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ABSTRACT
◥

Purpose: Patients with rare cancers (incidence less than 6 cases per
100,000 persons per year) commonly have less treatment opportu-
nities and are understudied at the level of genomic targets. We
hypothesized that patients with rare cancer benefit from approved
anticancer drugs outside their label similar to common cancers.

Patients and Methods: In the Drug Rediscovery Protocol
(DRUP), patients with therapy-refractory metastatic cancers har-
boring an actionable molecular profile are matched to FDA/Euro-
pean Medicines Agency–approved targeted therapy or immuno-
therapy. Patients are enrolled in parallel cohorts based on the
histologic tumor type, molecular profile and study drug. Primary
endpoint is clinical benefit (complete response, partial response,
stable disease ≥ 16 weeks).

Results: Of 1,145 submitted cases, 500 patients, including 164
patients with rare cancers, started one of the 25 available drugs and

were evaluable for treatment outcome. The overall clinical benefit
rate was 33% in both the rare cancer and nonrare cancer subgroup.
Inactivating alterations of CDKN2A and activating BRAF aberra-
tions were overrepresented in patients with rare cancer compared
with nonrare cancers, resulting in more matches to CDK4/6 inhi-
bitors (14% vs. 4%; P ≤ 0.001) or BRAF inhibitors (9% vs. 1%;
P ≤ 0.001). Patients with rare cancer treated with small-molecule
inhibitors targeting BRAF experienced higher rates of clinical
benefit (75%) than the nonrare cancer subgroup.

Conclusions: Comprehensive molecular testing in patients
with rare cancers may identify treatment opportunities and
clinical benefit similar to patients with common cancers. Our
findings highlight the importance of access to broad molecular
diagnostics to ensure equal treatment opportunities for all
patients with cancer.

Introduction
Patients with rare cancers, commonly defined as cancers with an

incidence rate of less than 6 cases per 100,000 persons per year (1),
account for asmuch as 24%of all cancer diagnoses and thus represent a

significant group of patients with specific diagnostic and treatment
challenges (2). These patients have significantly less access to new
treatment opportunities as patients with nonrare cancers. This is partly
due to the limited number of tumor-specific clinical trials for patients
with a defined rare cancer that contributes to a lack of comprehensive
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molecular profiling of these tumors. In addition, these studies have
historically shown low accrual rates. As a consequence, the drug label
generally does not include rare cancer types. This is a vicious circle that
creates a serious and increasing problem for patients with rare cancer
resulting in generally a significantly lower relative survival (2).

The European Society for Medical Oncology (ESMO) has been
addressing the issue of rare cancers since the launch of “Rare Cancers
Europe” in 2008 (3). Currently, the definition of rare cancers is solely
based on histologic diagnoses, whereas precision oncology aims to
identify patients with specific molecular targets. For example, NTRK
fusions, microsatellite instability (MSI), and BRCA mutations are
identified in 0.31%, 1.9%, and 4.9%, respectively, of all tumors (4–6).
Whereas the definition of rare cancers based on histology is very
valuable to make sure patients with “rare cancer” get similar treatment
opportunities as patients with common cancer, in a broader context,
testing for rare molecular targets will benefit all patients (7). This will
further emphasize the importance of comprehensive molecular pro-
filing of all patients. It is also underscored by the observation that even
in common cancers, specific but rare molecular targets are not always
part of the diagnostic workup resulting in a significant inequality of
care (8–10). It is, therefore, inevitable that cancer care needs an
infrastructure that provides access to adequate diagnostic tests to
create treatment opportunities, not only for patients with rare cancers,
but for all patients with tumors harboring rare molecular profiles.

We recently showed that the use of whole-genome sequencing
(WGS; standard of care) in diagnostics leads to the identification of
actionable genomic alterations in more than 60% of patients with
metastatic cancer (11). In as much as 13% of these patients, commer-
cially available FDA/European Medicines Agency (EMA)–approved
drugs could be used to target these actionable alterations outside their
label (10), which has been referred to as off-label use. We, therefore,
initiated the Drug Rediscovery Protocol (DRUP) to facilitate the use of
approved drugs outside their label. DRUP is an ongoing and open-end,
multidrug, pan-cancer precision oncology trial designed to facilitate
access for patients with treatment-refractory advanced or metastatic
cancer to FDA/EMA-approved targeted therapies and immunothera-
pies based on themolecular profile of the tumor. Themain objective of
the DRUP study is to identify signals of efficacy in small cohorts of
patients, defined by a molecular target, a tumor type, and a specific

drug or combination of drugs (12). This approach using existing
anticancer drugs beyond the approved indications has also successfully
been tested in other precision oncology trials, such as the MyPathway
study and I-PREDICT study (13, 14).

