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10 CHAPTER 1

GENERAL INTRODUCTION
Accounting for almost one in six deaths, cancer is the second leading cause of death world-
wide1. In 2020, an estimated 19.3 million new cancer cases occurred, and nearly 10 million 
people have died from the disease2. The global cancer burden continues to increase and a 47% 
rise in incidence is expected between 2020 and 2040 to an incidence of 28.4 million cases2.

A GENETIC DISEASE
Cancer is a generic term for a large group of diseases characterized by the uncontrolled growth 
and spread of abnormal cells that can result in death if not treated1. It is a genetic disease 
with nine essential characteristics (Hallmarks): self-sufficiency in growth signals, evasion of 
growth suppressors, resistance to cell death, replicative immortality, induction of angiogen-
esis, activation of invasion and metastasis, reprogramming of energy metabolism, evading 
immune destruction and the creation of a “tumor microenvironment”. Underlying these Hall-
marks are two enabling capabilities: genome instability and mutation and tumor-promoting 
inflammation3,4. Using these Hallmarks to describe the pathophysiology of cancer provides a 
better understanding of the drivers and enablers of the disease, and, equally important, may 
contribute to the development of new effective systemic anti-cancer treatments.

SYSTEMIC ANTI-CANCER TREATMENT: CHEMOTHERAPY
The first written prescriptions of remedies for the treatment of cancer date back to 2000 BC, 
usually in the form of ointments, medicated herbal solutions and powders5. Luckily, we have 
come a long way since then, and the systemic anti-cancer therapies have become more and 
more effective. Between 1948 and 1956, folic acid antagonists, vinca alkaloids and metho-
trexate were introduced as effective chemotherapies for the treatment of different types of 
cancer5. These agents were among the first modern chemotherapeutic drugs and are still in 
use today. Since the late 1950’s, systemic anti-cancer therapies have continued to improve 
in terms of efficacy and survival due to the discovery of new chemotherapeutic agents, new 
combinations of drugs, new dosing regimens and the use of chemotherapy (neo)adjuvant to 
surgery and radiotherapy6. Conventional chemotherapy interferes with the DNA, hindering 
cell division and thereby stopping tumor growth but also damaging healthy tissues. Not all 
tumors respond (equally) to treatment with chemotherapy while most patients experience 
(serious) toxic side effects. It has proven to be difficult to upfront predict which patients will 
benefit from the treatment. Part of the solution to the problem of treatment selection for 
individual patients may lie in the fact that cancer is a genetic disease, which is characterized 
by dysregulation of growth signaling cascades and the escape from suppressive signaling and 
the immune response.

NEW CLASSES OF ANTI-CANCER DRUGS
In the past 30 years, global overall cancer survival and five-year relative survival has improved 
significantly7. Many factors have contributed to this worldwide decrease in mortality7. Devel-
opment of, and access to, new types of anti-cancer drugs has played a major role in multiple 
tumor types. Especially drugs that interfere with aberrantly activated signaling cascades (i.e. 
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11General Introduction

protein kinase inhibitors (PKI’s)) or the immune system (i.e. immune checkpoint inhibitors 
(ICI)), or that target specific weaknesses in cancer cells caused by genetic aberrations (e.g. 
PARP inhibitors), have proven to be effective. For patients with metastatic melanoma or renal 
cell carcinoma for example, these new treatment options have dramatically improved the 
overall survival and quality of life.

Historically, patients with advanced melanoma, an aggressive and chemotherapy-resistant 
form of cancer, had a median overall survival of around 8 months and a 5-year survival of 10%. 
With the introduction of immune checkpoint inhibitors ipilimumab (monoclonal antibody 
(mAb) directed against CTLA4), nivolumab and pembrolizumab (mAb directed against PD-1) 
and combinations of these drugs, the overall survival has improved to several years, with a 
5-year survival of 52%8. Approximately 50% of patients with advanced melanoma has a patho-
genic mutation in the V-Raf Murine SarcomaViral Oncogene Homolog B (BRAF) gene in their 
tumor DNA. Treatment of these patients with an inhibitor of BRAF combined with an inhibitor 
of mitogen-activated protein kinase 1 (MEK1 or MAP2K1) resulted in a median progression free 
survival of 9.9 months, with an objective response rate of 68%9. Treatment strategies combin-
ing these BRAF/MEK inhibitors with ICI are currently under investigation10.

For patients with metastatic clear cell renal cell carcinoma, the introduction of anti-angio-
genic tyrosine kinase inhibitors (TKI’s), such as sunitinib, sorafenib, axitinib, pazopanib and 
cabozantinib, has also dramatically improved survival. Since their introduction, the median 
overall survival (OS) has improved from 15-17 months before 200411-14 to 23-29 months with 
TKI monotherapy15-17. Combining TKI’s with ICI has further improved the 12-month overall 
survival rate from 72%18 to 90%19,20.

MOLECULAR PROFILING TO ASSESS TUMOR BIOLOGY
A corner stone for successful targeted treatment of patients with cancer is the presence of a 
biomarker that is associated with sensitivity for a certain targeted agent. Targets for treatment 
can be identified in multiple layers of cancer cell biology, but the challenge remains where to 
look for the most reliable biomarkers that best predict the treatment outcome to a targeted 
therapy.

DNA holds a permanent copy of the genetic information. The genes in DNA encode proteins, 
the driving force of cellular function, including intracellular signaling and immune response. 
All genetic information together is called the genome. The conversion of the genetic informa-
tion stored in DNA to a functional product, such as a protein, is a complicated process that 
has two major steps. First, during transcription, the information in the double-stranded DNA 
is transferred to a messenger RNA (mRNA) molecule, which is a single-stranded temporary 
copy of the gene26. The sum of all the mRNA molecules expressed from the genes is called the 
transcriptome. During the process of translation, the second major step, the transcribed code 
on the mRNA molecules is used to assemble a chain of specifically sequenced amino acids 

1
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12 CHAPTER 1

that form a protein26. All proteins in an organism together are called the proteome. Through 
regulation of gene expression, cellular functions can be controlled.

Another way that the function and activity of proteins are regulated is through reversible 
chemical changes to the protein after translation, known as posttranslational modifications 
(PTM). Phosphorylation is one of the most common PTM. During phosphorylation, a phosphate 
group is added to one of the amino acids tyrosine, serine or threonine by a kinase, thereby 
regulating the protein function. Especially tyrosine phosphorylation (pTyr) plays an important 
role in the regulation of signaling cascades in cancer. All phosphorylated proteins together 
are called the phosphoproteome.

GENOMICS-BASED PRECISION ONCOLOGY
The development of a large number of targeted- and immunotherapies, targeting specific 
molecular alterations and aberrant pathways in tumor cells, has dramatically changed the 
treatment paradigm in oncology. Coming from a histology-centered one-size-fits-all approach, 
the major focus has now shifted to precision oncology, a patient-centered biomarker-driven 
personalized approach to systemic treatment of patients with cancer21. Precision oncology 
is also known in literature as “personalized oncology”, “personalized cancer medicine” or 
“precision cancer medicine”. Many targeted- and immunotherapies have already received 
FDA/EMA approval and are available for patients with certain tumor types, harboring a specific 
molecular feature that predicts sensitivity for these drugs9,22-24.

Though this is an important step towards precision oncology, the maximum potential of this 
approach is currently not used. A pan-cancer whole-genome analysis of metastatic solid 
tumors showed that in 31% of patients, across tumor types, an “actionable” genomic event 
was identified that predicted sensitivity to a drug. In 18% this was a biomarker for which 
on-label medication was available, and 13% of patients had a genomic target for which drugs 
were available, but not for the tumor type25. Due to the histology-specific registrations of 
these drugs, a significant number of patients with other tumor types harboring the qualify-
ing genomic aberration does not have access to these potentially active treatment options. 
Clinical evidence for efficacy of these drugs in other tumor types is often not available, and 
large trials with conventional design are usually not feasible due to the small and diverse 
subgroups of patients.

PROTEOME- AND MULTI-OMICS-BASED PRECISION ONCOLOGY
For the identification of tissue-based biomarkers, research often focused on abnormal pro-
tein expression, as found by immunohistochemistry, or genomic aberrations, such as acti-
vating mutations or amplifications of oncogenes or deletions of tumor suppressor genes, 
as found by targeted or broad panel sequencing. With recent advancements in sequencing- 
and bioinformatics techniques, also more complex genomic features such as gene fusions, 
microsatellite instability (MSI) and homologous repair deficiency (HRD) signatures can be 
computed and may serve as genomic biomarkers for treatment response to targeted agents. 
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13General Introduction

For single oncogene-driven tumors, such as malignant melanoma with a BRAF V600E muta-
tion, genomics-based treatment is valuable approach9. Unfortunately, not all tumors harbor 
a clear genomic diver mutation. Some may be driven by a multitude of aberrantly activated 
kinase signaling pathways, such as renal cell carcinoma27. In these tumor types, a functional 
pathway analysis may be a more promising approach28,29. (Phospho)proteomics based on 
liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) may offer insight in 
aberrantly activated kinase signaling pathways and potential drug targets through the global 
analysis of phosphorylated proteins. In particular, phosphotyrosine-(pTyr)-phosphoproteom-
ics provides an opportunity for the identification of patient subgroups likely to benefit from 
tyrosine kinase inhibitors (TKI’s)30,31.

In the past decade, advances in technology have enabled us to generate large-scale molecular 
data, allowing characterization of complex biological systems in great detail. For quite some 
time, research efforts have focused on unidimensional approaches to discovery of clinically 
useful biomarkers, i.e. genomics, transcriptomics or proteomics analysis32. The new fields 
of research created by these efforts are often referred to as “omics”, a field of study that 
focusses on large-scale data/information to understand biology33. The application of these 
omics techniques have enabled major improvements in the understanding of cancer biology, 
the identification of biomarkers and the personalized treatment of patients with cancer. The 
integrated use of multiple omics may hold an opportunity for further improvement of our 
knowledge of biological processes. This multi-omics approach is suggested by numerous 
recent reviews to greatly benefit the field of precision oncology34-36. To date, only limited ex-
amples of truly multi-omics studies are available32. Most so-called multi-omics analyses only 
describe one omics approach, complemented with a limited amount of data from additional 
techniques, often obtained through targeted analyses32. Given the fact that different omics 
datasets do not overlap extensively and the correlation between data sets is extremely limited, 
it is likely that different omics approaches assess disparate pieces of the puzzle of the complex 
pathophysiology of cancer development and progression. True multi-omics analysis of tissues 
obtained from patients with cancer is still in its infancy. Nevertheless, recent advances in each 
of the omics techniques bring the clinical application of multi-omics in the standard care for 
patients with cancer closer by the day.

PRE-ANALYTICAL REQUIREMENTS TO ENABLE MULTI-OMICS ANALYSIS
Development and wider implementation of multi-omics in clinical studies faces many chal-
lenges32.

One of the most critical hurdles is tissue availability. A true multi-omics analysis requires 
multiple techniques to be performed on a tissue of interest. To allow for optimal correlation 
between these types of omics, they are ideally performed on the same piece of tissue to min-
imize the effect of intra-and inter-patient heterogeneity. Each of the omics techniques has its 
own minimally required quantity, often expressed as, for example, minimal tumor cell per-
centage, nanograms of DNA or RNA, or milligrams of protein. Clinical tissue samples, however, 

1
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14 CHAPTER 1

are often core needle biopsies, with a maximum tissue yield of only 3.5 – 7 mg when using a 
16-gauge core needle37. In recent years, the omics techniques have improved tremendously, 
resulting in a general lowering of minimally required quantity of tissue. Whole genome- and 
whole transcriptome sequencing can already be performed on a single cell38-40. In the field of 
phosphoproteomics, important steps have been made to optimize the techniques, to facilitate 
analysis of small clinical samples41. Single-cell mass spectrometry-based phosphoproteomics 
is considered a promising opportunity for improving our understanding of individual tumor 
biology and facilitating phosphoproteomics-based therapy selection for individual patients 
in the future42,43.

Furthermore, a standardized suitable method of processing and handling the acquired tissue 
specimen is fundamentally important to allow for a comprehensive multi-layer analysis of 
cancer tissue. In the past, biopsy samples were often collected in buffers that stabilized DNA 
and RNA, but essentially rendering the tissue useless for proteomics analysis32. Instead, 
high-quality fresh frozen tumor samples are required44. Standardized operating procedures 
for handling and preservation of the tissue are indispensable, since differences in pre-analyt-
ical handling can generate conflicting research results due to heterogeneity in the quality of 
samples and associated data45,46. Moreover, posttranslational modifications may be affected by 
certain handling and storage conditions, such as cold ischemia time47-50 and possibly freezing 
rate51-53. Standardized high-quality preservation of biospecimens, in order to harness the most 
accurate genomic, transcriptomic and protein expression properties of the tissue, is a basic 
requirement for the generation of these complex multi-omics data46.

An even bigger challenge may be the urgent need for the development of an integrated bioin-
formatics pipeline for a comprehensive analysis of these high-throughput molecular assays32,54. 
Such an integrated approach may further increase our understanding of cancer biology and 
support biomarker discovery and drug repurposing55,56, both essential for the practice and 
advancement of precision oncology.

TREATMENT SELECTION TRIALS
Working towards a histology-agnostic biomarker-centric approach, many precision oncology 
clinical trials now focus on the use of registered or experimental (combinations of) targeted 
agents solely based on the presence of a validated biomarker, while evaluating the effect in the 
context of histology. New trial designs have been developed to investigate even modest signs 
of clinical activity of these targeted agents in small subgroups of patients with cancer. Many 
of these basket-, umbrella and N-of-1-trials have been conducted in the past ten years57, some 
living up to the promise of precision medicine, and others reporting disappointing results58-70. 
Tsimberidou et al have reviewed and summarized all these completed and ongoing trials and 
their distinctive features and outcomes21. A fundamental question in precision oncology re-
mains how to select the right treatment for the right patient at the right time. An important factor 
contributing to the success of a precision oncology approach may be the actual process of 
treatment selection and the arguments for prioritizing one treatment over another.
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15General Introduction

THESIS OUTLINE AND SCOPE
Clinical implementation of precision oncology for patients with advanced solid tumors con-
tinues to be challenging. This thesis focused on optimizing the approach to targeted treat-
ment selection (patient-based approach) and on identification of predictive tissue-based 
biomarkers for treatment benefit (drug-based approach), while contributing to an optimized 
infrastructure as a basic requirement for multi-omics analysis.

Chapters 2 and 3 focus on the Drug Rediscovery Protocol (DRUP), an ongoing prospective, 
multicenter, non-randomized basket trial, in which patients with advanced solid tumors are 
being treated based on their tumor genomic profile, with targeted- or immunotherapy outside 
their registered indications.

Chapter 2 describes the design and feasibility of the DRUP trial, including treatment outcomes 
of the first 215 patients treated in the trial. The clinical benefit rate in the first completed 
cohort “Nivolumab for MSI tumors” is highlighted, as well as the value of WGS in identifying 
targeted treatment options for patients with advanced cancer.

In chapter 3 we present the results of the DRUP cohort “Olaparib for tumors with a BRCA1/2 
mutation”, in which 24 patients with treatment refractory cancer with BRCA1/2 loss of function 
mutations were treated with the PARP inhibitor olaparib. Clinical outcome of these patients is 
interpreted in the context of their tumor genomic characteristics, attempting to identify po-
tential indicators of (lack of) treatment benefit to olaparib, with special emphasis on patients 
with non-BRCA-associated tumor types.

Chapter 4 focuses on the use of mass spectrometry-based phosphoproteomics for the iden-
tification of predictive biomarkers for response and resistance to the tyrosine kinase inhibitor 
sunitinib in patients with renal cell carcinoma. Using this functional read-out, we aimed to 
describe differences in biology between sensitive and primary resistant patients and to define 
a phosphosite signature for prediction of treatment outcome.

In chapter 5 we describe a new liquid nitrogen-free snap freezer for snap freezing biospeci-
mens, which was developed to conserve molecular profiles under standardized and optimized 
pre-analytical conditions. We compare the performance of the new snap freezer to the current 
golden standard for snap freezing (quenching in liquid nitrogen) in terms of conservation of 
phosphoproteomics- and transcriptomics profiles of samples, hypothesizing that a liquid 
nitrogen-free snap freezing method may advance implementation of precision oncology.

The main findings of this thesis are summarized and discussed in chapter 6. With special em-
phasis on the approaches we used for improving patient selection and prediction of treatment 
outcome, we place our findings in the broader context of multi-omics for improving effective 
and personalized care for patients with cancer, and give recommendations for future research.

1
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ABSTRACT
The large-scale genetic profiling of tumours can identify potentially actionable molecular 
variants for which approved anticancer drugs are available1-3. However, when patients with 
such variants are treated with drugs outside of their approved label, successes and failures of 
targeted therapy are not systematically collected or shared. We therefore initiated the Drug 
Rediscovery protocol, an adaptive, precision-oncology trial that aims to identify signals of 
activity in cohorts of patients, with defined tumour types and molecular variants, who are 
being treated with anticancer drugs outside of their approved label. To be eligible for the trial, 
patients have to have exhausted or declined standard therapies, and have malignancies with 
potentially actionable variants for which no approved anticancer drugs are available. Here we 
show an overall rate of clinical benefit—defined as complete or partial response, or as stable 
disease beyond 16 weeks—of 34% in 215 treated patients, comprising 136 patients who re-
ceived targeted therapies and 79 patients who received immunotherapy. The overall median 
duration of clinical benefit was 9 months (95% confidence interval of 8–11 months), including 
26 patients who were experiencing ongoing clinical benefit at data cut-off. The potential of 
the Drug Rediscovery protocol is illustrated by the identification of a successful cohort of 
patients with microsatellite instable tumours who received nivolumab (clinical benefit rate of 
63%), and a cohort of patients with colorectal cancer with relatively low mutational load who 
experienced only limited clinical benefit from immunotherapy. The Drug Rediscovery protocol 
facilitates the defined use of approved drugs beyond their labels in rare subgroups of cancer, 
identifies early signals of activity in these subgroups, accelerates the clinical translation of 
new insights into the use of anticancer drugs outside of their approved label, and creates a 
publicly available repository of knowledge for future decision-making.
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MAIN
The precision treatment of cancer holds great promise for patients in terms of life extension 
and quality of life1,2,4-7. However, early studies and experiences with genetically and molecu-
larly informed decisions regarding treatment have also identified considerable hurdles, which 
may jeopardize the way in which we capitalize on precision medicine8-11. First, populations of 
patients who are eligible for specific treatments or trials become smaller and trials accrue 
slower, owing to pre-selection by targeted sequencing of candidate variants and to slow im-
plementation of pre-selection tests. Second, these candidate variants can, in general, be 
appreciated only when their tissue context is taken into consideration. However, with regards 
to drug sensitivity, the importance of a given genetic or molecular variant is usually tested in 
the subtype of cancer that most frequently contains this variant. The importance of the same 
variant in other cancers often remains unknown. Third, as drug development is challenging for 
rare subtypes of cancer, this can create inequality in care12. Finally, with growing pressure from 
society to increase the success rate of drug-development trials13, there is hesitation amongst 
payers to reimburse large-scale sequencing efforts before they have proof that these efforts 
will make healthcare more sustainable. As a result, we are not using the full potential of rapidly 
expanding technological advances, knowledge of biomarkers and the spectrum of approved 
anticancer drugs for our patients.

The Center for Personalized Cancer Treatment was founded in 201014 to address these issues. 
In this network (which now connects 45 hospitals in the Netherlands), patients with all types of 
metastatic cancer are offered the opportunity to undergo a fresh tumour biopsy for whole-ge-
nome sequencing (WGS) before starting systemic anticancer treatment. The WGS results are 
combined with treatment outcomes in a national, centralized database for research purposes, 
and returned to the physician who is treating the patient for future planning of treatment. This 
initiative has contributed to the identification of potentially actionable variants in cancers that 
are not routinely tested for these variants. To provide treatment opportunities for patients in 
whom such variants were identified (while simultaneously collecting clinical outcomes), we 
began the Drug Rediscovery protocol (DRUP), in which we seek to expand the use of targeted 
therapies that have been approved by the European Medicines Agency (EMA) and/or US Food 
and Drug Administration (FDA) beyond the approved indications of these therapies.

The DRUP is an ongoing, prospective multi-drug and pan-cancer trial. Patients who are eligible 
are those who have progression of an advanced or metastatic solid tumour, multiple myeloma 
or B-cell non-Hodgkin lymphoma, and no suitable standard-treatment options. A potentially 
actionable genetic or molecular variant, which can be matched to one of the drugs available 
in the study (Extended Data Table 1), must have been identified via regular diagnostics or by 
the Center for Personalized Cancer Treatment.

In recognition of the importance of tissue context, the trial design allows for an unlimited 
number of parallel cohorts (each defined by tumour type, molecular variant and study treat-
ment) (Fig. 1). For selected variant categories (such as mutational load, microsatellite instabil-
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ity and DNA-repair deficiency), the protocol allows for cohorts in which tumour types are com-
bined. A Simon-like two-stage design is used per cohort15,16, in which 8 patients are enrolled 
in stage I and up to 24 patients are enrolled in stage II—provided that clinical benefit (which 
we define as complete or partial response, or stable disease beyond 16 weeks, measured 
2-or-more times, ≥28 days apart) is observed at least once in stage I. A drug warrants further 
investigation in a particular cohort if ≥5 out of 24 patients experience a clinical benefit. If fewer 
responses are observed, the cohort is closed; results will be made public whether or not the 
cohort is successful. This design has 85% power to reject a rate of clinical benefit of 10%, if the 
true percentage is 30% (α error rate of 7.8%). The analysis of closed cohorts with some activity 
allows for the opening of new cohorts with refined criteria for inclusion.

Figure 1. Study design. Schematic overview of the study and cohort design. For each study drug, a 
theoretically unlimited number of cohorts can be opened in parallel, depending on the tumour types 
and tumour profiles of submitted patients and the amount of the drug being studied that is available. 
A new cohort is opened for each combination of tumour type, tumour profile and study treatment. In 
each cohort, patients are enrolled in a two-stage design. Clinical benefit is defined as either complete 
or partial response, or absence of disease progression for ≥16 weeks, and must be measured 2 or more 
times and ≥28 days apart.

Between September 2016 and September 2018, over 600 cases were submitted for central 
review and 294 patients started study treatment. Extended Data Figure 1 provides details of 
the review process, and Extended Data Figure 2 provides an overview of case submissions. 
To allow for sufficient follow-up (≥5 months for patients on study treatment), here we pres-
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ent the results of the first 215 patients who started study treatment. The enrolment of these 
215 patients resulted in the initiation of 76 cohorts (Extended Data Table 2); the baseline char-
acteristics of these patients are provided in Table 1.

Table 1. Baseline characteristics of the first 215 patients who started study treatment

WHO, World Health Organization. *All patients were required to have exhausted standard therapies, but 
some patients refused standard chemotherapy owing to fear of toxicity. In addition, on occasion the 
treating physician had well-argued reasons to refrain from a given standard therapy (such as the low 
response rate to standard therapies in specific subgroups of patients).

n = 215

Age (approximately at consent)

Median (range) 62 (23 – 87)

Gender

Male 114 53%

Female 101 47%

WHO Performance Status

WHO 0 60 28%

WHO 1 116 54%

WHO 2 14 7%

Not available 25 12%

Primary tumor types

Colorectal cancer 49 23%

Non-small cell lung cancer 37 17%

Prostate cancer 19 9%

Breast cancer 16 7%

Gastro-intestinal stroma cell tumor 9 4%

Cervical cancer 8 4%

Salivary gland carcinoma 8 4%

Urothelial cell carcinoma 8 4%

Sarcoma 7 3%

Ovarian cancer 7 3%

Other 47 22%

Number of prior systemic therapies

Median (range) 3 (0 – 12)*

Overall, clinical benefit was observed in 74 patients (34%) (Extended Data Table 3) with a 
median duration of 9 months (95% confidence interval, 8–11 months). Clinical benefit was 
observed across all types of treatment, comprising immunotherapy (n = 79 patients, clinical 
benefit rate of 38%), treatment with small-molecule inhibitors (including PARP inhibitors) 
(n = 81 patients, clinical benefit rate of 36%) and with monoclonal antibodies (n = 55 patients, 
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clinical benefit rate of 27%). The median progression-free survival and overall survival were 
3 months (95% confidence interval 2–4 months) and 10 months (95% confidence interval 
7–13 months), respectively (Figure. 2). To put this in perspective, a large database of 854 pa-
tients who were participating in phase I studies and were treated with molecularly targeted 
agents indicated a median progression-free survival and overall survival of 2 and 8 months, 
respectively17.

Figure 2. Response and survival plots.

a. Waterfall plot of the best percentage change in the sum of target lesions compared to baseline tumour 
measurements according to ‘Response Evaluation Criteria in Solid Tumours’ (RECIST) 1.1, for all patients 
with ≥1 response evaluation and with a known change in the sum of target lesions (n = 166 patients). 
Patients with unequivocal disease progression at the first evaluation (on the basis of non-target lesions 
or non-RECIST measurements only) and patients who went off-study before their response could be 
evaluated are not included in this graph (n = 49 patients).

b. Kaplan–Meier curve for estimated progression-free survival.

c. Kaplan–Meier curve for estimated overall survival, with 95% confidence interval (dashed lines).

One hundred and forty-one patients (66%) did not experience a clinical benefit, either because 
of progressive disease (n = 117 patients) or because they went off-study before they could be 
classified as having experienced a clinical benefit or not (n = 24 patients). Reasons for early 
withdrawal from the study without obtaining radiologic or clinical diagnosis of progressive 
disease included death (n = 9 patients), adverse events (n = 5 patients), patient preference 
(n = 3 patients) or were unknown (n = 7 patients). Adverse events were consistent with those 
observed in standard of care (Extended Data Table 4). Overall, ten patients discontinued treat-
ment owing to toxicity. Two suspected unexpected severe adverse reactions were reported: 
bacterial peritonitis in a patient with ovarian carcinoma and sinus thrombosis in a patient 
with breast cancer.

To date, two cohorts have completed accrual: the first is a tumour-type-agnostic cohort of pa-
tients with microsatellite-instable (MSI) tumours treated with nivolumab. In total, 30 patients 
with 8 types of tumour were enrolled in this cohort. As of 3 May 2019, one patient (3%) had a 
complete response. Eleven patients (37%) had a partial response, and seven patients (23%) 
had stable disease at ≥16 weeks. Four patients (13%) had progressive disease as a best overall 
response, and seven patients (23%) went off study before evaluability was reached (that is, 
after fewer than two cycles of nivolumab treatment and/or with insufficient response evalu-
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ations to determine clinical benefit). In this cohort, the rate of clinical benefit was 63%. The 
median progression-free survival was not reached after a median follow-up of 16.5 months. A 
summary of the clinical benefits to individual patients is presented in Figure 3. The results are 
consistent with previous reports for immunotherapy in MSI tumours18,19. Overall, nivolumab 
was tolerated well, and adverse events were largely consistent with those that have previ-
ously been reported18,19 (Extended Data Table 5). One patient developed a grade-5 abdomi-
nal infection upon intestinal perforation, owing to shrinkage of a peritoneal tumour deposit. 
One patient experienced grade-5 dyspnoea, possibly attributable to disease progression. 
Baseline WGS for this cohort was successfully performed in 20 patients (67%) (Table 2). As-
sessment of MSI on the basis of WGS was highly representative for MSI identification on the 
basis of immunohistochemistry and PCR. On average, MSI tumours had 866 mutations (range 
of 614–1,111 mutations) in the genome.

Figure 3. Treatment efficacy of nivolumab in completed MSI cohort.

Swimmer plot of the time on treatment (in weeks) for each patient (n = 30 patients). Patients marked 
with an arrow were still on treatment at the point of data cut-off (3 May 2019). The white bars represent 
the time period for which nivolumab treatment was interrupted (which was optional per protocol after 
12 months of treatment) for patients, who still experienced clinical benefit.
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The EMA has not yet approved checkpoint inhibitors for the MSI indication. However, on the 
basis of these DRUP data, the Dutch Health Care Institute and insurance agencies have now 
embraced a pay-for-performance model for this and future successful cohorts from the DRUP. 
This not only creates access to these drugs for patients with rare tumour profiles, but also 
allows further confirmation of clinical benefit in a larger cohort of patients20.

Another immunotherapy cohort—pembrolizumab treatment for patients with microsatel-
lite-stable colorectal cancer, with a tumour mutational load of between 140 and 290 (which 
corresponds to 11–22 mutations per megabase)—showed limited clinical benefit in stage I, 
and was therefore closed (Extended Data Table 6). Together, these two cohorts illustrate the 
potential for the DRUP to identify subgroups of patients who may benefit from a broader use 
of approved drugs, and to prevent unnecessary treatment in other subgroups.

Upon enrolment, the DRUP mandated a fresh baseline tumour biopsy for WGS. Baseline WGS 
results were used for the confirmation of previously identified variants, and for exploratory 
biomarker analyses. In the first 215 patients, baseline WGS was successfully performed in 
131 patients (61%); the main reason for failure was insufficient tumour cells in the baseline 
biopsy (Extended Data Figure 3). The variant on the basis of which patients were included was 
confirmed in 121 patients (92%) with successful baseline WGS. Notably, in 112 patients (85%) 
with baseline WGS, potentially relevant additional information was revealed (Supplementary 
Table 1). This information included high mutational load, variants associated with therapy 
response or resistance, and variants that were potentially actionable with experimental or 
off-label agents (other than the current treatment that the patient was receiving in the DRUP). 
The latter may lead to re-enrolment upon failure of the first treatment administered to the 
patient in the DRUP.

Some limitations of the DRUP should be taken into account. One important caveat is the ab-
sence of comparator groups, owing to the non-randomized trial design. With the increasing 
availability of large, clinically and molecularly annotated databases, this may be addressed 
by methodologies such as trials within cohorts. Another concern is that, in a heterogeneous 
study population such as that of the DRUP, the correct interpretation of molecular aberrations 
is challenging. Fortunately, we were able to draw upon previous experiences with a much 
larger cohort21: we combined three large repositories of knowledge—‘Clinical Interpretation 
of Variants in Cancer’ (CIViC)22, ‘Precision Oncology Knowledge Base’ (OncoKB)23 and ‘Cancer 
Genome Interpreter’ (CGI)24. We also followed the ‘European Society for Medical Oncology 
(ESMO) Scale for Clinical Actionability of molecular Targets’ ESCAT)25 wherever possible.

The efficacy endpoints bear additional, inherent limitations26: the objective response rate can 
detect tumour growth (or reductions in size) but cannot detect reductions in the rate of growth. 
By contrast, survival statistics cannot differentiate between a true effect of the treatment 
and a naturally slow growth rate. The progression-free-survival ratio (in which each patient 
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serves as their own control) might be able to overcome some of these challenges, but has its 
own limitations (as pre-study progression-free-survival data are collected retrospectively).

Taken together, the DRUP shows the feasibility of performing precision medicine in multiple, 
parallel cohorts driven by tumour type and tumour profile. It provides a framework through 
which patients with all types of tumours are able to acquire access to existing targeted ther-
apies and immunotherapies, and in which treatment outcomes are monitored and publicly 
reported. This improves on current practice, in which individual physicians obtain anticancer 
drugs ‘off label’ for their patients without subsequent public reporting of clinical outcomes. 
The public availability of these data is especially relevant given recent concerns that the in-
creasingly widespread use of genetic profiling could escalate the demand for off-label treat-
ment27. Furthermore, the importance of publicly reporting negative results cannot be under-
estimated, as it prevents patient exposure to ineffective agents with all their accompanying 
toxicities and financial costs. Another important advantage of the DRUP is that it enables 
the rapid incorporation of new drugs and scientific insights into clinical practice: matching 
rules can be adapted quickly, and cohorts based on new biomarkers may be opened almost 
instantaneously. In addition, our use of WGS identified many potentially actionable variants 
that were not identified by smaller gene panels, immunohistochemistry and/or in-situ hybrid-
ization. Eventually, WGS may thus identify more, or more-appropriate, treatment options for 
each patient. An integral part of our approach is a tiered review process that includes reviews 
of the literature and by multidisciplinary boards of experts, before patients are enrolled. This 
prevents the prescription of anticancer drugs when negative clinical data are available, or 
when the actionability of the variant is unknown or unlikely. Finally, our study design and 
informed consent both enable the sharing of data internationally. By combining cohorts from 
similar international studies, we will improve our knowledge of rare subsets of cancer, and the 
outcomes of their treatment. Most importantly, our approach shows that existing anticancer 
drugs may have value beyond their approved indications, which potentially expands the range 
of patients who may benefit from their use.

