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Abstract
Background: Cancer precision medicine with biomarker of cancer driver gene (CDG) has been achieved by
many small-molecular kinase inhibitors (SMKIs) approved by the US Food and Drug Administration
(FDA). We characterized their indications and pivotal trials with and without CDG biomarker.

Methods: Publicly available FDA documents were collected for all SMKI cancer drugs approved between
January 2001 and December 2021. Characteristics of indication and pivotal trial were compared in terms
of trends in the number of approval, special expedited development and review pathways as determined
by the FDA, cancer types, line of treatment, trial design features.

Results: We identi�ed 62 SMKI cancer drugs with 150 indications approved by the FDA between 2001 and
2021. Of these, 55 indications (36.7%) were CDG biomarker-directed. There was a signi�cant increase of
20.5% per year in the number of approved CDG biomarker-directed indications. CDG biomarker-directed
indications were associated with signi�cantly higher odds in receiving accelerated approval (odds ratio
[OR] = 2.728; 95% CI, 1.246 to 5.973; P = .012), designating orphan drug (OR = 3.952; 95% CI, 1.758 to
8.883; P < .001) and in solid cancer (OR = 7.613; 95% CI, 2.958 to 19.590; P < .001), and were associated
with signi�cantly lower odds in using randomized controlled trials (RCTs) (OR = 0.103; 95% CI, 0.032 to
0.338; P < .001) with less number of entered patients. In solid cancer, CDG biomarker-directed indications
were associated with signi�cantly higher overall response rates (ORRs).

Conclusion: The number of CDG biomarker-directed indications in approved SMKIs increased
signi�cantly in past two decades, with higher proportion of approvals using special expedited
development and approval pathways at the FDA, less proportion of trials with RCT, less number of
entered patients but better ORRs.

Background
Cancer is a disease of the genome [1]. Cancer driver gene (CDG) is identi�ed as a kind of oncogenic
kinase gene that determines cancer initiation, development, progression and maintenance [1–5]. In 2015,
the US Precision Medicine Initiative (PMI) was launched to accelerate progress toward a new era of
precision medicine [6–9]. Targeting on cancer driver gene is now leading to a revolutionary breakthrough
development not only in precision medicine for patients with malignancies, but also in the strategy to
develop small molecular kinase inhibitors (SMKIs) for cancer therapy [2, 4, 10]. By the end of 2021, there
are more than 60 chemically synthesized SMKIs approved by the US Food and Drug Administration (FDA)
for cancer therapy, leading to signi�cant clinical improvements in treatment of the serious and life-
threatening diseases and giving a hope to prolong life for the patients [10–12].

Pivotal trial that demonstrates e�cacy and safety has been considered by the FDA as the critical
evidence for approval of the indication [13, 14]. In cancer therapy, an indication can be precisely de�ned
by a certain mutated gene, which is screened as a biomarker [1, 2, 8]. In SMKI development, a CDG is
serving as the best functional target in pharmaceutical strategy and usually considered as the optimal
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genotype-directed biomarker for screening the matched subjects in clinical trials [1, 2]. For example, RET
is a cancer driver gene of tyrosine kinase and is a gene-based screening biomarker for RET-positive
patients with non-small cell lung cancer (NSCLC) [15, 16]. RET inhibitors such as selpercatinib and
pralsetinib got FDA accelerated approvals respectively in indications for patients harboring RET
alternation [15, 17, 18]. Pivotal trial evidences for selpercatinib and pralsetinib were both supported by
dose-expansion single-arm trials (SATs) [17, 18]. RET gene biomarker was required to pre-screen the
patients to ful�ll the inclusion criteria of the trials [17, 18]. Nevertheless, the remaining SMKIs do not have
CDG biomarkers during their development [2, 12, 19]. The CDG biomarker screening is not required in
pivotal trials and approved indications in the drug label. For example, the indications of sorafenib were
approved in treating patients without requirement of CDG biomarker detection [20, 21]. Randomized
controlled trials (RCTs) are usually used to support the FDA approvals of these indications [20, 21].

