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General Introduction to Cancer Drug Development
CHAPTER ONE 1
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Changes in the DNA of a cell, accumulating over time, can give rise to cancer. 
Somatic mutations, DNA copy-number alterations, and/or changes in DNA-
methylation result in an uncontrollable signal that forces the cell to proliferate, 
evade apoptosis and actively reshape the tumor microenvironment1. This process 
allows a single cell to grow into a large tumor over many years, with the capacity 
to establish distant metastasis and eventually cause its host to succumb. These 
cancer specific characteristics are but a birds-eye overview of the complexity 
of cancer biology. Over the last 15 years, our knowledge of the processes 
important in cancer has vastly increased, in part due to the advances in next-
generation sequencing of patient samples2. Using patient samples, alterations 
in a myriad of different pathways such as regulating metabolic processes, 
telomerase activity, avoiding detection by the immune system, RNA-splicing 
machinery3, and tolerating genomic instability have been discovered4. This 
ever-increasing knowledge of cancer’s genomic complexity has resulted in more 
detailed subtyping of cancers, in addition to its tissue of origin and histological 
characteristics.

The first cancer treatment other than surgery was found serendipitously 
during the First and Second World War. Soldiers exposed to mustard gas showed 
abnormalities in their bone marrow and white blood cells after the first use of 
chemical warfare5,6. It was not until the Second World War, during the air raid on 
Bari, where a larger exposure of civilians and soldiers to mustard gas confirmed 
earlier findings of decreased white blood cells upon mustard gas inhalation6. In 
parallel, animal experiments using analogues of mustard gas, produced with the 
intention of use for chemical warfare, showed reduction of tumor mass upon 
treatment. These successful experiments warranted the start of a human patient 
trial with a 10 day nitrogen mustard treatment6. The first patient with metastatic 
lymphosarcoma in the trial was successfully treated and showed dramatic 
response upon treatment. Subsequent patients with different cancer types 
showed varying response to mustine exposure. Nitrogen mustard was later used 
as the first chemotherapy in cancer, in particular for lymphomas. Later studies 
revealed that nitrogen mustard has alkylating characteristics and results into 
rapid accumulation of DNA mutations7. Eventually, excess DNA mutations will 
result in interphase or mitotic cell death8.

The next cancer therapeutic to be discovered was the class of antifolate 
compounds. Observations in the 1930 that folic acid was able to cure anemic 
patients led to trials in acute lymphoblastic leukemia (ALL). Folic acid was 
thought to restore normal blood values, unfortunately, the opposite effect was 
observed in patients. Treatment with folic acid actually accelerated lymphoblastic 
proliferation9. Despite not observing the desired phenotype, Sidney Farber 
hypothesized that antagonists of folic acid could perhaps have the opposite effect 
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and reduce ALL progression9. Later, responses were also documented in solid 
tumors as well. Folic acid was found to be important in DNA synthesis, which 
explains the increased proliferation rate of lymphoblasts in ALL patients.

A third class of cancer therapy was discovered serendipitously to have  
anti-proliferative characteristics. The natural product of the Catharanthus 
roseus periwinkle, vincristine, found on Madagascar was tested for its ability 
to decrease blood sugar levels as a possible treatment for diabetes. However, 
experiments in mice revealed anti-proliferative effects on the bone marrow, 
similarly to antifolates and mustard-gas exposure10. Treatment of a mouse strain 
harboring leukemia with vincristine showed increased survival compared to 
the non-treated arm with acceptable side-effects11. The mechanism-of-action 
of vinca alkaloids, the family to which vincristine belongs, is inhibiting the 
polymerization of microtubules12. Inhibition of proper mitotic spindle formation 
induces apoptosis in actively dividing cells13,14. Conversely, around the same time 
a compound with the opposite function of vinca alkaloids was discovered. Taxol, 
a microtubule-stabilizing agent, was identified in a National Cancer Institute 
led effort to identify novel anti-cancer drugs. Just like other cytotoxic agents 
discovered prior to taxol, taxol is also a natural product isolated from the bark of 
Taxus brevifolia15. Similarly to other cytotoxic agents, the fast proliferation rate of 
cancer cells makes them more susceptible to cytotoxic agents. 

In combination with surgery and radiation therapy, these three classes of 
anti-cancer drugs have been the pillars of cancer treatment for many years. In 
attempts to maximize the efficiency of these therapies, patients were enrolled in 
clinical trials attempting various combinations of cytotoxic agents16. Treatment 
of infectious diseases was used as an analogy for novel cancer treatment 
combination, where multiple drugs were required to prevent resistance to single 
agent therapy. Even though combination chemotherapy can be challenging 
for patients, better results are obtained with multiple general cytotoxic agents 
compared to single therapy regimens17-19.