METHODS
The DRUP is a national, prospective, non-randomized multi-drug and multi-tumour study, 
designed and conducted on behalf of the Center for Personalized Cancer Treatment (CPCT) 
(clinicaltrials.gov: NCT02925234). The trial was approved by the Medical Ethical Committee 
of the Netherlands Cancer Institute in Amsterdam, and was conducted in accordance with 
good clinical practice guidelines and the Declaration of Helsinki’s ethical principles for med-
ical research. Written informed consent was obtained from all study subjects. Patients were 
accrued at multiple hospitals throughout the Netherlands, and followed for 30 days after end 
of study treatment, or death, respectively, for toxicity and survival analyses. Figure 1 provides 
a schematic overview of the study design.

2

Hanneke_Binnenwerk_V.indd   33Hanneke_Binnenwerk_V.indd   33 25-10-2023   21:3425-10-2023   21:34



34 CHAPTER 2

PATIENT POPULATION
Patients who were eligible for the study had an advanced or metastatic solid tumour, multiple 
myeloma or B cell non-Hodgkin lymphoma, and had exhausted standard-treatment options. A 
tumour genetic or protein-expression test (CPCT or regular diagnostics) had to have revealed 
a potentially actionable variant, for which FDA- and/or EMA-approved targeted therapy was 
available—but not for the tumour type in question. In addition, patients were required to be 
≥18 years of age, with acceptable organ function and performance status (Eastern Cooperative 
Oncology Group (ECOG) score ≤ 2), and to have objectively evaluable disease of which a fresh 
baseline tumour biopsy could safely be obtained. For every study drug, further drug-specific 
selection criteria applied.

MATCHING RULES
Upon case submission, the study team attempted to match each patient to the appropriate 
study treatment (Extended Data Figure 1), according to pre-defined matching rules (Extended 
Data Table 1). For matching purposes, a potentially actionable molecular variant was defined 
following a previous publication28, as either one of the following options: (1) the variant is the 
target of an approved drug for any cancer indication, or is known to predict sensitivity to an 
approved drug for any cancer indication; (2) the variant is in the same molecular pathway, 
but located upstream of the target of an approved drug for any cancer indication, and has 
been reported as an oncogenic or pathogenic mutation; (3) mutations that result in unique 
susceptibility to a specific molecular intervention (such as BRCA1 and BRCA2 mutations and 
PARP inhibitors, or MSI and PD-1 inhibitors); and (4) other variants that have appropriate justi-
fication for selection on the basis of published scientific evidence regarding their susceptibility 
to specific targeted therapies.

If multiple variant–drug matches could be made for one patient, the drug with the highest level 
of evidence was selected unless there was a rationale (such as drug intolerance) that justified 
selecting an agent with a lower level of evidence. Levels of evidence were adapted from a pre-
vious publication28 and were defined as: the drug met a clinical endpoint (objective response, 
PFS or overall survival) in a prospective trial, in patients with the same variant and tumour 
type, and has not yet received regulatory approval for use in the tumour type of the patient 
(level 1); clinical studies have demonstrated an association between presence of the variant 
and drug activity against the tumour type of the patient (level 2); the drug is commercially 
available in the US and/or European Union (EU) for use in another tumour type that contains 
the same variant (level 3); and preclinical evidence of anti-tumour activity and target inhibition 
in model systems of the tumour type of the patient (level 4).

STUDY TREATMENT AND ASSESSMENTS
If a slot for a matching study treatment was available (to which the patient consented) the 
patient could be enrolled, if all drug-specific selection criteria were met. Once a fresh baseline 
tumour biopsy for biomarker analyses was obtained, the study treatment could be initiated. 
Treatment and follow-up were conducted according to the approved indication. All treat-
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ment-related adverse events (following the Common Terminology Criteria for Adverse Events 
(CTCAE) version 4.03) of grade 3 or higher were documented. The response to the treatment 
was evaluated every 2 months (up to every 3 months for patients who remained in the study 
for ≥6 months), and classified by local investigators according to internationally accepted 
criteria for each tumour type29-33. The study treatment could continue until progressive dis-
ease (patients who were receiving immune-system-stimulating agents were permitted to 
continue treatment in case of pseudo-progression), unacceptable treatment-related toxicity, 
death, pregnancy, consent withdrawal or withdrawal from the study at the discretion of the 
investigator.

BASELINE TUMOUR BIOPSIES
A fresh, frozen tumour biopsy specimen was mandatory before treatment initiation (baseline 
biopsy had to be obtained ≤2 months before enrolment, and without any anticancer therapy 
within those ≤2 months), and was optional during and after study treatment. All biopsies were 
sent to the central sequencing institute of the CPCT (Hartwig Medical Foundation (HMF), Am-
sterdam, The Netherlands), together with a 10-ml blood sample to determine the background 
variation of the germline DNA of the patient. If the tumour-cell percentage was ≥ 30% and the 
DNA yield was ≥ 300 ng, WGS and biomarker analyses were performed.

The WGS data and treatment details were stored in a national centralized database (at the 
HMF). In addition, a sequencing report was returned to the local principal investigator and 
could be used to re-assess eligibility if a patient progressed on initial study treatment. As the 
baseline biopsy was obtained after enrolment, the baseline WGS results did not affect the 
initiation of the study treatment. For each patient, a unique patient identification number was 
generated by the electronic case-report file system. This number was used by the study team 
and external researchers for data and sample collection and analysis, and could be tracked 
back to the individual patient only by the local sub-investigator.

In addition to a summary of somatic variants across cancer-related genes, the sequencing 
report contained information regarding complex molecular features of the tumour, including 
the mutational load and microsatellite instability. The tumour mutational load represents the 
total number of somatic missense variants across the protein-coding region of the tumour 
genome. The microsatellite (in)stability score represents the number of somatic insertions 
and deletions in short repeat sections across the tumour genome per megabase. This metric 
can be considered as a good marker for instability in microsatellite repeat regions34, and has 
extensively been validated against the standard MSI–PCR assay used in routine practice (data 
not shown).

COHORT DESIGN
The study comprised multiple parallel cohorts, each defined by one histologic tumour type, 
one molecular tumour variant and one study treatment. For the purposes of cohort defini-
tion, the variant category was defined at the level of the gene or receptor that contains the 

2
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mutation, translocation, amplification, overexpression or homozygous deletion; for example, 
the EGFR mutant that was defined as the variant for purposes of cohort definition included 
all detected EGFR mutations.

The rate of clinical benefit for each treatment was analysed per cohort. Clinical benefit was 
defined as objective response, or absence of disease progression for ≥16 weeks (counted from 
treatment initiation until end of treatment or measurement of progressive disease, whichever 
came first), measured 2 or more times and ≥28 days apart (defined as a confirmed response). 
Per cohort, a rate of clinical benefit of <10% was considered to be of no clinical interest. A 
rate of clinical benefit of ≥30% was considered relevant and of sufficient interest to warrant 
further investigation. A Simon-like two-stage ‘admissible’ design15 was used for each cohort: 
in stage I, eight patients were enrolled. If no clinical benefit was observed in these first eight 
patients, the cohort was closed. Otherwise, 16 additional patients were enrolled. Cohorts 
with clinical benefit in ≤4 out of 24 patients were considered ineffective, whereas cohorts 
with clinical benefit in ≥5 patients were considered effective. This monitoring rule has 85% 
power and an α error rate of 7.8%. These operating characteristics were selected to represent 
a reasonable compromise between high power, low false-positive rates and a desire for small 
sample sizes, especially in stage I.

STUDY ENDPOINTS
The main study endpoints included (i) the percentage of submitted patients that started 
study treatment, and the main reasons for non-enrolment; (ii) the efficacy, including best 
overall response, response duration and rate of clinical benefit; and (iii) toxicity, including 
all treatment-related adverse events of grade 3 or higher. The sequencing-success rate of 
pre-treatment biopsies, and comparison of ‘historic’ and baseline tumour profiles formed an 
exploratory endpoint (endpoint iv). All endpoints were prospectively decided. For endpoint 
(i), all cases that were submitted for review were considered evaluable, and the reasons for 
non-enrolment were classified by two reviewers independently. For endpoint (ii), the best 
overall response was considered evaluable in patients who received at least one cycle of oral 
study medication or two cycles of intravenous study medication, and for whom response was 
radiologically or clinically evaluable (at the discretion of the treating physician). Clinical-ben-
efit calculations included all enrolled patients, regardless of evaluability of the best overall 
response. All patients without clinical benefit had been followed for at least 16 weeks at the 
time of the analysis, so no censoring was necessary. All patients who received study treatment 
were considered evaluable for endpoint (iii), and all patients who were formally enrolled were 
considered evaluable for endpoint (iv).

STATISTICS
All statistical analyses were performed using R version 3.5.0 (http://www.R-project.org/). 
This trial was not randomized and investigators were not blinded to treatment allocation or 
outcome assessments. Patient characteristics, adverse events and tumour responses were 
summarized using descriptive statistics. In addition, a waterfall plot was used to illustrate 
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maximum tumour shrinkage compared to baseline sizes. Percentages were calculated with 
95% confidence intervals using the Clopper–Pearson method. Kaplan–Meier methods were 
used to estimate overall survival (calculated from the first day of treatment administration 
to the date of death from any cause, censoring patients who were alive at the final follow-up), 
PFS (from the start of treatment to progression or death from any cause, whichever came 
first, and censoring patients who were alive without progression at final follow-up and time 
on treatment (censoring patients who had not finished treatment at the time of analysis).
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EXTENDED DATA FIGURES AND TABLES

Extended Data Figure 1. Study flowchart

Patients may be identified via regular diagnostics or by WGS performed within the context of a CPCT 
sequencing study. Adult patients with advanced cancers and without standard-treatment options (but 
with a known potentially actionable variant in their molecular tumour profile) can be submitted for 
review. The central review is done by two or more reviewers independently, supported by the CPCT 
Molecular Tumour Board, and includes review of (i) the medical history of the patient, (ii) tumour-
profiling test results, (iii) available literature and (iv) potential drug-access alternatives. Patients who 
are eligible for standard treatments are referred back to their treating physician. Genomic variants of 
unknown significance (VUS) that are not likely to be actionable are not considered acceptable drug 
targets. Negative trials are not repeated, nor are positive or ongoing phase II or III trials, unless drug 
access is not (or is not yet) facilitated. Drug access via other trials or access programmes is preferred, if 
available. Input for stages (iii) and (iv) of the review is derived from PubMed (https://www.ncbi.nlm.nih.
gov/pubmed/), ClinicalTrials.gov and weekly automatic updates on publications that mention any drug 
in the study in their titles and/or abstracts. If the general selection criteria are met and the appropriate 
study treatment is available, the patient can be informed, screened and enrolled (if all drug-specific 
selection criteria are also met). Once a fresh baseline tumour biopsy is obtained, study treatment can be 
initiated. Patients are treated and followed according to the labelled indication for each drug. Response 
is evaluated once every two months. Patients can continue study treatment as long as clinical benefit is 
observed. Patients who discontinue study treatment can be resubmitted if their molecular tumour profile 
(as revealed by the baseline biopsy) contains additional actionable variants. CR, complete response, PR, 
partial response.

2

Hanneke_Binnenwerk_V.indd   41Hanneke_Binnenwerk_V.indd   41 25-10-2023   21:3425-10-2023   21:34



42 CHAPTER 2

Extended Data Figure 2. Case submissions and reasons for non-accrual.

Overview of the first 642 case submissions (submitted between 1 September 2016 and 1 September 2018), 
as well as the reasons for not being enrolled in the study. Values are displayed as a percentage relative 
to these 642 case submissions, and as an absolute number per category. Cases that were erroneously 
submitted (owing to incomplete understanding of the study protocol and/or retraction of the submission 
by the treating physician) are not included in this overview (n = 58 cases).
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Extended Data Figure 3. Baseline biopsies for biomarker analyses.

Overview and success rate of WGS on pre-treatment tumour biopsies. The bottom panel displays the 
number of patients for whom WGS succeeded, and indicates whether the initial variant (on the basis of 
which the patient started the study treatment) was also present in the fresh baseline biopsy. Values are 
displayed as absolute numbers and percentages, relative to the 131 successfully sequenced biopsies. 
CPCT-02, the national WGS programme of the CPCT; HML, high mutational load (defined as ≥140 somatic 
missense variants across the tumour genome overall); WGS-MSI, microsatellite instability suspected on 
the basis of WGS results; ampl, amplification; mut, mutation; wt, wild type.
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Extended Data Table 3. Rates of response and clinical benefit

Rates of clinical benefit and response in the first 215 patients who started study treatment. Clinical 
benefit is defined as a complete or partial response or absence of disease progression at ≥16 weeks; 
it must be measured 2 or more times ≥28 days apart (defined as a confirmed response). Given that 29 
patients had ongoing clinical benefit at the time of analyses, the actual mean duration is expected to 
exceed the current mean duration. The reasons for early withdrawal from study (other than progressive 
disease) included death (n = 9 patients), adverse events (n = 5 patients), patient preference (n = 3 patients) 
or were unknown (n = 7 patients).

n In total, over 215 
patients

Median duration in 
months (95% CI)

Clinical benefit Complete response 
(confirmed)

1

34% 9 (8 – 11)
Partial response 
(confirmed)

32

Stable disease ≥16 weeks 
(confirmed)

41

No clinical benefit Stable disease <16 weeks 
/ non-confirmed stable 
disease only

117

66%
Early study withdrawal, 
for other reasons than 
progressive disease

24

Extended Data Table 4. Adverse events in the first 215 patients

Rates of clinical benefit and response in the first 215 patients who started study treatment. Clinical 
benefit is defined as a complete or partial response or absence of disease progression at ≥16 weeks; 
it must be measured 2 or more times ≥28 days apart (defined as a confirmed response). Given that 29 
patients had ongoing clinical benefit at the time of analyses, the actual mean duration is expected to 
exceed the current mean duration. The reasons for early withdrawal from study (other than progressive 
disease) included death (n = 9 patients), adverse events (n = 5 patients), patient preference (n = 3 patients) 
or were unknown (n = 7 patients).

Adverse event Grade 3 Grade 4 Grade 5

Abdominal infection 1

Abscess 2

Adrenal insufficiency 1

AF ↑ 5

ALT ↑ 3

AST ↑ 6

Amylase ↑ 1

Anal fistula or ulcer 2

Anemia 8

Arteritis 1

Atrioventricular block 1

2
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Extended Data Table 4. Adverse events in the first 215 patients (continued)

Adverse event Grade 3 Grade 4 Grade 5

Bacterial peritonitis 1

Baseline biopsy-related bleeding 1

Bile duct stenosis 2

Bilirubin ↑ 4

Bleeding 3

Blindness 1

Cauda equina syndrome 1

Cholangitis 1

Cholecystolithiasis 1 1

Delirium 1

Diarrhea 3

Duodenal Perforation 1

Dyspnea 8 2

Encephalopathy 1 1

Ejection fraction ↓ 1

Fatigue 4

Fever 2

Flu like symptoms 2

GGT ↑ 16 1

Gastro-enteritis 2

General malaise 1

Hepatic impairment 2

Hip Fracture 1

Hydronephrosis 2

Hypercalcemia 1 1

Hypertension 8

Hypoalbuminemia 1

Hyponatremia 3

Hypophosphatemia 1

Hypotension 1

Hypoxia 1

Infusion related reaction 1

LDH ↑ 1

Lymphocyte count↓ 2

Muscle weakness 1

Nausea 4
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Extended Data Table 4. Adverse events in the first 215 patients (continued)

Adverse event Grade 3 Grade 4 Grade 5

Pain 15

Partial paralysis 1

Peripheral sensory neuropathy 1

Pleural effusion 2

Pneumonia 3

Pneumonitis 1

Rectal perforation 1

Seizure 1

Skin rash or infection 5

Somnolence 1

Syncope 1

Tachycardia 1

Thromboembolic event 3

Urea ↑ 1

Vomiting 1

Extended Data Table 5. Adverse events in the MSI cohort

All reported adverse events of grade 3 or higher that were (or could possibly be) attributed to treatment 
with nivolumab. Grades are given according to CTCAE version 4.03. a, For each adverse event, the number 
of patients is displayed in whom it was reported at grade 3, 4 or 5 as the highest grade. Upward-pointing 
arrows indicate an increase. b, The number of patients who had any grade 3 or higher, grade 4 or higher, 
or grade 5 or higher adverse event as their highest-grade adverse event is displayed. The denominator 
of the percentages is the total number of patients who started study treatment (n = 30 patients). Given 
that every patient could be counted only once per column in b, the numbers in b are not a summation 
of the numbers in a.

A. Adverse event Grade 3 Grade 4 Grade 5

Abdominal infection 1

Abscess 1

Adrenal insufficiency 1

Alkaline phosphatase ↑ 1

Anal fistula 1

Anemia 1

Aspartate aminotransferase ↑ 1

Atrioventricular block 1

Dyspnea 1

Fatigue 2

Fever 1

2
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Extended Data Table 5. Adverse events in the MSI cohort (continued)

A. Adverse event Grade 3 Grade 4 Grade 5

Gastric hemorrhage 1

GGT ↑ 2 1

Hypertension 3

Hypoalbuminemia 1

Hypotension 1

Nausea 3

Serum amylase ↑ 1

Urinary tract obstruction 1

Vomiting 1

B. Any adverse event Grade ≥3 Grade ≥4 Grade ≥5

n 14 2 2

% (95% CI) 46.7% (28.3 – 65.7%) 6.7% (0.8 – 22.1%) 6.7% (0.8 – 22.1%)

Extended Data Table 6. Treatment with pembrolizumab in the cohort of patients with MSS colorectal 
cancer with a high mutational load (between 140 and 290)

Overview of baseline characteristics and clinical benefit in ten patients who were treated within the 
cohort ‘pembrolizumab for patients with colorectal cancer with a high mutational load (between 140 
and 290)’. Clinical benefit is defined as complete or partial response or absence of disease progression 
at ≥16 weeks. The reasons for early withdrawal from the study (other than progressive disease) included 
death (n = 1 patient) or adverse event (n = 1 patient), and were classified as having no clinical benefit.

n = 10

Gender

Male 9 90%

Female 1 10%

Age (approximately at consent)

Median (range) 65 (59 –71)

WHO Performance Status

WHO 0 4 40%

WHO 1 6 60%

Number of prior systemic therapies

Median (range) 4 (2 – 10)

Mutational load

Median (range) 189 (149 – 215)

Clinical Benefit

Yes 0 0%

No 10 100%
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SUPPLEMENTARY INFORMATION
Supplementary Table 1 is available at Nature https://www.nature.com/articles/s41586-019-
1600-x#Sec13 

This table summarizes the molecular tumour profile of all enrolled patients for whom WGS 
data were available and the potentially relevant additional WGS findings per patient.

2
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ABSTRACT
Purpose: To assess the efficacy of olaparib, a PARP inhibitor (PARPi) in patients with tumors 
with BRCA1/2 mutations, regardless of histological tumor type.

Patients and methods: Patients with treatment-refractory BRCA1/2 mutated cancer were 
included for treatment with off-label olaparib 300 mg twice daily until disease progression or 
unacceptable toxicity. In DRUP, patients with treatment-refractory solid malignancies receive 
off-label drugs based on tumor molecular profiles while whole genome sequencing (WGS) is 
performed on baseline tumor biopsies. The primary endpoint was clinical benefit (CB, defined 
as objective response or stable disease ≥ 16 weeks according to RECIST 1.1). Per protocol 
patients were enrolled using a Simon-like two-stage model.

Results: Twenty-four evaluable patients with nine different tumor types harboring BRCA1/2 
mutations were included, 58% had CB from treatment with olaparib. CB was observed in 
patients with complete loss of function (LoF) of BRCA1/2, while 73% of patients with bi-allelic 
BRCA LoF had CB. In 17 patients with – and seven without current labeled indication, 10 and 
four patients had CB respectively. Treatment resistance in four patients with bi-allelic loss 
might be explained by an additional oncogenic driver which was discovered by WGS, including 
Wnt pathway activation, FGFR amplification and CDKN2A loss, in three tumor types.

Conclusion: These data indicate that PARPi is a promising treatment strategy for patients 
with non-BRCA associated histologies harboring bi-allelic BRCA LoF. WGS allows to accurately 
detect complete LoF of BRCA and HRD signature as well as oncogenic drivers that may con-
tribute to resistance, using a single assay.
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57Olaparib in patients with biallelic BRCA1/2 inactivation

INTRODUCTION
Homologous recombination repair (HRR) is a crucial DNA repair pathway, essential for the 
repair of DNA double strand breaks (DSB)1 that the genome is continuously subjected to2. 
It allows for error-free restoration of DNA integrity and sequence, even when the genomic 
damage is extensive. The breast cancer susceptibility genes BRCA1 and BRCA2 are two of the 
most extensively studied tumor suppressor genes and are key players in the HR pathway3. 
Deleterious alterations in BRCA1 or BRCA2, both germline4-6 and somatic7,8, result in deficient 
homologous recombination repair (dHRR)9,10 and a high risk of developing cancer. dHRR due 
to bi-allelic loss of function (LoF) mutations in BRCA1 or BRCA2 is seen in 4.9% of patients with 
cancer across tumor types11-13.

Tumor cells with dHRR can be specifically targeted by drugs inducing multiple DNA strand 
breaks. Inhibitors of poly(ADP-ribose) polymerase (PARP) specifically target the weakness of 
dHRR tumor cells14-16 by synthetic lethality17,18 leading to selective cytotoxicity and apoptosis.

Olaparib, an oral inhibitor of PARP1, is approved by the Food and Drug Administration (FDA) 
and European Medicines Agency (EMA) for several indications, among which the maintenance 
treatment of ovarian, fallopian tube and primary peritoneal cancer with germline or somatic 
BRCA mutations after response to first line platinum-based chemotherapy and, irrespective of 
BRCA-status, for recurrent ovarian, fallopian tube and primary peritoneal cancer after response 
to platinum-based chemotherapy. Olaparib was most recently approved as monotherapy for 
patients with metastatic castration-resistant prostate cancer with germline or somatic BRCA 
mutations (EMA) and mutations in other homologous repair deficiency (HRD) genes (FDA)19-
21. Several other PARP inhibitors have been registered for the treatment of epithelial ovarian, 
fallopian tube and primary peritoneal cancer (rucaparib22, niraparib23) and gBRCAm breast 
cancer (talazoparib)24.

The majority of the phase II-III clinical trials performed focused on efficacy of PARPi mono-
therapy in BRCA-associated cancer types, often only based on the presence of a germline BRCA 
mutation, and lacking detailed biomarker information such as confirmation of bi-allelic BRCA 
LoF in tumor tissue. Data on the effectivity of PARPi in patients with somatic BRCA mutations 
are scarce.

In the Drug Rediscovery Protocol (DRUP, NCT02925234)25 patients are being treated based 
on their tumor molecular profile with registered targeted treatments outside their labeled 
indications, systematically recording efficacy and safety data. Moreover, the DRUP creates 
opportunities for extensive biomarker analysis by performing whole genome sequencing 
(WGS) on baseline tumor biopsies. Within DRUP, we initiated a cohort in which patients were 
treated with olaparib based on a germline or somatic BRCA1 or BRCA2 loss of function (LoF) 
genomic event. Patients with a malignancy for which olaparib was not available as standard 
treatment were considered for this cohort. We hypothesized that a PARPi may be an effective 

3
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treatment option for patients with malignant tumors harboring BRCA12 LoF mutations, both 
germline and somatic , independent of histology.

Here, we show that PARPi is a potentially effective treatment strategy for patients with com-
plete LoF of BRCA1/2 in the DRUP cohort of 24 patients “Olaparib for tumors with a BRCA1/2 
mutation”. The importance of WGS, performed on baseline biopsies, is demonstrated by the 
correlation between complete LoF of BRCA1/2 and clinical benefit from olaparib. WGS provides 
information on both germline and somatic mutations, and genomic mutational signatures, 
allowing for optimal patient selection using a single assay.

PATIENTS AND METHODS

STUDY DESIGN
The Drug Rediscovery Protocol (DRUP) is an ongoing prospective, multicenter, non-random-
ized basket trial in which patients with advanced solid malignancies are being treated based 
on their tumor molecular profile, with targeted- or immunotherapy outside their registered 
indications25. The basket trial design allows for an unlimited number of parallel cohorts con-
sisting of patients with the same histological tumor type, molecular target (defined at gene 
level) and study drug. Patients enrolled in the histology-agnostic cohort “Olaparib for tumors 
with a BRCA1 or BRCA2 mutation” received olaparib tablets 300 mg twice daily26 in 28-day 
cycles until occurrence of disease progression or intolerable side effects. Dose reductions were 
allowed up to a minimum dose of 200 mg twice daily. Patients were enrolled in nine out of the 
32 DRUP-participating hospitals in the Netherlands, between September 2016 and October 
2019. To date, accrual in other cohorts of the DRUP is still ongoing.

This study is registered with ClinicalTrials.gov, number NCT02925234.

PATIENTS
Adult patients with advanced solid malignancies, for which standard treatment options were 
exhausted, and with no option for on-label or phase III study treatment with PARPi, were 
enrolled. Expansion of the reimbursed indications of olaparib during the course of the trial 
resulted in exclusion of patients with the new “on-label” histologies from that moment on. 
Patients with those histologies who were already enrolled in DRUP were not excluded, but 
continued treatment within the trial and were included in the efficacy analysis. Pre-enrollment, 
patients needed to have a pathogenic, inactivating BRCA1 or BRCA2 mutation or deletion 
confirmed in their tumor tissue, identified using any validated genetic test within the context 
of routine diagnostics or using WGS in the context of the Dutch CPCT-02 study27. At the start 
of the trial, confirmation of bi-allelic LoF of BRCA was not a requirement for eligibility yet. 
During the course of the trial, literature emerged reporting on the importance of complete 
LoF for response to PARP inhibitors. Therefore, we added bi-allelic LoF of BRCA as a second 
requirement for eligibility in this cohort. In all submitted cases, the variant was reviewed 
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by two independent clinical molecular biologists, assessing the actionability of the variant. 
Actionable variants were homozygous deletions and inactivating bi-allelic somatic mutations 
or inactivating germline mutations with LOH. They advised the study team on the driver like-
lihood, after which the decision to include the patient was made by the study team.

For this cohort in DRUP, the general DRUP in- and exclusion criteria applied25. Additionally, 
patients were not eligible if they had previously been treated with a PARP inhibitor, if they were 
immunocompromised or if they had features suggestive of myelodysplastic syndrome (MDS) 
or acute myeloid leukemia (AML). Patients were considered evaluable for the primary endpoint 
if at least one cycle of olaparib was completed. Non-evaluable patients were excluded for the 
efficacy analysis, but included in the safety analysis.

The study is conducted in accordance with the International Conference of Harmonization of 
Good Clinical Practice and the Declaration of Helsinki, and was approved by the independent 
ethics committee and by the institutional review boards in every participating hospital. Pa-
tients provided written informed consent upon enrollment.

STUDY ENDPOINTS
The primary end point of this study is the clinical benefit rate (CBR), defined as confirmed 
complete or partial response or stable disease for 16 weeks or more, according to RECIST 1.1 
and measured at least twice, at least 28 days apart in a particular cohort. Tumor response was 
reported by the local investigator in the electronic case record form (eCRF).

Tumor assessments were done at baseline and after every second treatment cycle. If patients 
were on treatment ≥ 6 months, tumor assessments were performed after every three cycles. 
Secondary endpoints include: objective response rate (ORR, defined as partial or complete 
response), duration of response, progression free survival (PFS), overall survival (OS) and 
treatment related CTCAE grade ≥ 3 adverse events. Exploratory endpoints include biomarker 
analysis on fresh frozen tumor biopsies.

Safety is assessed by documentation of serious and study treatment-related grade ≥3 adverse 
events according to CTCAE v.4.03, and followed up until one month after the last dose of 
study drug. Safety within the trial is monitored by an Independent Data Monitoring Committee 
(IDMC) who is blinded for response rates per cohort during accrual.

STATISTICAL ANALYSIS
Cohorts are monitored using a Simon-like two-stage “admissible” monitoring plan28,29 to iden-
tify cohorts with evidence of activity. Clinical benefit (CB) of ≥ 30% is considered of sufficient 
clinical interest to warrant further study in a confirmatory expansion cohort (stage III within 
the DRUP30). The cohorts are evaluated in a two-stage design, if there would be 0 patients 
with CB in the first 8 participants in the cohort, the cohort would be closed. Otherwise, an 
additional 16 patients would be included in the cohort. Four or fewer patients with CB out of 
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24 would suggest a lack of (clinically meaningful) activity, while five or more patients with CB 
would suggest that further investigation of the drug in the tumor/variant cohort is warranted. 
The null hypothesis and alternative hypothesis to be tested are defined as CBR of 10% versus 
≥ 30%. This monitoring rule has 85% power to reject the null hypothesis of a CBR of 10% when 
the true CBR is 30%, with a one-sided alpha error rate of 7.8%. Exact 95% confidence intervals 
(CI) were calculated using the Clopper-Pearson method.

BASELINE TUMOR BIOPSIES AND BIOMARKER ANALYSIS
At baseline, a new fresh frozen tumor biopsy was obtained from each patient. Biopsies were 
harvested and collected by the participating hospitals and sent to the Hartwig Medical Foun-
dation ((HMF), Amsterdam, The Netherlands), together with a 10-ml blood sample to determine 
the background variation of the germline DNA of the patient. For WGS, a minimum tumor cell 
percentage of 30% is required. A 6-μm section was collected for haematoxylin and eosin (H&E) 
staining and estimation of tumor cellularity by an experienced pathologist. If the sample tumor 
cellularity was ≥ 30% and the DNA yield was ≥ 300 ng, WGS was performed.

WGS data were analyzed using an optimized, high-quality bioinformatic pipeline31, and per pa-
tient a summarizing report of all relevant findings was created, including information on tumor 
purity, ploidy, somatic variants, copy number variations, mutational load, and more complex 
genomic features such as gene fusions, COSMIC mutational signatures32 and microsatellite (in)
stability. A Classifier of HOmologous Recombination Deficiency (CHORD) for pan-cancer HRD 
detection, as recently developed by HMF, was computed for each sample, hereafter referred to 
as “HRD-score”33. Bi-allelic status of point mutations and the driver likelihood were assessed 
as described in previously published work31. All code and scripts used for analysis of the WGS 
data are available at GitHub (https://github.com/hartwigmedical/).

Before biomarker analysis was performed, all WGS samples (baseline study samples and 
pre-enrollment WGS samples) were re-analyzed using the most recent HMF bioinformatics 
pipeline, including computation of the HRD-score for each sample. The investigators and an 
independent clinical molecular biologist reviewed the baseline biopsy WGS results and con-
firmed presence of the qualifying BRCA mutation, assessed bi-allelic status of BRCA LoF and 
explored other identified oncogenic driver alterations. In cases where no baseline WGS data 
were available (i.e. failed sequencing due to low tumor cellularity), the call for bi-allelic or mo-
no-allelic BRCA LoF was made based on the pre-enrollment molecular data. If pre-enrollment 
WGS data was available, a HRD-score was computed from that sample. Recent reports show a 
high spatiotemporal preservation of genomic driver alterations36 which justifies this approach.

ROLE OF FUNDING SOURCE
This Investigator Initiated study receives funding from the Dutch Cancer Society (KWF), Bar-
code for Life and receives equal funding from a number of pharmaceutical companies, among 
which AstraZeneca. WGS was performed free of charge at HMF. Study medication was made 
available free of charge by the manufacturer.
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AstraZeneca had no role in the design or execution of the study and no influence on the study 
report.

RESULTS

ACCRUAL IN THE COHORT “OLAPARIB FOR TUMORS WITH A BRCA1 OR 
BRCA2 MUTATION”
Between September 2016 and November 2019, 68 patients with advanced cancer harboring a 
BRCA1 or BRCA2 alteration, who had exhausted standard treatment options, were submitted 
to the study team for evaluation for potential study participation in the cohort “Olaparib for 
tumors with a BRCA1 or BRCA2 mutation”. Forty-five patients were approved by the study team 
to be screened for treatment with olaparib, 18 patients were ineligible for study participation 
(Supplementary Figure 1). Twenty-seven patients with nine tumor types were found eligible 
and started study treatment, of which the majority (41%, N=11) had prostate cancer. Nineteen 
patients were included despite their current labeled indication (prostate (N=11), breast (N=3), 
ovarian (N=3) and pancreatic cancer (N=2)), since at the time of enrollment PARPi treatment 
was still off-label and not reimbursed for their tumor type. Patients had a median number of 
four prior lines of systemic treatment (Table 1, Supplementary Table 1). The regimens varied 
greatly due to the different tumor types enrolled. Fifteen of 27 patients were treated with a 
platinum-containing regimen (carboplatin (N=11), oxaliplatin (N=3) and cisplatin (N=1)). Seven 
patients who were previously platinum resistant had clinical benefit of olaparib treatment. 
Three patients were not evaluable for the primary endpoint according to our protocol defini-
tion of evaluability and were excluded in the efficacy analysis (two had clinical progression and 
rapid deterioration (within 4 weeks) before finishing the first complete cycle, one patient suf-
fered from intolerable side effects and stopped study treatment after six days). All 27 patients 
who received at least 1 dose of study medication were included in the safety analysis. Baseline 
characteristics are presented in Table 1. Twenty-four patients were evaluated in the efficacy 
analysis. From here on, only the results and characteristics of these 24 patients are described.