Advances in next-generation sequencing (NGS) technology have led to the identi�cation of more than �ve
hundred candidates of CDGs [1, 2, 22, 23]. Patients with the same cancer type are actually be
heterogeneous and harbor different CDGs [8, 23]. Treatments for these patients are usually different due
to the CDG. For example, according to the Clinical Practice Guidelines in Oncology (NCCN Guidelines) for
NSCLC in 2022, seven CDGs have been identi�ed in NSCLC [24]. NSCLC patients may harbor one of CDGs
such as EGFR, ALK or ROS1 individually and would be respectively recommended to receive osimertinib
for EGFR, lorlatinib for ALK, or entrectinib for ROS1 treatment after CDG screening [25–27]. To date,
amount of resources was consumed by CDG-directed SMKI research to develop precision medicine in
cancer therapy. However, there are still many new SMKIs developed without CDG biomarker [12, 28, 29]. In
this study, we collected the FDA data between 2001 and 2021 to determine whether the characteristics of
the indication and pivotal trial of the FDA approved SMKIs with CDG biomarker differ from those without
CDG biomarker. We investigated the trend in the number of approvals, expedited development and review
programs, quality of pivotal trial evidence, trial design features and trial outcomes. We then compared
these characteristics between indications with and without CDG biomarker.

Methods
Sample Identi�cation

All original and supplemental novel drug applications were listed by the FDA on its publicly available
FDA’s Drugs@FDA database [11]. Our sample included all SMKI cancer drugs, excluding nontherapeutic
agents such as diagnostic and contrast agents. One investigator (Y.H.) manually extracted all application
approvals of SMKI cancer drugs that occurred between 2001 and 2021 from the database. Initially,
application approvals were identi�ed by excluding the approvals that categorized by the FDA as “labeling
revisions” or “manufacturing change or addition”. Then FDA’s letters accompanying the application
approvals were examined to identify whether the approvals include a new indication. If one indication
was related to two or more updated application approvals, such as “accelerated approval”, “new patient
population” or “labeling change with clinical data”, we counted it as one indication.
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Pivotal trials are the clinical trials that serve as the basis of the FDA approval. All pivotal trials that
support both the original and supplemental applications were identi�ed. A trial was considered to be
pivotal if de�ned as such in the FDA medical review. If not specify, all e�cacy trials that were described
as essential to the application approvals were considered to be pivotal.

Data Extraction

Data were extracted by two investigators (Y.H. and L.M.). The following characteristics were collected for
each application approvals: year of approval, the FDA’s expedited development and review programs or
designations (approval pathway [accelerated, not accelerated], breakthrough therapy, fast-track, orphan
drug, review type [priority, standard]), type of submission (original, supplemental).

For each application approvals, detailed information on indications was collected: cancer type (solid
cancer, hematological malignancies), line of treatment (�rst, sequential), adjuvant treatment (yes, no),
maintenance treatment (yes, no), type of administration (monotherapy, combination) and whether the
indication was CDG biomarker-directed. An indication was considered to be directed by CDG biomarker if
de�ned as such in the drug label, that is, the indication focused only on patients with the presence of a
speci�c CDG biomarker as stated in the drug label.

Pivotal trials were identi�ed from the FDA’s drug review dossiers and labeling. When more than one
pivotal trial supported a single application approval, each trial was considered separately. That is, each
approved indication could include one or more pivotal trials to support the application. For each
indication, we then selected only one pivotal trial to collect the basic information of the trial and to
compare between indications with and without CDG biomarker. The following steps were used to select
the pivotal trials. First, we selected the trials that supported the initial application approvals of the
indications, that is, trials that supported the postmarketing modi�cations of the indications were
excluded. Second, the trial at the most advanced phase was selected. The collected basic information
included: sample size, study design (RCT, non-RCT [SAT]), trial phase (phase I/II, III), type of blinding
(double blind, open label), comparator(s) and primary e�cacy endpoints. For trials with co-primary
endpoints, the most de�nitive primary endpoint was identi�ed, for example, overall survival (OS)
prioritized over progression-free survival (PFS) and PFS over disease response rate.