Expanding the use of approved drugs has already shown to be
successful (15, 16). The best known example is the development of
imatinib for the treatment of Philadelphia-positive chronic myeloid
leukemia (CML) and c-KIT–positive gastrointestinal stromal tumor
(GIST) that has changed our perspective onmolecular-guided therapy
in oncology (17). To gain insight in the distribution of actionable
genomic targets in patients with rare cancers and to evaluate the
outcome of treatment with targeted off-label use of approved anti-
cancer drugs, we compared this with the same assessments in patients
with nonrare cancers in the first 500 patients treated in DRUP.

Here we show that the DRUP fulfils an unmet need for patients with
rare cancers and that these patients have similar treatment outcomes
when treated with targeted drugs as patients with nonrare cancer. We
also show that there is a significant overlap in drug targets present in
rare cancers and nonrare cancers. Our study emphasizes that patients
with rare cancers deserve similar access to diagnostics and novel
treatment approaches to avoid inequality in care for this vulnerable
patient group.

Methods
Study population

Patients submitted to DRUP (NCT02925234) had to have progres-
sive advanced or metastatic cancer and exhausted all standard-of-care
treatments. Patients were eligible for treatment if they had a somatic
actionable target on either the primary tumor or metastasis for which
an approved drug was available and if there were no contraindications
for the proposed targeted treatment (12, 18). Actionable targets were
identified by molecular profiling as part of regular diagnostics in the
participating hospitals, or as part of a clinical trial such as the CPCT-02
trial (NCT01855477) in whichWGS was performed on biopsies taken
prior to regular systemic treatments. All patients underwent a man-
datory pretreatment biopsy on whichWGSwas performed, which was
used, among other things, for validation of the actionable target.

Study design
This trial was not randomized and investigators were not blinded to

treatment allocation. The study was approved by the Medical Ethical
Committee of the Netherlands Cancer Institute in Amsterdam, the
Netherlands and was conducted in accordance with Good Clinical
Practice guidelines and the Declaration of Helsinki’s ethical principles
for medical research. All patients provided written informed consent
upon enrollment.

Drug selection was performed by the central study team, where
needed, after consultation of the DRUP central molecular tumor
board. If more than one potentially actionable variant was present in
the tumor tissue or if therewasmore than one drug available in the trial
that could target the genomic variant, the agent with the highest level of
evidence was selected, as described previously (12, 18). On the basis of
molecular target, patients were matched to one of the study drugs and
enrolled in parallel cohorts, defined by tumor type, molecular profile,
and study drug. Study drugs could not be combined with anticancer
drugs outside of the study. The primary endpoint of the trial is clinical
benefit, which is defined as a confirmed objective response or stable
disease for more than 16 weeks. This is analyzed per cohort using
Simon two-stage design (19). Secondary endpoints include progres-
sion-free and overall survival and duration of treatment. Cohorts

Translational Relevance

Patients with rare cancers (incidence less than 6 cases per
100,000 persons per year) account for as much as 24% of all cancer
diagnoses. However, this significant subgroup of patients with
cancer have significantly less access to new treatment opportunities
and are understudied at the level of genomic targets compared with
patients with common cancers. In the Drug Rediscovery Protocol
(DRUP), patients with therapy-refractory metastatic cancers, har-
boring an actionable molecular profile, are matched to an available
FDA/European Medicines Agency–approved targeted therapy or
immunotherapy. Our study shows that there is a significant overlap
in genomic targets between common and rare cancers. Also,
progression-free survival and overall survival for common cancers
and rare cancers treated in DRUP were similar. Furthermore,
exceptional responders have been observed in the rare cancer
group highlighting the importance that rare cancers deserve similar
access to diagnostics and novel treatment approaches to avoid
inequality in care.
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considered to be successful after completion in stage 2 can, depending
on discussions with payers and pharmaceutical companies, continue
enrollment of patients in an extension stage (stage 3). This model
allows for extended data collection aiming to increase the level of
evidence for a certain drug – tumor type –molecular profile indication
and provides prolonged access to these drugs, after completion of stage
2 (20). Safety and accrual data were regularly reviewed by the Inde-
pendent Data Monitoring Committee, who could subsequently pro-
vide advice on the conduct of the trial.