Targeted drug discovery efforts
In an attempt to systematically identify novel cancer therapeutics, the 

National Cancer Institute (NCI) established a collection of 60 cell lines (NCI-60) 
to be screened with a variety of natural products and synthetic compounds20,21. 
This collection of cell lines has been screened with hundreds-of-thousands small 
molecules. To analyze this enormous amount of data, the COMPARE algorithm 
was generated that amongst other features compares cytotoxic profiles between 
compounds22.

The NCI-60 database aided in the characterization of the mechanism-of-action 
of a precursor of proteasome inhibitor bortezomib, PS-341. Because the cytotoxic 
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profile of bortezomib was different compared to well-known anti-cancer drugs, 
elucidation of its mechanism-of-action provided evidence of possibly alternate 
pathways to target cancer vulnerabilities23,24. It took only eight years from the 
discovery of bortezomib to the approval by the Food and Drug Administration 
(FDA) for the treatment of multiple myeloma25. In addition to the discovery of 
bortezomib, early success of the NCI-60 collection was the characterization of 
halichondrin B. Halichondrin B was isolated from marine sponge Halichondria 
okadai and was shown to have anti-proliferative characteristics26. The cytotoxic 
profile across the NCI-60 collection showed a strong correlation with a cluster 
of microtubule represented by maytansine27, which is a tubulin polymerization 
inhibitor28. Total synthesis of the natural product halichondrin B allowed for its 
detailed characterization and would lead to the development of clinical analogue 
eribulin29, which has been approved for treatment of breast cancer patients in 2010 
(ref. 30). Also, by using genomic characterization of the NCI-60 cell lines, BRAF 
V600E mutations were found to correlate with cytotoxicity induced by mitogen-
activated protein kinase kinase (MEK) inhibition by small molecule CI-1040 (ref. 
31). Currently, melanoma patients harboring BRAF V600E mutations are the only 
patient group in which MEK inhibition therapy is FDA approved32. 

In order to solidify evidence that activating BRAF mutations correlate with 
sensitivity to MEK inhibition, the BRAF gene had to be sequenced to determine the 
mutation status of some sensitive cell lines31. Only recently, the DNA sequence of 
all coding regions of the genome of all NCI-60 cell lines have been made public33. 
As shown previously, BRAF V600E mutation status shows a strong correlation 
with BRAF inhibition by vemurafinib and MEK inhibition by trametinib. Another 
interesting observation is the anti-correlation between erlotinib sensitivity, an 
EGFR inhibitor, and mutations in the RAS-RAF-PTEN signaling-axis. In addition 
to this absolute cellular feature, continuous expression levels of EGFR correlate 
with erlotinib sensitivity as well33. In addition to whole exome sequencing, 
other cellular features can be characterized such as chromosome karyotyping34, 
DNA copy number35, gene expression36, microRNA expression37, and DNA 
methylation38. In addition to comparing cytotoxic profiles of small molecules, 
cellular features can be correlated with small molecule sensitivity39. One approach 
to identify new anti-cancer agents is phenotypic screening to discover novel small 
molecules that display a strong selectivity between different cancer cell lines, 
followed by predictive chemogenomics to identify the cellular features associated 
with drug response. 

Recently, advanced genomic characterization of cancer cell lines has 
been combined with high-throughput screening of small molecules. Various 
efforts have collected and characterized large numbers of cancer cell lines 
and determined cytotoxic profiles of a number of small molecules40-42. Rather 



General Introduction to Cancer Drug Development

- 11 -

than aiding in small molecule discovery, these large-scale efforts can provide 
additional insights into biomarker identification. Such as the EWS-FLI1 fusion 
being a predictive biomarker for PARP inhibitor sensitivity, activating mutations 
in β-catenin sensitize cell lines to BCL2 inhibitors, and SLFN11 expression 
correlation with sensitivity to TOPO1 inhibition40-42. Perhaps future efforts will 
harness the powerful combination of large-scale cell lines sensitivity screening 
and predictive chemogenomics. 