Table 1. Baseline characteristics of the 27 patients enrolled in the cohort “Olaparib for tumors with a 
BRCA1 or BRCA2 mutation”. 

*All patients were required to have exhausted standard therapies, but six patients refused standard 
chemotherapy due to fear of toxicity. In addition, occasionally the treating physician had well-argued 
reasons to refrain from certain standard therapies (i.e. low response rate to standard therapies in specific 
patient subgroups). Abbreviations: WHO = World Health Organization.

n = 27

Gender

Male 17 63%

Female 10 37%

Age (approximately at consent)

Median (range) 57 (37 – 79)
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Table 1. Baseline characteristics of the 27 patients enrolled in the cohort “Olaparib for tumors with a 
BRCA1 or BRCA2 mutation” (continued)

n = 27

WHO Performance Status

WHO 0 7 26%

WHO 1 18 67%

Not available 2 7%

Primary tumor types

Prostate cancer 11 41%

Breast cancer 4 15%

Pancreatic cancer 3 11%

Ovarian cancer 2 7%

Colorectal cancer 2 7%

Cholangiocarcinoma 2 7%

Renal cell carcinoma 1 4%

Adrenal gland carcinoma 1 4%

Endometrial cancer 1 4%

Number of prior systemic therapy lines

Median (range) 4 (1 – 6)*

PRE-ENROLLMENT MOLECULAR CHARACTERISTICS
Seventeen patients were included based on a BRCA2 mutation, and seven patients had a 
BRCA1 mutation. In 14 of 24 patients, the BRCA alteration was discovered by WGS, performed 
as part of the Dutch CPCT-02 study27. In five patients, the target was found using an NGS 
panel (smMIP and/or MLPA). Four patients were included based on a germline test only, and 
in one patient, a germline test combined with two functional HRD tests was performed. This 
patient with breast cancer had a germline mono-allelic BRCA2 c.9104A>C mutation that was 
classified as a variant of uncertain significance. Functional characterization of this variant 
using embryonic stem cell complementation showed 50% reduction in HR functionality37. 
Additionally, a Recombination Capacity (RECAP) test38 showed negative RAD51 staining after ex 
vivo irradiation of the tumor tissue, which is highly suggestive of HRD. Based on these results, 
the study team granted a waiver to include the patient. Twelve patients had a germline BRCA 
mutation. Six of them also had a somatic event in BRCA, or LOH in tumor tissue, resulting in 
complete BRCA LoF. Twelve patients were included based only on somatic BRCA alterations. 
In six of them, complete LoF of BRCA was confirmed pre-enrollment or based on the baseline 
WGS data (Supplementary Table 1).

BASELINE BIOPSIES AND WGS RESULTS
Baseline study biopsies were performed in 22 out of 24 patients. For two patients, a biopsy 
was not possible for medical reasons. Thirteen (59%) biopsies were successfully sequenced. 
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Eight biopsies could not be sequenced due to a low tumor cellularity (< 30%) and one was 
sequenced despite a tumor cellularity below the threshold, confirming the qualifying BRCA 
mutation, but HRD-score and bi-allelic call could not be extracted (Supplementary Table 1).

From seven of 13 patients with successful baseline biopsy WGS, pre-enrollment WGS data 
were also available. Additionally, from eight patients with failed baseline study WGS, pre-en-
rollment WGS data were available, and from three patients no WGS data were available and 
information on bi-allelic status and HRD-score from these patients could not be retrieved. 
Based on a consensus of findings from the pre-enrollment and the baseline study biopsies, 
15 out of 24 patients had confirmed bi-allelic BRCA LoF and a high HRD-score (Supplementary 
Table 1). In two patients with prostate cancer the call for bi-allelic loss could not be made due 
to low tumor purity, but in one of them, the high HRD-score suggests complete LoF of BRCA2. 
In six other patients, baseline WGS showed a low HRD-score and only mono-allelic loss (N=4) 
or no BRCA variant at all (N=2, 9%) (Supplementary Table 1).

CLINICAL BENEFIT
Fourteen of 24 patients (58%, 95% CI 37% - 78%) had CB upon treatment with olaparib. The 
objective response rate was 29% (7/24 patients), median time on treatment was 5.8 months 
(95% CI 1.8 – 9.2 months). At data cut-off (5 November 2020), one patients was still on treat-
ment. The median PFS in this cohort was 7 months (95% CI 2-8 months) and the median OS was 
13 months (95% CI 7 – NA months) (Figure 1). CB was observed across tumor types, including 
non-BRCA histologies such as cholangiocarcinoma, and in patients with both germline and 
somatic BRCA alterations (Figure 2, Supplementary Table 1). In the group of patients with CB, 
the median treatment duration was 9.1 months (95% CI 8.4 – NA months). The difference in 
outcome between bi-allelic LoF of BRCA1 and BRCA2 was not statistically significant (Fishers’ 
exact value 0.2445).

CB was predominantly observed in patients with tumors harboring a bi-allelic LoF alteration 
of BRCA1 or BRCA2, and with an HRD genomic signature, with few exceptions: one patient with 
prostate cancer had prolonged stable disease, while having no signs of genomic bi-allelic BRCA 
loss. The pre-enrollment molecular data showed a somatic BRCA2 mutation with 24% variant 
allele frequency (VAF), while in the baseline study biopsy WGS data, no evidence of a BRCA 
alteration or HRD was found. As indicated before, the most likely cause of this discordance is 
tumor heterogeneity. It is known that patients with BRCA-associated tumor types can benefit 
from PARPi even if the tumor has only mono-allelic BRCA LoF13. Another possible explanation 
for the clinical benefit in this patient may be that the dominant tumor clone indeed had a 
BRCA2 alteration, in combination with a post-translational silencing of BRCA2, resulting in 
functional HRD. CB was also observed in two patients whose details regarding bi-allelic LoF 
and HRD-score were unknown. Both patients had BRCA associated tumor types and were 
included based on a germline test only, with no WGS results available to confirm the target. 
None of the four patients with confirmed mono-allelic loss had CB. Of the fifteen patients with 
confirmed bi-allelic BRCA1/2 LoF, eleven had CB (73%).
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Figure 1. PFS and OS in the cohort “Olaparib for tumors with BRCA1/2 mutations”. Kaplan–Meier curves 
for estimated PFS (left) and OS (right), with 95% CI (dashed lines).

Figure 2. Treatment efficacy of olaparib in patients with tumors harboring BRCA1/2 alterations. Swimmer 
plot of the time on treatment (in weeks) for each patient (n = 27). Patients marked with an arrow were still 
on treatment (as per November 5th, 2020). On the left side of the figure, the molecular tumor profiles of 
preenrollment biopsies and DRUP baseline-study biopsies and the histologic tumor types are annotated.

NON-BRCA ASSOCIATED HISTOLOGIES
Seven patients in this cohort had non-BRCA associated tumor types. Of these, four (57%) had 
clinical benefit: two patients with cholangiocarcinoma, one with renal cell carcinoma and one 
with endometrial cancer. WGS data showed bi-allelic LoF of BRCA (Supplementary Table 1). 
Three patients with non-BRCA associated histologies had no benefit from olaparib. The WGS 
data from the two patients with colorectal cancer clearly showed no bi-allelic LoF of BRCA and 
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no evidence of HRD. This suggests that the BRCA mutations found in these patients are likely 
neutral passenger mutations and a consequence rather than a cause of tumorigenesis, in line 
with previous reports13. Both patients had TP53, APC and KRAS mutations and one also had a 
SMAD4 mutation. One patient with adrenal gland carcinoma had bi-allelic BRCA LoF and HRD, 
however, a CTNNB1 (β-catenin) p.Ser45Pro mutation was found, suggestive for WNT pathway 
activation, which is a known mechanism of PARPi resistance via N6-methyladenosine modi-
fication of FZD10 mRNA, correlating with increased homologous recombination activity and 
reduced PARPi sensitivity39. Additionally, this patient had a TP53 mutation and RB1 deletion 
(Supplementary Table 1).

LACK OF BENEFIT DUE TO OTHER DOMINANT NON-HRD MUTATIONAL 
PROCESSES
Apart from the patient with adrenal gland carcinoma described above, three other patients 
had no CB, despite having BRCA-associated tumor types, confirmed bi-allelic BRCA LoF and a 
high HRD-score. We analyzed WGS data to search for indicators of primary resistance to PARPi. 
In each patient, WGS analysis showed the presence of another (strong) oncogenic driver mu-
tation that was not previously implied as possible PARPi resistance mechanism. One patient 
had breast cancer with an amplification (18 copies) of Fibroblast Growth Factor Receptor 1 
(FGFR1), which is found in 6.9 - 19.7% of patients with metastatic breast cancer31,40 and has been 
reported as a possible driver alteration and potential therapeutic target in breast cancer41-43. 
Another patient with pancreatic cancer had a homozygous loss of CDKN2A and a duplication of 
exon 3-6 of TGFBR2, likely leading to inactivation. CDKN2A (p16) is deleted or inactivated in 67% 
of patients with metastatic pancreatic cancer31. If expressed, it compromises efficient BRCA1 
dependent DNA repair44 and it is associated with better radiosensitivity in vitro45, while we 
hypothesize that the opposite may result in lower sensitivity to PARPi. Inactivation of TGFRB2 
may also contribute to decreased sensitivity to PARPi because active TGFβ signaling in tumors 
enhances sensitivity to PARPi in vitro46. In the third patient, also with pancreatic cancer, a 
KEAP p.Cys434* inactivating mutation, which is associated with drug resistance by regula-
tion of expression of plasma membrane efflux pumps and detoxifying enzymes47, and a KRAS 
p.Gly12Arg activating hotspot mutation were detected. In-vitro cell line data have indicated 
a role of KRAS mutation for PARPi resistance48, but the clinical relevance remains uncertain. 
In all these patients, it is likely that the tumors were not dependent on BRCA, but rather on 
another dominant non-HRD mutational process.

SAFETY
Serious adverse events (SAE’s) occurred in 37% of the enrolled patients (Table 2). No unex-
pected toxicity or CTCAE Grade ≥ 4 events were reported. Review of SAE’s by the IDMC raised 
no safety concerns.
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Table 2. Serious Adverse Events (SAEs): 16 SAE’s occurred in 10 out of 27 patients. No grade ≥4 SAEs were 
reported. Grading according to Common Terminology Criteria for Adverse Events (CTCAE) 5.0.

Abbreviations: GGT = gamma glutamyltransferase.

SAE Grade ≥3

No %

Dehydration 1 3.7

Fatigue 2 7.4

Enterocolitis 1 3.7

Hydronephrosis 1 3.7

GGT increased 2 7.4

Spinal cord compression 1 3.7

Pain 2 7.4

Pneumonitis 1 3.7

Tachycardia 1 3.7

Anemia 1 3.7

Dyspnea 2 7.4

Pulmonary embolism 1 3.7

DISCUSSION
Precision medicine holds great promise for the future of patients with (advanced) cancer, but 
is hampered by many challenges, including target identification, prioritization and funding/
reimbursement of biomarker identification and treatment, due to extremely low numbers of 
patients with similar molecular profiles. This makes established methods of randomized trials 
to generate solid evidence for determination of treatment benefit difficult. To circumvent this 
challenge, the innovative design of the DRUP allows evaluation of small groups of patients 
with rare cancer subtypes to determine the potential benefit of a targeted agent in a group of 
patients with a specific tumor molecular profile.

In patients with cancer harboring deleterious BRCA1/2 mutations, regardless of histological 
tumor type, we here report that olaparib monotherapy is an effective and tolerable treatment 
option, for both germline and somatic alterations. The majority of patients (58%) derived CB 
from olaparib treatment. CB was almost exclusively observed in patients who had bi-allelic 
BRCA LoF and a high HRD-score, confirming the absence of a functional homologous repair 
system. Post hoc selection of only those patients with confirmed bi-allelic loss of BRCA1/2 
(N=15) revealed a CBR of 73% (N=11).

A considerable proportion of patients in this cohort had BRCA-associated tumor types (i.e. 
prostate , ovarian, breast and pancreatic cancer), of which we now know that olaparib is an 
effective treatment option49-53. Ten out of 15 evaluable patients with BRCA-associated histolo-
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gies had CB, which may in part contribute to the success of the cohort. Seven of 24 patients had 
non-BRCA associated tumor types, of whom four (57%) had clinical benefit (Supplementary 
Table 1). These results indicate that patients with tumor types other than the known BRCA as-
sociated histologies can benefit from treatment with PARPi, provided that they have bi-allelic 
LoF of BRCA, resulting in HRD. It also emphasizes the importance of extensive molecular tumor 
profiling by means of WGS or large panel sequencing for all patients. Small tumor-specific 
sequencing panels would, in all seven patients in this cohort, not have identified the BRCA mu-
tations, as BRCA diagnostics is not part of the regular reimbursed care for these tumor types.

An important limitation of this study is the small sample size of 24 patients. Nine different 
tumor types were enrolled in this histology-agnostic cohort, resulting in a heterogeneous 
population with large variations in biological tumor features and previous treatments. The 
number of patients per tumor type is low, there is a relative underrepresentation of patients 
with non-BRCA associated tumor types and since some important tumor types (i.e. non-Small 
Cell Lung Cancer) are not represented in our cohort, the results cannot simply be extrapo-
lated to all patients with cancer. Though we find a clinically relevant signal of activity here, 
confirmation of our findings in a larger cohort is essential, with special emphasis on patients 
with non-BRCA tumor types.

Six patients ultimately did not have bi-allelic BRCA loss (mono-allelic loss: N=4; no BRCA 
variant: N=2). In two patients with prostate cancer, the qualifying BRCA variant could not be 
re-identified in the baseline biopsy WGS data, the exact reason for this discordance is unclear. 
No evidence for reversion of HRD (for example due to platinum-based chemotherapy) was 
found in the WGS data. A possible explanation in both cases could be inter- or intra-tumor 
heterogeneity. Alternatively, in the first patient the low VAF of 24% may suggest that BRCA2 
LoF was not the major driver of tumorigenesis and that the variant was lost in clonal evolution. 
However, the short time between pre-enrollment biopsy and baseline study biopsy did not 
support this. In the other patient with a BRCA1 exon 1 deletion, an alternative explanation 
could be that the deletion of exon 1, which is located outside the open reading frame and 
contains the BRCA1 promoter, could not be picked up by the bioinformatics pipeline. However, 
the low HRD-score suggests that there was no functional HRD, which points towards the more 
likely hypothesis of tumor heterogeneity. In three other patients, the information regarding 
bi-allelic status of BRCA could not be retrieved. In the early days of the trial, confirmation of 
complete LoF of BRCA was not a requirement for eligibility. The initial inclusion of patients 
without complete LoF of BRCA1 or BRCA2 in this cohort may be considered a weakness but we 
regard it as an unintentional strength, as it underlines the importance of a sharply defined bio-
marker. Our data illustrate the contrast between the groups with and without complete LoF, in 
terms of CB to PARPi treatment (73% versus 17%). Clearly, this study is not powered to demon-
strate a significant difference between these subgroups within the cohort due to the small 
number of patients. However, we noted this as an interesting signal that warrants confirmation 
in a larger independent cohort. Currently, pathologists and molecular biologists struggle to 
reliably call loss-of-heterogeneity and bi-allelic BRCA LoF using the available standard large 
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NGS panels. Experts are able to circumvent some of the struggles by adding a custom design 
of polymorphous single nucleotid polymorphisms (SNP’s) around the BRCA1/2 genes, but this 
requires experience and expertise that is not widely available yet, and an uncertainty margin 
remains when NGS panels are used, especially for samples with lower tumor percentages. Due 
to the reliable detection of tumor purities, WGS facilitates the diagnostic process by accurately 
informing physicians on tumor specific bi-allelic loss of function of BRCA1/2 and HRD, as well as 
on the presence of additional mutations potentially causing resistance to PARPi, using a single 
assay. Prompt availability of this information allows for better patient selection for treatment 
with PARPi, preventing overtreatment of patients who will likely not benefit.

The availability of WGS data also allowed to explore possible reasons for unexplained lack 
of clinical benefit upon PARPi treatment in patients with HRD and bi-allelic BRCA LoF. As de-
scribed, in the four patients who had no CB despite having a favorable HRD molecular profile, 
another dominant non-HRD mutational process was identified as possible explanation for 
the lack of benefit. Pan-cancer, it is known that tumors have a mean number of 5.7 candidate 
genomic driver events per patient31, likely occurring at different stages of tumor evolution. 
Some tumors may have multiple drivers occurring as early events in tumor development. In 
tumors with HRD, not responding to PARPi, one could also hypothesize that bi-allelic BRCA 
LoF and HRD may simply manifest as a consequence of genomic instability rather than being 
an early driving genomic event, especially in late stage cancers such as in our cohort. Although 
we did find potential underlying tumor biology contributing to resistance in these patients, it 
is still hypothetical and needs further investigation.

Although an association between clinical benefit from olaparib and platinum sensitivity has 
been described54,55, we here found that platinum refractory tumors can still respond to PARPi 
treatment. Seven out of 12 patients previously treated with platinum-containing chemothera-
py had CB upon olaparib treatment, one of them was primary resistant to carboplatin, which 
indicates that platinum-sensitivity alone may not be a good predictive biomarker for olaparib 
treatment outcome.

Baseline WGS was successfully performed on all biopsies that had sufficient tumor cellularity 
(N=15 (60%)). This is consistent with the overall WGS success rate within DRUP25 and within the 
Dutch CPCT-02 study31. Currently, the minimum required tumor cellularity for clinical-grade 
WGS analysis has been further downscaled from 30% to 20% due to ongoing technical im-
provements and optimized data analysis (bioinformatics)56, resulting in a current successful 
analysis of 71%57.

The CBR observed in this cohort needs confirmation in a larger independent cohort. Currently, 
we are preparing an expansion cohort within DRUP. After the first example of a 3rd stage cohort 
“nivolumab for MSI tumors”, which is the first pilot of the new Dutch personalized reimburse-
ment model that has been previously described30, negotiations with the manufacturer, payers 
and health authorities are currently ongoing to work towards a second expansion cohort in 
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DRUP to study olaparib in BRCA1/2-mutated tumors. Based on our current findings and previ-
ous reports13, we have refined the qualifying biomarker to bi-allelic (somatic or germline) loss 
of function of BRCA1 or BRCA2, and only off-label tumor types (non-BRCA histologies) will be 
eligible. In this expansion cohort, the financial risk will be shared between the manufacturer 
of olaparib and the insurance companies. For the first 16 weeks of treatment, the study drug 
is provided by the manufacturer. Upon confirmation of clinical benefit at 16 weeks, the subse-
quent treatment will be reimbursed by the health care insurance on an individual basis while 
efficacy and safety data collection continues to ultimately support expansion of the existing 
labeled indications of the drug.

CONCLUSION
Olaparib is an effective treatment option for patients with cancer harboring somatic and germ-
line deleterious BRCA1/2 alterations regardless of tumor type, who exhausted other treatment 
options. The CBR in this cohort was 58%, and CB was predominantly observed in patients 
harboring tumors with bi-allelic LoF of BRCA and HRD. In patients with non-BRCA associated 
tumor types, 57% had clinical benefit, suggesting PARPi as a promising treatment strategy and 
justifying a broad molecular diagnostic approach in all patients. In patients in this cohort who 
had complete LoF of BRCA and HRD in tumor tissue, but without clinical benefit of olaparib, 
another potential oncogenic driver was discovered by WGS. Further investigation and confir-
mation of this CBR in patients with non-BRCA histologies in an independent expansion cohort 
is warranted, and is currently in preparation within DRUP for patients with bi-allelic BRCA LoF.
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SUPPLEMENTARY TABLES AND FIGURES

Supplementary Figure 1. Flow chart of patients with BRCA1/2 alterations submitted to the study team 
between September 2016 and December 2019, and reasons for drop-out, rejection or screen failure.

Abbreviations: VUS = Variant of Unknown Significance, LOH = Loss of Heterozygosity.
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Supplementary Table 1. For each patient, an overview of clinical characteristics (tumor type, response 
to therapy, previous treatments) and molecular characteristics (pre-enrollment and at baseline) is 
presented.
$ = For details regarding the functional tests, please refer to the results section in the main text

Patient had clinical benefit

Patient had no clinical benefit

* Patient was not evaluable for primary end point and was not included in the efficacy analysis

(Table starts on next page)
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ABSTRACT
The tyrosine kinase inhibitor sunitinib is an effective first-line treatment for patients with 
advanced renal cell carcinoma (RCC). Hypothesizing that a functional read-out by mass spec-
trometry-based (phospho, p-)proteomics will identify predictive biomarkers for treatment out-
come of sunitinib, tumor tissues of 26 RCC patients were analyzed. Eight patients had primary 
resistant (RES) and 18 sensitive (SENS) RCC. A 78 phosphosite signature (p<0.05, fold-change 
>2) was identified; 22 p-sites were upregulated in RES (unique in RES: BCAR3, NOP58, EIF4A2, 
GDI1) and 56 in SENS (35 unique). EIF4A1/EIF4A2 were differentially expressed in RES at the 
(p-)proteome and, in an independent cohort, transcriptome level. Inferred kinase activity of 
MAPK3 (p=0.026) and EGFR (p=0.045) as determined by INKA was higher in SENS. Posttrans-
lational modifications signature enrichment analysis showed that different p-site-centric sig-
natures were enriched (p<0.05), of which FGF1 and prolactin pathways in RES and, in SENS, 
vanadate and thrombin treatment pathways, were most significant.

In conclusion, the RCC (phospho)proteome revealed differential p-sites and kinase activities 
associated with sunitinib resistance and sensitivity. Independent validation is warranted to de-
velop an assay for upfront identification of patients who are intrinsically resistant to sunitinib.
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BACKGROUND
The treatment landscape in metastatic renal cell carcinoma (mRCC) has changed dramati-
cally in the past 15 years. Anti-angiogenic tyrosine kinase inhibitors (TKIs), such as sunitinib, 
sorafenib, axitinib, pazopanib and cabozantinib, are an effective treatment option for pa-
tients with mRCC. Since their introduction, the median overall survival (OS) has improved 
from 15-17 months before 20041-4 to 23-29 months with TKI monotherapy5-7. Combining TKI’s 
with immune checkpoint inhibitors (ICI) has further improved the 12-month overall survival 
rate from 72%8 to 90%9,10. With the vast expansion of therapeutic options, optimization of 
treatment selection strategies for individual patients becomes more important. Sunitinib is 
an oral multi-targeted TKI targeting mainly the Vascular Endothelial Growth Factor Receptors 
(VEGFR 1 and 2), Platelet-Derived Growth Factor Receptors (PDGFR-alpha and PDGFR-beta) 
and stem cell factor receptor (KIT), though many off-target effects are observed11. Patients 
receiving first-line treatment with sunitinib have a median progression free survival (PFS) of 
8.4 - 11 months, with an objective response rate of 25 - 47%7,12. However, all patients eventually 
relapse due to acquired resistance, and 13-29% does not benefit from treatment at all12-14. 
Moreover, up to 53% of patients require dose interruptions and in 12% therapy is discontin-
ued because of adverse events12. Sunitinib remains one of the preferred first-line treatment 
options for patients with favorable-risk clear cell RCC (ccRCC) and non-ccRCC15-17. To improve 
treatment benefit from sunitinib, a predictive biomarker would be of significant clinical value.

Tissue-based baseline predictive biomarkers for sunitinib in RCC are lacking. Although a large 
number of candidate molecular biomarkers have been under investigation, none have been 
prospectively validated18. Thus far, most attempts have applied immunohistochemistry, panel 
DNA or RNA sequencing and PCR for target detection19. However, due to multiple resistance 
mechanisms in RCC, characteristically driven by a multitude of aberrantly activated kinase 
signaling pathways20 instead of a single oncogenic driver mutation, genomics-based analysis 
alone is most likely not sufficient to predict response to sunitinib21. A functional pathway 
analysis may be a more promising approach22,23.

Proteins are the driving force of cellular function, including intracellular signaling and immune 
responses. Post-translational modifications, such as phosphorylation, have a major role in reg-
ulation of protein function and activity. (Phospho)proteomics based on liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS) offers insight in aberrantly activated kinase 
signaling pathways and potential drug targets through the global analysis of phosphorylated 
proteins. This method has high potential for patient stratification and prediction of therapy 
response24-28. In particular, phosphotyrosine-(pTyr)-phosphoproteomics provides an oppor-
tunity for the identification of patient subgroups likely to benefit from TKI’s29. As only 1% of all 
protein phosphorylations occur on tyrosine residues30, enrichment of tyrosine phosphorylated 
peptides is necessary prior to LC-MS/MS.

4
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We here aimed to identify baseline tissue-based molecular biomarkers for prediction of 
(lack of) treatment benefit to sunitinib in patients with advanced RCC, using MS-based 
pTyr-phosphoproteomics and global expression proteomics.

MATERIALS AND METHODS

PATIENT SELECTION
From the hospital pathology database, patients with RCC were selected who had undergone 
tumor nephrectomy or metastasectomy between 2000 and 2013, and thereafter received 
palliative treatment with sunitinib in the Amsterdam University Medical Centers (Amsterdam 
UMC), location VUmc. Clinical data were collected retrospectively from the hospital case re-
cords. Patients were classified as “sensitive” if they had PFS ≥ 12 weeks and radiological stable 
disease or objective response, or “primary resistant” if they exhibited radiological progressive 
disease at first evaluation (PFS < 12 weeks). Since archival tissue was used for the purpose of 
scientific research, and collected within the context of routine clinical practice procedures, 
the Dutch Medical Research Involving Human Subjects Act does not apply. Patients treated at 
Amsterdam UMC had the possibility to opt-out for the use of their data and tissue for research 
purposes.

TUMOR TISSUE COLLECTION AND SAMPLE PROCESSING FOR LC-MS/MS
Frozen pre-treatment tumor resection specimens, acquired through standard care procedures 
and stored at -80 °C, were collected from the hospital biobank. The tumor samples were cut 
(Leica CM1850) in 10-μm cryosections at -20 °C, transferred to precooled 1.5-ml Eppendorf 
vials and stored at -80 °C. Lysis was performed using approximately 1 ml 9 M urea buffer per 
sample, followed by 1 min vortexing (maximum speed), sonication (18-μm amplitude) and 
centrifugation (15 min, maximum speed). The cleared lysate was aliquotted and stored at −80 
°C until further use. The BCA protein assay (ThermoPierce, Rockford, IL) was used to determine 
protein concentration. Cell lysates were reduced in 4 mMDTT for 20 min at 60 °C, cooled to 
room temperature, and subsequently alkylated in 10mMiodoacetamide for 15min in the dark. 
After dilution to 2 M urea using 20 mM HEPES buffer pH 8.0, the lysate was digested with 20 μg 
Sequencing Grade Modified trypsin/ (Promega, Leiden, The Netherlands) per mg protein by 
overnight incubation at 22 °C. Digestion was then stopped by adding trifluoroacetic acid (TFA) 
to a final concentration of 1%. Samples were incubated for 15 min on ice, centrifuged for 5min 
at 1800 ×g, and transferred to a new tube. Tryptic digests were desalted using 1-ml Oasis HLB 
cartridges (Waters, Milford, MA). After pre-wetting with acetonitrile (ACN) and equilibration 
of the column with 0.1% TFA, peptides were loaded. The column was washed using 0.1% TFA 
before elution into glass vials with 40% ACN/0.1% TFA. Eluates were lyophilized for 48 h and 
stored at −80 °C until further use.
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CONTROL SAMPLES
As quality control samples, the colorectal cancer cell line HCT116 and a reference sample of 
tissue-mixture (containing pooled lysates of tumor samples of colorectal cancer, melanoma, 
non-small cell lung cancer and hepatocellular carcinoma) were used. HCT116 cells were ob-
tained from the American Type Culture Collection. Cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/ml sodium 
penicillin and 100 μg/ml streptomycin, and maintained at 37 °C. Plated cells were washed twice 
with phosphate-buffered saline (PBS) and lysed using 9M urea buffer. Cells were scraped and 
the lysate was sonicated and centrifuged for 15 minutes at maximum speed. Aliquots of lysate 
were stored at -80 °C. Further processing was done as described before.

IMMUNOPRECIPITATION AND PROTEIN IDENTIFICATION
Tumor samples were processed in 3 batches, each containing samples from patients with 
sensitive and resistant tumors. Immunoprecipitation (IP) of tyrosine phospho-peptides was 
performed using the PTMScan kit (P-Tyr-1000) from Cell Signaling Technology (Leiden, The 
Netherlands) as described elsewhere32,34. Briefly, lyophilized phosphopeptides were dissolved 
in IAP buffer (20 mM Tris-HCl pH 7.2, 10 mM sodium phosphate and 50 mM NaCl) and incubated 
with 2 μl P-Tyr-1000 beads per mg protein at 4 °C for 2 h. After washing in cold IAP buffer and 
Milli-Q water, peptides were eluted from the beads in two steps in 0.15% TFA, desalted in 20 μl 
Proxeon Stage Tips (Thermo Scientific) using 0.1% TFA, eluted with 80% ACN/0.1% TFA into LC 
autosampler vials, and stored at 4 °C until LC-MS/MS measurement on the same day. Peptides 
were separated on a pepmap Acclaim column (75 um ID x 500 mm, 1.9 um C18) connected to 
a pepmap Acclaim trap column (75 um ID x 10 mm 3 um C18) and running at 300 nl/min as 
described elsewhere32,33 on an Ultimate 3000 nanoLC- (Dionex LC-Packings, Amsterdam, The 
Netherlands) connected to a Q Exactive mass spectrometer (Thermo Fisher, Bremen, Germany) 
using a 2hr gradient (8-32% acetonitrile in 0.1% formic acid). Intact masses were measured 
at resolution 70,000 (at m/z 200) in the Orbitrap analyser using an AGC target value of 3E6 
charges. The top 10 peptide signals (charge-states 2+ and higher) were submitted to MS/MS 
in the HCD (higher-energy collision) cell (1.4 u-amu isolation width, 25% normalized collision 
energy). MS/MS spectra were acquired at resolution 17.500 (at m/z 200) in the Orbitrap using 
an AGC target value of 1E6 charges, MaxIT of 80 ms and an underfill ratio of 0.1%. Dynamic 
exclusion was applied with a repeat count of 1 and an exclusion time of 30 s.

LC-MS/MS spectra were searched against the Uniprot human reference proteome FASTA file 
(release August 2015, 62447 entries, no fragments) using MaxQuant 1.5.2.835. Enzyme spec-
ificity was set to trypsin and up to two missed cleavages were allowed. Cysteine carboxam-
idomethylation (Cys, +57.021464 Da) was treated as fixed modification and serine, threonine 
and tyrosine phosphorylation (+79.966330 Da), methionine oxidation (Met, +15.994915 Da) 
and N-terminal acetylation (N-terminal, +42.010565 Da) as variable modifications. Peptide 
precursor ions were searched with a maximum mass deviation of 4.5 ppm and fragment ions 
with a maximum mass deviation of 20 ppm. Peptide, protein and site identifications were 
filtered at a false discovery rate (FDR) of 1% using the decoy database strategy. The minimal 

4
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peptide length was 7 amino acids and the minimum Andromeda score for modified peptides 
was 40, with the corresponding minimum delta score set at 1736. Proteins that could not be 
differentiated based on MS/MS spectra alone were grouped into protein groups (default Max-
Quant settings). (Phospho)peptide identifications were propagated across samples using the 
match-between-runs option checked. Searches were performed with the label-free quantifi-
cation option selected. A normalization factor derived from the total count of matched protein 
lysates was applied to scale peptide intensities for each pTyr capture.