For all analyses that were performed in this study, comparisons have
been made between patients with rare cancer types (defined as tumors
with an incidence of 6 per 100,000 cases) and patients with nonrare
cancer types treated within the trial.

Statistical analysis
All statistical analyses were performed using R version 4.0.2 (http://

www.R-project.org/). Patient characteristics, adverse events (AE), and
tumor responses were summarized using descriptive statistics and
comparisons have been made between patients with rare cancer types
and nonrare cancer types. Baseline characteristics (including number
of lines of previous treatment) were compared using the Wilcoxon
rank-sum test for continuous variables, Fisher test for categorical
variables, and a trend test for ordinal variables (WHO performance
status). In addition, Fisher test was used to compare the percentages of
patients for whom amatching target was found in the groups with rare
and nonrare cancers. The number of patients with AEs was calculated
counting the highest grade according to the CTC criteria (version
4.03), as a percentage of the total number of patients who received at
least one dose of study medication.

Data availability
The data described in this study are available for academic use upon

request. WGS in combination with clinical data can be obtained
through the Netherlands Cancer Institute and the Hartwig Medical
Foundation through standardized procedures. Request forms can be
found at https://www.hartwigmedicalfoundation.nl/en. An indepen-
dent data-access board will evaluate whether the intended use of the
data is compatible with the consent given by the patients, and whether
there would be any applicable legal or ethical constraints. Clinical data,
treatment outcome, and safety data can be obtained at a per-patient
level by emailing the Institutional Review Board of the Netherlands
Cancer Institute (IRB@nki.nl).

Results
From September 1, 2016 until November 15, 2019, 500 patients

(of 1,145 submitted and reviewed cases; 44%) fulfilled the inclusion
criteria for treatment and were enrolled in DRUP. Data presented
reflect follow-up until July 12, 2021.

In total, 645 reviewed cases (56%) did not start treatment for
several reasons, with harboring a nonactionable target (n ¼ 119)
or not meeting the inclusion criteria (n ¼ 184) as the most
frequent. The reasons for nonenrollment were comparable
between patients with a rare cancer and a nonrare cancer type
(Fig. 1).

In all enrolled patients, treatment with one of 25 available study
drugs was initiated. Out of these, 164 patients (33%) were diagnosed
with a rare cancer type according to the ESMO definition (1). The
remainder were patients with common cancers.

Figure 1.

Flowchart of submitted and enrolled cases. SoC, standard-of-care treatments; VUS, variant of unknown significance.
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Enrolled patients were treated in 33 centers throughout the Nether-
lands, including academic, teaching, and community hospitals.
Patients with rare cancer types were primarily treated in the Nether-
lands Cancer Institute or in academic hospitals (81% of the patients),
whereas patients with nonrare cancer were more evenly distributed
across all participating hospitals. The median follow-up duration was
21.2 months for all patients.

Baseline characteristics
Baseline characteristics of all patients treated are depicted

in Table 1, in which the subgroup of patients with rare cancer is
outlined separately. The most frequent nonrare cancers were non–
small cell lung cancer (n ¼ 90) and colorectal cancer (n ¼ 73). In the
rare cancer subgroup, tumors originating primarily from the bile duct
(n ¼ 20) and central nervous system (n ¼ 23) were most frequently
included (Supplementary Table S1). Also, patients with ultrarare solid
tumors (with an incidence of lower than 0.2/100,000/year; ref. 21) were
enrolled, such as metastasized hidradenocarcinoma (n ¼ 2), neuro-
endocrine carcinomas (n¼ 4), and salivary duct carcinomas (n¼ 10).
Importantly, the median number of previous therapy lines was sig-
nificantly lower in the subgroup of rare cancers compared with
nonrare cancers [2 (IQR 1–3) vs. 3 (IQR 2–5); P < 0.001].