E�cacy outcomes (including OS, PFS and disease response rate) were collected for all the pivotal trials
that support the application approvals. When more than one pivotal trial supported a single application
approval, each trial was considered separately and all the trials were selected to collect the e�cacy data.
If more than one e�cacy data was reported for the same outcome in the same trial, most updated result
was extracted. For trials assessing OS or PFS, we evaluated whether the e�cacy data was clinically
meaningful [30]. For all caner types, we considered OS gains of 2.5 months or more and PFS gains of 3
months or more to be clinically meaningful [31].

Statistical Analysis
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We used descriptive statistics to characterize the indications and their supporting pivotal trials. To
evaluate the number of approved indications over time, we estimated Poisson models with the number of
indications as the dependent variable and a linear term for year of approval. The trends were estimated
as incidence rate ratios (IRRs) with 95% con�dence intervals (CIs). We also analyzed the difference in
trends in the mean number of approved indications associated with CDG biomarker versus non-CDG
biomarker directed therapeutics.

Indication and pivotal trial characteristics with and without CDG biomarker were compared by using
nonparametric Mann-Whitney tests for continuous measures and using the Chi-Square tests for
categorical variables. Associations between indication and trial characteristics and CDG biomarker were
estimated as odds ratios (ORs) with 95% CIs using logistic regression with univariate model and
multivariate models respectively. In the multivariate model 1, we adjusted for cancer type (solid cancer,
hematological malignancies). To control potential confounding from type of approval, we additionally
adjusted for approval pathway (accelerated, not accelerated) in the multivariate model 2.

Sensitivity analyses were performed to examine the robustness of the associations. First, we repeated our
analysis excluding the indications in adjuvant or maintenance setting. Second, we repeated our analysis
excluding the indications approved under combination therapy. A p-value less than 0.05 was considered
signi�cant. All the analyses were performed using SAS, version 9.4 (SAS Institute, Cary, NC, USA).

Results

Trends in the Number of Approved Indications
Between 2001 and 2021, a total of 62 SMKI cancer drugs were approved by the FDA, with 150 indications
(Supplementary Table 1). Supplementary Fig. 1 shows the number of approved indications per year with
and without CDG biomarker. Fifty-�ve indications (36.7%) were CDG biomarker-directed (Fig. 1). We
observed a signi�cant increase of 20.5% per year (IRR 1.205, 95% CI 1.135 to 1.280, P < 0.001) and 10.3%
per year (IRR 1.103, 95% 1.063 to 1.144, P < 0.001), respectively, in the number of approved indications
with and without CDG biomarker (P = 0.013 for interaction). The results were consistent in sensitivity
analyses (Table 1). 
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Table 1
Trends in the Number of Approved Indications With and Without CDG Biomarker Between 2001 and 2021

Characteristic Main analysis Sensitivity analysis 1 Sensitivity analysis 2

Incidence
rate ratio
(95% CI)

Interaction Incidence
rate ratio
(95% CI)

Interaction Incidence
rate ratio
(95% CI)

Interaction

With CDG
biomarker

1.205 (1.135
to 1.280)

0.013 1.201
(1.128 to
1.279)

0.012 1.208
(1.127 to
1.296)

0.003

Without CDG
biomarker

1.103 (1.063
to 1.144)

1.094
(1.054 to
1.135)

1.070
(1.027 to
1.114)

Abbreviations:

CDG, caner driver gene; CI, con�dence interval; SMKI, small-molecular kinase inhibitor.