PROTEIN EXPRESSION PROFILING
Protein lysates (50 μg) were separated on precast 4–12% gradient gels using the NuPAGE 
SDS-PAGE system (Invitrogen, Carlsbad, CA). Following electrophoresis, gels were fixed in 
50% ethanol/3% phosphoric acid solution and stained with Coomassie R-250. Gel lanes were 
cut into five bands, and each band was cut into ~1 mm3 cubes. Gel cubes were washed with 
50 mM ammonium bicarbonate/50% acetonitrile and were transferred to a 1.5 ml microcen-
trifuge tube, vortexed in 400 μl 50 mM ammonium bicarbonate for 10 min, and pelleted. The 
supernatant was removed, and the gel cubes were vortexed in 400 μl 50 mM ammonium bicar-
bonate/50% acetonitrile for 10 min. After pelleting and removal of the supernatant, this wash 
step was repeated. Subsequently, gel cubes were reduced in 50 mM ammonium bicarbonate 
supplemented with 10 mM DTT at 56°C for 1 h. The supernatant was removed, and gel cubes 
were alkylated in 50 mM ammonium bicarbonate supplemented with 50 mM iodoacetamide for 
45 min at room temperature in the dark. Next, gel cubes were washed with 50 mM ammonium 
bicarbonate/50% acetonitrile dried in a vacuum centrifuge at 50°C for 10 min and covered with 
trypsin solution (6.25 ng/μl in 50 mM ammonium bicarbonate). Following rehydration with 
trypsin solution and removing excess trypsin, gel cubes were covered with 50 mM ammonium 
bicarbonate and incubated overnight at 25°C. Peptides were extracted from the gel cubes 
with 100 μl of 1% formic acid (once) and 100 μl of 5% formic acid/50% acetonitrile (twice). For 
each sample the three extracts were pooled and stored at −20°C until use. Before LC-MS, the 
extracts were concentrated in a vacuum centrifuge at 50°C, and volumes were adjusted to 50 
μl by adding 0.05% formic acid, filtered through a 0.45 um spin filter, and transferred to an 
LC autosampler vial.

STATISTICAL ANALYSIS AND BIOLOGICAL PATHWAY ANALYSIS
Cluster analysis of phosphopeptides and phosphosites was performed using hierarchical 
clustering. Phosphopeptide intensities were normalized to zero mean and unit variance for 
each phosphopeptide. Normalization of phosphopeptide intensities and cluster analyses 
were performed in R version 3.5.1. For comparative analyses, only high confidence class 1 
phosphosites were considered. Aiming to distinguish a phosphosite and protein signature 
predictive of treatment outcome of sunitinib, differential expression patterns were analyzed 
using the Linear Models for Microarray and RNA-Seq Data (limma) package version 3.36.5 for 
R37,38 (filters: p < 0.05, fold change (FC) > 2, ≥ 30% data presence, i.e. there must be a non-zero 
value in at least 30% of samples in the group with highest abundance). Differential expression 
of proteins was analyzed using the filters: p < 0.05, FC > 2 and ≥ 50% data presence; here, with 
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a more complete data matrix, a stricter filter could be applied. No imputation of data was 
performed. Heatmap visualization and hierarchical clustering was done with the R package 
ComplexHeatmap version 2.2.039. Differential proteins were imported into Cytoscape version 
3.540, and gene ontology analysis was performed in Cytoscape with the BiNGO app version 
3.0.341, using ontology and organism annotation definitions downloaded on 8 July 2019 via 
http://geneontology.org.

KINASE ACTIVITY ANALYSIS
Per sample, a ranking of most activated kinases was generated using the Integrative Inferred 
Kinase Activity (INKA) data analysis pipeline24, taking both information on phosphorylated 
kinases and their substrates into account. Differentially activated kinases were identified and 
level of significance was determined by Mann-Whitney U-test.

POST-TRANSLATIONAL MODIFICATIONS SIGNATURE ENRICHMENT 
ANALYSIS (PTM-SEA)
PTM-SEA42 was performed using the Phospho (STY).txt Max Quant search result file after fil-
tering out decoy and contaminant site entries, to identify site-specific signatures of kinase 
activities and signaling pathways, overrepresented in each of the 2 groups. Phosphosites were 
ranked using -10 * sign(logFC) * log10(P-Value) as a measure, where the P-value and logFC were 
calculated in a differential analysis by limma version 3.38.3. and used as inputs to run the 
PTM-SEA algorithm in GenePattern43 (https://cloud.genepattern.org). The PTM signature sets 
were those defined in PTMsigDB v1.9.0 (human, flanking sequence format, file ptm.sig.db.all.
flanking.human.v1.9.0.gmt) downloaded from https://github.com/broadinstitute/ssGSEA2.0. 
Results were visualized in R. Significantly enriched signatures were reported (FDR < 0.25).

EXPLORATION OF (PHOSPHO)PROTEOMICS CANDIDATES IN 
TRANSCRIPTOME DATA OF AN INDEPENDENT COHORT
Publicly available transcriptomics data from an independent cohort previously described 
by Beuselinck et al44 was used. CEL files containing Affymetrix array signals from 59 patients 
with ccRCC, treated with sunitinib, were obtained and processed in R (package “oligo”). Group 
comparison analysis was done in R (package “LIMMA”). All significantly (p < 0.05) differentially 
expressed transcripts were considered. Expression levels of differentially expressed proteins 
from our proteomics analysis (p < 0.05 & FC > 2 & ≥ 50% data points in the highest group) were 
compared to the expression of matching transcripts in the validation cohort at gene level, the 
percentage of overlapping proteins/transcripts was reported.

DATA AND MATERIALS AVAILABILITY
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE45 partner repository with the dataset identifier PXD043514.

4
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RESULTS

CLINICOPATHOLOGICAL CHARACTERISTICS
Twenty-six patients with mRCC were identified who underwent resection of a primary tumor 
(n=23) or metastatic lesion (n=3) and received sunitinib as first-line palliative therapy upon 
progression or relapse (Table 1, Supplementary Table 1). The median time between surgery 
and start of sunitinib was six months (range 1-63). Eighteen patients were sensitive to sunitinib, 
of whom six had an objective response. The median PFS (mPFS) in this group was 8.8 months 
(range 5 – 62.3). Eight patients had progressive disease as best response (mPFS 2.3 months, 
range 1.5 – 2.8).

Table 1. Patient characteristics
1 Consists of more than one histological type: clear cell + papillary, clear cell + sarcomatoid, clear cell + 
eosinophilic variant. Time to sunitinib indicates interval between resection and initiation of sunitinib 
treatment; PFS, progression-free survival.

All patients
(n = 26)

Sensitive
(n = 18)

Primary resistant
(n = 8)

Age (years), median (range) 60 (20-80) 61 (40-79) 58 (20-80)

Sex, n (%)

Female 11 (42) 8 (44) 3 (38)

Male 15 (58) 10 (56) 5 (62)

Histology, n (%)

Clear cell carcinoma 17 (65) 13 (72) 4 (50)

Papillary carcinoma 3 (12) 1 (6) 2 (25)

Mixed type1 6 (23) 4 (22) 2 (25)

Prior systemic therapy, n (%)

0 17 (65) 10 (55) 7 (88)

1 8 (31) 7 (39) 1 (12)

2 1 (4) 1 (6) -

PFS (months), median (range) 8.8 (5-62.3) 2.3 (1.5-2.8)

Time to sunitinib (months), median (range) 6 (1-63) 6 (1-63) 6 (1-24)

TYROSINE-PHOSPHOPROTEOMICS ANALYSIS
Twenty-three out of 26 tumor tissues (16 sensitive and seven primary resistant patients) were 
evaluable for tyrosine-phosphoproteomics, with a median protein input of 5 mg (range 2-5 mg) 
per sample. Three samples were considered not evaluable; two had a very low phosphopeptide 
yield and one had a low protein yield, hindering lysate-based normalization. In total, 2656 
unique class 1 phosphosites were identified in tumor and control samples. After eliminating 
all control sample-specific sites, 1596 unique class 1 phosphosites remained for further com-
parative analysis between the two groups (86% tyrosine, 9% serine and 5% threonine, showing 
adequate enrichment for tyrosine phosphorylated peptides), with a median of 415 (range 266 
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– 713) phosphosites per sample. Identified and quantified phosphosites and phosphopeptides 
are presented in Supplementary Tables 2 and 3. The primary analysis, aiming to identify 
markers distinguishing sensitive from resistant patients, was performed on phosphosite data. 
Unsupervised cluster analysis of all identified phosphosites could not separate sensitive from 
resistant patients (Supplementary Figure 1a). After data filtering (p < 0.05, FC > 2) (Figure 1a), 
a signature of 78 differential phosphosites was identified, comprising 22 upregulated sites in 
resistant patients; 4 of these were uniquely identified in resistant patients (BCAR3, NOP58, 
EIF4A2 and GDI1, filtered for ≥ 30% data presence in the group with highest abundance). Fif-
ty-six phosphosites of aforementioned signature were upregulated in sensitive patients; 35 
of these were uniquely identified in this subgroup (Table 2). This selection of most differential 
phosphosites split by group is shown in Figure 1b. Top-10 differential phosphosites in each 
group are shown in Figure 1c. Phosphopeptide clustering data are available in Supplementary 
Figure 2a and 2b.

4
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Figure 1. Phosphoproteome analysis of patients with RCC sensitive or resistant to sunitinib
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a. Overview of the data filtering steps applied in phosphosite and phosphopeptide analysis, including 
the effect of each filter on the total number.

b. Heatmap of the differentially detected phosphosites (n = 78) in sensitive and primary resistant 
patients, split by group. The heatmap is a concatenation of 3 heatmaps created with R package 
ComplexHeatmap. The first and third heatmaps were created with log10-transformed intensity 
values for phosphosites that were uniquely identified (“exclusive”) in the sensitive resp resistant 
patient group and had a data presence of at least 30%. The second heatmap was created with log10-
transformed intensity values for significantly differential phosphosites (“non-exclusive”; p , 0.05, 
FC ≥ 2). This heatmap was clustered by columns but not by rows. Instead, rows were sorted by fold 
change and split by the sign of the fold change (down-regulated phosphosites in the upper part, 
up-regulated phosphosites in the lower part). Column splitting was at the first split of the column 
clustering dendrogram, and dendrogram plotting was set to FALSE. The column ordering in the 
resulting concatenated heatmap was determined by the middle heatmap. No imputation of data 
is performed. Euclidean distance and Ward’s linkage method were used. Black squares indicate 
non-identified phosphosites in this subgroup. Histology = histological subtype as determined by 
pathologist review; PFS = progression free survival in months; NE = not evaluable.

c. Volcano plot of for statistical comparison of differential class 1 phosphosites between the Sensitive 
and Resistant groups were generated in R with the ggplot2 package. The top 10 significant 
phosphosites for each group are indicated by labeling. Labels are given for the phosphosite, not 
the specific type of phosphopeptide in which it was detected.

d. Boxplots of differentially activated kinases based on INKA analysis. P-values by Mann-Whitney U-test. 
X-axis: 2 groups (primary resistant versus sensitive patients). Y-axis: INKA score of the kinase, based 
on kinase- and substrate-centric analyses.

e. PTM-SEA identified site-specific signatures of kinase activities and signaling pathways, 
overrepresented in each of the 2 groups. Phosphosites were ranked using the quantity -10 * 
sign(logFC) * log10(P-Value), where the P-value and logFC were calculated in a differential analysis by 
limma and used as inputs to the 20161013 version of ssGSEA2.0.R. The PTM-sets were defined in ptm.
sig.db.all.flanking.human.v1.9.0.gmt. Significantly enriched signatures are presented in this figure 
(p <0.05). X-axis represents the enrichment score (negative score = enriched in sensitive patients, 
positive score = enriched in resistant patients).

Table 2. Candidate phosphosite signature (n = 78) for prediction of sunitinib treatment outcome in RCC

a: phosphosites upregulated in primary resistant patients

Phosphosite p-value FC

Uniquely identified in resistant tumors BCAR3_Y117 n/a n/a

EIF4A2_Y251 n/a n/a

NOP58_Y272 n/a n/a

GDI1_Y93 n/a n/a

Differentially upregulated (not unique) ZNF618_T647 0.004 22.2

CD247_Y141 0.008 15.2

MYOF_Y416 0.009 22.0

CD247_Y110 0.013 12.2

APBB1IP_Y380 0.018 2.8

PTTG1IP_Y144 0.018 3.1

ATP5PD_Y126 0.020 7.3

4
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a: phosphosites upregulated in primary resistant patients (continued)

Phosphosite p-value FC

NCS1_Y97 0.022 9.4

DOK3_Y342 0.023 6.3

CLDN1_Y210 0.025 6.0

STAT4_Y693 0.029 4.2

PRMT1_Y263 0.030 3.3

NPHP3_Y467 0.031 10.5

ALOX5_Y95 0.033 5.3

PKP2_Y10 0.034 11.0

SERINC5_Y345 0.038 9.8

ACTN4_Y265 0.045 4.4

SAMHD1_Y315 0.047 3.9

b: phosphosites upregulated in sensitive patients

Phosphosite p-value FC

Uniquely identified in sensitive tumors PEAK1_Y635 n/a n/a

EPHA2_Y575 n/a n/a

NCK2_Y110 n/a n/a

TLN1_Y26 n/a n/a

EGFR_Y1138 n/a n/a

CTNND1_Y174 n/a n/a

CDK2_S90 n/a n/a

NSFL1C_Y167 n/a n/a

FLNA_Y346 n/a n/a

MTMR10_Y708 n/a n/a

AKR1A1_Y50 n/a n/a

BCAR1_Y304 n/a n/a

GRASP_Y94 n/a n/a

TUBA1B_Y357 n/a n/a

TNS2_Y581 n/a n/a

ARAP1_Y747 n/a n/a

SHANK2_Y321 n/a n/a

GSTA1_Y132 n/a n/a

PYGL_Y170 n/a n/a

NIPSNAP1_Y148 n/a n/a

SDHA_Y523 n/a n/a

FBP2_Y216 n/a n/a
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b: phosphosites upregulated in sensitive patients (continued)

Phosphosite p-value FC

HINT2_Y146 n/a n/a

KIT_Y932 n/a n/a

LRRK2_Y2023 n/a n/a

CARS1_Y73 n/a n/a

ALB_Y164 n/a n/a

NPEPL_Y229 n/a n/a

CAV1_Y11 n/a n/a

NDUFB9_Y118 n/a n/a

SSBP1_Y119 n/a n/a

PDK1_Y136 n/a n/a

DNAJC13_Y1641 n/a n/a

F2R_Y420 n/a n/a

STAT5A_Y98 n/a n/a

Differentially upregulated (not unique) HSPB1_S15 0.001 -6.9

PPA2_Y241 0.004 -4.8

CAVIN1_Y308 0.005 -8.6

PTK2_Y879 0.007 -3.1

MYL6_Y86 0.009 -15.5

NAXD_Y85 0.012 -4.5

MAPK1_Y187 0.015 -3.8

GSK3A_Y279 0.023 -2.3

TNK2_Y859 0.027 -16.9

LPP_Y295 0.028 -3.4

PXN_Y402 0.031 -30.6

FGR_Y145 0.032 -13.4

GSK3A_S282 0.036 -2.2

RPS27_Y31 0.038 -11.0

MAPRE2_Y167 0.040 -5.3

MAPK1_Y187 0.041 -5.6

MAPK1_T185 0.041 -5.6

PAG1_Y317 0.042 -5.3

PTPRK_Y871 0.042 -5.3

PGAM1_Y92 0.042 -3.6

CD84_Y165 0.044 -5.4

4
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The 22 phosphosites upregulated in resistant patients, 4 of which were uniquely identified 
in this group, were linked to various immune processes by gene ontology analysis, such as 
response to interleukin-18, immune response and immune effector process. The 56 phos-
phosites upregulated in sensitive patients (of which 35 uniquely identified) were linked to 
various cellular regulatory and signaling processes, such as enzyme linked receptor protein- 
and transmembrane receptor protein tyrosine kinase signaling pathways, peptidyl-tyrosine 
autophosphorylation, positive regulation of cell motility and VEGFR and Epidermal Growth 
Factor Receptor (EGFR) signaling pathways (Supplementary Figure 3). Supplementary Table 
4 lists the role of proteins corresponding to the candidate phosphosite signature according 
to available literature.

Since tyrosine kinase inhibitors such as sunitinib specifically target aberrant kinase signaling, 
a functional analysis of activated kinases is essential for a good understanding of sensitivity 
to sunitinib treatment. To this end, we performed INKA24,46-48 analysis to further explore the 
differences in tumor biology between individual sensitive and resistant patients. Overall, 51 
unique tyrosine kinases were identified in 23 patients. For each patient, the top-20 most ac-
tivated kinases were ranked (Supplementary Figure 4). Mitogen-activated Protein Kinase 
(MAPK3) (p = 0.028) and EGFR (p = 0.045) showed significantly higher activity in sensitive pa-
tients compared to resistant patients. INSR/IGF1R was exclusively activated in a substantial 
number of sensitive patients (Figure 1d). To gain further insight in the biological differences 
between the groups, a post-translational modifications (PTM) signature enrichment analysis 
(SEA) was performed. As opposed to gene set enrichment analysis (GSEA), PTM-SEA takes into 
account the specific combinations of sites of phosphorylation, making it more suitable for an-
alyzing phosphoproteomics data. PTM-SEA showed that three phosphosite-centric signatures 
were significantly enriched (p < 0.05) in resistant patients: “FGF1 and prolactine pathways” 
and “EPHA substrates”. Fifteen signatures were enriched in sensitive patients, among which 
“insulin, VEGF and FGF2 treatment” and “KIT receptor pathway” (Figure 1e).

PROTEOME ANALYSIS
Expression proteomics was successfully performed on lysate of 25 (17 sensitive and eight 
resistant) out of 26 samples. In total, 6097 unique proteins were identified (Supplementary 
Table 3), of which 173 were differentially expressed (p < 0.05 & FC > 2 & ≥ 50% data presence 
in group with highest abundance) (Figure 2); 109 were upregulated in sensitive and 64 in 
resistant patients. Of these, FOSL2 was uniquely found in resistant tumors and seven pro-
teins were unique in sensitive tumors (AGMAT, DMGDH, BHMT2, ABCC1, UGT2A3, MEM263 and 
RBP5). These 173 robust differential proteins are visualized in Figure 2a, split by group. Gene 
ontology mining revealed that highly abundant proteins in resistant tumors were associated 
with vesicle mediated transport and excretion from cell processes, while in sensitive tumors, 
proteins with highest abundance were associated with multiple metabolic processes, such as 
small molecule -, carboxylic acid -, oxoacid - and glucoronate metabolic processes (Figure 2c).

Hanneke_Binnenwerk_V.indd   100Hanneke_Binnenwerk_V.indd   100 25-10-2023   21:3425-10-2023   21:34



101(Phospho)proteomics biomarkers for sunitinib response in RCC

Figure 2. Proteome analysis of patients with RCC sensitive or resistant to sunitinib

a. Supervised clustering analysis of the proteome. Supervised cluster analysis of differentially 
expressed proteins (n = 173) in tumor tissue lysates of 25 patients (17 sensitive and 8 resistant to 
sunitinib) shows one cluster of 13 sensitive patients and a mixed cluster of 8 resistant plus 4 sensitive 
patients. Filters: p <0.05, |FC|>2, ≥50% data presence in the highest group. For clustering, Euclidean 
distance and Ward’s linkage method were used. Histology = histological subtype as determined by 
pathologist review; PFS = progression free survival in months; NE = not evaluable.

b. Overview of the data filtering steps applied in protein analysis, including the effect of each filter on 
the total number.

c. Protein interaction networks. Using STRING and visualization in Cytoscape, major functional protein 
clusters, corresponding to either sensitive or resistant patients, are shown. Nodes correspond to 
upregulated proteins and edges symbolize physical or functional associations. Green clusters 
represent proteins upregulated in lysate of tumors sensitive to sunitinib and purple clusters 
represent proteins upregulated in lysate of tumors primary resistant to sunitinib. Representative 
GO terms identified by BiNGO analysis in both sensitive and resistant samples are listed together 
with the number of proteins (nodes) per cluster. All proteins in this figure are filtered for p < 0.05 & 
FC > 2 & ≥ 50% data presence in the group with highest abundance.

EXPLORATION OF PHOSPHO-SITE AND PROTEIN SIGNATURE CANDIDATES 
IN PUBLICLY AVAILABLE TRANSCRIPTOME DATA
To confirm our findings from this small cohort of patients, we searched the literature for a 
comparable independent cohort describing ideally phosphoproteome- or proteome-based 
profiles or an upstream RNA analysis in relation to clinical outcomes of patients treated with 
sunitinib. We were able to compare our findings to the results of a cohort by Beuselinck et 
al. describing the transcriptome in relation to sunitinib response44. Comparing five primary 

4
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resistant patients to 43 sensitive patients in this independent cohort, 815 out of 17,561 tran-
scripts were differentially expressed (p < 0.05) between the two groups. Thirty-six of the 173 
differentially upregulated proteins in our analysis were also differentially upregulated at the 
RNA level in the independent cohort (3 in resistant (PLAUR, SLC2A3 and EIF4A1) and 33 in 
sensitive patients).

DISCUSSION
To our knowledge, this is the first combined mass spectrometry-based tyrosine-phosphopro-
teomics and expression proteomics analysis on tumor tissue from patients with advanced 
RCC in order to identify candidate predictive molecular biomarkers for treatment benefit of 
sunitinib. We report distinctive phosphosite and protein signatures and differential kinase and 
pathway activities that are associated with sensitive and resistant tumors.

Exploring the differences in biology between sensitive and resistant tumors, we first focused 
on the characteristics of primary resistant patients. In this group, 22 phosphosites were differ-
entially upregulated, of which 4 phosphosites were uniquely identified in this group (BCAR3_
Y117, EIF4A2_Y251, NOP58_Y272, GDI1_Y93) (Table 2). BCAR3 and GDI1 have a role in tumor 
development and progression and are correlated with resistance to systemic therapy in other 
tumor types, including breast cancer28,49-53. EIF4A2 mutations are found in 0.7% of ccRCC54, 
when found in other types of cancer, these mutations are associated with unfavorable prog-
nosis and resistance to therapy55,56. EIF4A2 is a highly homologous paralog of, and functionally 
indistinguishable from EIF4A157, which was also differentially expressed in our cohort on the 
protein level and, in an independent study44, on the RNA level. Interestingly, comparing tumor 
and normal adjacent ccRCC tissue samples, Li et al report EIF4EBP1, another member of the 
translation initiation complex, as a downstream substrate of mTOR, and EIF4EBP1 phosphor-
ylation was decreased in vitro by mTOR inhibition58. These four in resistant patients uniquely 
identified phosphosites have not previously been implied in RCC prognosis or prediction of 
sunitinib treatment outcome. Other differential phosphosites, yet non-uniquely upregulated in 
one of the groups, included STAT4_Y693 which is regulated upstream by TYK2, and ALOX5_Y95 
which has a role in inflammatory processes59,60.

Looking further into the biology of primary resistant tumors by analyzing enriched phos-
phosite-centric signatures (PTM-SEA), we found that Fibroblast Growth Factor (FGF) 1 and 
PROLACTIN pathways and EPHA2 substrates were significantly enriched signatures (Figure 
1e). FGF is known to play a critical role in driving VEGF-independent tumor angiogenesis and 
FGFR signaling is an established resistance mechanism of VEGFR inhibition61,62. Prolactin has 
been reported to be elevated in 45% of ccRCC patients63, acting in a cytokine-like manner 
and as an important stimulatory regulator of the immune system. EPHA2 is overexpressed 
in renal cell carcinoma, associated with more advanced disease and angiogenesis64 and has 
been implied as a mediator of sunitinib resistance in RCC65.
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On protein expression level, gene ontology mining of primary resistant tumors revealed that 
processes related to vesicle mediated transport and excretion were enriched (Figure 2c). 
One could hypothesize that this possibly reflects enhanced ability of these tumors for drug 
efflux, contributing to drug resistance66,67. Alternatively, this vesicle mediated transport may 
reflect activation of immune processes, for example degranulation of mast cells. This would 
corroborate our phosphoproteomics data, with post-translational modification signatures 
indicative of enhanced immune processes in resistant patients (Figure 1e), which is in line with 
previously published work linking upregulation of cellular immune pathways and inflammatory 
markers to an unfavorable response to anti-VEGFR TKI’s in ccRCC44,68,69.

Shifting our view towards the group of sensitive patients, we found a different biological pro-
file. At the kinase level, INKA analysis showed significantly increased inferred kinase activity 
of MAPK3 and EGFR (Figure 1d). EGFR is known for its activating effect on the MAPK signaling 
cascade70. Also the downstream substrates MAP2K1 and MAP2K2 were enriched in sensitive 
patients (Supplementary Figure 5), pointing towards MAPK as a contributing signaling path-
way in this group. In line with these findings, two MAPK1 sites (T185 and Y187) that are known 
to induce the activity of the MAPK pathway71 were differentially phosphorylated in sensitive 
patients, as well as a uniquely identified EGFR site (Y1138) that is a known regulator of this 
pathway72. Several phosphorylated sites on different peptides identified in sensitive patients 
are being directly regulated by EGFR (PEAK1, EPHA2, TNK2, RPS27 and CAVIN1)72, supporting 
EGFR activation in sensitive patients. Based on these results, we propose that EGFR-driven 
MAPK signaling plays an important role in sensitivity to sunitinib in RCC, and may present an 
alternative target for (combination) treatment73. This corroborates the findings of Li et al who 
found their P3 phosphoproteomic subtype to be associated with the EGFR pathway and other 
kinases including MAPK3, that plays a role in VEGF/angiogenesis signaling58. PTM signatures 
associated with sunitinib sensitivity showed enrichment of VEGF, KIT, Thrombin signaling, 
vanadate and FGF2 treatment signatures (Figure 1e), pointing towards the anti-angiogenic 
effects of sunitinib74,75.

Acknowledging the limited sample size of the sensitive (n = 16) and resistant (n = 7) tumors, 
our analyses may have been influenced by a number of other factors: (i) differences in pre-an-
alytical handling of the frozen, archival specimen may have resulted in different cold ischemia 
times, potentially altering the phosphorylation profile76,77, (ii) the use of mostly primary tumor 
tissue, whereas treatment benefit is evaluated based on response of metastases and (iii) the 
range of intervals (median 6 months) between resection and start of systemic therapy may 
suggest indolent biology as a cause of longer PFS. However, we found no significant correlation 
between the time to start sunitinib and the PFS (Spearman’s rho -0.018). Also, the influence of 
longer storage time at -80 °C of samples on the phosphorylation profile is unknown.

Our data are internally consistent based on reproducibly identified phosphosites and –pep-
tides (see Figure 1b and Supplementary Figure 2b) as well as identified kinase-substrate rela-
tions (e.g. for INSR/IGF1R and INSULIN treatment; Figure 1c and 1d). Lacking an external data-

4
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set, we have not been able to validate our 78-phosphosite candidate signature that may predict 
treatment outcome of sunitinib. For most (uniquely identified) differential phosphosites no 
antibodies were available for (technical) Western blot validation of the phosphoproteomic 
data. An exploratory comparison of our findings from the (phospho)proteomics analysis to 
transcriptome data as a proxy for (phospho)protein expression, using a comparable (n = 53) 
RCC cohort44 showed limited overlap (36 of 173) between the differentially regulated proteins 
and transcripts. In addition to sample size as contributing factor, it is known that transcriptom-
ic and (phospho)proteomic data provide different levels of biological information23,78,79. How-
ever, in resistant patients, three proteins/transcripts overlapped: PLAUR, SLC2A3 and EIF4A1. 
Interestingly, EIF4A1, a regulator of ERK signaling80, was differentially upregulated on protein 
and transcript level, while its nearly identical homolog EIF4A2 was exclusively phosphorylated 
in resistant patients and represented in the candidate signature, stressing its potential im-
portance in sunitinib resistance. Several identified differential kinases and substrates in our 
analysis show overlap with previous findings23,58, while some, such as WEE1 and BAP1, did not 
surface in our study. Although these kinases/substrates are important in RCC pathogenesis, 
they may not differ between sunitinib sensitive or resistant patients.

CONCLUSIONS
This MS-based analysis of the RCC (tyrosine-phospho)proteome revealed disctinctive phos-
phosite and protein signatures and differential kinase and pathway activities that are asso-
ciated with sunitinib sensitivity and resistance. One protein (EIF4A1 and its homolog EIF4A2) 
was confirmed to be differentially expressed on phosphosite, protein and RNA level. These 
findings warrant validation in an independent cohort and the clinical utility for treatment se-
lection remains to be demonstrated. A targeted assay or immunohistochemistry analysis with 
a selection of differential phosphosites and/or proteins could facilitate the implementation of 
these signatures as a decision-making tool for treatment selection in clinical practice. Such 
an assay would prevent toxicity and enable alternative (combination) treatment in patients 
upfront predicted to be resistant to sunitinib.
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LIST OF ABBREVIATIONS
(cc)RCC  (Clear cell) Renal cell carcinoma

DMEM  Dulbecco’s Modified Eagle Medium

EGFR  Epidermal Growth Factor Receptor

FBS  Fetal bovine serum

FC  Fold-change

FDR  False discovery rate

FGF  Fibroblast Growth Factor

GSEA  Gene Set Enrichment Analysis

ICI  Immune checkpoint inhibitors

INKA  Integrative Inferred Kinase Activity

IP  Immunoprecipitation

KIT  Stem cell factor receptor

LC-MS/MS liquid chromatography coupled to tandem mass spectrometry

MAPK  Mitogen-activated Protein Kinase

mRCC  metastatic renal cell carcinoma

OS  Overall survival

PBS  Phosphate-buffered saline

PDGFR  Platelet-Derived Growth Factor Receptor

PFS  Progression-free survival

P-proteomics Phosphoproteomics

PTM  Post-translational modification

PTM-SEA  Post-translational modifications signature enrichment analysis

pTyr  Phosphotyrosine

RES  Resistant

SENS  Sensitive

TKI  Tyrosine kinase inhibitor

VEGFR  Vascular Endothelial Growth Factor Receptor

4
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SUPPLEMENTARY TABLES AND FIGURES

Supplementary Table 1. Clinicopathological data per individual patient

1: RCC = Renal Cell Carcinoma. 2: Gender: M = male, F = female. Age = at start sunitinib. 3: CC = clear cell, 
AC = adenocarcinoma, P = papillary, S = sarcomatoid, E = eosinophilic variant. 4: ASI trial81 = vaccination + 
CpG + GM-CSF, followed by CpG + Interferon. 5: Time in months between nephrectomy or metastasectomy 
and start sunitinib. 6: Best overall response according to RECIST 1.1. 7: Progression Free Survival in 
months. 8: Metastatic site: lymph nodes in cavernous sinus. 9: Metastatic site: liver. 10: Metastatic site: 
local recurrence in renal fossa. *: Measurements of tumor target lesions could not be performed, scan was 
performed elsewhere, radiology report states “decrease of metastatic lesions”. Patient is considered as 
sensitive to sunitinib. **: Metastatic lesion was resected after 2 months of therapy. Histological evaluation 
shows extensive necrosis of the metastatic lesion, therefore patient is considered as sensitive to sunitinib. 
NA: not applicable. Due to extensive necrotic tumor tissue, the tumor cell percentage could not be 
determined.

Patient 
ID1

Gender, 
age2

Histology3 Lesion Prior 
immuno-
therapy4

Time to 
sunitinib5

Best 
response6

PFS7 Tumor 
cell %

Protein 
input

RCC1 M, 46 CC Primary ASI trial 7 PR 29.6 90 % 5 mg

RCC2 M, 59 CC Primary ASI trial 4 PR 9.4 90 % 3 mg

RCC3 M, 40 AC / P Primary Interferon 5 SD 10 80 % 3 mg

RCC4 M, 60 AC / P Primary Interferon 36 SD 11.5 60 % 5 mg

RCC5 M, 60 P Primary None 4 SD 3.2 40 % 5 mg

RCC6 M, 79 CC / AC Primary None 63 PR 9.5 80 % 5 mg

RCC7 F, 69 CC Primary None 2 SD 62.3 80 % 5 mg

RCC8 F, 60 CC Primary None 1 SD/PR* 6 80 % 5 mg

RCC9 M, 75 CC Primary None 10 SD 8 50 % 5 mg

RCC10 M, 66 CC Metastatic8 None 4 SD 15.1 90 % 3 mg

RCC11 F, 57 CC Primary None 2 PD 2.8 NA 5 mg

RCC12 M, 64 CC Primary None 2 PD 2.4 90 % 3 mg

RCC13 F, 64 CC Primary Interferon 26 SD 5 90 % 2 mg

RCC14 F, 57 CC / P Primary ASI trial 5 PR 21.3 60 % 5 mg

RCC15 F, 42 CC / E Primary None 10 PD 2.8 25% 5 mg

RCC16 F, 62 CC Primary ASI trial 13 PR 5.8 50 % 3 mg

RCC17 F, 47 CC Primary None 10 SD 14.4 NA 5 mg

RCC18 M, 69 CC Primary None 6 SD 7 80 % 5 mg

RCC19 M, 59 CC Primary None 4 PD 2.7 25 % 5 mg

RCC20 F, 20 P Metastatic9 None 1 PD 1.5 60 % 5 mg

RCC21 F, 67 CC Primary Interferon 15 SD 6 90 % 5 mg

RCC22 M, 54 CC Primary ASI trial 24 PD 2.3 80 % 5 mg

RCC23 M, 75 CC / S Primary None 1 PR 10.4 70 % 3 mg

RCC24 M, 80 P Primary None 8 PD 2 70 % 5 mg

RCC25 M, 80 P Primary None 16 PD 1.8 90 % 5 mg

RCC26 F, 53 CC Metastatic10 None 1 SD NE** 90 % 5 mg
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Supplementary Table 2 and Supplementary Table 3 will be made available online upon publication 
of the article.

