Transduction and Targeted Therapy            (2024) 9:57 



481. Arance, A. et al. Phase II LEAP-004 study of lenvatinib plus pembrolizumab for
melanoma with confirmed progression on a programmed cell death protein-1
or programmed death ligand 1 inhibitor given as monotherapy or in combi-
nation. J. Clin. Oncol. 41, 75–85 (2023).

482. Makker, V. et al. Lenvatinib plus pembrolizumab in patients with advanced
endometrial cancer: an interim analysis of a multicentre, open-label, single-arm,
phase 2 trial. Lancet Oncol. 20, 711–718 (2019).

483. Kawazoe, A. et al. Lenvatinib plus pembrolizumab in patients with advanced
gastric cancer in the first-line or second-line setting (EPOC1706): an open-label,
single-arm, phase 2 trial. Lancet Oncol. 21, 1057–1065 (2020).

484. Finn, R. S. et al. Phase Ib study of lenvatinib plus pembrolizumab in patients with
unresectable hepatocellular carcinoma. J. Clin. Oncol. 38, 2960–2970 (2020).

485. Xu, J. et al. Surufatinib in Advanced well-differentiated neuroendocrine tumors:
a multicenter, single-arm, open-label, phase Ib/II trial. Clin. Cancer Res. 25,
3486–3494 (2019).

486. Xu, J. et al. Surufatinib in advanced extrapancreatic neuroendocrine tumours
(SANET-ep): a randomised, double-blind, placebo-controlled, phase 3 study.
Lancet Oncol. 21, 1500–1512 (2020).

487. Xu, J. et al. Surufatinib in advanced pancreatic neuroendocrine tumours (SANET-
p): a randomised, double-blind, placebo-controlled, phase 3 study. Lancet Oncol.
21, 1489–1499 (2020).

488. Ries, C. H. et al. Targeting tumor-associated macrophages with anti-CSF-1R
antibody reveals a strategy for cancer therapy. Cancer Cell 25, 846–859 (2014).

489. Li, M. et al. Remodeling tumor immune microenvironment via targeted block-
ade of PI3K-γ and CSF-1/CSF-1R pathways in tumor associated macrophages for
pancreatic cancer therapy. J. Control Release 321, 23–35 (2020).

490. Cassetta, L. & Kitamura, T. Targeting tumor-associated macrophages as a
potential strategy to enhance the response to immune checkpoint inhibitors.
Front. Cell Dev. Biol. 6, 38 (2018).

491. Qian, B. Z. & Pollard, J. W. Macrophage diversity enhances tumor progression
and metastasis. Cell 141, 39–51 (2010).

492. Cao, Y. et al. Surufatinib plus toripalimab in patients with advanced solid tumors:
a single-arm, open-label, phase 1 trial. J. Cancer Res. Clin. Oncol. 149, 779–789
(2023).

493. Broutin, S. et al. Identification of soluble candidate biomarkers of therapeutic
response to sunitinib in medullary thyroid carcinoma in preclinical models. Clin.
Cancer Res. 17, 2044–2054 (2011).

494. Lennartsson, J. & Rönnstrand, L. Stem cell factor receptor/c-Kit: from basic sci-
ence to clinical implications. Physiol. Rev. 92, 1619–1649 (2012).

495. Andrae, N. et al. Sunitinib targets PDGF-receptor and Flt3 and reduces survival
and migration of human meningioma cells. Eur. J. Cancer 48, 1831–1841 (2012).

496. Fenton, M. S. et al. Sunitinib inhibits MEK/ERK and SAPK/JNK pathways and
increases sodium/iodide symporter expression in papillary thyroid cancer.
Thyroid 20, 965–974 (2010).

497. Xiong, W. et al. RRM2 regulates sensitivity to sunitinib and PD-1 blockade in
renal cancer by stabilizing ANXA1 and activating the AKT pathway. Adv. Sci. 8,
e2100881 (2021).

498. Martin-Broto, J. et al. Nivolumab and sunitinib combination in advanced soft
tissue sarcomas: a multicenter, single-arm, phase Ib/II trial. J. Immunother.
Cancer 8, e001561 (2020).