Comparison of Indications and Pivotal Trials With and Without CDG Biomarker
In univariate model, indications with CDG biomarker were more frequent among solid cancers compared
with hematological malignancies (OR = 5.914; 95% CI, 2.430 to 14.395; P < .001) (Table 2 and Table 3).
Multivariate model 1 and 2 showed similar results (Table 3). In multivariate model 2, CDG biomarker-
directed indications were associated with signi�cantly higher odds in receiving accelerated approval (OR 
= 2.728; 95% CI, 1.246 to 5.973; P = .012), designating orphan drug (OR = 3.952; 95% CI, 1.758 to 8.883; P 
< .001) and initial submission of the application (OR = 2.246; 95% CI, 1.063 to 4.746; P = .034). CDG
biomarker-directed indications were associated with signi�cantly lower odds in supporting with RCTs (OR 
= 0.103; 95% CI, 0.032 to 0.338; P < .001), phase III (OR = 0.157; 95% CI, 0.053 to 0.464; P < .001) and
double-blind trials (OR = 0.183; 95% CI, 0.072 to 0.463; P < .001), respectively, compared with indications
without CDG biomarker. CDG biomarker-directed pivotal trials were associated with signi�cantly higher
odds in using disease response rate as primary outcome (OR = 5.568; 95% CI, 1.892 to 16.392; P = .002)
and lower odds in using PFS as primary outcome (OR = 0.274; 95% CI, 0.114 to 0.658; P = .004). The
results were consistent in sensitivity analyses (Supplementary Table 2)
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Table 2
Characteristics of Indication and Pivotal Trial With and Without CDG Biomarker

Characteristic With CDG
biomarker

Without CDG
biomarker

P value

Approval pathway, No. (%)     0.089

Accelerated 25 ( 45.5) 30 ( 31.6)  

Not accelerated 30 ( 54.5) 65 ( 68.4)  

Breakthrough therapy designation, No.
(%)

    0.011

Yes 27 ( 49.1) 27 ( 28.4)  

No 28 ( 50.9) 68 ( 71.6)  

Fast track designation, No. (%)     0.678

Yes 15 ( 27.3) 23 ( 24.2)  

No 40 ( 72.7) 72 ( 75.8)  

Orphan drug designation, No. (%)     < 0.001

Yes 29 ( 52.7) 23 ( 24.2)  

No 26 ( 47.3) 72 ( 76.6)  

Review type, No. (%)     0.227

Priority 44 ( 80.0) 83 ( 87.4)  

Standard 11 ( 20.0) 12 ( 12.6)  

Type of submission, No. (%)     0.003

Initial 36 ( 65.5) 38 ( 40.0)  

Supplemental 19 ( 34.5) 57 ( 60.0)  

Cancer type, No. (%)     < 0.001

Solid cancer 48 ( 87.3) 51 ( 53.7)  

Hematological malignancies 7 ( 12.7) 44 ( 46.3)  

First line, No. (%)     0.850

Yes 12 ( 21.8) 22 ( 23.2)  

No 43 ( 78.2) 73 ( 76.8)  

Abbreviations: CDG, caner driver gene; EFS, event-free survival; DFS, disease-free survival; IQR,
interquartile range; PFS, progression-free survival; OS, overall survival; RCT, randomized controlled
trial; SAT, single-arm trial.
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Characteristic With CDG
biomarker

Without CDG
biomarker

P value

Administration     0.979

Monotherapy 41 ( 74.5) 71 ( 74.7)  

Combination 14 ( 25.5) 24 ( 25.3)  

Adjuvant or maintenance treatment     0.250

Yes 4 ( 7.3) 2 ( 2.1)  

No 51 ( 92.7) 93 ( 97.9)  

No. of entered patients, Median (IQR) 171 (69 to 399) 312 (111 to 602) 0.025

Type of trial     0.008

non-RCT(SAT) 32 ( 58.2) 34 ( 35.8)  

RCT 23 ( 41.8) 61 ( 64.2)  

Supported by phase III trials     0.016

Yes 23 ( 41.8) 59 ( 62.1)  

No 32 ( 58.2) 36 ( 37.9)  

Supported by double blind trials     0.023

Yes 10 ( 18.2) 34 ( 35.8)  

No 45 ( 81.8) 61 ( 64.2)  

No. of trials supporting approval     0.300

One trial 46 ( 83.6) 85 ( 89.5)  

More than one trial 9 ( 16.4) 10 ( 10.5)  

Comparator     0.022

Active 13 ( 23.6) 24 ( 25.3)  

Add-on 6 ( 10.9) 15 ( 15.8)  

Placebo 4 ( 7.3) 22 ( 23.2)  

None 32 ( 58.2) 34 ( 35.8)  