• Supplementary Table 2: All identified and quantified phosphosites
• Supplementary Table 3: All identified and quantified phosphopeptides and proteins

Supplementary Table 4. Role of proteins corresponding to candidate phosphosite signature (n = 78) 
in RCC

a: phosphosites upregulated in primary resistant patients

Phosphosite p-value FC Role of corresponding protein in RCC

Uniquely 
identified 
in resistant 
tumors

BCAR3_Y117 n/a n/a No literature describing a role in RCC.

EIF4A2_Y251 n/a n/a

NOP58_Y272 n/a n/a

GDI1_Y93 n/a n/a

Differentially 
upregulated 
(not unique)

ZNF618_T647 0.004 22.2 No literature describing a role in RCC.

CD247_Y141 0.008 15.2 A relatively high expression of CD247, which 
represents a target for immunotherapy, is 
found in ccRCC compared to normal tissue82,83

MYOF_Y416 0.009 22.0 MYOF influences cellular proliferation 
of the metastatic CCRCC cell line by 
regulating VEGFR2 degradation84 and MYOF 
hyperexpression was significantly associated 
with disease-free survival85.

CD247_Y110 0.013 12.2 A relatively high expression of CD247, which 
represents a target for immunotherapy, is 
found in ccRCC compared to normal tissue82,83.

APBB1IP_Y380 0.018 2.8 No literature describing a role in RCC.

PTTG1IP_Y144 0.018 3.1 No literature describing a role in RCC.

ATP5PD_Y126 0.020 7.3 ATP5PD is differentially expressed between 
ccRCC tissue en normal renal tissue86.

NCS1_Y97 0.022 9.4 No literature describing a role in RCC.

DOK3_Y342 0.023 6.3 In an in vitro study, DOK3 was downregulated 
in RCC cell lines after stimulation with 
insulin and insulin-like growth factors 
(IGFs), stimulating RCC tumorigenesis and 
progression87.

CLDN1_Y210 0.025 6.0 CLDN1 is expressed in RCC cells in a PAX8-
dependent manner88.

STAT4_Y693 0.029 4.2 No literature describing a role in RCC.
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a: phosphosites upregulated in primary resistant patients (continued)

Phosphosite p-value FC Role of corresponding protein in RCC

PRMT1_Y263 0.030 3.3 Expression may be characteristic for low grade 
and low stage ccRCC, whole homologous loss 
of PRMT1 may be significant for high grade 
and high stage ccRCC89. BTG1 may inhibit cell 
growth and promote apoptosis by interacting 
with PRMT1 in RCC90.

NPHP3_Y467 0.031 10.5 No literature describing a role in RCC.

ALOX5_Y95 0.033 5.3 Higher expression predicts reduced survival 
in ccRCC91. Upregulation of ALOX5 is an 
important step in RCC progression. VEGF 
expression was strongly inducible by ALOX5 
metabolites in vitro92. ALOX5 inhibition causes 
marked reduction of RCC cells in vitro through 
apoptosis93.

PKP2_Y10 0.034 11.0 PKP2 is a target gene and component of a 
protein network regulated by HIF2α and is 
associated with a poorer survival of patients 
with RCC94.

S E R I N C 5 _
Y345

0.038 9.8 No literature describing a role in RCC.

ACTN4_Y265 0.045 4.4 No literature describing a role in RCC.

SAMHD1_Y315 0.047 3.9 No literature describing a role in RCC.

b: phosphosites upregulated in sensitive patients

Phosphosite p-value FC Role of corresponding protein in RCC

Uniquely 
identified 
in sensitive 
tumors

PEAK1_Y635 n/a n/a No literature describing a role in RCC.

EPHA2_Y575 n/a n/a Expression of EphA2 is positively associated 
with tumor size and Fuhrman nuclear grade in 
ccRCC64 and high expression is associated with 
poor disease outcome95. Enhanced YB1/EphA2 
axis signaling promotes acquired resistance to 
sunitinib in RCC65.

NCK2_Y110 n/a n/a No literature describing a role in RCC.

TLN1_Y26 n/a n/a No literature describing a role in RCC.

EGFR_Y1138 n/a n/a The epidermal growth factor receptor (EGFR) 
is overexpressed in RCC and it plays a critical 
role in tumorigenesis and progression in 
RCC96-98. EGFR hyperactivity in RCC is mediated 
by the VHL/HIF-2α/SMYD3 signaling cascade99.

CTNND1_Y174 n/a n/a No literature describing a role in RCC.

4
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b: phosphosites upregulated in sensitive patients (continued)

Phosphosite p-value FC Role of corresponding protein in RCC

CDK2_S90 n/a n/a CDK2 kinase activity is required for proper 
cell cycle progression and is involved in 
oncogenesis of multiple tumor types, among 
which RCC100.

NSFL1C_Y167 n/a n/a No literature describing a role in RCC.

FLNA_Y346 n/a n/a FLNA expression is correlated with lymph node 
metastases, clinical stage, histological grade 
and poor overall survival in RCC, suggesting 
that it plays a role as tumor suppressor in 
RCC101.

MTMR10_Y708 n/a n/a No literature describing a role in RCC.

AKR1A1_Y50 n/a n/a No literature describing a role in RCC.

BCAR1_Y304 n/a n/a No literature describing a role in RCC.

GRASP_Y94 n/a n/a No literature describing a role in RCC.

TUBA1B_Y357 n/a n/a No literature describing a role in RCC.

TNS2_Y581 n/a n/a No literature describing a role in RCC.

ARAP1_Y747 n/a n/a No literature describing a role in RCC.

SHANK2_Y321 n/a n/a No literature describing a role in RCC.

GSTA1_Y132 n/a n/a The exosomal shuttle RNA GSTA1 was 
significantly decreased in the urinary 
extracellular vesicles of patients with ccRCC 
compared to healthy subjects102.

PYGL_Y170 n/a n/a No literature describing a role in RCC.

N I PSNAP1 _
Y148

n/a n/a No literature describing a role in RCC.

SDHA_Y523 n/a n/a SDHA is one of the four subunits of SDH, 
a well-recognized tumor suppressor gene 
involved in RCC carcinogenesis by SDH 
deficiency-driven HIF-α stabilization and 
activation, leading to increased VEGF-
mediated angiogenesis. SDH deficient RCC 
form a distinct clinicopathological subtype of 
RCC103.

FBP2_Y216 n/a n/a No literature describing a role in RCC.

HINT2_Y146 n/a n/a No literature describing a role in RCC.
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b: phosphosites upregulated in sensitive patients (continued)

Phosphosite p-value FC Role of corresponding protein in RCC

KIT_Y932 n/a n/a The c-KIT receptor is activated by its ligand 
stem cell factor (SCF) and induces several 
signal transduction pathways (MAPK, PI3K, 
AKT) and leads to mast cell activation and 
secretion of pro-angiogenic cytokines. In RCC, 
the c-KIT receptor activation induces cross-
talk between cancer cells, endothelial cells 
and mast cells, leading to strengthening of 
pro-angiogenic signaling104-106. c-KIT receptor 
is one of the main targets of the multi-kinase 
inhibitor sunitinib.

LRRK2_Y2023 n/a n/a LRRK2 amplification increases MET signaling 
activation and promotes efficient tumor cell 
growth and survival in papillary renal cell 
cancer107.

CARS1_Y73 n/a n/a No literature describing a role in RCC.

ALB_Y164 n/a n/a A decreased pretreatment serum albumin 
(ALB) level implies a poor prognosis in RCC 
patients, with a worse progression free and 
overall survival108.

NPEPL_Y229 n/a n/a No literature describing a role in RCC.

CAV1_Y11 n/a n/a CAV1 interacts with the EGFR/RAS/ERK 
and PI3K/AKT pathways and promotes cell 
invasion, cell growth and VEGF-A secretion109.

NDUFB9_Y118 n/a n/a Seven subunits of the mitochondrial complex 
I, among which NDUFB9, had downregulated 
mRNA expression in ccRCC110.

SSBP1_Y119 n/a n/a No literature describing a role in RCC.

PDK1_Y136 n/a n/a PDK1 mRNA expression is upregulated in RCC 
compared to normal tissue and is negatively 
correlated with tumor stage111. In vitro, low 
expression of PDK1 inhibits proliferation, 
migration and epithelial mesenchymal 
transition in RCC112.

D N A J C 1 3 _
Y1641

n/a n/a No literature describing a role in RCC.

F2R_Y420 n/a n/a No literature describing a role in RCC.

STAT5A_Y98 n/a n/a Dihydrotestosterone promotes cell 
proliferation through STAT5 activation in RCC 
cells113.

4
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b: phosphosites upregulated in sensitive patients (continued)

Phosphosite p-value FC Role of corresponding protein in RCC

Differentially 
upregulated 
(not unique)

HSPB1_S15 0.001 -6.9 HSPB1 (=HSP27) is significantly overexpressed 
in RCC compared to normal kidney tissue114 
and when activated, attributes to promotion 
of cancer development and metastatic 
potential. Inactivation of the pathway 
may attenuate the invasion and migration 
capabilities in RCC115.

PPA2_Y241 0.004 -4.8 No literature describing a role in RCC.

CAVIN1_Y308 0.005 -8.6 CAVIN1/PTRF expression in ccRCC is regulated 
by SHC1 through the EGFR pathway. Abnormal 
PTRF, which is detected in exosomes from 
urine, could be a potential marker for ccRCC 
diagnosis and treatment116.

PTK2_Y879 0.007 -3.1 Focal Adhesion Kinase (FAK/PTK2) is 
constitutively expressed in RCC and has a 
contributing role in proliferation, migration 
and invasion117.

MYL6_Y86 0.009 -15.5 No literature describing a role in RCC.

NAXD_Y85 0.012 -4.5 No literature describing a role in RCC.

MAPK1_Y187 0.015 -3.8 Constitutive activation of the MAPK signaling 
cascade plays a crucial role in tumorigenesis 
and metastasis in RCC118. MAPK1 (=ERK2) is 
significantly overexpressed in RCC compared 
to normal tissue119.

GSK3A_Y279 0.023 -2.3 No literature describing a role in RCC.

TNK2_Y859 0.027 -16.9 A mutation in the ACK1 (= TNK2) ubiquitin 
associated domain enhances oncogenic 
signaling through EGFR regulation in RCC 
cells120.

LPP_Y295 0.028 -3.4 No literature describing a role in RCC.

PXN_Y402 0.031 -30.6 The mRNA expression of paxillin (PXN) was 
upregulated in metastatic RCC cells compared 
to normal renal tissue. Paxillin upregulation 
may contribute to the pathogenicity and/or 
metastatic propensity of RCC and may have a 
role as potential marker of metastasis in RCC 
cells121.

FGR_Y145 0.032 -13.4 FGR is one of the five highly expressed Src 
family kinases in ccRCC. A relation with 
survival or response to therapy has not been 
demonstrated122.

GSK3A_S282 0.036 -2.2 No literature describing a role in RCC.

RPS27_Y31 0.038 -11.0 No literature describing a role in RCC.

MAPRE2_Y167 0.040 -5.3 No literature describing a role in RCC.
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b: phosphosites upregulated in sensitive patients (continued)

Phosphosite p-value FC Role of corresponding protein in RCC

MAPK1_Y187 0.041 -5.6 Constitutive activation of the MAPK signaling 
cascade plays a crucial role in tumorigenesis 
and metastasis in RCC118. MAPK1 (=ERK2) is 
significantly overexpressed in RCC compared 
to normal tissue119.

MAPK1_T185 0.041 -5.6 Constitutive activation of the MAPK signaling 
cascade plays a crucial role in tumorigenesis 
and metastasis in RCC118. MAPK1 (=ERK2) is 
significantly overexpressed in RCC compared 
to normal tissue119.

PAG1_Y317 0.042 -5.3 Overexpression of Csk-binding protein 
(= PAG1) is found in over 70% of RCC tissues 
and contributes to renal cell carcinogenesis123.

PTPRK_Y871 0.042 -5.3 No literature describing a role in RCC.

PGAM1_Y92 0.042 -3.6 PGAM1 is highly expressed in ccRCC and 
correlates with clinicopathological features, 
such as tumor size124.

CD84_Y165 0.044 -5.4 No literature describing a role in RCC.
4
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Supplementary Figure 1. Unsupervised cluster analysis of all detected phosphosites

After removal of non-human entries and phosphosites with only zero intensities measured, 1596 
phosphosites in 23 samples were analyzed. Group based analysis using LIMMA statistics for differential 
phosphorylation. No imputation of data is performed. Euclidean distance and Ward’s linkage method 
were used. Histology = histological subtype as determined by pathologist review; PFS = progression free 
survival in months; NE = not evaluable.
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Supplementary Figure 2. Phosphopeptide cluster analyses in sensitive and primary resistant patients

a) Unsupervised cluster analysis of identified phosphopeptides. After removal of non-human entries 
and phosphopeptides with only zero intensities measured, 1900 phosphopeptides were analyzed.

b) Supervised cluster analysis of the differentially detected phosphopeptides (n=73) in sensitive and 
primary resistant patients. Non-unique phosphopeptides (n=24) are filtered for p <0.05, |FC| >2 and ≥30% 
data presence in the highest group. Unique phosphopeptides (n=49) are filtered for ≥30% data presence. 
Clustering is determined by non-unique phosphopeptides. No imputation of data is performed. Euclidean 
distance and Ward’s linkage method were used.

4
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Supplementary Figure 3. Phosphosite interaction network of sensitive and resistant patients

Phosphosite (p-site) interaction network. Using STRING and visualization in Cytoscape, a functional 
p-site cluster is shown of differentially expressed and unique p-sites in sensitive and resistant patients. 
Nodes correspond to upregulated p-sites. Green nodes represent p-sites differentially upregulated in 
tumors sensitive to sunitinib (n=21) and black nodes represent p-sites uniquely identified in tumors 
sensitive to sunitinib (n=35). Pink nodes represent p-sites differentially upregulated in tumors resistant 
to sunitinib (n=18) and purple nodes represent p-sites uniquely identified in tumors resistant to sunitinib 
(n=4). The differential p-sites in this figure are filtered for p < 0.05 & |FC| > 2. The unique p-sites in this 
figure are filtered for ≥30% data presence in the group with highest abundance. The p-site MAPK1_Y187 
is identified twice: once through quantification of a mono-phosphorylated peptide (FC = -3.81) and once 
through quantification of a diphosphorylated peptide (FC = -5.57).
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Supplementary Figure 4. Ranking of most activated kinases per sample

Ranking of the top 20 active kinases (Y-axis) in tumors from 16 sensitive and 7 resistant patients. Bar 
graphs depict kinase ranking based on combined INKA scores of kinase- and substrate-centric analysis of 
tyrosine phosphoproteomics24. X-axis represents the INKA score for each kinase. Differentially activated 
kinases between the two groups (Figure 1c) are highlighted with dark (EGFR, MAPK3) and light (INSR/
IGF1R) green coloring.
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Supplementary Figure 5. Bar plots of activated kinase substrates in sensitive versus resistant patients

Activated kinase substrates that were enriched in sensitive patients (not significant), among which some 
of the known targets of sunitinib. X-axis: each bar represents a single patient (red = primary resistant, 
blue = sensitive), y-axis: INKA score of the kinase.
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CHAPTER 5

Advancing wide implementation of 
precision oncology:  
A liquid nitrogen-free snap freezer 
preserves molecular profiles of 
biological samples
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ABSTRACT
Purpose: In precision oncology, tumor molecular profiles guide selection of therapy. Standard-
ized snap freezing of tissue biospecimens is necessary to ensure reproducible, high-quality 
samples that preserve tumor biology for adequate molecular profiling. Quenching in liquid 
nitrogen (LN2) is the golden standard method, but LN2 has several limitations. We developed a 
LN2-independent snap freezer with adjustable cold sink temperature. To benchmark this device 
against the golden standard, we compared molecular profiles of biospecimens.

Methods: Cancer cell lines and core needle normal tissue biopsies from 5 patients’ liver re-
section specimens were used to compare mass spectrometry(MS)-based global phosphopro-
teomic and RNA sequencing profiles and RNA integrity obtained by both freezing methods.

Results: Unsupervised cluster analysis of phosphoproteomic and transcriptomic profiles of 
snap freezer vs LN2-frozen K562 samples and liver biopsies showed no separation based on 
freezing method (with Pearson’s r 0.96 (range 0.92-0.98) and >0.99 for K562 profiles, respec-
tively), while samples with +2 hours bench-time formed a separate cluster. RNA integrity was 
also similar for both snap freezing methods. Molecular profiles of liver biopsies were clearly 
identified per individual patient regardless of the applied freezing method. Two to 25 seconds 
freezing time variations did not induce profiling differences in HCT116 samples.

Conclusion: The novel snap freezer preserves high-quality biospecimen and allows identi-
fication of individual patients’ molecular profiles, while overcoming important limitations 
of the use of LN2. This snap freezer may provide a useful tool in clinical cancer research and 
practice, enabling a wider implementation of (multi-)omics analyses for precision oncology.
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INTRODUCTION
Genomic, transcriptomic and (phospho)proteomic profiling of tumor biopsies plays an increas-
ingly important role in translational cancer research and precision oncology, the selection 
of therapy for patients with cancer based on their molecular tumor profile1-3. Standardized 
high-quality (cryo)preservation to most accurately harness tumor biology of assessed tissue is 
a prerequisite for the generation of complex DNA, RNA and protein data4,5. Cryopreservation of 
cells and tissues demands swift cooling to sub-freezing temperatures at which biological and 
enzymatic processes are slowed down or completely stopped6,7. Liquid nitrogen (LN2, -196 °C or 
77K), or pre-cooled isopentane (often -80 °C) are preferred coolants to control cooling rate and 
prevent cryo-artifacts in tissues, allowing their structural and biochemical preservation8-11. 
Tumor biopsies collected for research and precision oncology purposes are generally placed 
in a cryovial by trained staff and immediately immersed in LN2, This process is referred to as 
snap freezing and currently the golden standard12. Snap freezing is a laborious, potentially 
hazardous, and not user-friendly procedure. In addition, LN2 is not widely available and the use 
of sacrificial LN2 is non-sustainable due to its energy-intensive synthesis. There is an unmet 
need for a snap freezing device without these limitations that allows standardized optimal 
conservation of core needle biopsies or resected tissue for molecular profiling purposes.

We have previously described an electrically powered, novel snap freezer that is not reliant 
on LN2 and has adjustable cold sink temperature that will influence the cooling rate

8,13. This 
apparatus consists of a cryocooler, Thermal Energy Storage Unit (TESU) and a gas handling 
system, which is transportable and easy to handle. Cooling occurs through a narrow gas-gap 
between the cryovial and the thermal reservoir holding the vial. Recently, we showed that the 
cooling rate of a vial depends on the thermal properties of the vial material (e.g. aluminum, 
polypropylene) and on the coolant used. The cooling rate for a LN2-frozen tissue biopsy in an 
aluminum vial was about -25 °C/s13.

We hypothesize that this novel snap freezer will preserve quality and molecular profiles of 
tissue biopsies similar to and is more user-friendly than the golden standard of LN2 quenching. 
To address this, we benchmarked the performance of the snap freezer prototype to the golden 
standard with regard to preservation of biology. Molecular profiles of snap frozen cell lines 
and human tissue biopsies were determined taking phosphoproteomic and transcriptomic 
profiles as a read out. The secondary aim of this study was to determine whether differences 
in freezing rate could influence the molecular profile of cancer cells.

METHODS

CELL CULTURE, LYSIS AND PROTEIN DIGESTION
Cells from chronic myeloid leukemia (CML) K562 and the colorectal cancer cell line HCT116 
were cultured according to standard methods as described in Supplementary Methods.

5
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TISSUE BIOPSY COLLECTION, LYSIS AND PROTEIN DIGESTION
Normal liver tissue biopsies were collected from five patients with cancer who underwent 
liver metastasectomy at Amsterdam UMC location VUmc in September 2019. Since the Dutch 
Medical Research Involving Human Subjects Act does not apply to normal adjacent tissue that 
is removed, this tissue could be used for research purposes; patients have the possibility to 
opt-out of the use of their residual tissue for future research. For each patient and immediately 
after resection, six 14 gauge core needle biopsies of adjacent normal liver tissue were taken 
from the resection specimen by the surgeon, placed into separate aluminum vials and snap 
frozen within 5 minutes. After below mentioned freezing procedures, biopsies were longitu-
dinally cut in 10 μm sections (cryomicrotome, Leica CM1850) and processed to tumor lysates 
for mass spectrometry (MS)-based global phopshoproteomics as described elsewhere14,15. 
Lysates were stored at -80 °C.

BENCHMARKING PERFORMANCE SNAP FREEZER VERSUS LIQUID 
NITROGEN QUENCHING
Three triplicates of 5-10 ml K562 suspension cell line, each corresponding to 500 μg of protein, 
and 3-9 normal liver tissue biopsies per patient were snap frozen in aluminum vials by one of 
the following three methods: (i) cooling to -196 °C by immersion in LN2 (golden standard), (ii) 
cooling to -73°C in the snap freezer, and (iii) storage at room temperature for 2 hours, followed 
by immersion in LN2 to -196 °C (+2hr positive control). -73° C (200K) is in general accepted as an 
adequate temperature to preserve stability of biospecimens for storage16,17. Before start of the 
experiments, a vessel filled with LN2 was placed in the laboratory and the electrically powered 
snap freezer was pre-cooled to -73°C (200K). In each experiment, one vial was placed into the 
snap freezer and simultaneously another vial was immersed in LN2, alternatingly performed 
for the 2 tissue replicates or 3 cell suspension workflow replicates (Figure 1). After cooling of 
the vials, all vials in the experiment were transported in LN2 and stored in a freezer at -80 °C 
until further use.
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Figure 1. Benchmarking performance of snap freezer versus liquid nitrogen quenching. Study design to 
compare molecular profiles of biospecimen frozen using the snap freezer vs golden standard of liquid 
nitrogen quenching.

A. K562 suspension cell line samples frozen using liquid nitrogen (-196 °C) versus snap freezer (- 73 °C). 
Positive control samples were kept at room temperature for two hours before freezing in liquid nitrogen. 
The surplus lysate of each of the nine samples was used for RNA extraction to perform sequencing and 
determine RNA integrity scores.

B. Normal human liver tissue frozen using liquid nitrogen versus snap freezer (2 biological replicates 
per condition). From each biological replicate, one sample was processed for global (TiOx ) 
phosphoproteomics and one sample was processed for RNA extraction to perform sequencing and 
determine RNA integrity scores.

INFLUENCE OF FREEZING RATE ON PHOSPHOPROTEOMICS PROFILE
Fifteen aliquots of 300 μl HCT116 lysate, each corresponding to 300-400 μg of protein, were 
placed in three types of vials with different thermal conduction properties (polypropylene, 
aluminum and aluminum vials covered in paper tape) to influence their freezing rates. For each 
condition three vials were individually immersed in either LN2 or precooled isopentane for 1 
minute and cooled to a temperature of -196 °C or -80 °C, respectively, using a stainless steel vial 
holder. Pre-cooled isopentane was tested as second coolant, because at room temperature, 
isopentane (with boiling point of 36.9 °C) is in liquid phase. Therefore, no boiling occurs and 
the cooling rate is not subjected to the Leidenfrost effect, which is the phenomenon that a 
vapor layer is formed that prevents heat transfer18,19. The aluminum vial covered in paper tape 
was not immersed in isopentane, because previously published experiments have shown that 
this vial was not subjected to the Leidenfrost effect in LN2

20. After adequate cooling, vials were 
transported using a LN2 container and stored at -80 °C until further use.

5
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PHOSPHOPROTEOMICS: PHOSPHOPEPTIDE ENRICHMENT, LC-MS/
MS MEASUREMENT, PROTEIN IDENTIFICATION AND LABEL-FREE 
PHOSPHOPEPTIDE QUANTIFICATION
K562 and HCT116 cell lysate aliquots and tissue lysates were reduced, alkylated and digested 
as described previously14. Desalted peptides were enriched for phosphopeptides using tita-
nium oxide (TiOx) beads based using aliphatic hydroxy-acid modified metal oxide chroma-
tography21,22. Further sample preparation details are provided in Supplementary Methods. 
Phosphopeptides were separated by nanoLC and detected as described previously 21,23,24 on 
a Q exactive HF mass spectrometer (Thermo Fisher, Bremen, Germany). Protein identification 
and phosphopeptide quantification were performed as previously described14. In short, LC-MS/
MS spectra were searched against the Uniprot human reference proteome FASTA file (release 
February 2019, 42417 entries, no fragments) using MaxQuant 1.6.4.025. (Phospho)peptide iden-
tifications were propagated across samples using the match-between-runs option checked. 
Searches were performed as previously described in detail with the label-free quantification 
option selected24. Phosphopeptides were quantified by their extracted ion chromatograms 
(‘Intensity’ in MaxQuant). For each sample the phosphopeptide intensities were normalized 
on the median intensity of all identified peptides in the sample (‘normalized intensity’ from 
the MaxQuant Evidence table). Further details are provided in the Supplementary Methods.

RNA EXTRACTION AND INTEGRITY, RNA SEQUENCING
Tissue: Dissection of fresh frozen biopsies was performed at −25°C in a cryotome. Twenty 
micrometer sections were cut and snap frozen in liquid nitrogen and stored at −80°C until RNA 
extraction. RNA was isolated from the tissue specimens and the surplus of K562 cell suspen-
sion samples used for the phosphoproteomics analysis, using the RNeasy Plus Mini K (Qiagen) 
according to the manufacturers protocol, eluted in 30 μl nuclease free water and quantified 
using a NanoDrop One UV-Vis Spectrophotometer (Thermo Scientific). To analyze differences 
in RNA integrity between samples processed in different freezing conditions, the RNA Integrity 
Number (RIN) was determined using the RNA 6000 Picochip (Bioanalyzer 2100, Agilent). The 
Bioanalyzer 2100 quality and quantity measures were collected from the automatically gener-
ated Bioanalyzer result reports using default settings. Next generation sequencing (NGS) using 
Illumina’s TruSeq Small RNA Sample Preparation protocol and data filtering were performed as 
previously described26. Illumina’s TruSeq Small RNA Sample Preparation protocol was used for 
the generation of cDNA libraries. These libraries were amplified on the flow cells with Illumina’s 
cluster station (Illumina Inc, San Diego, CA, USA) and sequenced using Illumina’s HiSeq 2000 
(Illumina Inc, San Diego, CA, USA). Further details are provided in Supplementary Methods.
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RESULTS

BENCHMARKING OF SNAP FREEZER VERSUS LIQUID NITROGEN 
QUENCHING IN MOLECULAR PROFILING
Cancer cell line samples Using a snap freezer at -73°C and the cold sink temperature of LN2

13, 
a comparative analysis of the phosphoproteome and transcriptome of suspension cell line 
K562 was performed (Figure 1A). Mass spectrometry-based global phosphoproteomics was 
successfully performed on all nine (3 triplicates) K562 cell suspension lysate samples. A total 
of 16,341 unique peptides were identified of which 14,835 (90.8%) were phosphorylated. The 
median number of phosphopeptides per sample was 10,357 (range 9,317 – 10,735). The number 
of identified phosphopeptides did not differ significantly between both freezing methods 
(p = 0.44 by students’ t-test). A total of 14,812 unique phosphosites were identified (83.4% 
serine, 15.2% threonine and 1.4% tyrosine), with a median of 9,502 (range 8,306 – 9,871) per 
sample. Unsupervised cluster analysis of phosphosites did not show separation of samples 
processed in LN2 from samples processed in the snap freezer (Figure 2A). Comparison of the 
nine study samples with each other showed high Pearson correlations (median r 0.96 (range 
0.92-0.98) for either direct freezing method) while the positive control samples with 2 addition-
al hours of bench-time did cluster separately. (Supplementary Figure 1A); 4,789 phosphopep-
tides (29% of total number of identified phosphopeptides) were shared between all samples 
(Figure 2B). Next, a read-out at the transcriptomic level was used to compare LN2- versus snap 
freezer-based biospecimen freezing. No significant difference was observed in RNA integrity 
between cell line samples processed using the two freezing methods, including the +2hr pos-
itive controls, indicating that integrity of the RNA molecules is preserved by the snap freezer 
(Table 1). Also, RNA molecules were shown to be stable after 2 hours at room temperature 
(Table 1). Unsupervised cluster analysis of the 100 most variably expressed genes showed two 
main clusters, one smaller consisting of the three positive control samples; the second clus-
ter was a mixed cluster of samples processed using either method (Figure 2C). The two snap 
freezing methods could not be distinguished based on the RNA expression profiles, even when 
selecting only the top 100 varying genes between the samples for clustering analysis. Again, 
comparison of all separate samples with each other showed very high correlation (Pearson’s 
r >0.99, Supplementary Figure 1B).

5
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Figure 2. Benchmark of molecular profile preservation using K562 cancer cells. Profile preservation 
benchmarking using snap freezer vs liquid nitrogen.

A. Unsupervised cluster analysis of all identified phosphosites of K562 suspension aliquots does not 
cluster samples frozen by liquid nitrogen separately from those frozen by the snap freezer, but clearly 
separates the +2hr positive control samples. Color key indicates Z-scores.

B. UpSet plot indicating the number of overlapping phosphopeptides shared between (subsets of) the 
nine K562 samples. Fifteen out of 511 overlaps are shown, covering 51% of the data.

C. Unsupervised cluster analysis of RNA expression of 100 most varying genes does not cluster samples 
frozen using liquid nitrogen or the snap freezer together, but separates the +2hr positive control samples. 
Color key indicates Z-scores.
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Table 1. RNA integrity of cell line samples processed with different freezing methods. Aluminum vials 
with lysates of K562 suspension cell line were alternatingly snap-frozen in the snap freezer or in liquid 
nitrogen. Three samples were left at room temperature for two hours before freezing in liquid nitrogen 
as a positive control sample. RIN, RNA integrity numbers.

Freezing method RIN value

Replicate 1 Replicate 2 Replicate 3

Liquid nitrogen 9,40 9,50 9,30

Snap freezer 9,10 9,30 9,20

+2hr Control sample 9,40 9,20 9,30

Normal liver tissue biopsies Characteristics and analysis details of five consecutive patients 
who underwent liver surgery are presented in Supplementary Table 1. For patient 01 only 3 
normal liver tissue biopsies were available (phosphoproteomics) and for patients 02, -03- and 
-04, 6 biopsies per patient could be evaluated for phosphoproteomics, RNA integrity analysis 
and RNA sequencing. These biopsies were snap-frozen alternatingly using the three freezing 
methods (Figure 1B). In total, twelve 14G core needle biopsies from four patients were pro-
cessed for global phosphoproteomics, with a median protein input of 500 μg per sample. A 
total of 15,262 unique peptides were identified, of which 10,395 (68%) were phosphorylated. 
The median number of phosphopeptides per sample was 6,742 (range 5535 – 7601). A total 
of 9,966 phosphosites were identified (86% serine, 13% threonine and 1% tyrosine), with a 
median of 5794 (range 4710 – 6573) per sample. Unsupervised clustering of the phosphopro-
teome revealed clear separation of replicates from the four patients (Figure 3A). Subclustering 
of snap freezer- and LN2-frozen samples, separate from the +2hr controls, was observed in 2 
of 4 patients. RNA isolation was successfully performed in tissues from 2 of 3 last mentioned 
patients. An additional set of nine liver biopsies was obtained from a fifth patient (05, Sup-
plementary Table 1). RNA quality was insufficient in one of the biopsies, leaving 11 samples 
for downstream analysis. There were no significant differences in RIN values between the 
samples processed using the 2 freezing methods (p = 0.89 by t-test). Samples that were left at 
room temperature for 2 hours before immersion in LN2 had RIN values comparable to the other 
two freezing conditions, indicating that RNA is a stable molecule, even after a prolonged cold 
ischemia time (Supplementary Table 1). After RNA sequencing, unsupervised cluster analysis 
of gene expression profiles showed a clear separation of the samples from individual patients 
(Figure 3B).