Genomic targets and profiling techniques used for target
identification and opened cohorts

In 52% of the enrolled patients, actionable targets matched to a
study drug were identified by WGS. In the remaining cases (48%),
targets were revealed by other molecular profiling techniques
(e.g., smaller gene panels, IHC, FISH). The percentage of patients
with genomic targets identified by WGS was comparable for rare
and nonrare cancers (n ¼ 82; 50% and n ¼ 179; 53%, respectively,
P ¼ 0.40).

For both patients with rare cancer and nonrare cancer, high
mutational load (HML) and alterations of ERBB2 (rare cancers
n ¼ 17; 10%, nonrare cancers n ¼ 59; 18%) were the most frequently
reported targets that could be matched to study treatment (Fig. 2).
When breaking down the ERBB2 alterations, relatively more ampli-
fications than mutations were observed in the rare cancer group

(amplification n ¼ 15; 88%, mutation n ¼ 2; 12%), whereas this
distribution was more evenly distributed in the nonrare cancer group
(amplification n ¼ 27; 46%, mutation n ¼ 32; 54%). However,
inactivating mutations or homozygous deletions of CDKN2A and
activating BRAF mutations were observed more often in rare cancer
cases compared with nonrare cancer cases (Fig. 2A), resulting in more
matches to CDK4/6 inhibitors (rare cancers n ¼ 24; 15%, nonrare
cancers n¼ 13; 4%, P≤ 0.001) or BRAF inhibitors (rare cancers n¼ 16;
10%, nonrare cancers n¼ 4; 1%, P ≤ 0.001) in the rare cancer subgroup
We observed that patients with rare cancers were more frequently
matched to anti-EGFR treatment based on the RAF/RAS wild-type
status of the tumor (referred to as “none” in Fig. 2).

The opposite holds true for the nonrare cancer subgroupwhereMSI
was more frequently identified (n ¼ 56; 17%) as target for immuno-
therapy compared with the rare cancer group (n¼ 10; 6%; Fig. 2B). In
November 2019, DRUP had 134 parallel cohorts open for enrollment
of patients, of which the majority (89 cohorts; 66%) for rare cancers
(Supplementary Table S1).

AEs
Of all patients with rare cancer, 18% (n¼ 30) experienced a grade≥3

AE related to the treatment; none of these were fatal. In the nonrare
cancer group, 24% (n¼ 80) of the patients had a grade 3 or higher AE
that could be linked to the treatment, of which 3 were fatal (Supple-
mentary Table S2). The difference between the rare and nonrare
cancers was nonsignificant (P ¼ 0.11). In the nonrare cancer group,
the most common reported related AEs were hypertension (n ¼ 10)
and abnormal liver biochemical tests (n ¼ 16). For the rare cancer
group, there was no clear predominance of specific AEs, related to the
DRUP treatment.

Clinical benefit
The first 500 patients treated inDRUPhad an overall clinical benefit

rate of 33%. This was observed across all treatment classes (Fig. 3) and
similar between the rare cancer and the nonrare cancer subgroups
(33% in both groups). When studying in more detail at the different
treatment types targeting specific pathways for the rare cancer group,
we observed that patients treated with small-molecule inhibitors

Table 1. Baseline characteristics.

Nonrare
(N ¼ 336)

Rare
(N ¼ 164)

Total
(N ¼ 500) P

Age at consent (IQR) 64 (55–71) 61 (49–68) 63 (53–70) <0.001a

Gender (%)
Male 166 (49%) 103 (63%) 269 (54%) 0.006b

Female 170 (51%) 61 (37%) 231 (46%)
WHO PS (%)

WHO 0 90 (30%) 51 (35%) 143 (32%) 0.229c

WHO 1 186 (61%) 89 (60%) 275 (61%)
WHO 2 25 (8%) 8 (5%) 33 (7%)