Patient-sample driven drug development
The first patient-sample driven development of novel cancer drugs began 

with the identification of human epidermal growth factor receptor 2 (ERBB2) 
amplification in breast cancer cell lines and in patient samples43. ERBB2 was also 
shown to lead to malignant tumor formation in mice over expressing ERBB2 
in mammary tissue44. The notion that ERBB2 could be a therapeutic target for 
cancer treatment was triggered when cell lines over expressing ERBB2 showed 
decreased proliferation when treated with a monoclonal antibody targeting the 
extracellular domains of ERBB2 (ref. 45). These findings combined led to the 
development of the first personalized cancer therapy, trastuzumab, which was 
approved by the FDA. Breast cancer patients are now screened for ERBB2 copy 
number by fluorescence in situ hybridization (FISH) before receiving ERBB2 
antibody treatment, as it has been shown there is less therapeutic benefit for 
patients with no ERBB2 amplification46.

In parallel to the development of trastuzumab, a focused effort to target 
the Philadelphia-chromosomal translocation of breakpoint cluster region protein 
(BCR) and Abelson murine leukemia viral oncogene homologue 1 (ABL) in chronic 
myeloid leukemia (CML) was ongoing47. The fusion of BCR and ABL results 
in constitutive activation of the kinase activity of ABL, and just like ERBB2 
induces cancer formation in mouse models48,49. The kinase activity of ABL was 
determined to be the driving feature of this chimeric protein50. As a starting 
point to target BCR-ABL aberrant kinase activity, a protein kinase C (PKC) 
inhibitor was modified to target BCR-ABL. Through medicinal chemistry efforts, 
a selective BCR-ABL inhibitor was developed named imatinib. After increasing 
median patient survival it was approved by the FDA in 2001. The Philadelphia-
chromosomal translocation is used as a biomarker in CML patients to select 
patients most likely to respond to treatment. In addition to inhibiting BCR-ABL, 
imatinib has also been shown to be efficacious in gastrointestinal stromal tumors 
(GIST) harboring activating c-KIT mutations51,52. 

Successfully targeting ERBB2 and BCR-ABL marked the beginning of a new 
era in cancer drug development. In contrast to earlier drug development, novel 
therapeutics were developed to target a specific molecular target, as opposed to 
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mainly phenotypic screening targeting DNA replication and mitosis inhibitors. 
Numerous kinases were shown to be mutated across multiple cancer types and 
lessons learned from imatinib development lead to the discovery of many small 
molecule kinase inhibitors53. Mutations in the respective kinase targets of small 
molecule inhibitors have been used as biomarkers to identify patients who will 
most likely respond. For instance, lung adenocarcinoma patients with activating 
mutations in epidermal growth factor receptor (EGFR) respond to treatment 
with gefitinib or erlotinib, both EGFR inhibitors54-57. Also, melanoma patients 
harboring activation mutations in B-Raf proto-oncogene, serine/threonine kinase 
(BRAF) are more likely to respond to vemurafenib treatment58,59. In addition to 
the examples of EGFR and BRAF inhibitors, many other small molecule kinase 
inhibitors have been developed that inhibit kinases that are somatically altered 
and activated in a myriad of different cancer types60.  
 
Recent cancer drug development

Since 2013, the FDA has approved 23 novel cancer therapeutics. These 23 
therapeutics can be classified into five different mechanism-of-action categories: 
general cytotoxic agents, immunotherapeutic agents, agents targeting somatic 
genomic alterations, tissue-of-origin susceptibilities, and synthetic lethal 
interactions. General cytotoxic agents have been an important pillar of cancer 
treatment, which exploits a small therapeutic window between cancer cells 
and normal cells in patients. The novel general cytotoxic agent that has been 
approved is a liposomal irinotecan injection for the treatment of pancreatic 
cancer. 

Irinotecan is a structural analogue of camptothecin, which was discovered 
in 1966 in abstracts from the Camptotheca acuminate to have cancer cytotoxic 
characteristics61. This discovery was part of the National Cancer Institute effort 
to identify natural products with anticancer modalities24. Despite its potent 
anticancer activities in multiple mouse models, poor solubility and severe side 
effects impaired clinical development of camptothecin62. Medicinal chemistry 
efforts yielded analogues such as irinotecan and topotecan with favorable side 
effect profiles but maintained its cytotoxic characteristics63,64. Irinotecan was 
approved in 1998 for patients with metastatic colorectal cancer who had failed 
previous treatment and eventually for patients with no prior treatment65-67.

Irinotecan is converted by carboxylesterases into its active metabolite, SN-38, 
which acts as an inhibitor of topoisomerase 1 (TOPO1). Elegant experiments have 
convincingly demonstrated TOPO1 as the molecular target of the camptothecin 
class of small molecules68. For example, yeast strains with expression of a 
temperature sensitive TOPO1 are no longer sensitive to camptothecin, and by 
extension irinotecan. This phenotype can be reversed with ectopic expression 
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of TOPO1 (ref. 69). Similar observations have been made for etoposide, a 
topoisomerase 2-complex inhibitor70.