5
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Figure 3. Benchmark of molecular profile preservation of normal liver biopsies from patients with cancer. 
Molecular profile preservation benchmark of snap freezer vs liquid nitrogen.

A. Unsupervised cluster analysis of the phosphoproteome of liver tissue samples of four individual 
patients shows that patient-specific profiles can clearly be identified in samples snap frozen in the snap 
freezer as well as in liquid nitrogen. Color key indicates Z-scores.

B. Unsupervised cluster analysis of RNA expression of 100 most variable genes shows that 3 individual 
patient profiles can be clearly identified using samples processed in both freezing methods. Color key 
indicates Z-scores.

EFFECT OF DIFFERENT FREEZING RATES ON PHOSPHOPROTEOMIC 
PROFILES
Three types of vials with different thermal conduction properties (polypropylene, aluminum 
and aluminum vials covered in paper tape) and two coolants (LN2 and pre-cooled isopentane) 
were used to determine differences in freezing rate of HCT116 cancer cell lines samples to 
reach -80 °C8 (Supplementary Figure 2). Polypropylene vials immersed in LN2 versus pre-cooled 
isopentane had a mean freezing time of 2 versus 25 seconds (s), respectively, while aluminum 
vials without paper tape covering had freezing times of 4 s in LN2 and 10 s in isopentane (Table 
2). To study whether changes to the phosphoproteome would be detectable in samples from 
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vials with shortest vs longest (2 vs 25 seconds) freezing time, polypropylene vials frozen in 
LN2 vs isopentane were selected for molecular analysis by MS-based global phosphoproteom-
ics. This was successfully performed in five out of six samples. One LN2-cooled sample was 
lost due to a technical error in the mass spectrometer. A total of 8597 unique peptides were 
identified of which 5726 (66.6 %) were phosphorylated, reflecting adequate enrichment for 
phosphopeptides. The median number of identified phosphopeptides per sample (500 μg 
protein input/sample) was 4668 (range 4035 - 4780). A total of 5643 unique phosphosites were 
identified (phosphorylated in 87% at serine residues, 12% threonine and 1% tyrosine), with 
a median of 4127 (range 3765 - 4251) phosphosites per sample. Unsupervised clustering of 
the global phosphoproteome did not separate HCT116 samples frozen in polypropylene vials 
of 2 seconds versus 25 seconds freezing rates (Figure 4A). Fifty-one percent of all identified 
phosphopeptides were present in all 5 samples and only ≤ 1.6% were uniquely identified in 
one of the samples; 47-48% of identified phosphopeptides per sample were present in at 
least one other sample (Figure 4B). The overlap between workflow replicates (47% for LN2 and 
51% for isopentane, data not shown) was comparable to the overlap between the different 
conditions (51% as per the Venn diagram in Figure 4B). The correlation between all samples 
was high (Pearson’s r 0.93 – 0.99, Figure 4C).

Table 2. Three different types of vials containing HCT116 lysate were immersed in either liquid nitrogen 
(-196 °C) or pre-cooled isopentane (-80 °C) (Figure 2). The time in seconds (s) elapsed from the point of 
room temperature until the vials reached a temperature of -80 °C. Three technical replicates per freezing 
condition were used.

Vial type Liquid nitrogen Precooled isopentane

Aluminum 4 s 10 s

Polypropylene 2 s 25 s

Aluminum covered in paper tape < 2 s N/A

5
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Figure 4. Effect of freezing rate on HCT116 phosphoproteomic profile. Effect of freezing rate on the 
phosphoproteome of cancer cell line HCT116. HCT116 samples were frozen in polypropylene vials in 
either liquid nitrogen (-196 °C, in 2 seconds, N = 2; one sample was lost due to a technical error in the 
mass spectrometer) or in 25 seconds using pre-cooled isopentane (-80 °C, N = 3).

A. Unsupervised cluster analysis of all identified phosphopeptides does not separate samples with 
highest vs lowest freezing rate.

B. Venn diagram of overlapping phosphopeptides between all five samples shows reproducible 
phosphopeptide identification regardless of freezing rate.

C. Correlation by Pearson’s r shows high correlation between phosphoproteomic profiles of samples 
frozen at high vs lower rate.

Hanneke_Binnenwerk_V.indd   140Hanneke_Binnenwerk_V.indd   140 25-10-2023   21:3425-10-2023   21:34



141A novel liquid nitrogen-free snap freezer

DISCUSSION
Snap freezing of core needle biopsies by quenching in liquid nitrogen (LN2) is the golden 
standard to preserve tumor biology and allow profiling for precision medicine purposes at 
the DNA, RNA and (phospho)protein level, but the use of LN2 has several disadvantages. We 
have previously developed a LN2-independent, electrically powered and mobile snap freezer 
with adjustable cold sink temperature13. Comparing the novel snap freezer with the golden 
standard of LN2 quenching, we here show that MS-based phosphoproteomic and transcrip-
tomic profiles of cancer cell line K562 and human liver biopsies are preserved (Figure 2 and 
3). Phosphoproteome differences between individual patients were larger than potential dif-
ferences induced by either freezing method (Figure 3A). Gene expression profiling by RNA 
sequencing corroborated these findings (Figure 3B). These findings are important, because 
MS-based phosphoproteomics and RNA sequencing profiles are sensitive to variation induced 
by differences in pre-analytical handling that impact tissue integrity. Ultimately, such varia-
tions would hamper extrapolation and implementation of research findings to the general 
patient population27,28. In particular, cold ischemia time can alter the (phospho)proteome and 
transcriptome29-31. While DNA in tumor tissue remains stable after one hour of cold ischemia 
time32,33, earlier studies describe multiple examples of altered protein and mRNA expression 
within 15-30 minutes and phosphorylation as early as after 5 minutes of cold ischemia time34-37. 
Remarkably, MS-based phosphotyrosine (pY)-phosphoproteomic profiles from acute myeloid 
leukemia samples were recently shown to remain relatively stable after a 4-hour delay of 
sample processing38. These results may indicate that the impact of pre-analytical variation may 
differ for hematological specimens vs solid tumor biopsies, but need further confirmation. In 
general, standard methods resulting in reliable results with minimal variation are prerequisites 
for application in precision oncology. Here, we found that the novel snap freezer is fulfilling this 
requirement by showing that molecular profiles of cell lines and individual patients’ biopsies 
were maintained.

In addition, the effect of freezing rate differences on the phosphoproteomic profile of a cancer 
cell line was evaluated. Freezing rates that are too low will damage the cell membrane, likely 
due to increased solute concentration caused by volume reduction of liquid surrounding the 
cells39, while ultra-rapid cooling may lead to damage through devitrification and ice crystal 
formation upon storage including the Leidenfrost phenomenon20. We here found that differ-
ences in freezing rate up to 23 seconds to a goal temperature of -73 °C did not induce signif-
icant changes in phosphoproteomic profiles (Figure 4) indicating that a freezing rate faster 
than achieved with the snap freezer and with LN2 is unnecessary. Increasing the freezing rate 
by overcoming the Leidenfrost effect will not further improve preservation of the molecular 
profile of a biological sample. Together, these results imply that this snap freezer is of valid 
use in clinical setting, eliminating the need for harmful coolants and preventing technical and 
practical challenges of LN2 for cryopreservation. Alternative snap freezing solutions have been 
developed to circumvent the limitations of liquid nitrogen, but each of them has limitations 
in terms of mobility or cooling performance40,41.

5
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As in vivo profiling of (tumor) tissue is impossible, one cannot perform molecular profiling 
without potentially inducing any procedure-related effect. It is impossible to determine which 
of both snap freezing methods preserves in vivo profiles best. Cancer cell samples left at room 
temperature for two hours prior to snap freezing were used as a control to show that profiles 
do change in time. However, when optimal sampling of biospecimens is clinically implement-
ed, no significant differences in molecular profiles are expected based on the freezing rate 
experiments as described here. This study was designed to compare technical replicates. 
Although the included clinical sample size was small, results were consistent throughout all 
comparisons of both phosphoproteomic and RNA sequencing analyses.

In conclusion, the novel snap freezer prototype identifies similar protein- and RNA-based mo-
lecular profiles of biological samples including individual patient tissues as obtained with the 
golden standard of LN2 quenching. Importantly, this snap freezer overcomes several practical 
limitations of LN2 and may provide a useful tool enabling wider implementation of (multi-)
omics analyses for precision oncology. Feasibility and usability for snap freezing tumor biop-
sies in the context of a (precision oncology) clinical trial or the routine clinical setting should be 
assessed as the next critical step towards its implementation and commercial development.
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SUPPLEMENTARY METHODS

PATIENT SAMPLES
This study received approval from the Amsterdam UMC Biobank under study number BUP2019-
12. Regular diagnostic procedures were not hindered by the collection of the study biopsies.

CELL LINES
K562 chronic myeloid leukemia (CML) cells were obtained from the ATCC and cultured in DMEM 
medium supplemented with 10% FBS (Biowest, France). Cells were maintained at 37 °C and 
expanded in a T175 culture flaks. Nine aliquots of 10 ml cell suspension (exponential growth 
phase) were transferred into a 50 ml tube and centrifuged for 2 minutes at 300g and the su-
pernatant was removed. Cells were washed twice in phosphate-buffered saline (PBS) and 
centrifuged for 2 minutes at 300g before being resuspended in 1 ml PBS and transferred in the 
aluminum vial. The vial was placed into a 50 ml tube and centrifuged for 1 minute at 300g rpm, 
after which PBS was removed and the pellet of cells remained on the bottom of the vial. The 
vials subsequently entered their respective freezing procedures, see below, and were stored 
at -80 °C until further processing.

Cells from the colorectal cancer cell line HCT116 were cultured in biological triplicates in DMEM 
medium (Lonza Biowhittaker, Verviers, Belgium) containing 10% fetal bovine serum, 2 mM 
glutamine, 100 IU/ml sodium penicillin and 100 μg/ml streptomycin. Cells were lysed in lysis 
buffer containing 9 M urea, 20 mM HEPES pH 8.0, 1 mM Na3VO4 (orthovanadate), 2.4 mM Na4P2O7 
(pyrophosphate), and 1 mM Na2C3H7PO6 (β-glycerophosphate) by scraping and subsequent 
sonication. After lysis, protein concentration was determined using the BCA method (Ther-
moPierce, Rockford, IL). Cell lysate was reduced in 4 mM dithiotreitol (DTT) for 20 minutes at 
60 °C, cooled to room temperature and alkylated in 10 mM iodoacetamide for 15 minutes in 
the dark. Next, the cell lysate was diluted to 2 M urea using 20 mM HEPES buffer pH 8.0 and 
digested overnight with trypsin (10 μg/mg protein) at 37 °C. Digestion was stopped in 0.1% 
trifluoroacetic acid (TFA).

PHOSPHOPEPTIDE ENRICHMENT AND LC-MS/MS MEASUREMENT FOR 
PHOSPHOPROTEOMICS
HCT116 cell lysate aliquots of 300-400 μg protein, K562 cell lysate aliquots of 500 μg protein 
and tissue lysates were reduced, alkylated and digested as described previously1. Desalted 
peptides were enriched for phosphopeptides using titanium oxide (TiOx) beads based using 
aliphatic hydroxyl-acid modified metal oxide chromatography2,3. In brief, 500 μg desalted 
peptides (1 μg/μl in 80% ACN, 0.1% TFA) were mixed with 500 μl washing buffer (80% ACN, 0.1% 
TFA containing 300 mg/ml lactic acid) and applied to 2.5 mg TiOx beads (GL sciences, 10 μm) 
packed in a 200 μl STAGE tip containing a 16G empore C8 membrane plug (3M, St Paul, MN). 
The STAGE tip was washed with 200 μl washing buffer followed by 200 μl 80% ACN, 0.1% TFA. 
Phosphopeptides were eluted in two steps in 50 μl 0.5% and 5% piperidine (Fisher Scientific) 
and were quenched in 100 μl 20% H3PO4. All steps were performed by centrifugation (1500 x 
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g, 4 min). Phosphopeptides were desalted using a 200 μl STAGE tip containing a 16G empore 
SDB-XC membrane plug (3 M, St Paul, MN) using the same solvents as used for the Seppak 
cartridge (20 μl, 100 rpm, 1 min). Desalted phosphopeptides were dried in a vacuum centrifuge 
and redissolved in 20 μl 4% ACN, 0.5% TFA; 17 μl was injected on the column. Phosphopeptides 
were separated by nanoLC and detected as described elsewhere 2,4,5 on a Q exactive HF mass 
spectrometer (Thermo Fisher, Bremen, Germany).

PROTEIN IDENTIFICATION
LC-MS/MS spectra were searched against the Uniprot human reference proteome FASTA file 
(release February 2019, 42417 entries, no fragments) using MaxQuant 1.6.4.06. Enzyme spec-
ificity was set to trypsin and up to two missed cleavages were allowed. Cysteine carboxam-
idomethylation (Cys, +57.021464 Da) was treated as fixed modification and serine, threonine 
and tyrosine phosphorylation (+79.966330 Da), methionine oxidation (Met, +15.994915 Da) 
and N-terminal acetylation (N-terminal, +42.010565 Da) as variable modifications. Peptide 
precursor ions were searched with a maximum mass deviation of 4.5 ppm and fragment ions 
with a maximum mass deviation of 20 ppm. Peptide, protein and site identifications were 
filtered at a false discovery rate (FDR) of 1% using the decoy database strategy. The minimal 
peptide length was 7 amino acids and the minimum Andromeda score for modified peptides 
was 40, with the corresponding minimum delta score set at 177. Proteins that could not be 
differentiated based on MS/MS spectra alone were grouped into protein groups (default Max-
Quant settings). (Phospho)peptide identifications were propagated across samples using the 
match-between-runs option checked. Searches were performed with the label-free quanti-
fication option selected. (Phospho)peptide identifications were propagated across samples 
using the match-between-runs option checked. Searches were performed with the label-free 
quantification option selected.

LABEL-FREE PHOSPHOPEPTIDE QUANTIFICATION
Phosphopeptides were quantified by their extracted ion chromatograms (‘Intensity’ in Max-
Quant). For each sample the phosphopeptide intensities were normalized on the median 
intensity of all identified peptides in the sample (‘normalized intensity’ from the MaxQuant 
Evidence table). Normalization and statistical testing were performed in R. Fold-change and 
p values were calculated from replicates using a two-tailed Student’s t-test; phosphopep-
tides were considered significantly differential at p < 0.05. The match-between-runs option 
in MaxQuant was used. Missing values were excluded from subsequent statistical analysis. 
Quantitative values from replicates were averaged prior to biological group comparisons. The 
t-test requires at least two quantitative values in each group. P-values were not corrected for 
multiple hypothesis testing. Cluster analysis of differential phosphopeptides was performed 
using hierarchical clustering in R and repeated for the top10 and 20% most variable pep-
tides. Phosphopeptide intensities were normalized to zero mean and unit variance for each 
phosphopeptide. Subsequently, the Euclidean distance measure was used for phosphopeptide 
clustering. For sample clustering metrics, the (1-Pearson correlation) distance and the Ward 
linkage were used.

5
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RNA SEQUENCING
Next generation sequencing (NGS) using Illumina’s TruSeq Small RNA Sample Preparation 
protocol and data filtering were performed as previously described8. Illumina’s TruSeq Small 
RNA Sample Preparation protocol was used for the generation of cDNA libraries. These librar-
ies were amplified on the flow cells with Illumina’s cluster station (Illumina Inc, San Diego, CA, 
USA) and sequenced using Illumina’s HiSeq 2000 (Illumina Inc, San Diego, CA, USA). Obtained 
sequence reads were first quality trimmed, resulting in a >99.9% probability of a correctly 
identified base of the remaining nucleotides. Secondly, the reads were clipped for adaptor 
sequences. Thirdly, reads with identical sequences were compiled and counted, resulting in 
only unique sequences. Finally, each unique sequence was mapped to the reference genome 
(browser hg19) and only those alignments of at least 18 nucleotides and a maximum of 2 mis-
matches were retained. Data was visualized on the R2 genomics analysis and visualization 
platform (http://r2.amc.nl/) and the R2 program was used to generate unsupervised clustering 
heatmaps using the View Geneset option with 100 most varying genes between the groups 
as found with the TopLister option, with and log2_z-score transformation settings, as well 
as sample correlation analyses using the Sample Correlation Map (SCM) option with data as 
input and log2 transformation setting. Genes with Benjamini and Hochberg p-value ≤ 0.01 
were considered differentially expressed.
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Supplementary Figure 1. Correlation analyses of K562 cell line samples

A. Sample correlation map indicating Pearson’s r based on phosphoproteomics data of nine K562 
samples. The median r was 0.96 (range 0.92-0.98) for either direct freezing method.

B. Sample correlation map indicating Pearson’s r based on RNA sequencing data of nine K562 samples. 
All samples are highly correlated, with Pearson’s r > 0.99.
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Supplementary Figure 2. Influence of freezing rate on phosphoproteomic profiles

Experimental design of the comparison of the effect of 5 different freezing rates, achieved using 3 different 
types of vials in 2 different coolants, on the phosphoproteome using cancer cell line HCT116. Aliquots of 300 
μl HCT116 lysate, each corresponding to 300-400 μg of protein, were placed in three types of vials with 
different thermal conduction properties (polypropylene, aluminum and aluminum vials covered in paper 
tape) to influence their freezing rates. For each condition three vials were individually immersed in either 
LN2 or precooled isopentane for 1 minute and cooled to a temperature of -196 °C or -80 °C, respectively, 
using a stainless steel vial holder. The time to reach the goal temperature of -80 °C was registered.

5
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Summarizing Discussion  
and Future Perspectives
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GENERAL DISCUSSION
Advanced cancer continues to be a heavy burden for society. In the Netherlands, 20% of pa-
tients who are diagnosed with cancer already have metastatic disease at the time of diagnosis1. 
Cancer metastases can also occur later in the course of the disease. Annually, around 38,000 
patients in the Netherlands are diagnosed with metastatic cancer1. Only a minority of patients 
with metastatic disease can be cured with local therapies such as surgery or radiotherapy or 
sometimes curative systemic therapy strategies. For most of the patients with metastatic 
disease, palliative systemic treatment is their last resort, with the aim of disease- and symp-
tom control and thereby prolongation of life while maintaining or improving their quality of 
life. Since cancer is a genetic disease, characterized by mutations and dysregulated protein 
kinase signaling2, protein kinases (and tyrosine kinases in particular) have become one of 
the most important drug targets in recent years3,4. Since the introduction of trastuzumab, 
a monoclonal antibody directed against ErbB25 in 1999 as the first targeted treatment, an 
increasing number of targeted anti-cancer drugs are annually approved by the FDA6. Together 
with the introduction of immune checkpoint inhibitors (ICI), protein kinase inhibitors (PKI’s) 
have made a powerful contribution to the improved survival of patients with advanced cancer7. 
This vast expansion of the targeted therapeutic arsenal broadens opportunities for patients 
with advanced cancer.

One of the most important questions, which is under extensive evaluation, is how to select 
the right treatment for the right patient at the right time? What is the biomarker with the best 
predictive value for response (or resistance) to treatment? And what requirements need to 
be met before a targeted treatment strategy based on individual tumor characteristics can 
be offered to each patient with cancer?

The studies in this thesis focus on clinical available pan-cancer genomics-based treatment 
selection in a drug repurposing clinical trial (chapter 2 and 3), the development of a phosphoty-
rosine proteomics selection method for a multi-targeted TKI (chapter 4) and the validation 
of a new liquid nitrogen-free snap freezer for optimal tissue handling to enable (multi)omics 
analysis on clinical samples (chapter 5).

GENOMICS-BASED TREATMENT SELECTION; DRUG REDISCOVERY 
PROTOCOL
Each tumor is unique in its genetic and molecular composition. With the improvement and 
wider implementation of next generation sequencing techniques, extensive molecular infor-
mation from individual tumors has become available, often revealing unexpected genomic 
events. In 31% of patients with advanced cancer, an actionable genomic event was identified 
in the tumor DNA that predicted sensitivity to a targeted drug. In 13% of patients, a genomic 
target was identified for which targeted drugs are available, but not registered for the specific 
tumor type8.
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159Discussion and future perspectives

In chapter 2, we described the design and feasibility of the Drug Rediscovery Protocol (DRUP) 
and the results of the first 215 patients enrolled in this multicenter clinical trial, including the 
results of the first completed cohort. DRUP is an ongoing national prospective multi-drug and 
pan-cancer phase II clinical trial that started in 2016. Patients with advanced solid tumors, who 
have exhausted standard-treatment options, are treated with existing targeted anti-cancer 
drugs (small molecules, monoclonal antibodies and immune checkpoint inhibitors) based on 
their tumor molecular profile, but outside their labelled indications.

The analysis of the first 215 patients included in the DRUP trial showed that overall, 34% had 
clinical benefit, defined as a confirmed objective response or disease control of at least 16 
weeks. The overall clinical benefit rate indicates that the efficacy of the DRUP approach to ther-
apy selection is higher than the disease control rate of 11% in other phase 1 trials9. Chapter 2 
also describes the results of the first completed cohort within DRUP. In this cohort, 30 patients 
with various tumor types with mismatch repair deficiency (dMMR) and microsatellite instabil-
ity (MSI) were enrolled and treated with nivolumab, an anti-PD-1 monoclonal antibody. The 
clinical benefit rate in this particular cohort was 63% and the median progression free survival 
(PFS) was not reached after 16.5 months of follow-up. This impressive result warranted con-
firmation in an independent cohort, and a “third stage” expansion cohort was created within 
DRUP and based on the positive outcome of this validation cohort, registration of nivolumab 
was obtained for patients with dMMR and MSI cancer without standard treatment options.

There is a growing need for a learning health care model which enables early access to poten-
tially effective therapies, where no other established treatment options are available, without 
overestimating the findings that are based on small cohorts of patients. To this end, we de-
veloped a performance-based, personalized reimbursement model10 that enables access 
to precision medicine in rare biomarker-defined subgroups. Patients are treated with study 
medication within the DRUP trial stage 3 cohort, and good performance of the regimen (ob-
jective response or stable disease for at least 16 weeks) leads to reimbursement by the health 
insurance. This model allows risk-sharing between the manufacturer of the drugs and payers.

The benefit of genomics-based therapy selection may seem evident today, but that has not 
always been the case. In the French SHIVA trial, patients with molecular alterations in one of 
three pathways (hormone receptors, PI3K/AKT/mTOR pathway or RAS/RAF/MEK/ERK pathway) 
were randomized between one of ten molecular matched therapy regimens or physicians’ 
choice of treatment. The outcome was not significantly different for both groups (p=0.41, HR 
0.88) and the authors concluded that off-label use of molecularly targeted agents should be 
discouraged. However, the study was criticized for lumping genetic profiles without consid-
eration of the tissue context or relative importance of genetic aberrations11. In the WINTHER 
trial, patients were screened for molecular targets for treatment by DNA and RNA sequencing. 
An expert panel recommended matched therapies based on the sequencing results, after 
which the treating physician determined the therapy given. Among other clinical aspects, 
the eventual choice of therapy depended on drug availability and reimbursement. This trial 

6
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reported that 22.4% of patients had a PFS2/PFS1 ratio of ≥ 1.5, and thereby failed to meet its 
pre-specified primary end point12. Despite its negative outcome, the WINTHER trial reports 
that transcriptome analysis of tumor tissue added substantially to the number of patients 
treated with a matched targeted drug. By using information from RNA analysis, the matching 
rate improved from 23% to 35%12. The addition of RNA sequencing and transcriptome-based 
treatment selection is also considered as a new strategy within DRUP.

One of the factors contributing to the meaningful clinical benefit rate in the DRUP trial may 
be the innovative trial design, which allows evaluation of small groups of patients with rare 
cancer subtypes to determine the potential benefit of a targeted agent in a group of patients 
with a specific tumor molecular profile while appreciating the context of histology. DRUP has 
a wide arsenal of available targeted drugs, with 30 treatments currently available provided 
through collaboration with 12 pharmaceutical companies, and efforts to further expand are 
ongoing. A dedicated team of researchers evaluate each case, and alongside the molecular 
target evaluation, a literature search is performed to appreciate existing (pre-)clinical evidence 
for the drug-target-histology combination, which substantially impacts the choice of therapy. 
Another contributing factor may be the increasingly broad molecular testing that is performed 
in the Netherlands. Since the molecular diagnostic approach is the corner stone of precision 
oncology, an improvement to the design of DRUP could be to include molecular profiling for 
target identification on fresh frozen biopsies in the trial. Several other trials have broad-pan-
el sequencing or transcriptome analysis as “prescreening” in their trial design, for example 
the I-PREDICT13 and NCI-MATCH14 trials. In the latter, patients’ tumor tissue was screened 
for actionable genomic targets by NGS and matched to a targeted treatment accordingly. 
Although the NGS results contributed to the knowledge on actionability of genomic events, 
only a minority of included patients experienced clinical benefit upon targeted treatment15. As 
in DRUP, clinical benefit rates differed greatly among various cohorts and targeted pathways.

One of the challenges in many precision-oncology clinical trials is how to generate a sufficient 
level of evidence for the (lack of) effectivity of a drug in very rare subgroups of cancer patients. 
Some actionable genomic events occur in such low frequency that timely completion of a 
DRUP cohort and reporting of the results is considered impossible. One solution to this prob-
lem requires international collaboration of data sharing with other research groups and 
participation in collaborative clinical trials. DRUP has formed a global collaboration with two 
other trial-groups by harmonizing the study protocols: the United States-based Targeted Agent 
and Profiling Utilization Registry (TAPUR) Study (NCT02693535)16 and the Canadian Profiling 
and Targeted Agent Utilization Trial (CAPTUR, NCT03297606). This collaboration comprises 
a data sharing protocol that allows pooling and combined analysis of comparable cohorts 
across the three trials17. As time went on, it became clear that other European countries and 
research groups also had an interest in starting similar precision oncology trials. Working to-
wards a European precision oncology platform. Therefore, DRUP has also shared its protocol 
and study documents with these European groups to harmonize protocols and facilitate data 
sharing closer to home. At the time of writing, several trials have already started enrolling 
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patients (MEGALiT in Sweden (NCT04185831), IMPRESS in Norway (NCT04817956) and Pro-
Target in Denmark (NCT04341181)). Another example of international collaboration is the 
joint effort of DRUP and the Australian Molecular Screening and Therapeutics clinical trials & 
immunotherapy (MoST clinical trials). Both DRUP and MoST found in a considerable number 
of patients with genomic aberrations in the Cyclin D-CDK4/6 pathway treated with off-label 
CDK4/6 inhibitors no clinical benefit18. These results were reported as a pooled analysis of all 
cohorts across the two trials in which patients were treated with CDK4/6 inhibitors palbociclib 
and ribociclib, achieving a greater level of evidence than reporting of individual small cohorts.

Within the DRUP trial, the vast majority of patients had a rare subtype of cancer. Either they 
had a rare cancer (an incidence less than 6 cases per 100,000 persons per year), or a common 
tumor type with a rare genomic aberration. Around 33% of enrolled patients in DRUP has a rare 
cancer, this group has the same overall clinical benefit rate (33%) of genomics-guided off label 
treatment as the group of patients with non-rare cancers19. Although it is considered a strength 
of DRUP that patients with rare cancers are offered an extra, potentially effective, treatment 
option, it also results in a large number of cohorts with just one or two patients enrolled. One 
of the challenges following from these small and “incomplete” cohorts is how to gain a suffi-
cient level of evidence for these patients. DRUP has found several solutions for this issue, as 
described above. But even if cohorts are completed in stage 2 (24 patients), health authorities 
struggle to appreciate the evidence from small cohorts in a non-randomized non-controlled 
phase 2 trial. Especially the lack of a proper control group is difficult to overcome. Due to 
the rarity of these subgroups, conducting a randomized clinical trial is impossible. The use 
of historical controls is a generally accepted approach, but it has also proven to be nearly 
impossible to find correctly-matched controls, because patients qualifying for DRUP have 
exhausted standard-of-care treatments. Historical controls should ideally be matched by 
molecular subtype, however this information is often not reported in cohorts from the past. 
Finally, a commonly used endpoint is an intra-patient progression-free survival (PFS) ratio, 
defined as the PFS interval associated with molecularly guided therapy (PFS2) divided by 
the PFS interval associated with the last prior systemic therapy (PFS1), above 1.3 or, in some 
studies, above 1.33 or 1.520. Using this ratio, the patient serves as his/her own control. Among 
other issues leading to potential bias21, one difficulty in this approach is that the PFS1 data are 
retrospectively retrieved, while the PFS2 data are prospectively collected.

Another ongoing challenge is to find the most accurate method of prioritizing different molec-
ularly guided treatment options for individual patients. Growing experience with the results 
of tumor broad panel sequencing or WGS teaches us that tumor DNA often harbors more than 
one genomic aberration. A large pan-cancer analysis shows that tumors have a mean number 
of 5.7 candidate genomic driver events per patient8, likely occurring at different stages of 
tumor evolution. Some tumors may have multiple drivers occurring as early events in tumor 
development. But which genomic feature is the dominant driver that should be the target 
for treatment? It is possible that the answer lies in the administration of combinations of 
targeted anti-cancer agents. In the I-PREDICT trial, patients were treated with one or more 

6

Hanneke_Binnenwerk_V.indd   161Hanneke_Binnenwerk_V.indd   161 25-10-2023   21:3425-10-2023   21:34



162 CHAPTER 6

targeted agents based on their broad panel NGS results. A matching score was computed for 
each patient, reflecting what percentage of potential targets was covered by the treatment 
regimen. A higher matching score was associated with a better treatment outcome13. In DRUP, 
the combination treatment approach was also debated, but to date it is considered to be out-
side the scope of the trial, since some non-established combinations of drugs would require 
new dose-finding studies before patients could safely be subjected to them. Without a doubt, 
the implementation of specialized multidisciplinary Molecular Tumor Boards (MTBs) plays an 
essential role in determining the most appropriate molecular-guided treatment strategy22-24. 
Their experience and expertise may guide physicians’ choice for therapy and may suggest extra 
treatment options within clinical trials, as well as educate physicians in the interpretation of 
molecular diagnostic test results.

Obviously all the efforts regarding data interpretation, precision oncology clinical trial design 
and developing algorithms to optimize molecular-guided targeted therapy selection will only 
succeed if patients have access to the molecular diagnostics that are the foundation of pre-
cision oncology. If patients cannot access modern diagnostics, all our efforts would reach 
only few patients, and inequality of healthcare based on geographical location of the patient 
impends. Surely it will not be possible for each hospital to obtain all technical methods and ex-
pertise in house. But strengthening the collaboration and sharing knowledge and resources is 
necessary to translate advances in precision oncology into benefits for patients with cancer25.

In chapter 3 we describe the results of a second positive cohort in the DRUP trial. Twenty-four 
patients with nine different histological tumor types harboring deleterious mutation of the 
BRCA1 or BRCA2 gene in their tumor DNA, and with no standard treatment options available, 
were treated with olaparib, an oral inhibitor of PARP1. Pathogenic BRCA1/2 loss of function 
(LoF) mutations can result in homologous recombination repair deficiency (HRD) in tumor 
cells, causing the inability to repair DNA double strand breaks. When PARP1 is inhibited, DNA 
single strand break repair is hampered, causing a multitude of double strand breaks, that also 
cannot be repaired, leading to cancer cell cytotoxicity and apoptosis. Fifty-eight percent had 
clinical benefit upon treatment with olaparib. Among patients with complete biallelic LoF 
of BRCA, 73% had clinical benefit. Seven out of 24 patients had non-BRCA-associated tumor 
types for which PARPi are not registered to date, and four of them had clinical benefit. This 
shows that PARPi is a promising treatment strategy for patients with non-BRCA associated 
histologies harboring bi-allelic BRCA LoF. The clinical benefit rate in this cohort warrants fur-
ther investigation and confirmation in patients with non-BRCA histologies. This is currently 
in preparation within DRUP, an independent expansion cohort (stage 3) is planned to open 
soon, again making use of the personalized reimbursement model10.