Previous systemic therapy lines (IQR) 3 (2–5) 2 (1–3) 3 (2–5) <0.001a

Previous chemotherapy lines (IQR) 2 (1–3) 1 (0–3) 2 (1–3) <0.001a

Previous hormonal therapy lines (IQR) 0 (0–1) 0 (0–0) 0 (0–0) NA
Previous immunotherapy lines (IQR) 0 (0–1) 0 (0–0) 0 (0–1) NA
Previous targeted therapy lines (IQR) 0 (0–0) 0 (0–0) 0 (0–0) NA

Note: Baseline characteristics of enrolled patients in the DRUP trial: rare versus nonrare cancer types.
Abbreviations: IQR, interquartile range; NA, nonapplicable; WHO PS, World Health Organization Performance Status.
aKruskal–Wallis ranks sum test.
bFisher exact test for count data.
cTrend test for ordinal variable.
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targeting BRAF, experienced higher rates of clinical benefit (75%)
compared with the nonrare cancer subgroup (0%) expressing the same
mutated BRAF oncoprotein (Fig. 4A). These patients (n ¼ 16) were
enrolled in five parallel cohorts with various rare cancers and were
treated with BRAF inhibitors alone or in combination with MEK
inhibitors. Other cohorts, in which patients with rare cancer were
treated with small-molecule inhibitors targeting ALK, FGFR2, RET,
and PDGFRA, were also successful across different tumor types,
although the total number of treated patients in these cohorts were
small. Notable successful cohorts in the nonrare cancer subgroupwere,
for example, the NRAS-mutated tumors treated with MEK inhibitors
or cohorts with PARP inhibitors for tumors with somatic inactivating
alterations in homologous recombination genes (e.g., BRCA, CDK12,
and RAD51B). It should be noted that the numbers of patients in these
cohorts were small. In both patients with rare cancer and nonrare
cancer, very limited benefit was seen in patients with tumors harboring
inactivating alterations in CDKN2A treated with single-agent CDK4/6
inhibitors. (Fig. 4A and B).

Progression-free survival and overall survival did not significantly
differ between patients with a rare cancer type or a nonrare cancer type
(Fig. 5A and B).

To illustrate the potential value of our approach for individual
patients, several patients with rare cancers had prolonged treatment
benefit that could serve as a basis for further studies. For example, a
64-year-old female with BRAF p.V600E mutated poorly differentiated
large cell carcinoma who was treated with BRAF/MEK inhibition.
After only four cycles of treatment, no measureable lesions were
detectable. This complete remission is still ongoing, > 2 years after
treatment initiation (Supplementary Fig. S1). Other exceptional
responders included aBRAF-mutated salivary duct carcinoma (treated
with BRAF/MEK inhibition) experiencing an ongoing complete
remission for 96 weeks and a patient with atypical fibroxanthoma
with HML > 450 in a microsatellite-stable tumor with an ongoing
partial remission for > 2.5 years.

Discussion
In this study, we show that patients with rare cancers have a similar

benefit from off-label targeted agents as patients with nonrare cancers.
This is illustrated by the analysis of the first 500 patients included in
DRUP, in which rare cancers were relatively overrepresented (33% in
DRUP compared with 24% of all patients with cancer as described in

Figure 2.

Molecular targets used for submission/enrollment. Representation of all genes harboring somatic alterations that were reviewed by the study team and enrolled in
the trial of rare cancer (A) and nonrare cancer (B) patients. For enrolled patients, the target depicted was matched for treatment. None indicates that only the RAF/
RAS wild-type status could confer anti-EGFR treatment (panitumumab) or that there was no actionable target present.
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literature; ref. 2). The clinical benefit experienced by all treated patients
is in line with the initial analysis of the first 215 patients treated in
DRUP, and comparable to other precision oncology studies (12, 22).
The high percentage of patients with rare cancer in DRUP is possibly
explained by the fact that these patients often do not have many
standard-of-care treatment options and are generally excluded from
other clinical trials, whereas DRUP provided access to off-label

treatment that was otherwise not available. In the past, only very few
clinical trials have reported on outcomes of patients withrare cancer
treated with genomics-based therapies. Most precision oncology trials
enroll patients with rare cancer types, but have not yet shared focused
outcomes of this specific subgroup or have analyzed their outcomes
in a tumor agnostic manner (13, 14, 23). A recent publication by
the German Cancer Consortium paved the way by showing that

Figure 3.