The notion that small molecules, amongst other reagents, could be 
encapsulated by a phospholipid bilayer was suggested not long after the first 
description of liposomes71,72. Encapsulating small molecules in liposomes can 
significantly alter the half-life of small molecules in plasma and alter their tissue 
distribution73,74. In addition to improving pharmacokinetic properties of small 
molecules, the maximum tolerated dose can be increased as well75. Composition, 
size, and formulation of liposomes can affect these pharmacokinetic properties 
and the efficacy of the encapsulated small molecule. In general, larger liposomes 
are not as effective as smaller liposomes and can even lose previously mentioned 
beneficial characteristics of liposomes76.

Prior to approval of liposomal irinotecan, encapsulated general cytotoxic 
agent doxorubicin was shown to benefit Kaposi sarcoma (KS) patients77. 
Improved characteristics such as half-life and tissue distribution increased 
response rate and reduced side-effects in mice and translated into patient 
studies77-79. Similar effects on pharmacodynamics characteristics were observed 
with liposomal irinotecan. Half-life or irinotecan increased 50-fold when 
encapsulated in a liposomal drug delivery system, as well as increased drug 
concentrations in tumors increasing the efficacy of irinotecan or its active 
metabolite SN-38 (refs. 80,81). Despite a phase II clinical trial, which did not 
show an improved clinical response with liposomal irinotecan over conventional 
irinotecan in gastric cancer patients, a phase III trial in pancreatic cancer 
patients gained approval of the FDA. Liposomal irinotecan in combination 
with fluorouracil and folonic acid increased the median overall-survival with 
two months to six months compared to fluorouracil and folinic acid alone. 
Interestingly, liposomal irinotecan as a monotherapy has very little effect on 
overall survival. Unfortunately, no long-term responses were observed in this 
study and overall-survival after 12 months of treatment was nearly identical82.

In contrast to general cytotoxic agents, which have been a mainstay for 
cancer treatment, immunotherapeutic agents have only recently been approved. 
Two monoclonal antibody therapies, nivolumab and pembrolizumab have 
been approved for several different cancer types such as melanoma, non-
small cell lung cancer, and renal cell carcinoma83-86. Both antibodies target the 
programmed cell death protein 1 receptor (PD-1) that is expressed on T-cells, 
B-cells, and myeloid cells. Mice lacking expression of PD-1 develop an array 
of various autoimmune diseases. Interestingly, different strains of mice will 
develop different autoimmune diseases with loss of PD-1 expression87-90. In 
addition to suppressing autoimmune activity, PD-1 regulates immune responses 
to pathogens as well. Survival after tuberculosis exposure is greatly reduced 
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with loss of PD-1 expression due to uncontrollable immune response activation. 
This results in systemic tissue damage and multifocal necrotic lesions at the site 
of exposure to the pathogen91. Similar observations have been made with viral 
pathogens as well92.

PD-1 is activated upon binding of its ligands PD-L1 and PD-L2, which 
results in decreased T-cell proliferation and reduced production and secretion 
of various cytokines93-96. Intracellular signaling by PD-1 is regulated through 
phosphorylation of two cytoplasmic domains, immunoreceptor tyrosine-based 
inhibitory motif (ITIM) and immunoreceptor tyrosine-based switch motif 
(ITSM)97. Subsequently, tyrosine-protein phosphatase non-receptor type 11 
(PTPN11) and tyrosine-protein phosphatase non-receptor type 6 (PTPN6) bind 
to the cytoplasmic tail of PD-1, and leads to decreased downstream signaling 
through multiple different signaling molecules, such as zeta-chain-associated 
protein kinase 70 (ZAP-70) and lymphocyte-specific protein tyrosine kinase 
(Lck)97-101. Finally, decreased signaling mainly through the phosphoinositide 
3-kinase (PI3K) pathway results in impaired T-cell activation and increased T-cell 
exhaustion102,103.