Use OS as primary outcome     0.634

Abbreviations: CDG, caner driver gene; EFS, event-free survival; DFS, disease-free survival; IQR,
interquartile range; PFS, progression-free survival; OS, overall survival; RCT, randomized controlled
trial; SAT, single-arm trial.
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Characteristic With CDG
biomarker

Without CDG
biomarker

P value

Yes 5 ( 9.1) 11 ( 11.6)  

No 50 ( 90.9) 84 ( 88.4)  

Use PFS/DFS/EFS as primary outcome     0.023

Yes 13 ( 23.6) 40 ( 42.1)  

No 42 ( 76.4) 55 ( 57.9)  

Use disease response as primary
outcome

    0.053

Yes 31 ( 56.4) 38 ( 40.0)  

No 24 ( 43.6) 57 ( 60.0)  

Abbreviations: CDG, caner driver gene; EFS, event-free survival; DFS, disease-free survival; IQR,
interquartile range; PFS, progression-free survival; OS, overall survival; RCT, randomized controlled
trial; SAT, single-arm trial.
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Table 3
Association Between CDG Biomarker and Characteristics of Indication and Pivotal Trial of SMKIs

Approved by the FDA between 2001 and 2021

  Univariable analysis Multivariable analysis
(model 1)

Multivariable
analysis (model 2)

Characteristic Odds ratio
(95% CI)

P-
value

Odds ratio
(95% CI)

P-
value

Odds ratio
(95% CI)

P-
value

Approval pathway            

Not accelerated 0 (Reference)   0 (Reference)   0
(Reference)

 

Accelerated 1.806 (0.910
to 3.581)

0.091 2.728 (1.246
to 5.973)

0.012 2.728
(1.246 to
5.973)

0.012

Breakthrough therapy
designation

           

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 2.428 (1.216
to 4.849)

0.012 2.313 (1.108
to 4.827)

0.026 2.039
(0.955 to
4.353)

0.066

Fast track designation            

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 1.174 (0.551
to 2.502)

0.678 1.283 (0.569
to 2.891)

0.548 1.436
(0.629 to
3.281)

0.391

Orphan drug
designation

           

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 3.492 (1.721
to 7.084)

< 
0.001

4.440 (2.005
to 9.836)

< 0.001 3.952
(1.758 to
8.883)

< 
0.001

Review type            

Standard 0 (Reference)   0 (Reference)   0
(Reference)

 

Abbreviations: CDG, caner driver gene; CI, con�dence interval; FDA, US Food and Drug Administration;
IQR, interquartile range; PFS, progression-free survival; OS, overall survival; RCT, randomized
controlled trial; SAT, single-arm trial; SMKIs, small-molecular kinase inhibitors.
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  Univariable analysis Multivariable analysis
(model 1)

Multivariable
analysis (model 2)

Priority 0.578 (0.236
to 1.417)

0.231 0.689 (0.267
to 1.776)

0.441 0.520
(0.198 to
1.368)

0.186

Type of submission            

Supplemental 0 (Reference)   0 (Reference)   0
(Reference)

 

Initial 2.842 (1.424
to 5.672)

0.003 2.572 (1.241
to 5.333)

0.011 2.246
(1.063 to
4.746)

0.034

Cancer type            

Hematological
malignancies

0 (Reference)   0 (Reference)   0
(Reference)

 

Solid cancer 5.914 (2.430
to 14.395)

< 
0.001

5.914 (2.430
to 14.395)

< 0.001 7.613
(2.958 to
19.590)

< 
0.001

First line            

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 0.926 (0.417
to 2.057)

0.85 0.885 (0.380
to 2.062)

0.777 0.915
(0.386 to
2.166)

0.840

Administration            

Combination 0 (Reference)   0 (Reference)   0
(Reference)

 

Monotherapy 0.990 (0.462
to 2.123)

0.979 1.483 (0.658
to 3.345)

0.342 1.214
(0.518 to
2.846)

0.656

Type of trial            

non-RCT (SAT) 0 (Reference)   0 (Reference)   0
(Reference)

 

RCT 0.401 (0.203
to 0.791)

0.008 0.110 (0.041
to 0.297)

< .0001 0.103
(0.032 to
0.338)

< 
0.001

Supported by phase III
trials

           