Although our findings strongly suggest that PARP inhibition is an effective treatment option 
in non-BRCA associated tumor types, it is not undisputed whether BRCA1/2 mutations are 
valid tumor-agnostic biomarkers for PARP inhibitor therapy. A large pan-cancer study by 
Jonsson et al. showed that (likely) pathogenic germline BRCA1/2 mutations occur in 2.7% of 
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patients, and somatic LoF mutations in 1.8% of patients across 38 histological tumor types26. 
Of these patients, 53% had one of the four BRCA-associated tumor types: ovarian, breast, 
prostate and pancreatic cancer. In these patients, biallelic inactivation of BRCA was seen in 
61%, while only 28% of patients with non-BRCA associated malignancies had bi-allelic inac-
tivation. In fact, somatic loss of the pathogenic germline BRCA allele occurred twice as often 
in the last group. These findings indicate that dependency on BRCA pathway dysfunction 
for tumorigenesis differs between tumor lineages, and in many cases, the BRCA mutations 
are neutral passenger mutations that are rather a consequence of genomic instability than 
a cause of tumorigenesis26. This is in line with our observation that in patients with bi-allelic 
BRCA LoF who had no benefit upon treatment with olaparib, another dominant genomic 
oncogenic driver was identified. While BRCA LoF can cause HRD, BRCA1/2 mutations are 
not 100% synonymous with HRD. Approximately 40% of ovarian cancers are HRD without a 
pathogenic BRCA1/2 mutation27. And vice versa, in tumors harboring a pathogenic BRCA1/2 
mutation, HRD can be reversed by a secondary mutation that restores BRCA function28. Also, 
an HRD-permissive tumor microenvironment may play an important role in BRCA-associated 
tumors26. Albeit more complex, an accurate estimate of HRD may be a better predictor of re-
sponse to PARP inhibition and may have more potential as tumor-agnostic biomarker. Various 
functional HRD assays27,29 and classifiers30,31 have been developed that can accurately detect 
HRD in tumor tissue. Histology-agnostic studies in which patients are selected for treatment 
with PARPi based on a HRD signature have not yet been reported. Within the DRUP trial, the 
potent PARP inhibitor talazoparib is available for patients with a HRD genomic signature in 
their tumor DNA, but without a pathogenic mutation or deletion in one of the known HRD 
genes. This histology-agnostic cohort is currently accruing patients.

DEVELOPMENT OF PHOSPHOPROTEOMICS-BASED BIOMARKERS FOR 
PRECISION ONCOLOGY
The presence of a clear tissue-based biomarker predictive of treatment outcome is consid-
ered a corner stones of precision oncology. A strong example is the BRAF V600 mutation as 
a biomarker for response to treatment with BRAF/MEK-inhibition in advanced melanoma, 
glioma32 and anaplastic thyroid cancer33. However, some tyrosine kinase inhibitors (TKI’s) 
are used without the presence of a molecular biomarker, such as sunitinib, which is used as 
first-line treatment for patients with advanced renal cell cancer (RCC)34. RCC is not a mono-ge-
netic driven disease35 and tissue-based biomarkers for response are lacking. Sunitinib is a 
multi-targeted TKI targeting mainly the Vascular Endothelial Growth Factor Receptors (VEGFR 
1 and 2), Platelet-Derived Growth Factor Receptors (PDGFR-alpha and PDGFR-beta) and stem 
cell factor receptor (KIT), though many off-target effects are observed36. Despite the absence 
of a predictive biomarker, treatment of RCC with sunitinib has proven to be quite effective, 
resulting in a median progression free survival (PFS) of 8.4 - 11 months37,38 and an improved 
overall survival compared to interferon alfa34, with an objective response rate of 25 - 47%37,38. 
Upfront identification of patients for whom sunitinib will fail to provide clinical benefit is cru-
cial to prevent unnecessary side effects of the drug.
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In chapter 4, we performed a baseline (phospho)proteomics analysis of 26 patients with 
RCC, treated with sunitinib. We retrospectively compared samples of patients who were pri-
mary resistant to the treatment (PFS < 12 weeks) to patients who had clinical benefit (PFS ≥ 12 
weeks), aiming to describe differences in biology between the two groups. We found a discrim-
inatory 78-phosphosite signature and kinase activity associated with sensitive and resistant 
tumors. p-Tyr phosphoproteomics in resistant tumors showed upregulation of phosphosites 
that are associated with resistance to treatment in other tumor types, and with inflammatory 
processes. A comprehensive pathway analysis pointed towards VEGF-independent tumor an-
giogenesis as a possible contributor to sunitinib resistance. We reproducibly identified three 
differentially upregulated proteins in resistant patients that showed overlap with differential 
transcripts from an independent cohort39, one of them (EIF4A1/EIF4A2) was also exclusively 
phosphorylated in resistant patients.

This is the first comprehensive phosphoproteomics analysis on clinical RCC samples in re-
lation to the response to sunitinib. Other phosphoproteomics studies use in vitro or in vivo 
models40,41, or use clinical samples to characterize the disease, without correlation to treat-
ment response42. Sunitinib resistance in RCC remains a hot topic, and many post hoc efforts 
to find molecular biomarkers for treatment outcome have been reported, assessing other 
layers of biology in clinical samples. Beuselinck et al. performed a transcriptomics analysis on 
53 clinical baseline RCC samples and report four distinct molecular subtypes of ccRCC, asso-
ciated with different responses to sunitinib39. Motzer et al recently published their integrated 
multi-omics analysis of 823 baseline tumor samples and found seven molecular subsets of RCC, 
that correlate with response to angiogenesis blockade and immune checkpoint inhibitors43. 
To date, only one prospective biomarker-driven trial in metastatic RCC has been published. 
The randomized phase II BIONIKK trial demonstrates feasibility of treatment allocation based 
on prospective molecular classification and suggested an improved sunitinib efficacy in one 
of the four molecular subgroups44.

Although a reliable and practical predictive biomarker for sunitinib efficacy in RCC is not yet 
available, many important steps have been taken to improve our understanding of its biology 
and molecular features. It seems only a matter of time (and effort) before patients can actually 
profit from the upfront prediction of tumor response to systemic therapy. Our analyses on the 
role of phosphoproteomics is promising, as it clearly separates primary resistant tumors from 
sensitive ones based on kinase activity and protein expression. Ultimately, a targeted assay 
could be developed based on this and future work, computing a simple and practical result 
that can be interpreted by clinicians in all hospitals.

There are various examples of mass spectrometry-based phosphoproteomics analyses that 
result in better understanding of cancer biology45 and report potential targets for treatment46,47 
and prognostic biomarkers48. These analyses are most often performed on cell lines and pa-
tient-derived xenografts (PDX). Phosphoproteomics analyses on tumor tissue samples are 
scarce and often include low numbers of patients.49-51. To our knowledge, no reports are pub-
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lished to date on clinical trials using global phosphoproteomics for targeted therapy selection 
in patients with cancer.

Phosphoproteomics knowledge and facilities are not mainstream and are still confined 
to centers of expertise, often academic laboratories. At this time, it seems still too early to 
implement phosphoproteomics analysis for therapy selection in patients with malignancies, 
due to (i) limited tissue availability, although down-scaling of the pTyr phosphoproteomics 
protocol now allows for reproducible analysis on only 1 mg of protein input52, which is the yield 
of a 14G core needle biopsy53, (ii) specific logistic requirements and pre-analytical handling 
of the tissue to allow this complex analysis, (iii) the time-consuming laborious technique and 
required expertise of the research staff, (iv) required expertise in interpretation of the results, 
and (v) the lack of clinical validation and reproducibility. A targeted assay or immunohisto-
chemistry analysis with a selection of differential phosphosites and/or proteins could facilitate 
the implementation of these signatures as a decision-making tool for treatment selection in 
clinical practice. Such an assay would prevent unnecessary toxicity and enable alternative 
(combination) treatment in patients upfront predicted to be resistant to sunitinib.

PRE-ANALYTICAL REQUIREMENTS FOR (MULTI)OMICS ANALYSIS ON 
CLINICAL TISSUE SAMPLES
Increasingly complex molecular analyses of tissue samples require a standardized and con-
trolled method of tissue preservation. To facilitate multi-omics analysis on clinical tissue 
samples, high-quality fresh frozen tissue samples are required. Particularly post-translational 
modifications in tumor tissue are sensitive to variations in pre-analytical handling54-57. Tumor 
biopsies collected for research and precision oncology purposes are generally placed in a 
cryovial by trained staff and immediately immersed in liquid nitrogen (LN2). This process is 
referred to as snap freezing and currently the golden standard58. Snap freezing is a laborious, 
potentially hazardous, and not user-friendly procedure. In addition, LN2 is not widely available 
and the use of sacrificial LN2 is non-sustainable due to its energy-intensive synthesis. To cir-
cumvent the limitations of snap freezing in LN2, a new liquid nitrogen-free snap freezer was 
developed for snap freezing biospecimens, to conserve molecular profiles under standardized 
and optimized pre-analytical conditions59.

In chapter 5, we benchmarked the performance of the electrically powered snap freezer 
prototype to the golden standard of LN2-quenching with regard to preservation of biology. 
We used cancer cell line K562 specimens and core needle biopsies from normal human liver 
resection specimens, snap frozen using either the golden standard or the new snap freezer, to 
compare mass spectrometry (MS)-based global phosphoproteomic and transcriptomic profiles 
and RNA integrity. We found that cell line RNA integrity, phosphoproteomic and transtriptomic 
profiles of snap freezer versus LN2 quenching were highly comparable, the samples could not 
be distinguished based on the freezing method used, while the positive control sample (that 
was left at room temperature for 2 hours) clearly formed a separate cluster. Molecular profiles 
of liver tissue biopsy samples clearly clustered per patient, regardless of the applied freezing 
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method. These findings confirm that the novel snap freezer preserves high-quality biospeci-
men and allows identification of individual patients’ molecular profiles.

The commercial development and wide availability of a mobile, electrically powered snap 
freezer would greatly benefit precision medicine by placing molecular diagnostics for routine 
oncology practice within reach in all hospitals. Tissue preservation for complex multi-lay-
er molecular analysis will no longer be confined to the academic hospitals by removing the 
obstacle of the logistical requirements posed by LN2. Obviously, the analyses of tissues still 
need to be performed in expert laboratories that have experience with the techniques and 
interpretation of the results. But ultimately, by simplifying and standardizing tissue preser-
vation, more patients will have access to molecular profiling of their tumors and may benefit 
from precision oncology.

Optimal preservation of human cancer tissue samples for immediate diagnostic evaluation 
and also for tissue biobanking has been a hot topic for decades. In the past, local operating 
procedures for tissue preservation differed per pathology department and were established to 
ensure optimal morphologic preservation, which does not necessarily correlate with optimal 
molecular preservation. Around the year 2000, many new biobanks were developed around 
the world, implementing more stringent standard operating procedures (SOPs) to reduce 
variability in pre-analytical handling of tissue specimens for research60. Early on, the need 
for rapid cooling of tissues (snap freezing) was recognized. Throughout the years, various 
methods of fixation and conservation of tissues have been developed58. Fixation methods 
that require a storage medium, such as formalin-fixed paraffin-embedding (FFPE), RNAlater 
or Optimal Cutting Temperature (OCT) compound, render the tissue useless for some analyt-
ical methods such as phosphoproteomics61, although new techniques are being developed 
to enable MS-based proteomics62-64. Medium-free snap freezing methods conserve the tissue 
for molecular analysis of all layers of biology, but all are laborious and have specific disad-
vantages, sometimes even damaging the tissue58. Examples are snap freezing in pre-cooled 
(-80 °C) isopentane, carbon dioxide quick-freeze method and the current golden standard of 
immersion in liquid nitrogen65. There is an unmet need for a standardized, widely available, 
straightforward snap freezing method to circumvent the limitations of the current methods 
used in pathology labs and biobanks.

Kennedy et al. have developed a portable prototype Quick-Freeze Collection Device, using 
dimethyl ether/propane as an aerosol cooling system. The device was tested using a melanoma 
patient derived xenograft (PDX) model and global phosphoproteome profiles were comparable 
to profiles of samples processed in LN2. The results however reported an uneven release of 
coolant, which interfered with the results of the prototype data. The cooling performance of 
this device is less impressive than that of our snap freezer, as it cools slower, has a higher and 
non-adjustable maximum cold sink temperature (-30 °C) and the inability to maintain low 
freezing temperatures for more than 70 minutes66.
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Other devices for (snap) freezing have already been commercially developed, for example 
Digitcool freezer (Cryo Bio System, L’Aigle, France), which is a freezing system for biological 
samples with snap freezing function and adjustable freezing rate and cold sink temperature, 
but it is not a mobile system. The Portable ULT25NEU freezer (Stirling Ultracold, Athens, Ohio, 
USA) is a portable device with adjustable temperature, but without the snap freezing function.

In conclusion, our newly developed snap freezer has a promising combination of properties 
regarding mobility, snap freezing performance and conservation of molecular profiles in 
human tissue samples. It contains favorable properties of the freezing methods that are al-
ready in use, while it lacks most of their limitations and obsoletes the use of sacrificial cryo-
gens. The snap freezer will be further developed as a commercial product. Improvements to 
the design will be implemented to create an intuitive user interface, enhance mobility and 
allow for multiple cryovials to be snap frozen and stored in parallel. The device will be suit-
able for use in all types of healthcare facilities, in operating theaters and for imaging-guided 
biopsies.

OTHER CHALLENGES OF CONDUCTING CLINICAL AND TRANSLATIONAL 
PRECISION ONCOLOGY TRIALS
In the past decade, tremendous improvements have been made in the personalized care for 
patients with cancer. These improvements are the direct result of high-quality translational 
research and many clinical trials, a considerable proportion of which is investigator-initiated 
research. Although researchers are all highly motivated and creative, many challenges hamper 
the research following from scientific curiosity of clinicians and basic scientists. Aside from 
the usual suspects that are most often identified as barriers for researchers (time and financial 
support), we encountered several other challenges as described above.

One example of a hurdle that may jeopardize particularly the investigator initiated trans-
lational research in the field of precision oncology is the acquisition of tissue samples for 
(multi-)omics analysis. Even when patients consent to undergoing extra biopsies for future 
research purposes, the regulations for harvesting and storage of these biopsies have become 
more strict in recent years, making it difficult to store tissue samples in general biobanks. 
Tumor-specific biobanking is often possible, but only if a specific research question is already 
specified in advance, before opening the biobank. The enforcement of the General Data Pro-
tection Regulation 2016/679 in 2018 has also made it obligatory for patients to give specific 
consent for the storage of their genomic data67, which puts up an extra barrier for acquiring 
these data. When samples are requested from other institutes, especially when big data needs 
to be transferred, contracts may be overly strict, making it almost impossible to come to an 
agreement between two or more institutes. These regulatory issues, although designed to 
guard patients’ privacy and protect patients’ rights, seriously hamper the exchange of useful 
research data and the development of new ideas and research methods, especially in the field 
of multi-omics analysis of cancer tissues.

6

Hanneke_Binnenwerk_V.indd   167Hanneke_Binnenwerk_V.indd   167 25-10-2023   21:3425-10-2023   21:34



168 CHAPTER 6

Furthermore, with the rise of multi-omics analyses on clinical cancer tissue samples, there is 
a high need for computational models to help integrating –omics data from multiple layers of 
biology68. The development of an integrated bioinformatics pipeline for data analysis would 
help advancing precision oncology even more in the future. Knowledge on how genomic fea-
tures translate to RNA, protein expression and post-translational modifications is still relatively 
scarce and would benefit our understanding of cancer biology.

PROGRESS MADE IN PRECISION ONCOLOGY AND TARGETED THERAPY 
SELECTION
Generation of knowledge on cancer biology, the development of molecular diagnostic tech-
niques and the availability of new targeted drugs have fundamentally changed oncology prac-
tice worldwide. How did these advances concretely benefit the care for patients with cancer?

For many individual patients with different tumor types, extensive genomic testing revealed 
unexpected driver mutations, resulting in an extra treatment option within a clinical trial 
such as DRUP. The data resulting from these experimental treatments may ultimately lead to 
an expansion of the labeled indications of targeted drugs. This has already been the case for 
nivolumab, which is now approved and reimbursed in the Netherlands for patients with MSI/
dMMR tumors, regardless of histology69. Another example is the addition of BRCA-mutated 
prostate cancer to the label for olaparib, a PARP inhibitor, largely based on the PROFOUND 
data70.

Specifically for patients with rare cancers, additional molecular-guided treatment options are 
highly valued, since they commonly have less treatment opportunities and are understudied 
at the level of genomic targets19.

Genomics-guided treatment selection benefits patients in more than one way. Apart from 
generating extra treatment options, it is also essential to withhold treatments if patients 
have specific molecular or clinical features that render their tumors insensitive to targeted 
agents. For example, based on molecular profiling, treatment with anti-EGFR monoclonal 
antibodies for patients with colorectal cancer with a KRAS, NRAS or BRAF mutation has been 
terminated due to a lack of clinical benefit 71-73.

CONCLUDING REMARKS EN FUTURE PERSPECTIVES: EYES ON THE PRIZE
Precision oncology has come a long way since the introduction of the first targeted drug (tras-
tuzumab) in 1999. Broad molecular testing of tumor tissue has vastly expanded our knowledge 
of the biology of cancer, leading to a steep increase in the number of approved targeted drugs 
and an expansion of the labeled indications of these drugs. Off-label use of these new classes 
of targeted drugs is nowadays better documented and often performed in clinical trials to 
maximize the learning potential of these experimental treatments for the medical community. 
As long as no “cure for cancer” exists, there will be room for improvement of our knowledge 
and approach to treating patients with cancer.
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General improvements in the logistics, availability of targeted drugs and access to diagnostics 
and expertise will likely have the greatest impact on direct benefit for patients. In the future, 
standardized processing and conservation of tumor tissue/biopsies should be possible in all 
healthcare facilities, and collaborations and sharing of knowledge and resources with the 
academic institutes will be viable to delivering precision oncology to all patients. If these con-
ditions are met, more patients may potentially benefit from the knowledge and new treatment 
options resulting from the precision oncology trials. Also, medical oncologists may learn more 
about molecular testing and interpreting test results from participation in MTBs. To maximize 
the impact of precision oncology, international collaborations are of utmost importance and 
research groups throughout the world are encouraged to share best practices and creative 
solutions to overcome the hurdles that still hamper new initiatives in the field today.

Future clinical research may focus on prospective therapy selection using molecular informa-
tion from other –omics fields, such as phosphoproteomics, especially in patients where no 
clear monogenetic driver mutations is identified and a comprehensive pathway analysis may 
give more direction for potential therapeutic strategies. More knowledge on the best method 
of prioritizing targets for treatments will be essential, as well as clinical trials investigating 
new combinations of targeted agents.

With an increasing understanding of cancer biology and improved strategies for treatment 
selection, precision oncology will be accessible for patients with advanced cancer and more 
patients will benefit from the knowledge that we gain today and tomorrow. In the future, 
treatments based on histology alone may be considered old-fashioned, and multi-omics diag-
nostics may result in a comprehensible report that can be easily interpreted, and will directly 
guide treatment decisions for individual patients.
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NEDERLANDSE SAMENVATTING
Jaarlijks worden in Nederland zo’n 38.000 mensen getroffen door uitgezaaide kanker. Bij een 
op de vijf mensen met kanker zijn op het moment van diagnose al uitzaaiingen aanwezig. Voor 
slechts een kleine minderheid van hen is een genezende behandeling voorhanden, maar voor 
de meeste mensen met gevorderde kanker is de behandeling palliatief. Dat wil zeggen, gericht 
op het verminderen van ziekte-gerelateerde klachten en verlengen van het leven terwijl de 
kwaliteit van leven behouden blijft. Tot voorkort bestond een palliatieve behandeling veelal 
uit chemotherapie, voor alle mensen met hetzelfde type kanker dezelfde behandeling. Som-
migen hebben daar baat bij, anderen niet. Dat is op voorhand vaak niet goed te voorspellen. 
De meeste mensen hebben echter wel bijwerkingen van chemotherapie die hun kwaliteit van 
leven kan bedreigen.

Kanker is een ziekte van het genoom, die gekarakteriseerd wordt door veranderingen in het 
DNA (mutaties) en mede daardoor stoornissen in de overdracht van groeisignalen in de cel, 
met ongeremde en ongecontroleerde groei en celdeling tot gevolg. De eiwitten die betrokken 
zijn bij deze verstoorde signaaloverdracht zijn mogelijk belangrijke doelwitten (targets) voor 
doelgerichte behandeling tegen kanker. In de afgelopen 25 jaar zijn veel nieuwe doelgerichte 
medicijnen ontwikkeld en op de markt gekomen die specifiek ingrijpen op deze afwijkende 
signaaloverdracht in kankercellen. Deze zogenoemde proteinekinaseremmers hebben, samen 
met de opkomst van de immunotherapie, de behandelmogelijkheden en vooruitzichten van 
patiënten met gevorderde kanker in belangrijke mate verbeterd.

Een belangrijke vraag blijft echter: hoe selecteren we de juiste behandeling voor de juiste 
patiënt op het juiste moment? Hoe kunnen we op voorhand het meest nauwkeurig bepalen 
of een individuele patiënt wel of geen baat zal hebben bij een behandeling? En hoe zorgen 
we ervoor dat in de toekomst een gepersonaliseerde behandeling gericht op de kenmerken 
van een individuele tumor voor iedere patiënt met kanker tot de mogelijkheden behoort?

Het onderzoek beschreven in dit proefschrift richt zich op de klinische toepassing van een 
aantal methoden voor de selectie van doelgerichte behandelingen op basis van specifieke 
moleculaire tumorprofielen, gebruik makend van genetische profielen (hoofdstuk 2 en 3) en 
gefosforyleerde eiwitprofielen (hoofdstuk 4), en de ontwikkeling en validatie van een nieuwe 
snap freezer (hoofdstuk 5) om de moleculaire profielen van vriesbiopten zo goed mogelijk te 
behouden en daarmee de analyses benodigd voor therapieselectie te faciliteren.

THERAPIESELECTIE OP BASIS VAN GENETISCHE PROFIELEN: DRUG 
REDISCOVERY PROTOCOL
Iedere tumor heeft een unieke genetische en moleculaire samenstelling. De technieken om 
grootschalige DNA-analyses te doen worden steeds beter en zijn op steeds meer plaatsen 
beschikbaar. Hiermee wordt in toenemende mate kennis opgedaan over de genetische eigen-
schappen van verschillende tumoren. Specifieke mutaties die kenmerkend waren voor een 
bepaald tumortype, bleken ook bij andere tumortypes met regelmaat voor te komen. Helaas 
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zijn de beschikbare geneesmiddelen gericht tegen deze mutaties vaak slechts voor een of 
enkele tumortypes geregistreerd, waardoor een mensen met andere tumortypes met deze 
mutatie geen aanspraak kunnen maken op deze mogelijk effectieve behandeling.

In hoofdstuk 2 beschreven wij de opzet en de uitvoerbaarheid van het Drug Rediscovery 
Protocol (DRUP studie) en de resultaten van de eerste 215 patiënten die in deze studie behan-
deld werden, inclusief de resultaten van het eerste complete cohort. DRUP is een landelijke 
prospectieve fase 2 klinische studie met meerdere medicijnen, voor patiënten met alle vormen 
van kanker. Sinds de start van de studie in 2016 worden patiënten met gevorderde solide 
tumoren, voor wie geen standaard behandelopties (meer) voorhanden zijn, behandeld met 
bestaande doelgerichte anti-kanker medicijnen op basis van hun moleculaire tumorprofielen, 
buiten de bestaande indicaties om. Patiënten worden behandeld in multipele parallelle cohor-
ten die allen gekenmerkt worden door hetzelfde tumortype, met mutaties in hetzelfde gen, 
en dezelfde doelgerichte behandeling. In enkele cohorten speelt het tumortype geen rol en 
kunnen patiënten met iedere vorm van kanker geïncludeerd worden, zolang ze de benodigde 
genmutatie hebben.

Analyse van de resultaten van de eerste 215 patiënten in de studie toonde aan dat 34% van 
hen baat had bij de doelgerichte behandeling. “Baat” wordt binnen DRUP gedefinieerd als 
een objectieve respons (afname van meetbare ziekte) of stabiele ziekte (het uitblijven van 
progressie) gedurende ten minste 16 weken vanaf de start van de behandeling. In andere 
ongeselecteerde fase 1 studies, in een vergelijkbare patiëntenpopulatie, heeft doorgaans 
slechts ongeveer 11% van de patiënten baat bij de studiebehandeling, dit geeft aan dat de 
DRUP-aanpak van therapieselectie op basis van genetische informatie in de tumor een po-
tentieel veelbelovende strategie is. Uiteindelijk zijn de behandelresultaten per individueel 
cohort het meest interessant. Dit hoofdstuk beschrijft tevens de resultaten van het eerste 
complete cohort in de DRUP studie. In dit cohort werden 30 patiënten met 8 verschillende 
tumortypes bij wie microsatelliet instabiliteit (MSI) was vastgesteld in de tumor, behandeld 
met nivolumab, een vorm van immunotherapie. In dit cohort had 63% van de patiënten baat 
bij de behandeling, en de mediane progressievrije overleving was nog niet bereikt na 16.5 
maanden follow-up. Dit mooie resultaat werd bevestigd in een nieuw expansiecohort binnen 
DRUP, waarin nog eens 130 patiënten met MSI tumoren werden geïncludeerd. De resultaten 
van deze cohorten leidden in Nederland in 2022 tot vergoeding van nivolumab als off-label 
behandeling voor patiënten met MSI tumoren in de laatste lijn, nadat geen andere standaard 
behandelopties meer voorhanden zijn.

In dit expansiecohort binnen DRUP werd ook voor het eerst gewerkt met een nieuw ontwikkeld 
persoonlijk vergoedingsmodel. Voordat potentieel effectieve behandelingen vergoed kunnen 
worden voor patiënten in Nederland moet eerst aangetoond worden dat de betreffende be-
handeling de stand der wetenschap en praktijk is. Voor zeldzame subgroepen van kanker 
met een specifieke biomarker kan het vergaren van voldoende wetenschappelijke bewijslast 
binnen afzienbare tijd tot problemen leiden, waardoor mogelijk effectieve behandelingen pas 
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laat beschikbaar komen. Met het nieuwe persoonlijke vergoedingsmodel worden patiënten 
gedurende de eerste 16 weken met studiemedicatie behandeld, beschikbaar gesteld door de 
fabrikant. Indien de patiënt baat heeft bij de behandeling na 16 weken wordt dit gezien als 
“stand der wetenschap en praktijk” voor deze individuele patiënt, en wordt daarmee vanaf 
dat moment vergoede zorg. Hiermee komt ook voor meer patiënten met zeldzame vormen van 
kanker met een specifieke biomarker een mogelijk effectieve behandeling met doelgerichte 
medicijnen weer een stap dichterbij.

In hoofdstuk 3 beschreven wij de resultaten van een tweede cohort binnen de DRUP studie. In 
dit cohort werden 24 patiënten met 9 verschillende tumortypes, bij wie in het tumor-DNA een 
inactivatie van het BRCA1- of BRCA2-gen werd vastgesteld, behandeld met de PARP-remmer 
olaparib. Genmutaties in BRCA1/2, met name in de kiembaan, kennen we vooral bij eierstok-
kanker en borstkanker. Echter deze mutaties komen ook voor bij 1.8% (verworven) - 2.7% 
(kiembaan) van alle andere vormen van kanker. Inactivatie van BRCA1/2 veroorzaakt een 
defect in het DNA reparatiesysteem, waardoor een specifieke vorm van DNA-schade niet meer 
gerepareerd kan worden (homologe recombinatie deficiëntie). Deze eigenschap maakt de kan-
kercellen gevoelig voor behandeling met een PARP-remmer. Olaparib zorgt voor ophoping van 
DNA-schade in de kankercel door blokkade van een ander essentieel reparatie-eiwit, waardoor 
de kankercel sterft. In ons cohort had 58% van de 24 patiënten baat bij een behandeling met 
olaparib. Wanneer we inzoomen op de patiënten die een volledig verlies van BRCA1/2 functie 
had, had 73% van hen baat bij de behandeling. Onder hen waren ook meerdere patiënten 
met tumortypes die voor zover bekend niet “BRCA-geassocieerd” zijn. Van de zogenaamde 
“BRCA-geassocieerde tumortypes (borstkanker, eierstokkanker, prostaatkanker en alvlees-
klierkanker) weten we inmiddels dat BRCA-mutaties vaker voorkomen en dat zij doorgaans ge-
voelig lijken te zijn voor behandeling met PARP-remmers. Onze resultaten tonen aan dat ook bij 
andere tumortypes in aanwezigheid van volledig functieverlies van BRCA1/2 een behandeling 
met een PARP-remmer overwogen kan worden. Bevestiging van de resultaten van dit cohort 
in een onafhankelijk expansiecohort binnen de DRUP studie is momenteel in voorbereiding.

Interessant genoeg waren er in ons cohort ook patiënten met volledig verlies van BRCA functie, 
maar die geen baat hadden bij een behandeling met olaparib. Bij vrijwel al deze patiënten 
werd naast de BRCA mutatie ook een andere oncogene drivermutatie gevonden. Ondanks 
de aanwezigheid van de BRCA-mutatie lijkt in die gevallen de tumorgroei niet afhankelijk te 
zijn van de BRCA-signaleringsroute, en is behandeling met een PARP-remmer waarschijnlijk 
niet opportuun. Toekomstig onderzoek zal moeten uitwijzen of respons op een PARP-remmer 
mogelijk beter op een andere manier voorspeld zou kunnen worden, bijvoorbeeld door ge-
bruik te maken van de Homologe Recombinatie Deficiëntie-score (HRD-score) als biomarker, 
een maat voor hoe goed (of slecht) de kankercellen in staat zijn om DNA-schade te herstellen.

THERAPIESELECTIE OP BASIS VAN FOSFO-EIWIT PROFIELEN
De aanwezigheid van een duidelijke genetische biomarker in kankercellen die voorspellend 
is voor de respons op een behandeling is een van de hoekstenen van de precisie-oncologie. 
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Een mooi voorbeeld hiervan is een mutatie in het BRAF-gen, welke voorspellend is voor een 
respons op BRAF- en MEK remmers in bijvoorbeeld het gevorderd melanoom, hooggradi-
ge hersentumoren en het anaplastisch schildkliercarcinoom. Deze proteinekinaseremmers 
zijn uitsluitend geïndiceerd bij patiënten met een BRAF-mutatie in hun kankercellen. Echter, 
sommige andere tyrosinekinaseremmers worden gebruikt zonder de aanwezigheid van een 
genetische biomarker, bijvoorbeeld sunitinib als eerstelijns behandeling van het gemetasta-
seerd niercelcarcinoom. Het niercelcarcinoom is een ziekte die niet gedreven wordt door één 
specifieke driver-mutatie, maar waarschijnlijk door meerdere afwijkend gereguleerde signale-
ringsroutes in de kankercellen. Ondanks dat er nog geen moleculaire biomarker voor respons 
op sunitinib is gevonden, heeft meer dan de helft van de patiënten met niercelcarcinoom baat 
bij deze behandeling. De mogelijkheid om per patiënt voorafgaand aan de behandeling met 
sunitinib te kunnen voorspellen of hij/zij daar baat bij zal hebben, zou mogelijk onnodige 
bijwerkingen kunnen voorkomen.

Phosphoproteomics richt zich specifiek op het identificeren en karakteriseren van eiwitten die 
gefosforyleerd zijn. Fosforylatie is een belangrijk biochemisch proces waarbij fosfaatgroepen 
worden toegevoegd aan eiwitten door kinases. Dit proces reguleert veel cellulaire functies 
en is van cruciaal belang voor de signaaloverdracht binnen cellen. Phosphoproteomics kan 
helpen begrijpen hoe eiwitten functioneren, hoe cellulaire processen worden gereguleerd 
en hoe ze betrokken zijn bij ziekten. Hiermee kunnen nieuwe inzichten vergaard worden in 
potentiële nieuwe targets voor doelgerichte behandeling van kanker, specifiek met protei-
nekinaseremmers.