PD-L1 was found to be upregulated in a subset of patient tumor samples. In 
some tumor types such as melanoma, and across lung cancer subtypes, PD-L1 
expression was detected in almost every tumor by immunohistochemistry104. 
A possible role of PD-L1 in tumor maintenance was suggested by observations 
that prevention of PD-binding to PD-1 resulted in impaired tumor formation. 
For example, PD-1 knock-out mice had a significantly longer survival after 
being challenged with an AML-cell line, C1498. This effect could partially be 
phenocopied by administration of an antibody targeting PD-L1, preventing the 
binding of PD-1 (ref. 105). Elegant experiments have shown that PI3K signaling 
is involved in suppressing T-cell activation. Prophylactic treatment of mice with 
triciribine, a PI3K-pathway inhibitor, resulted in impaired tumor growth. This 
effect can be rescued by supplementation of regulatory T-cells that were not 
exposed to PI3K-pathway inhibition102. Moreover, the ability of tumor cells to 
impair T-cell activation appears to be PD-L1 dose-dependent106. 

Observations of patient tumor-sample specific expression of PD-L1 
combined with understanding of the biology of PD-L1 and PD-1 signaling has 
spurred the development of multiple PD-1 antibodies, of which nivolumab 
and pembrolizumab have been approved. Previous approval of ipilimumab, a 
cytotoxic T-lymphocyte associated protein 4 (CTLA-4) blocking antibody, for 
various tumor indications suggested that immunomodulatory agents could 
be successful in the clinic107. As opposed to other recently approved anticancer 
agents, the duration of responses to PD-1 blocking antibodies have been 
remarkable108.
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Since 2013, many FDA approved targeted therapies developed against 
somatic genetic alterations have been successors, second or third generation 
inhibitors of existing small molecules. For instance, dabrafenib is the second 
mutant BRAF inhibitor next to vemurafenib, afatenib is a second generation 
EGFR inhibitor after approval of erlotinib and gefitinib, and ceritinib is in 
addition to crizotinib the second ALK inhibitor109-111. An exception to this 
trend is the approval of MEK inhibitor trametinib, which was discovered in 
a phenotypic screen to identify small molecules that induce accumulation of 
p15 (ref. 112). By performing affinity-purification chromatography through 
immobilizing JTP-70902 to sepharose beads, mitogen activated protein kinase 
kinase 1 and 2 (MEK1 and MEK2) were identified as selective binding partners. 
As expected, subsequent experiments showed downstream signaling through 
mitogen-activation protein kinase 3 and 1 (ERK1 and ERK2, respectively) was 
inhibited112,113.

MEK1 and MEK2 were recognized as pivotal regulators of cell proliferation 
when ectopic expression of constitutively active MEK1 was sufficient to 
transform mouse fibroblast cell line 3T3, as well as induce differentiation in PC12 
cells, a murine neuroendocrine tumor cell line, an indication of activation of the 
RAS signaling pathway114,115. In the same PC12 cells, MEK1 was identified as a 
downstream signaling molecule of RAS and RAF signaling cascades activated by 
various growth stimulatory ligands such as epidermal growth factor (EGF) and 
fibroblast growth factor (FGF)116. Strikingly is that the receptors for both these 
ligands have been found to be mutated in patient samples and drive tumor-
formation54,117-119.

In contrast to the majority of small molecule kinase inhibitors, most MEK 
inhibitors are allosteric inhibitors120. Due to a unique region shared between 
MEK1 and MEK2 that is adjacent to the ATP binding pocket, binding to this site 
allows for allosteric modulation of kinase activity without competing for the 
binding of ATP121. Binding of trametinib to this region stabilizes the kinase in an 
inactive confirmation, thereby inhibiting phosphorylation of downstream factors. 
Identification of this region has led to target-driven drug discovery efforts that 
have also yielded allosteric inhibitors for MEK1 and MEK2 (ref. 120). 

Trametinib was FDA approved for the treatment of melanoma patients with 
activation BRAF V600E mutations122. Because MEK1 and MEK2 are downstream 
of BRAF, inhibition of MEK1 and MEK2 was thought to have similar effects to 
BRAF inhibitors. Inhibition of the same pathway at two different nodes could 
yield an additional effect on response rates and duration. A combination BRAF 
and MEK inhibitors was the first combination of targeted therapies to be used 
in a clinical trial for melanoma patients. Unfortunately, little additional efficacy 
of trametinib was observed for median progression-free-survival or overall-



- 16 -

survival. Actually, overall survival for the combination therapy reached similar 
lengths for combination-therapy compared to mono-therapy123,124.

Treatment of tissue-specific dependencies in breast cancer and prostate 
cancer patients with for instance tamoxifen or enzalutamide, respectively, has 
been fairly successful. Other tissue specific dependencies have been difficult 
to target because they mainly involve transcription factors, which have been 
difficult to inhibit with small molecules125. Other approved therapies are 
monoclonal antibodies obinutuzumab and blinatumomab targeting CD20 
and CD19, respectively, on B-cells126,127. Monoclonal antibodies targeting 
overexpression of ERBB2 through somatic amplification have been approved for 
the treatment of a subset of breast cancer patients. 