Abbreviations: CDG, caner driver gene; CI, con�dence interval; FDA, US Food and Drug Administration;
IQR, interquartile range; PFS, progression-free survival; OS, overall survival; RCT, randomized
controlled trial; SAT, single-arm trial; SMKIs, small-molecular kinase inhibitors.
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  Univariable analysis Multivariable analysis
(model 1)

Multivariable
analysis (model 2)

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 0.439 (0.223
to 0.864)

0.017 0.151 (0.061
to 0.376)

< 0.001 0.157
(0.053 to
0.464)

< 
0.001

Supported by double to
blind trials

           

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 0.399 (0.179
to 0.890)

0.025 0.155 (0.063
to 0.378)

< 0.001 0.183
(0.072 to
0.463)

< 
0.001

No. of trials supporting
approval

           

One trial 0 (Reference)   0 (Reference)   0
(Reference)

 

More than one trial 1.663 (0.631
to 4.384)

0.304 2.165 (0.738
to 6.352)

0.160 1.788
(0.588 to
5.437)

0.306

Comparator            

Active 0.916 (0.422
to 1.988)

0.824 0.928 (0.407
to 2.118)

0.860 1.169
(0.501 to
2.729)

0.719

Add-on 0.653 (0.238
to 1.796)

0.409 0.437 (0.153
to 1.251)

0.123 0.513
(0.174 to
1.512)

0.226

Placebo 0.260 (0.085
to 0.801)

0.019 0.120 (0.037
to 0.384)

< 0.001 0.145
(0.044 to
0.475)

0.001

Use OS as primary
outcome

           

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 0.764 (0.251
to 2.325)

0.635 0.513 (0.162
to 1.624)

0.257 0.671
(0.205 to
2.201)

0.511

Abbreviations: CDG, caner driver gene; CI, con�dence interval; FDA, US Food and Drug Administration;
IQR, interquartile range; PFS, progression-free survival; OS, overall survival; RCT, randomized
controlled trial; SAT, single-arm trial; SMKIs, small-molecular kinase inhibitors.
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  Univariable analysis Multivariable analysis
(model 1)

Multivariable
analysis (model 2)

Use PFS as primary
outcome

           

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 0.426 (0.202
to 0.895)

0.024 0.224 (0.098
to 0.513)

< 0.001 0.274
(0.114 to
0.658)

0.004

Use disease response
as primary outcome

           

No 0 (Reference)   0 (Reference)   0
(Reference)

 

Yes 1.937 (0.989
to 3.796)

0.054 6.019 (2.415
to 15.002)

< 0.001 5.568
(1.892 to
16.392)

0.002

Abbreviations: CDG, caner driver gene; CI, con�dence interval; FDA, US Food and Drug Administration;
IQR, interquartile range; PFS, progression-free survival; OS, overall survival; RCT, randomized
controlled trial; SAT, single-arm trial; SMKIs, small-molecular kinase inhibitors.

Comparison of Trial E�cacy Results With and Without CDG Biomarkers

In solid cancer, overall response rates (ORRs) were signi�cantly higher for therapies with CDG biomarker
when compared with those without (Median 57.4% [IQR, 40.6–67.4%] versus Median 30.0% [IQR,
9.3%-46.9%]; P < .001), whereas e�cacy results from hematological malignancies did not show the
difference (Median 50.0% [IQR, 38.7%-67.6%] versus Median 56.0% [IQR, 43.0%-77.5%]; P = .931). In solid
cancer, there was no statistically signi�cant difference in median PFS gains or in clinically meaningful
PFS improvement, respectively, between the therapies with and without CDG biomarker. The median OS
gains were longer among therapies with CDG biomarker (21.8 months [IQR, 14.2–32.3 months]) when
compared with those without (17.4 months [IQR, 10.8–26.3 months]), despite the results were not
statistically signi�cant (P = .262) (Table 4). The results were consistent in sensitivity analyses
(Supplementary Table 3).
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Table 4
Comparison of Pivotal Trial E�cacy Results With and Without CDG Biomarkers

Characteristic With CDG
biomarker

Without CDG
biomarker

P-
value

Disease response rate, Median (IQR)      