In hoofdstuk 4 beschreven wij een phosphoproteomics analyse van tumorweefsel van 26 pa-
tiënten met niercelcarcinoom, die vervolgens werden behandeld met sunitinib. We vergeleken 
de fosfo-eiwit profielen van patiënten die wel of geen baat hadden bij de behandeling. Baat 
werd gedefinieerd als “geen progressie in de eerste 12 weken na start van de behandeling”. 
Het doel van deze analyse was het beschrijven van biologische verschillen tussen deze twee 
groepen die mogelijk samenhangen met respons op de behandeling. Hierbij vonden wij een 
set van 78 onderscheidende gefosforyleerde eiwitten en tevens verschillen in kinase activiteit, 
die wijst op activatie van verschillende signaleringsroutes in de tumoren van patiënten met en 
zonder baat bij behandeling met sunitinib. Drie eiwitten die verhoogd tot expressie kwamen 
in de groep zonder baat bij sunitinib toonden overlap met een vergelijkende transcriptoom 
(RNA) analyse in een onafhankelijk cohort van patiënten met niercelcarcinoom, één van deze 
eiwitten was ook uitsluitend gefosforyleerd in patiënten zonder baat. Deze onderscheiden-
de (fosfo-)eiwitten spelen mogelijk een rol bij resistentiemechanismen in de tumorcellen en 
zouden mogelijk in de toekomst behulpzaam kunnen zijn bij het voorspellen van respons 
op een behandeling met sunitinib. Na validatie van deze bevindingen zou uiteindelijk een 
nieuwe test ontwikkeld kunnen worden die resistentie kan voorspellen. Een dergelijke test 
moet voor clinici gemakkelijk te interpreteren zijn, om zo klinische beslissingen ten aanzien 
van therapiekeuze bij individuele patiënten met niercelcarcinoom te kunnen ondersteunen.

7
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OPTIMAAL BEHOUD VAN MOLECULAIRE PROFIELEN IN TUMORWEEFSEL 
SAMPLES
Met de opkomst van nieuwe technieken om grootschalige moleculaire analyses op tumor-
weefsel mogelijk te maken, komen ook nieuwe uitdagingen op ons af. Wanneer op grote schaal 
verschillende lagen van de celbiologie parallel onderzocht worden, bijvoorbeeld genomics 
(DNA), transcriptomics (RNA), proteomics (eiwitten), noemen we dit “multi-omics”. Er moeten 
voor een dergelijke gecombineerde analyse meerdere technieken worden toegepast op het-
zelfde stukje weefsel. Veelal wordt gebruik gemaakt van naaldbiopten van tumorweefsel, die 
verkregen worden via echo- of CT-geleide punctie. Een aantal van de moleculaire kenmer-
ken van kankercellen kunnen veranderen of verloren gaan na afname van het biopt door de 
plotselinge hypoxie in het gebiopteerde weefsel. Vooral fosforylatie is hier gevoelig voor. Om 
deze veranderingen in de moleculaire samenstelling van de cellen te minimaliseren, wordt 
een biopt na afname zo snel mogelijk ingevroren en opgeslagen bij een temperatuur van -80 
°C. Dit supersnel invriezen noemen we snap-freezing, en in de praktijk gebeurt dit vrijwel 
altijd door onderdompeling in vloeibaar stikstof, dat een temperatuur heeft van -196 °C. Het 
gebruik van vloeibaar stikstof heeft echter een aantal belangrijke nadelen met betrekking tot 
gebruiksgemak en milieuvriendelijkheid. Om deze reden is een nieuwe snap freezer ontwikkeld 
die geen gebruik maakt van vloeibaar stikstof, om biopten zo gestandaardiseerd en eenvoudig 
mogelijk in te kunnen vriezen en daarmee de moleculaire profielen in tumorweefsel zo goed 
mogelijk te behouden voor het verrichten van (multi)omics analyse.

In hoofdstuk 5 vergeleken wij de prestaties van deze nieuwe snap freezer met betrekking tot 
het behoud van moleculaire profielen (phosphoproteomics en transcriptomics) met samples 
die in vloeibaar stikstof verwerkt zijn. Hiervoor gebruikten wij de kanker cellijn K562 en tevens 
naaldbiopten van normaal leverweefsel van verschillende patiënten die als onderdeel van een 
reguliere behandeling een resectie van een deel van de lever ondergingen. We hebben cellijn 
samples en leverweefsel ingevroren met gebruik van vloeibaar stikstof en met de snap freezer. 
Vervolgens vergeleken we de moleculaire profielen van deze samples en beschreven we de 
mate van overlap, waarbij de hypothese was dat de samples verwerkt met de snap freezer 
even goed geconserveerd bleven als de samples in vloeibaar stikstof. We verwachtten dus 
een grote mate van overlap in profielen te vinden bij vergelijkende analyse. Uit de vergelijking 
met cellijn samples bleek dat de RNA integriteit, RNA profielen en gefosforyleerde eiwitprofie-
len zeer sterk overeen kwamen, en dat de samples die met de verschillende vriesmethoden 
verwerkt waren niet van elkaar te onderscheiden waren. Het controle-sample, dat 2 uur op 
kamertemperatuur bewaard werd alvorens het ingevroren werd, toonde wel duidelijke ver-
schillen ten opzichte van de andere samples. De vergelijkende analyse van de leverweefsel 
samples toonde aan dat middels beide snap freezing methoden de moleculaire profielen van 
individuele patiënten van elkaar onderscheiden konden worden. Deze resultaten bevestigen 
dat de nieuwe snap freezer net zo goed als vloeibaar stikstof in staat is om hoge kwaliteit bio-
logische samples te conserveren en geeft de mogelijkheid om verschillende patiënt-specifieke 
moleculaire profielen van elkaar te onderscheiden. Dit laatste is in de klinische praktijk van de 
precisie-oncologie zeer relevant, omdat beslissingen omtrent welke behandeling geschikt is 
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voor welke patiënt gemaakt worden met behulp van hun individuele moleculaire tumorprofie-
len. De snap freezer heeft een combinatie van gunstige eigenschappen wat betreft mobiliteit, 
gebruiksgemak en technische prestaties, terwijl het apparaat niet de beperkingen van het 
gebruik van vloeibaar stikstof heeft.

De commerciële ontwikkeling van een snap freezer die geen vloeibaar stikstof bevat, mobiel 
is en die op gestandaardiseerde wijze biopten zeer snel en eenvoudig kan invriezen zou een 
mooie aanwinst zijn voor de precisie-oncologie. Op deze manier is het conserveren van biopten 
voor multi-omics diagnostiek in ieder ziekenhuis mogelijk en hebben alle patiënten toegang 
tot dezelfde diagnostiek en de kans om baat te hebben bij een gepersonaliseerde behandeling, 
onafhankelijk van de plaats waar zij hun behandeling krijgen.

CONCLUSIE EN BLIK OP DE TOEKOMST
Precisie-oncologie heeft sinds de introductie van het eerste doelgerichte medicijn (trastuzu-
mab) in 1999 een lange weg afgelegd. Breed moleculair onderzoek van tumorweefsel heeft 
onze kennis van de biologie van kanker aanzienlijk vergroot, wat heeft geleid tot een steile 
toename van het aantal goedgekeurde doelgerichte medicijnen en een uitbreiding van de gere-
gistreerde indicaties van deze medicijnen. Het off-label gebruik van deze nieuwe doelgerichte 
medicijnen is tegenwoordig beter gedocumenteerd en wordt vaak uitgevoerd in de context van 
klinische onderzoeken om het leerpotentieel van deze experimentele behandelingen voor de 
medische gemeenschap te maximaliseren. Zolang er geen algemene “genezing voor kanker” 
bestaat, zal er ruimte zijn voor verbetering van onze kennis en aanpak van de behandeling 
van patiënten met kanker.

Algemene verbeteringen in de logistiek, beschikbaarheid van doelgerichte medicijnen en toe-
gang tot diagnostiek en expertise zullen waarschijnlijk de grootste invloed hebben op direct 
voordeel voor patiënten. In de toekomst zou gestandaardiseerde verwerking en conservering 
van tumorweefsel/biopten mogelijk moeten zijn in alle ziekenhuizen, en samenwerking en het 
delen van kennis en middelen tussen perifere en academische instellingen zijn noodzakelijk 
om precisie-oncologie aan alle patiënten te kunnen leveren. Als aan deze voorwaarden wordt 
voldaan, kunnen meer patiënten mogelijk profiteren van de kennis en nieuwe behandelop-
ties die voortkomen uit de precisie-oncologieonderzoeken. Ook kunnen medisch oncologen 
meer leren over moleculaire tests en het interpreteren van testresultaten door deelname 
aan Moleculaire TumorBoards. Om het effect van precisie-oncologie te maximaliseren, zijn 
internationale samenwerkingen van groot belang en worden onderzoeksgroepen over de hele 
wereld aangemoedigd om beste ervaringen en creatieve oplossingen te delen om de obstakels 
te overwinnen die nieuwe initiatieven op dit gebied vandaag de dag nog belemmeren.

Toekomstig klinisch onderzoek kan zich richten op prospectieve selectie van doelgerichte ther-
apie op basis van moleculaire informatie uit andere -omics-velden, zoals phosphoproteomics, 
vooral bij patiënten waarbij niet één duidelijke genetische drivermutatie geïdentificeerd is 
en een uitgebreide pathway-analyse meer richting kan geven voor mogelijke therapeutische 

7
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strategieën. Meer kennis over de beste methode om targets voor behandelingen te prioriteren, 
evenals klinische onderzoeken naar nieuwe combinaties van doelgerichte middelen, zullen 
essentieel zijn.

Met een toenemend begrip van de kankerbiologie en verbeterde strategieën voor behan-
delkeuze zal precisie-oncologie toegankelijk worden voor patiënten met gevorderde kanker, 
en meer patiënten zullen profiteren van de kennis die we vandaag en morgen opdoen. In 
de toekomst zullen behandelingen op basis van histologie mogelijk als ouderwets worden 
beschouwd, en resultaten van multi-omics diagnostiek zullen worden weergegeven in een 
overzichtelijk en begrijpelijk rapport dat gemakkelijk kan worden geïnterpreteerd door een be-
handelend arts, zodat het directe behandelbeslissingen kan sturen voor individuele patiënten.
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DANKWOORD
Het zit erop! Met het voltooien van dit proefschrift komt een einde aan mijn onderzoekstijd 
bij de afdeling medische oncologie van het Amsterdam UMC en het Cancer Center Amster-
dam. De beslissing om in 2017 mijn opleiding tot internist-oncoloog te onderbreken voor een 
promotie-onderzoek was, ondanks de verrassende timing, een van de beste beslissingen 
van mijn professionele leven. Ik had het voorrecht om tijdens mijn onderzoekstijd heel veel 
enthousiaste, inspirerende en gezellige mensen te ontmoeten. Zij hebben in belangrijke mate 
bijgedragen aan de totstandkoming van dit proefschrift en aan de geweldige tijd die ik heb 
gehad. Een aantal van hen wil ik hier in het bijzonder bedanken.

Allereerst veel dank aan alle patiënten die deelnamen aan de DRUP en CPCT-02 studies en hun 
naasten. Ik heb veel bewondering voor hun motivatie om in de meest kwetsbare periode van 
hun leven een bijdrage te willen leveren aan de wetenschap.

Ik prijs me gelukkig met een zeer bevlogen, enthousiast, (terecht) kritisch en bovenal optimis-
tisch promotieteam. Jullie hebben mij gestimuleerd om steeds het beste uit mijzelf te halen, 
niet te snel tevreden te zijn en niet in begrenzingen maar juist in mogelijkheden te denken.

Prof. dr. Henk M.W. Verheul, promotor. Beste Henk, heel veel dank voor de kans die je me hebt 
gegeven om aan dit promotie-onderzoek te beginnen. Ik had het avontuur met niemand anders 
aangedurfd en heb er veel van geleerd. Bijzonder hoe je altijd precies de juiste vragen weet te 
stellen, je scherpe blik, maar altijd met het perspectief van de patiënt (of de promovendus) in 
beeld. Onze fietstochtjes naar het AVL, de werkbesprekingen, de retreats in Nes a/d Amstel, 
met als (culinair) hoogtepunt een kookworkshop, ik denk er graag aan terug. Jouw optimisme 
en aansporing waren vaak precies wat ik nodig had. De ritjes naar Nijmegen en Rotterdam 
waren altijd de moeite meer dan waard. Maar het meest waardeer ik ons persoonlijke contact 
en je vertrouwen in mij als oncoloog en onderzoeker. Onze gesprekken aan de keukentafel 
hebben mij richting gegeven en ik ben dankbaar voor je adviezen en hulp. Ik hoop van harte 
dat we in de toekomst kunnen blijven samenwerken, maar vooral dat we elkaar nog regelmatig 
kunnen opzoeken voor een kop koffie en een goed gesprek!

Prof. dr. Emile E. Voest, promotor. Beste Emile, wat was het bijzonder om met jou samen te 
werken. Je bezit een zeldzame combinatie van kwaliteiten. Naast een grote inhoudelijke kennis 
van zaken en visie voor de toekomst van de oncologische zorg heb je het talent om partijen bij 
elkaar te brengen en gemeenschappelijkheden te vinden waardoor alle neuzen dezelfde kant 
op komen te staan. Als onderdeel van het DRUP studieteam kreeg ik de kans om van dichtbij te 
observeren hoe je dat allemaal aanpakt, ontzettend leerzaam! Ik heb fijne herinneringen aan 
de vroege werkbesprekingen om 7.30 uur, de wetenschapsbesprekingen (“het moet een beetje 
schuren”), ESMO x2, BBQ in Soest, de ontelbare keren dat ik binnen 1 minuut na verzending 
“akkoord, gr Emile” zag binnenkomen in mijn mailbox, en de talloze discussies, successen en 
vraagstukken van de DRUP. Veel dank voor alles!
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Dr. Mariette Labots, co-promotor. Beste Mariette, ik weet nog goed dat jij mij bij aanvang van 
het promotietraject tijdens een eerste werkbespreking probeerde uit te leggen wat phosp-
hoproteomics is, en waarom we ons onderzoek daarop zouden moeten focussen. Na een uur 
aandachtig geknikt te hebben, begreep ik er helaas nog maar weinig van (dat lag niet aan 
jou!), maar omdat we het samen zouden doen had ik vertrouwen dat het goed zou komen. 
Dat vertrouwen is er, dankzij jouw aanhoudende steun en hulp, altijd gebleven. Ik vond het 
een voorrecht om zo intensief met je te kunnen samenwerken al die tijd. In veel opzichten 
ben je een voorbeeld voor mij. Jouw aanmoediging, expertise en kritische blik, maar ook je 
menselijke maat en ons persoonlijke contact gaven me de rugwind die ik nodig had om dit 
proefschrift af te maken. Uit het oog is niet uit het hart: ik hoop van harte dat we ook op afstand 
de samenwerking kunnen blijven opzoeken!

I am grateful to all members of the reading committee for the time and attention spent on 
reviewing this thesis manuscript and for their participation in the opposition: prof. dr. J. Berk-
hof, prof. dr. M.J.L. Ligtenberg, prof. dr. K. Taskén, prof. dr. C.M.L. van Herpen, dr. M.A.J. van 
Limbeek, dr. M.G.J. van Dongen and dr. M.E. van Linde.

Prof. dr. Hans Gelderblom, beste Hans, als een van de 3 PI’s van de DRUP studie was het altijd 
fijn om met je samen te werken. Dank voor je laagdrempeligheid, de goede discussies en je 
gezelligheid tijdens etentjes met het studieteam. Ik ben blij dat we onze vertrouwde samen-
werking nu weer kunnen voortzetten.

De DRUP studie is als investigator initiated studie een mega-project, waarbij zeer veel mensen 
vanuit het hele land betrokken zijn. Dankzij hen loopt de soms ingewikkelde logistiek toch 
opvallend soepel.

Allereerst wil ik noemen alle enthousiaste mensen die in het AVL, de sponsorsite, de schouders 
onder deze studie zetten. De apotheek, onder leiding van prof. dr. Alwin Huitema, dank voor de 
fijne samenwerking en altijd jullie bereidheid om mee te denken. Het centraal datamanage-
ment, onder leiding van Henk Botma, dank voor de overzichten en jullie nauwkeurigheid. De 
monitors, in het bijzonder Karin Kaptijn, dank voor je opmerkzaamheid en de fijne manier 
waarop je zaken kon oppakken met de lokale teams. De afdeling contracten, in het bijzonder 
Steven Vanhoutvin, dank voor al je inspanningen om de vele contracten binnen deze studie 
rond te krijgen en ons op gedoseerde wijze mee te nemen in de procedures. En natuurlijk de 
statistici, Erik van Werkhoven en Vincent van der Noort, dank voor jullie talloze analyses en 
de sessies met uitleg, en voor het meedenken als we weer eens out-of-the-box wilden gaan.

Dankzij de lokale onderzoeksteams is de DRUP uitgegroeid tot een van de studies met het 
grootste aantal deelnemende patiënten in ons land. Dank aan alle lokale datamanagers, re-
search verpleegkundigen, coördinatoren en lokale apotheken voor de fijne communicatie en 
samenwerking! Speciale dank aan alle lokale PI’s en behandelend oncologen/longartsen voor 
het actief includeren en begeleiden van de studiepatiënten.
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Alle vertegenwoordigers van de farma-bedrijven die betrokken zijn bij de DRUP studie: het 
was mooi om steeds jullie enthousiasme, maar ook jullie kritische vragen te kunnen horen 
tijdens de halfjaarlijkse farma-meetings. Veel dank voor de soepele communicatie en jullie 
inspanningen om de studie mogelijk te maken.

De bevlogen mensen bij Hartig Medical Foundation, waaronder Hans, Edwin, Lieke en Immy: 
dank voor de altijd vlotte terugkoppelingen en de laagdrempeligheid. Korneel, geen verzoek 
leek jou te gek, altijd bereid om even verder te kijken of om iets uit te leggen aan een simpele 
clinicus.

Paul, Anne en Wendy, wat zijn jullie als Molecular Expert Board een belangrijke hoeksteen van 
de DRUP studie, en wat heb ik onbeschrijflijk veel van jullie geleerd over de technische details, 
maar vooral over de interpretatie van NGS/WGS rapporten. Het heeft me een veel dieper begrip 
van de biologie van kanker gegeven, waar ik in mijn klinisch werk nu nog dagelijks van profiteer.

It has been a pleasure working with so many other international study groups. The study teams 
of TAPUR and CAPTUR: data sharing was much more complex than I had imagined, but it has 
been an interesting journey, thank you for the collaboration. The study teams of the European 
collaborating precision oncology trials: wonderful to see that so many of your trials are now 
recruiting patients and that the European cancer medicine trial network is now established, 
I will continue to follow your activities with great interest.

Mijn geweldige collega studiecoördinatoren van de DRUP studie. Daphne, ik heb bewondering 
voor hoe gestructureerd jij de studie hebt opgezet en al het werk dat je verzet hebt. Dank voor 
je geduld en uitleg in het begin, het zorgde voor een vliegende start. Lieve Louisa, Maxime 
en Laurien, wat waren we een goede 4-eenheid. We konden lezen en schrijven met elkaar en 
konden op elkaar terugvallen. Ik had me geen betere DRUP-collega’s kunnen wensen! Heel 
veel succes in jullie verder carrières. Birgit, Ilse, Karlijn en Soemeya, heel veel plezier nog met 
dit mooie en bijzondere project! Lena, je hebt je een zeer moeilijke taak goed eigen kunnen 
maken, veel dank voor de fijne samenwerking.

Met het research team van de afdeling oncologie in het Amsterdam UMC was de samenwer-
king altijd bijzonder fijn. Heel veel dank Mieke, Mikkjal, Rita, Ellen, Lonneke, Jannemieke, Anne 
Marije en Annet, voor jullie betrokkenheid bij alle DRUP patiënten van het Amsterdam UMC, 
en voor het laagdrempelige overleg. Altijd fijn om even met jullie te sparren. Dank ook aan het 
datamanagement team betrokken bij de DRUP, in het bijzonder Selma en Laurien. Tamara en 
Babette, dank voor de data-invoer, fijn dat we elkaar altijd snel wisten te vinden voor overleg. 
Dank ook aan alle interventieradiologen en laboranten voor jullie hulp bij de afname van heel 
veel studiebiopten voor de CPCT-02 en DRUP studie.

Naast de klinische studie lag er voor mij een mooie uitdaging in de ontdekking van de wondere 
wereld van (phospho)proteomics, waarvan ik voorafgaand aan de start van mijn promotieon-
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derzoek nog nooit gehoord had. Het was niet eenvoudig om alle details en nuanceringen goed 
onder de knie te krijgen, en er is binnenskamers weleens een onvertogen woord gevallen als 
ik weer eens door de kleurtjes de heatmaps niet meer zag. Dankzij de gedreven en geduldige 
mensen van het oncoproteomics lab van het Cancer Center Amsterdam ben ik toch een eind 
gekomen.

Connie, jouw bevlogenheid en optimisme ten aanzien van de potentie van phosphoproteomics 
is aanstekelijk. Je zeer snelle en scherpe feedback op stukken, schat aan ervaring en altijd de 
bereidheid om mee te denken, ik heb er enorm veel van geleerd! Dank voor de waardevolle 
discussies en al je hulp bij het RCC en het CryoOn project!

Sander, altijd een vriendelijk gezicht in de buurt van de massaspectrometer. Indrukwekkend 
hoe jij zeer ingewikkelde materie op een begrijpelijke manier kunt uitleggen, zodat zelfs een 
eenvoudige dokter het snapt, dank daarvoor. Richard, dank je voor je hulp bij het plannen en 
uitvoeren van de experimenten en het meedenken over de praktische zaken. Thang, veel dank 
voor je hulp bij het verwerken en weergeven van de enorme hoeveelheid phospho-data. Alex, 
dank je voor je hulp met de INKA-data en voor de gezamenlijke R-sessies, ik heb er veel van 
geleerd. Jaco, bedankt voor je eindeloze geduld en voor de enorme hoeveelheid analyses die 
je hebt gedaan voor mijn projecten. Je mails zijn een taalkundig feestje, wel jammer dat die 
9-way venn er nog niet van gekomen is!

Henk Dekker, uiteindelijk betrokken bij ieder van mijn projecten. Biopten snijden, RNA-extrac-
tie, meedenken over materialen en methodes, maar ook samen met Mariette in jouw auto naar 
de CryoOn meetings en natuurlijk de ontelbare biopten die jij hebt opgevangen voor de DRUP 
en CPCT studies. Dank voor alles.

Allen die betrokken waren bij het CryoOn project wil ik heel hartelijk bedanken voor de fijne 
samenwerking. In het bijzonder Srinivas Vanapalli en Sahil Jagga van de Universiteit Twente, 
wat heb ik veel van jullie geleerd. De fysica en thermodynamica vraagstukken waren voor mij 
een aangename en uitdagende afwisseling.

Alle arts-onderzoekers van de afdeling medische oncologie, dankzij jullie was het promotie-
traject een feestje! Joeri en Esther, wat hebben we het gezellig gehad als buren op 3A. Het 
vrijdagmiddag-colaatje, muzikale traktaties en congressen, ik denk er graag aan terug. Inmid-
dels word ik wel minder vaak “gepest op mijn werk”… jammer! Sophie, we liepen grotendeels 
samen op, zowel in het onderzoek als daarbuiten. Samen een tutorgroepje, tegelijk zwanger 
en samen op phospho-cursus, en altijd zo fijn sparren met jou! Dank je voor je vriendschap, 
ik hoop dat we die nog lang kunnen voortzetten. Cyrillo, dank je voor het kritisch meedenken 
en voor de gezellige lunches en congressen, ik heb veel van je geleerd en erg met je gelachen! 
Iris, Ramsha, Ruben, Elisa, Robin, Dennis, Marieke en Caroline, bedankt voor al jullie gezellig-
heid en input tijdens de lab meetings. Tessa en Lune, fijn dat jullie het aandurfden met mij als 
stagebegeleider. Dank voor jullie hulp bij de CPCT en DRUP en voor de gezelligheid.

Hanneke_Binnenwerk_V.indd   191Hanneke_Binnenwerk_V.indd   191 25-10-2023   21:3425-10-2023   21:34



192 Dankwoord

Iris en Mariska, bedankt voor de gezellige gesprekjes en jullie hulp met allerhande vragen in 
de afgelopen jaren. Altijd een vriendelijk gezicht en een glimlach op het secretariaat, jullie zijn 
van grote waarde voor de afdeling!

Alle oncologen van het Amsterdam UMC, bedankt voor jullie aanhoudende belangstelling voor 
(de voortgang van) mijn onderzoek, en voor jullie inspanningen voor de DRUP patiënten. Zowel 
in het onderzoek als in de patiëntenzorg heb ik de samenwerking met ieder van jullie enorm 
gewaardeerd. Op wereldschaal is Maastricht helemaal niet zo ver, ik hoop van harte dat we 
het fijne contact kunnen onderhouden.

Tineke, Kathelijn, Elske en Sarah, bedankt voor jullie adviezen (niet geheel zonder bias) toen 
ik twijfelde of ik aan dit promotie-onderzoek zou beginnen. Zoals jullie zien heeft het me 
veel gebracht. Dank ook voor de gezellige avondjes, bijvoorbeeld op de NVMO-dagen, aan de 
keukentafel, verschillende ESMO edities, etc, ik heb er erg van genoten.

Alle oncologie-fellows, van toen en nu, heel veel dank voor jullie oprechte interesse in mijn 
onderzoek en voor jullie hulp en gezelligheid. Ik prijs me gelukkig dat ik aan zowel het begin 
als aan het eind van mijn fellowship een warme groep collega’s trof, die elkaar opvangt als het 
moeilijk is en toejuicht bij de successen. Ik weet zeker dat we elkaar nog tegen zullen komen.

Na de mooie tijd in het Amsterdam UMC sta ik nu aan de vooravond van een nieuw avontuur 
in het mooie Zuiden van ons land. Ik dank de afdeling medische oncologie van het Maastricht 
UMC+ voor het in mij gestelde vertrouwen en kijk erg uit naar onze samenwerking.

Lotte en Jessica, roomies! Wie had gedacht dat we naast kamergenoten ook zulke goede 
vriendinnen zouden worden. Lieve Lot, vanaf het moment dat we elkaar ontmoetten was er 
een klik. Ik hou van je oprechtheid, je humor en je positiviteit. Dank je voor je hulp en advie-
zen door de jaren heen. Lieve Jessica, jouw Twentse nuchterheid en relativeringsvermogen 
zijn een verademing. Ik heb veel bewondering voor je doorzettingsvermogen, je discipline en 
je dansmoves. Meiden, wat hebben we samen veel meegemaakt in korte tijd! Van de uitda-
gingen van het overstappen naar een ander instituut (met meenemen van de studie) of naar 
een volledig ander onderzoeksonderwerp, tot bruiloften, banen en baby’s. Ik ben dankbaar 
dat jullie mij op 15 december zullen bijstaan als paranimfen, en kan me niet voorstellen dat 
ik hier met iemand anders dan met jullie aan mijn zijde zou staan. Bedankt voor jullie warme 
vriendschap, en proost op al het moois dat ons nog te wachten staat.

En dan is er gelukkig ook nog een mooi en rijk gevuld leven naast het werk. Ik heb het geluk 
om omringd te zijn door de liefste vrienden en fijnste familie!

Alieke, Michelle, Sanne, Esther en Marloes, wat ben ik blij dat we al 19 jaar lief en leed met 
elkaar kunnen delen. Ik denk graag terug aan alle fijne etentjes, weekendjes Antwerpen, feest-
jes en kopjes thee (met bokkenpootjes) samen. Lieve Sanne, wat maak je mij vaak aan het 

Hanneke_Binnenwerk_V.indd   192Hanneke_Binnenwerk_V.indd   192 25-10-2023   21:3425-10-2023   21:34



193Dankwoord

lachen met jouw kurkdroge humor en nuchtere blik op de wereld. Jouw relativeringsvermogen 
heeft mij meer dan eens de nodige lucht in het hoofd gegeven. Lieve Alieke, wie had kunnen 
bedenken dat de persoon naast wie ik ging zitten op die allereerste dag bij het introductiecol-
lege geneeskunde, in die grote collegezaal, nu nog steeds een van mijn beste vriendinnen zou 
zijn! Ik hou van je eigenheid en je heldere kijk op de dingen, en hoop dat we nog steeds af en 
toe een wandeldate kunnen organiseren. Lieve Michelle, Giaaaa! Vanaf de eerste logeerpartij 
in het eerste studiejaar (ik opgekruld op de grond onder jouw bureau in die veel te kleine 
studentenkamer in Utrecht) zijn we nooit van elkaars spreekwoordelijke zijde geweken. Van 
samen studeren en cabaret kijken op de avond voor het tentamen tot een luisterend oor en 
praktische adviezen bij de grote levensvraagstukken (“waarom slaapt mijn baby niet?”). Dank 
je voor je zorgzaamheid, eerlijkheid, aanmoediging, en ook de afleiding als het nodig was. 
Meiden, ik hoop dat het langste deel van onze vriendschap nog voor ons ligt!

Lieve Daisy, bijzonder hoe we in korte tijd zo’n hechte vriendschap hebben gekregen! Ik geniet 
van de frequente speeltuin/bibliotheek-dates met Kai, Ava, Kiera en Tom, die ons allebei wat 
lucht geven op uitdagende dagen. Maar ook de kopjes koffie zonder de kinderen en natuurlijk 
onze gezamenlijke hobby. En mocht je het toch weer eens vergeten: you got this!

Lieve familie, “De Groep”, dank voor jullie betrokkenheid en jullie niet-aflatende interesse in 
mijn onderzoek en carrière. En natuurlijk voor de heerlijke weekendjes weg samen, de fami-
liedagen en de Sinterklaasvieringen. Ik weet zeker dat oma vanaf haar wolkje meegeniet en 
onze samenkomsten voorziet van gevat commentaar.

Lieve ome Frans, Esther, Noortje en Joost, wat ben ik blij dat we elkaar vanaf nu veel vaker gaan 
zien! Veel dank voor jullie enthousiasme en hulp bij “de transfer” naar Maastricht, ik kijk uit 
naar laagdrempelige bezoekjes over en weer.

Ondanks de grote afstand heb ik geluk met een fijne schoonfamilie. Lieve Pae en Mae, Nette en 
Ponto, ik hoop dat we snel weer met ons gezin naar Suriname kunnen komen om te genieten 
van elkaars aanwezigheid en het lekkere eten. Tampy and Andrew, thank you for your visits 
and for your interest in our children. We hope to come visit you in Canada in the near future.

Dankzij mijn liefdevolle opvoeding had ik een goede basis die mij de mogelijkheid gaf mijn 
dromen en ambities achterna te gaan.

Mama en Jack, dank jullie wel voor jullie onvoorwaardelijke steun en liefde, en al jullie hulp 
door de jaren heen. Lieve Jack, jouw daadkracht, gestructureerde overzichtjes en handigheid 
hebben ons meer dan eens enorm geholpen. Ik waardeer je oprechte interesse in mijn on-
derzoek en carrière en je enthousiasme en aanmoediging. Je geeft me het gevoel dat ik altijd 
bij je terecht kan, dank je voor je niet aflatende steun. Lieve mamp, mijn grote voorbeeld. Jij 
bent altijd mijn stabiele basis geweest. Van thee met een koekje na schooltijd en samen in een 
volleybalteam, tot een luisterend oor voor al mijn belevenissen en praktische adviezen in de 
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uitdagende tijden. Dank je dat je er altijd voor mij bent geweest, dat je me hebt geleerd door 
te zetten en mijn eigen gevoel te volgen. Je vermogen tot bedenken van creatieve oplossingen 
heb je met mij gedeeld, daarvan heb ik nog dagelijks profijt in mijn werk en in de opvoeding. 
Dankzij jouw steun en liefde ben ik geworden wie ik nu ben, een gelukkig en tevreden mens. 
Ik ben dankbaar voor de goede band die jullie als opa en oma hebben met Ava en Tom. In al 
jullie bescheidenheid willen jullie voor alle hulp nooit een bedankje, maar bij deze komen jullie 
toch aan de beurt. Dank jullie wel voor alles, ik hou van jullie!

Lieve Tjipto, op een dansvloer in Paramaribo sloeg de vonk over, en kijk ons nu eens, 8 jaar 
later! Jij geeft me rust en welkome afleiding van het werk. Dank je voor de vrijheid die je mij 
geeft om mijn carrière vorm te geven en voor alles wat je voor ons gezin doet. Ik kijk uit naar 
onze mooie toekomst, met hopelijk weer iets vaker tijd voor een dansje samen. Aku seneng 
karo kowe!

Ava en Tom, de lichtjes in mijn leven. Wat ben ik ontzettend trots op jullie. Er bestaat geen 
woord om te beschrijven hoeveel ik van jullie hou. Lieve Ava, mijn knappe, slimme, creatieve, 
lieve dochter. Ik geniet enorm van jouw liedjes, dansjes, verhaaltjes, acrobaten-kunsten en 
knuffels. Lieve Tom, mijn vrolijke, ondeugende, slimme, ondernemende mannetje. Wat word ik 
vrolijk van jouw schaterlach, je onbevreesdheid, het klimmen en klauteren en je kletspraatjes. 
Vol verwondering zie ik hoe jullie steeds weer nieuwe dingen leren. Ik kijk uit naar alle avontu-
ren die we nog met z’n allen zullen beleven. Samen zijn jullie mijn hele wereld, ik hou van jullie!
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