Ibrutinib, a covalent Bruton’s tyrosine kinase (BTK) inhibitor, is a small 
molecule kinase inhibitor that selectively inhibits BTK, a kinase that is 
pivotal in proper B-cell development. BTK has not been found to mutated, or 
overexpressed by cancer but has been identified in mice as being the cause of X 
chromosome linked agammaglobulinemia (XLA)128,129. BTK has been named after 
the physician who first described XLA in patients. Both mice and human patients 
with XLA do not develop mature B-cells and have impaired antibody production 
resulting in recurrent infections of initially the respiratory tract. The fact that BTK 
is essential for proper B-cell maturation made it an appealing target to develop 
small molecule kinase inhibitors for various B-cell malignancies.

First discovered in 2007, ibrutinib or PCI-32765, was found to be a covalent 
BTK inhibitor by reacting with a cysteine residue at position 481, which is in 
the ATP binding site130,131. Due to the position of C481, a remarkable degree 
of selectivity for BTK inhibition over other kinases without a C481 could be 
achieved131. Inhibition of BTK impairs the signaling cascade from the B-cell 
receptor (BCR), through spleen tyrosine kinase (SYK) to activate phospholipase 
2γ (PLC2γ)132. PLC2γ plays a pivotal role in regulating calcium signaling through 
synthesis of second messenger inositol triphosphate (IP3)133. The pivotal role 
of BTK and PLC2γ in B-cell function and development is emphasized by the 
mechanisms of resistance to ibrutinib treatment. Both mutations in BTK and 
PLC2γ have been observed in patients who have relapsed while undergoing 
ibrutinib treatment. Mutations in PLC2γ have been shown to constitutively 
activate downstream signaling, thereby reactivating the pathway inhibited by 
ibrutinib. Interestingly, one of the mutations observed in BTK targets the C481 
residue which is crucial for the irreversible binding of ibrutinib134. 

The final category of cancer therapeutics is somewhat different in approach 
compared to other targeted therapies. Synthetic lethality is a concept in which 
inhibition of two pathways on their own is not sufficient to induce cell death, 
however, when both pathways are inhibited at the same time this does result in 
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cytotoxicity135. Cancer is a disease where this concept can be exploited. Many 
tumors develop through loss of certain signaling pathways, mainly tumor 
suppressor pathways such as TP53 and RB1. Loss of these signaling pathways 
makes them susceptible to inhibition of other pathways that would not have 
been lethal with those signaling pathways intact. In some aspect, general 
cytotoxic agents target the susceptibility of dividing cells to somewhat selectively 
kill cancer cells and affect non-dividing cell to a lesser degree. 

Olaparib, a Poly ADP ribose polymerase (PARP) inhibitor has been approved 
for the treatment of ovarian cancer patients who have failed previous general 
cytotoxic agent treatments136,137. PARP is involved the repair of single-strand 
DNA breaks (SSBs), mainly through the base excision repair pathway (BER)138. 
In addition to regulating DNA repair, ADP-ribose polymerization of nearby 
histones relaxes the damaged DNA region to increase accessibility to allow 
for additional protein complex formation139,140. Oxidized nicotinamide adenine 
dinucleotide is the substrate for PARP to generate ADP-ribose polymers, which 
can be transferred to multiple acceptor proteins. Over 300 proteins have been 
experimentally identified to accept ADP-ribose polymers, a number much lower 
compared to in silico prediction models. These acceptors are involved amongst 
other processes in DNA replication, DNA repair, cell cycle regulation, translation, 
and protein synthesis141. One acceptor in particular has been shown to be crucial 
in regulating the BER pathway, XRCC1. Recruitment of XRCC1 depends on the 
presence of PARP1 and the ADP-ribose polymerization of PARP itself. XRCC1 
functions as a scaffolding protein for SSB repair and BER protein complexes142,143.