All 57.2 (39.9 to
67.5)

44.1 (26.7 to 59.8) 0.002

Solid cancera 57.4 (40.6 to
67.4)

30.0 (9.3 to 46.9) < 
0.001

Hematological malignancies 50 (38.7 to 67.6) 56 (43.0 to 77.5) 0.931

PFS, Median (IQR)      

All 10.7 (7.3 to 16.5) 9.4 (5.5 to 16.4) 0.565

Solid cancer 10.9 (7.3 to 16.6) 8.6 (5.5 to 16.4) 0.277

Hematological malignancies 5.5 (2.8 to 8.2) 16.4 (14.1 to 19.4) NE

Clinically meaningful improvement of PFS,
No. (%)

     

All 21 ( 77.8) 38 ( 77.6) 0.982

Solid cancer 20 ( 80.0) 35 ( 76.1) 0.706

Hematological malignancies 1 ( 50.0) 3 (100.0) NE

OS, Median (IQR)      

All 21.8 (14.2 to
32.3)

17.4 (10.8 to 26.3) 0.262

Solid cancer 21.8 (14.7 to
31.4)

16.9 (10.7 to 25.5) 0.118

Hematological malignancies 42.0 (9.3 to 74.7) 37.3 (33.9 to 40.6) NE

Clinically meaningful improvement of OS, No.
(%)

     

All 11 ( 73.3) 12 ( 48.0) 0.117

Solid cancer 9 ( 69.2) 11 ( 45.8) 0.173

Hematological malignancies 2 (100.0) 1 (100.0) NE

Abbreviations: CDG, caner driver gene; IQR, interquartile range; NE, not estimable; PFS, progression-
free survival; OS, overall survival.

a Overall response rates were compared.
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Discussion
In this study, we provided a pro�le of 150 indications of 62 SMKIs approved by the FDA between 2001
and 2021. Our characterization of the indications and pivotal trials between cancer therapies with and
without CDG biomarker demonstrated that there was wide variation, respectively, in the numbers of
approvals per year, the FDA’s expedited development and approval programs, submission type, cancer
type, number of entered patients, choice of randomization, double-blinding, comparators and end points.
Moreover, we found the ORR was statistically signi�cant higher among therapies with CDG biomarker
when compared with those without CDG biomarker.

There are several important �ndings. First, the number of the FDA approved indications for SMKIs has
grown signi�cantly in the past two decades, ranged from one approved indication in the �rst year to a
peak of twenty approved new indications in 2020. The total number was 55 and 95, respectively, for
approved indications with and without CDG biomarker. We observed a signi�cantly higher increased trend
in the number of CDG biomarker-directed indications between 2011 and 2021. Accumulated evidences
showed that the progression of cancer could be signi�cantly inhibited or even partly reversed after
blocking the CDG function, for example, osimertinib treatment for NSCLC with EGFR T790M [2, 32, 33].
Additionally, SMKIs show their pharmacological advantages in penetrating the cancer cell membrane
with lower research and development cost when compared with antibodies, leading to the boom in CDG
therapeutic strategy [34]. CDG directed SMKI development had made great progressions in past decades.
Among the 24 approved NSCLC indications, 21 (87.5%) of them were CDG biomarker-directed. With the
development of precise treatment and individualized therapy, more CDG biomarkers may be discovered in
the future, not only in NSCLC, but also in other cancer types such as liver or kidney carcinoma [6, 8].
According to the �ndings in this study, BRAF, EGFR, RET and ALK were the most commonly used CDG
biomarkers. To date, CDG directed SMKI therapeutics in cancer has become the fastest growing �eld,
suggesting its important role in leading the precise and individual therapy for cancer patients.