499. Li, S. et al. Toripalimab plus axitinib in patients with metastatic mucosal mela-
noma: 3-year survival update and biomarker analysis. J. Immunother. Cancer 10,
e004036 (2022).

500. Huang, J. et al. Clinical outcomes of second-line treatment following first-line
VEGFR-TKI failure in patients with metastatic renal cell carcinoma: a comparison
of axitinib alone and axitinib plus anti-PD-1 antibody. Cancer Commun. 41,
1071–1074 (2021).

501. Motzer, R. J. et al. Avelumab plus axitinib versus sunitinib in advanced renal cell
carcinoma: biomarker analysis of the phase 3 JAVELIN Renal 101 trial. Nat. Med.
26, 1733–1741 (2020).

502. Wilky, B. A. et al. Axitinib plus pembrolizumab in patients with advanced sar-
comas including alveolar soft-part sarcoma: a single-centre, single-arm, phase 2
trial. Lancet Oncol. 20, 837–848 (2019).

503. McGregor, B. A. et al. Activity of cabozantinib after immune checkpoint block-
ade in metastatic clear-cell renal cell carcinoma. Eur. J. Cancer 135, 203–210
(2020).

504. Saba, N. F. et al. Pembrolizumab and cabozantinib in recurrent metastatic head
and neck squamous cell carcinoma: a phase 2 trial. Nat. Med. 29, 880–887
(2023).

505. Kim, R. D. et al. A phase I/Ib study of regorafenib and nivolumab in mismatch
repair proficient advanced refractory colorectal cancer. Eur. J. Cancer 169,
93–102 (2022).

506. Saeed, A., Park, R. & Sun, W. The integration of immune checkpoint inhibitors
with VEGF targeted agents in advanced gastric and gastroesophageal

adenocarcinoma: a review on the rationale and results of early phase trials. J.
Hematol. Oncol. 14, 13 (2021).

507. Yukami, H. et al. Updated efficacy outcomes of anti-PD-1 antibodies plus mul-
tikinase inhibitors for patients with advanced gastric cancer with or without
liver metastases in clinical trials. Clin. Cancer Res. 28, 3480–3488 (2022).

508. Wei X. et al. 1519P Fruquintinib plus sintilimab in patients(pts)with either
treatment-naïve or previously treated advanced gastric or gastroesophageal
junction(GEJ)adenocarcinoma: results from a multicenter,single-arm phase II
study. ESMO 34, S856 (2023).

509. Chen, S. C. et al. Anti-PD-1 combined sorafenib versus anti-PD-1 alone in the
treatment of advanced hepatocellular cell carcinoma: a propensity score-
matching study. BMC Cancer 22, 55 (2022).

510. Zheng, X. et al. Increased vessel perfusion predicts the efficacy of immune
checkpoint blockade. J. Clin. Investig. 128, 2104–2115 (2018).

511. Kikuchi, H. et al. Increased CD8+ T-cell infiltration and efficacy for multikinase
inhibitors after PD-1 blockade in hepatocellular carcinoma. J. Natl. Cancer Inst.
114, 1301–1305 (2022).

512. Kalathil, S. G., Hutson, A., Barbi, J., Iyer, R. & Thanavala, Y. Augmentation of IFN-γ
+ CD8+ T cell responses correlates with survival of HCC patients on sorafenib
therapy. JCI Insight 4, e130116 (2019).

513. Huang, J. et al. Regorafenib combined with PD-1 blockade immunotherapy
versus regorafenib as second-line treatment for advanced hepatocellular car-
cinoma: a multicenter retrospective study. J. Hepatocell. Carcinoma 9, 157–170
(2022).

514. von Minckwitz, G. et al. Trastuzumab emtansine for residual invasive HER2-
positive breast cancer. New Engl. J. Med. 380, 617–628 (2019).

515. Lin, M., Jin, Y., Lv, H., Hu, X. & Zhang, J. Incidence and prognostic significance of
receptor discordance between primary breast cancer and paired bone metas-
tases. Int. J. Cancer 152, 1476–1489 (2023).