Waterfall plot.Waterfall plots depicting best RECIST 1.1 response of rare cancer subgroup (A) and nonrare cancer subgroup (B). Colors denote the different treatment
types, as defined in the legend.
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whole-genome/exome and RNA sequencing enables molecularly
informed treatments that lead to clinical benefit when treated with
molecularly matched agents (24).

The observation that patients with rare cancers received generally
less standard-of-care treatment lines reflects limited treatment oppor-
tunities andmay have resulted inmore sensitivity to targeted agents, as
routinely untreated cancers seem less heterogenous in their genomic
drivers (25). Furthermore, in rare cancers the natural course of the
disease can be variable as it is less well understood as for common
cancers.

We showed that the clinical benefit of genomicallymatched targeted
therapies in patients with rare cancer was comparable with patients
with nonrare cancer, as well as similar toxicity profiles. Anecdotally,
patients with rare cancer treated with SMI even showed long lasting
benefit. This underpins the need for comprehensive genomic testing in
these patients to guarantee they have the same treatment opportunities
as patients with nonrare cancers (22, 26). In addition, this also shows
the importance of systematic, high-quality data collection in this
patient group to be able to learn from these exceptional responders.
The DRUP platform could serve as a drug development path for

Figure 4.

Clinical benefit. Boxplot showing clinical benefit (CB; yes or no) per drug type and involvedpathway in absolute numbers (n; upper figure) andpercentage (%; bottom
figure) of rare cancers (A) and nonrare cancers (B). i, inhibitor; NE, not evaluable.
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patients with rare cancer, where clinical data can be combined with
systematic genomic data to expedite its progress.

This may also facilitate the use of combinatorial therapeutic strat-
egies in the absence of single-agent activity sometimes found in clinical
trials.

Several examples are reported in which single-agent therapy failed
to elicit clinical responses, whereas these drugs proved successful in
combination with (multiple) other agents targeting different signaling
pathways (27). Because genomics can only provide part of the required
biological insights to develop successful (combinatorial) treatment

Figure 5.

Progression-free survival (A) and overall survival curves (B)
(rare versus nonrare cancers).
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strategies, it is likely, in the (near) future, DRUP and similar initiatives
will incorporate more extensive molecular profiles, such as RNA
sequencing, proteomics, or functional assays. One important issue
that needs to be addressed is the potential overlapping toxicities, as
most drug combinations will not have been investigated in phase I
clinical trials. Although new combinations should be given with
caution to patients with cancer, the I-PREDICT study has shown the
feasibility of this approach (28). Although our analyses provide a
strong case of support for broadmolecular testing for patients with rare
cancers and subsequent access to targeted treatment as part of studies,
similar to patients with more common cancers, this trial also has
limitations. The DRUP was designed to identify signals of activity in
very small but defined groups of patients. Even when the percentage of
patients with clinical benefit was similar in both groups, lumping data-
cross cohorts may lead to unjustified generalizations, and may distract
from either clear signs or of activity or lack of activity of a specific
treatment. Overlapping survival curves may also obscure results of
subgroups.

Another limitation is the absence of a rare cancer control group: as
all patients qualifying for DRUP have exhausted standard-of-care
treatments and would have otherwise entered a phase I clinical trial
or received best supportive care, it remains challenging to create
comparable control groups of patients with similar tumor character-
istics. Moreover, considering the molecular diversity of tumors, it is
extremely challenging to generate a truly comparable control group. It
is, therefore, essential that real-life data collections are created, in
which molecular profiles, treatment and survival data are registered in
a structured manner. This should preferably be done as part of an
international data sharing network. At present, an international
data sharing network for studies with a similar design as DRUP is
being established including the TAPUR and CAPTUR studies and
various other more recently initiated studies (e.g., NCT04341181,
NCT04185831; refs. 29, 30). Such a network and systematic data
collection will not only allow for generation of sufficient numbers to
address specific questions, it will hopefully also lead to better treatment
opportunities for our patients.

In summary, we show that patients with metastatic rare cancers
benefit from comprehensive molecular diagnostics. Systematic test-
ing, data collection and access to off-label drugs will contribute to
alleviate the current inequality in care from which these patients
suffer.
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