Second, we characterized the indications and pivotal trials with and without CDG biomarker. 58.2%
(32/55) of CDG biomarker-directed indications were supported with SATs while only 35.8%(34/95) of non-
CDG biomarker-directed indications were supported with SATs. In general, SATs would have smaller
sample size, and thus spend less time and resources when compared with that of RCTs [35]. This study
found that the median number of entered patients was 171 in CDG biomarker-directed trials while the
median number was 312 in trials without directed CDG biomarker. In addition, only 7.3%(4/55) of CDG
biomarker-directed indications were supported by trials with placebo controls. CDG biomarker-directed
indications were signi�cantly more frequent among the FDA’s expedited development and approval
programs including accelerated approval, breakthrough therapy designation, orphan drug designation
and initial submission of the application. By precisely de�ning entered patients using the CDG biomarker,
sample size could be smaller with shorter conducting period facilitating the candidate SMKI development
[7, 8]. Anticancer drug trials are increasingly competing in the limited clinical resources [6–9]. Our study
illustrated that CDG biomarker-directed SMKI in precision cancer medicine development had advantages
in FDA review pathways and spent less clinical resources, suggesting saving time and cost.
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Third, results in this study showed that the e�cacy outcomes in pivotal trials with CDG biomarker were
signi�cantly better when compared with those without CDG biomarker. In solid cancer, CDG biomarker-
directed trials had statistically signi�cantly higher ORRs (median 57.4%) when compared with those of
non-CDG biomarker-directed trials (median 30%). Possibly due to small sample size, we did not identify
signi�cant difference on disease response rate between CDG biomarker-directed trials and non-CDG
biomarker-directed trials in hematological malignancies. CDG biomarker-directed trials seem to have
better outcome in clinically meaningful improvement for both OS and PFS when compared with those
non-CDG biomarker-directed trials. The median OS was 21.8 month versus 16.9 month for solid cancer
and was 42.0 month versus 37.3 month for hematological malignancies, respectively, for trials with and
without CDG biomarker. With more number of CDG biomarker-directed trials conducted in the future, we
believe that the statistical power will be large enough to detect signi�cantly clinically meaningful
improvements.

In conclusion, this study �lls a crucial knowledge gap regarding the characteristics of the approved
indication of SMKIs and supporting pivotal trials with and without CDG biomarker. The �ndings in this
study would provide signi�cant evidences for precision medicine development of cancer therapy in the
future. Tumor is a genetic disease. It is the result of genetic mutation [1, 2]. CDG is both a biomarker and
a functional drug target [1, 2, 5]. With the advances of NGS technology, we believe that more number of
CDG will be identi�ed to contribute to precision medicine in the future [23]. Since the cancer classi�cation
are increasingly subdivided due to different CDGs [3, 8, 23], the number of patients tailored based on the
CDGs will become small in each treatment group [8]. Therefore, the CDG biomarker-directed indications
are usually eligible for the application of orphan drugs [35]. We believe that more and more number of
SMKI agents will be developed based on evidences from phase I/II (dose escalation and dose expansion)
SATs in the future [14]. There will be more frequent using of special expedited development and approval
programs at the FDA for CDG biomarker-directed pharmaceutical agents. The present study has already
identi�ed this trend. Precision medicine is now changing the research and development (R&D) for new
pharmaceutical agent. With shorter time to approval and higher clinical bene�ts [34, 36], the pace for R&D
in CDG biomarker-directed agent is continuously speeding up, allowing the optimal subgroup of patients
to receive the optimal therapy in the shortest time. This study has provided useful historical references to
authority regulators, R&D scientists and other decision makers.

Limitations
Three limitations should be noted. First, some characteristics such like trial duration and safety event
were not consistently reported in the FDA publicly available documents and trial reports. Second, the
comparisons between indications with and without CDG biomarker are underpowered to detect
statistically signi�cant differences on effect sizes of median OS and PFS. Third, the resources were
limited to those materials presented by the FDA and did not include information from other agency such
as European Medicines Agency (EMA).
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Conclusions
Among approved indications of SMKI cancer drugs, indications with CDG biomarkers outweigh those
without CDG biomarkers in increasing trend in the number of approvals per year and using special
expedited development and approval pathways at the FDA, with lower frequent of using RCTs, less
number of entered patients and better e�cacy in disease response rates.
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Figure 1

Distribution in the Number of CDG Biomarker-directed Indications (A) By types of solid cancer; (B) By
types of hematological malignancies; (C) By types of biomarker in solid cancer; (D) By types of biomarker
in hematological malignancies
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