The patient population that shows the greatest benefit to treatment with 
olaparib has deleterious mutations in the BRCA1 or BRCA2 genes136,137. Similarly 
to PARP family members, BRCA1 and BRCA2 are involved in DNA-repair as well. 
However, in contrast to PARP, BRCA1 and BRCA2 are crucial in the repair of double 
strand DNA breaks (DSB) by mediating homologous recombination144-146. BRCA1 is 
recruited to sites of DSB by the abraxas-RAP80 protein complex, and acts a scaffold 
to bind amongst others RAD51 and BRCA2147. RAD51 is considered a pivotal player 
in regulating homologues repair, since loss of RAD51 results in genomic instability 
and embryonic lethality148. Disrupting DNA-damage pathways by impairing proper 
p53 signaling is able to overcome this embryonic lethality149. Deleterious BRCA1 
and BRCA2 mutations have been identified as germline risk factors for developing 
breast and ovarian cancer150,151. The risk of developing breast or ovarian cancer in 
these populations is near to 100%. Interestingly, in cells that harbor defects the in 
the homologues recombination pathway, PARP becomes hyperactivated during the 
DNA replication phase and is thought to mediate survival under these high-stress 
conditions152. 
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Initially, PARP inhibitors were developed with the aim to potentiate the 
effect of general cytotoxic agents used for chemotherapy. Indeed, efficacy of 
some general cytotoxic agents was potentiated by combination treatment with 
PARP-inhibitor NU1025 (refs. 153,154). Despite a promising phase II study using 
the PARP-inhibitor iniparib, these positive results could not be replicated in a 
larger randomized phase III trial in metastatic triple-negative breast cancer155,156. 
Curiously, iniparib was found unable to inhibit PARP in vitro by multiple 
studies157,158. These findings could perhaps explain the lack of efficacy in a large 
randomized clinical trial. 

In 2005, two marque papers demonstrated a possible synthetic lethal effect 
of PARP-inhibitors in cell lines that lacking or harboring deleterious mutations in 
BRCA1 and BRCA2 (refs. 159,160). The difference in cytotoxicity between these 
two classes of spurred clinical trials in which patient populations were stratified 
according to BRCA1 and BRCA2 mutation status161-163. Stratifying ovarian cancer 
patients that previously failed chemotherapy increased the efficacy of olaparib, 
and has been the first PARP-inhibitor approved by the FDA136,137. In the case of 
PARP-inhibitors, understanding the biology behind the mechanism-of-action 
and its effect on other pathways resulted in demonstrating a synthetic lethal 
interaction between inhibition of SSB and DSB that can be exploited in the clinic. 
 
Scope of this thesis

In Chapter two, we describe the results of a phenotypic cellular viability 
screen for small molecules that selectively kill TP53-mutant cell lines, leading 
to the identification of onebinib. Follow-up experiments indicated that the 
mechanism-of-action of onebinib is not through synthetic lethal mechanism 
in conjecture with loss of proper p53 signaling. Chapter 3 focuses on genomic 
analysis of a large cohort of cancer cell treated with onebinib, identifying a 
correlation between onebinib cytotoxicity and the expression of PDE3A. We 
then showed that some but not all PDE3A inhibitors have similar cytotoxic 
activity and that cytotoxic and non-cytotoxic inhibitors compete for PDE3A 
binding. Chapter 4 highlights the mechanism-of-action studies resulting in 
data supporting that onebinib induces the physical association between PDE3A 
and SLFN12. Moreover, cancer cells with high expression of both PDE3A and 
SLFN12 are most sensitive to onebinib, whereas depletion of PDE3A or SLFN12 
reduces sensitivity to onebinib. Multiple mechanism-of-action studies have been 
performed to elucidate through which pathway the PDE3A-SLFN12 protein 
complex induces cytotoxicity. Data generated in this thesis strongly suggest that 
the cancer-cytotoxic phosphodiesterase modulator onebinib may act through a 
gain-of-function allosteric mechanism in which it stabilizes a PDE3A-SLFN12 
interaction.
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ABSTRACT

Mutations in TP53 have been identified across many different cancer 
types and has established p53 as a central regulator of tumor suppression. 
Many aspects of regulating cell cycle progression, safeguarding DNA integrity, 
and regulating apoptosis are regulated by p53. Inactivation of normal p53 
function by somatic alterations in TP53 is observed in more than 30% in a 
dataset encompassing over 4.500 patient tumor samples. Identifying small 
molecules that would selectively kill cancer cells harboring such deleterious 
mutations would provide great benefit to a large population of cancer patients, 
spanning many different tumor types. In this chapter, we describe the results 
of a phenotypic small molecule screen to identify small molecules that 
selectively induce cytotoxicity in a TP53 mutant cell lines, NCI-H1734, while 
not affecting cell viability in a TP53 wild-type cell lines, A549. Using a library 
of almost 2.000 compounds, we identified three such molecules. One of these 
molecules, onebinib, showed great potency upon validation. Separation of the 
two enantiomers of onebinib revealed that a single enantiomer, (R)-onebinib, 
was responsible for the cytotoxic phenotype, suggesting a specific molecular 
interaction. Furthermore, the difference in IC50 between sensitive and non-
sensitive cell lines was remarkable.  However, mutation status of TP53 does no 
longer correlate with sensitivity in a panel of 17 cell lines, suggesting that the 
mechanism-of-action is independent of p53 function.