516. Makiyama, A. et al. Randomized, phase II study of trastuzumab beyond pro-
gression in patients with HER2-positive advanced gastric or gastroesophageal
junction cancer: WJOG7112G (T-ACT Study). J. Clin. Oncol. 38, 1919–1927 (2020).

517. Seo, S. et al. Loss of HER2 positivity after anti-HER2 chemotherapy in HER2-
positive gastric cancer patients: results of the GASTric cancer HER2 reassess-
ment study 3 (GASTHER3). Gastric Cancer 22, 527–535 (2019).

518. Modi, S. et al. Trastuzumab deruxtecan in previously treated HER2-low advanced
breast cancer. New Engl. J. Med. 387, 9–20 (2022).

519. Shitara, K. et al. Trastuzumab deruxtecan in previously treated HER2-positive
gastric cancer. New Engl. J. Med. 382, 2419–2430 (2020).

520. Wang, F. et al. Genomic temporal heterogeneity of circulating tumour DNA in
unresectable metastatic colorectal cancer under first-line treatment. Gut 71,
1340–1349 (2022).

521. Gelsomino, F., Barbolini, M., Spallanzani, A., Pugliese, G. & Cascinu, S. The
evolving role of microsatellite instability in colorectal cancer: a review. Cancer
Treat. Rev. 51, 19–26 (2016).

522. Frizziero, M. et al. Expanding therapeutic opportunities for extrapulmonary
neuroendocrine carcinoma. Clin. Cancer Res. 28, 1999–2019 (2022).

523. Fléchon, A. et al. Phase II study of carboplatin and etoposide in patients with
anaplastic progressive metastatic castration-resistant prostate cancer (mCRPC)
with or without neuroendocrine differentiation: results of the French Genito-
Urinary Tumor Group (GETUG) P01 trial. Ann. Oncol. 22, 2476–2481 (2011).

524. Walter, T. et al. Poorly differentiated gastro-entero-pancreatic neuroendocrine
carcinomas: Are they really heterogeneous? Insights from the FFCD-GTE
national cohort. Eur. J. Cancer 79, 158–165 (2017).

525. Garcia-Carbonero, R. et al. Advances in the treatment of gastroenteropancreatic
neuroendocrine carcinomas: are we moving forward? Endocr. Rev. 44, 724–736
(2023).

526. Le Treut, J. et al. Multicentre phase II study of cisplatin-etoposide chemotherapy
for advanced large-cell neuroendocrine lung carcinoma: the GFPC 0302 study.
Ann. Oncol. 24, 1548–1552 (2013).

527. Quintanal-Villalonga, A. et al. Multiomic analysis of lung tumors defines path-
ways activated in neuroendocrine transformation. Cancer Discov. 11, 3028–3047
(2021).

528. Watson, P. A., Arora, V. K. & Sawyers, C. L. Emerging mechanisms of resistance to
androgen receptor inhibitors in prostate cancer. Nat. Rev. Cancer 15, 701–711
(2015).

529. Sutherland, K. D. et al. Cell of origin of small cell lung cancer: inactivation of
Trp53 and Rb1 in distinct cell types of adult mouse lung. Cancer Cell 19,
754–764 (2011).

530. George, J. et al. Comprehensive genomic profiles of small cell lung cancer.
Nature 524, 47–53 (2015).

531. Meder, L. et al. NOTCH, ASCL1, p53 and RB alterations define an alternative
pathway driving neuroendocrine and small cell lung carcinomas. Int. J. Cancer
138, 927–938 (2016).

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

28

Signal Transduction and Targeted Therapy            (2024) 9:57 



532. Riesco-Martinez, M. et al. 1098O Nivolumab plus platinum-doublet che-
motherapy as first-line therapy in unresectable, locally advanced or metastatic
G3 neuroendocrine Neoplasms (NENs) of the gastroenteropancreatic (GEP) tract
or unknown (UK) origin: preliminary results from the phase II NICE-NEC trial
(GETNE T1913). J. Ann. Oncol. 32, S908–S909 (2021).

533. Cheng, Y. et al. Effect of first-line serplulimab vs placebo added to chemotherapy on
survival in patients with extensive-stage small cell lung cancer: the ASTRUM-005
randomized clinical trial. J. Am. Med. Assoc. 328, 1223–1232 (2022).

534. Pavan, A. et al. Immunotherapy in small-cell lung cancer: from molecular pro-
mises to clinical challenges. J. Immunother. Cancer 7, 205 (2019).

535. Halperin, D. M. et al. Assessment of clinical response following atezolizumab and
bevacizumab treatment in patients with neuroendocrine tumors: a non-
randomized clinical trial. JAMA Oncol. 8, 904–909 (2022).

536. Tarantino, P. et al. Evolution of low HER2 expression between early and
advanced-stage breast cancer. Eur. J. Cancer 163, 35–43 (2022).

537. Tan, R. Y. C. et al. HER2 positive rates are enriched amongst colorectal cancer
brain metastases: a study amongst 1920 consecutive patients. Ann. Oncol. 29,
1598–1599 (2018).

538. Shan, L., Lv, Y., Bai, B., Huang, X. & Zhu, H. Variability in HER2 expression
between primary colorectal cancer and corresponding metastases. J. Cancer Res.
Clin. Oncol. 144, 2275–2281 (2018).

539. Gulshan, V. et al. Development and validation of a deep learning algorithm for
detection of diabetic retinopathy in retinal fundus photographs. J. Am. Med.
Assoc. 316, 2402–2410 (2016).

540. Esteva, A. et al. Dermatologist-level classification of skin cancer with deep neural
networks. Nature 542, 115–118 (2017).

541. Sun, Z. et al. A probabilistic disease progression modeling approach and its
application to integrated Huntington’s disease observational data. JAMIA Open
2, 123–130 (2019).

542. Romero, K. et al. The future is now: model-based clinical trial design for Alz-
heimer’s disease. Clin. Pharm. Ther. 97, 210–214 (2015).

543. Schobel, S. A. et al. Motor, cognitive, and functional declines contribute to a
single progressive factor in early HD. Neurology 89, 2495–2502 (2017).

544. Tang, C. et al. Personalized tumor combination therapy optimization using the
single-cell transcriptome. Genome Med. 15, 105 (2023).

545. Heiser, C. N. et al. Molecular cartography uncovers evolutionary and micro-
environmental dynamics in sporadic colorectal tumors. Cell 186, 5620–5637.e16
(2023).

546. Sirinukunwattana, K. et al. Image-based consensus molecular subtype
(imCMS) classification of colorectal cancer using deep learning. Gut 70,
544–554 (2021).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

New clinical trial design in precision medicine: discovery, development. . .
Duan et al.

29

Signal Transduction and Targeted Therapy            (2024) 9:57 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	New clinical trial design in precision medicine: discovery, development and direction
	Introduction
	Discovery: clinical dilemma prompting an exploration of new biomarker-guided trial�design
	Basket trial design guided by the pan-cancer proliferation-driven molecular phenotype
	Umbrella trial design guided by molecular phenotypes of a certain disease
	Platform trial design guided by the dynamic perspective of precision medicine

	Development: excavating therapeutic potential according to new biomarker-guided clinical trial�design
	Basket trials unearthing the pan-cancer therapy of existing drugs based on the drug-target relationship
	Targets search�drugs
	Drugs identify targets

	Umbrella trial exploring tumor molecular-subtype-driven therapy
	Lung�cancer
	Colorectal�cancer
	Breast�cancer
	Gastric�cancer
	Biliary tract�cancer
	Ovarian�cancer
	Prostate�cancer
	Cervical�cancer

	Platform trial screening of an optimal treatment in a long-term dynamic�model

	Direction: precision Pro, dynamic precision, and intelligent precision clinical trial�design
	Precision�Pro
	From a single target to multiple targets
	From the mutation to the mutation subtype
	From transmembrane signaling to nuclear signaling
	From pan-cancer to relative specific�cancer

	Dynamic precision
	Targets from presence to absence
	Targets from absence to presence

	Intelligent precision

	Conclusions and perspectives
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