INTRODUCTION

Recent publications of large-scale cancer sequencing efforts have identified 
TP53 to be the most frequently mutated gene across all cancer types. Its role in 
cancer, however, has been long known. p53 had been found to interact with large 
T-antigen that is part of the simian virus 40 (SV40), which was able to transform 
primary cell line cultures1,2. Moreover, expression of this protein with a molecular 
weight between 50 and 55 kD, hence its name p53, was induced by SV40 when 
transfected into primary cell line cultures3,4. It was not until 1984 before the TP53 
gene was cloned and found to be rather unique in DNA sequence at the time. 
Also, no genomic rearrangements were found in cell lines infected with SV40 
that could explain their induced expression5. Multiple publications in 1984 as 
well, showed that p53 expression facilitated transformation of murine primary 
cell cultures. However, because its transformation phenotype was not as strong, 
it was suggested that p53 only shared certain characteristics with oncogenes Myc 
and Ras6. Another publication showed that p53 alone was sufficient to induce 
transformation in murine chondrocytes. The transformation phenotype of TP53 
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transfection was easily abrogated by a frameshift insertion, suggesting that the 
actual protein product of the gene was responsible for transformation7. Finally, 
co-transfection of primary murine fibroblasts with Ras and TP53 also led to 
transformation of these cultures8. Observations that SV40 induced p53 expression 
upon transformation of primary cell cultures and that ectopic expression of TP53 
cDNA lead to transformation as well, nominated TP53 as an oncogene.

Surprisingly, however, conflicting publications on different transformation 
phenotypes by different TP53 clones disputed the oncogenic function of p53 
(ref. 9). Transformation by p53 was attributed to somatic mutations in the 
cDNA from which the open-reading-frames were acquired. The opposite 
phenotype was observed when wild-type TP53 was ectopically expressed in rat 
embryonic fibroblasts transfected with Ras. Wild-type TP53 was able to inhibit 
oncogenic transformation induced by Ras as well as transformation induced by 
E1A10. These results strongly suggested that wild-type TP53 acts as a tumor 
suppressor rather than an oncogene. Additional reports support this hypothesis 
by describing rearrangements of the TP53 gene in osteosarcoma as well as 
patient tumor samples without p53 expression from both osteosarcomas and 
colorectal tumors. Absence of p53 expression did not correlate with genomic 
rearrangements, suggesting that multiple mechanisms could lead to loss of p53 
(ref. 11). Loss of p53 expression in colorectal carcinoma can be explained by 
broad deletions observed in patient samples. In cases where one copy of TP53 
was deleted, the other allele harbored somatic point mutations12,13. This pattern 
of deletion and mutation is very similar to the two-hit-hypothesis proposed after 
research of the first known tumor-suppressor retinoblastoma protein (Rb1) (ref. 14). 

Mutations in TP53 were also identified in families with a wide variety 
of early onset tumors. These mutations were first discovered in pediatric 
rhabdomyosarcomas, a connective-tissue sarcoma, by Frederick Li and Joseph 
Fraumeni, hence the name for this syndrome Li-Fraumeni15-17. The average age at 
which the first tumor is first discovered is almost 25 years, however, more than 
40% of 18-year old patients have been diagnosed with malignant tumor growth18. 

 
p53 biology

With recent publications of large-scale tumor sequencing projects, the 
importance of TP53 in tumor biology becomes truly apparent. In whole-exome 
sequencing data of 4.742 tumor-normal pairs across 21 tumor types, TP53 was 
mutated in over one-third of all tumor samples and is statistically significantly 
mutated in 16 tumor-types19. This frequency makes it the most frequent mutated 
gene across all cancer followed by PIK3CA with a frequency of ‘only’ 14%. 
The poster child of cancer oncogenes, KRAS, for example, is mutated in 7% of 
4.700 tumor samples19. The fact that TP53 is somatically mutated in one-in-three 
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tumor samples underscores the importance of the tumor-suppressor function of 
p53 in cancer formation. Interestingly, with this number of mutations in TP53, 
a pattern of mutation became apparent that was observed earlier in both Li-
Fraumeni patients and earlier TP53 sequencing efforts20,21. Rather than observing 
a distribution of mainly inactivating non-sense and splice-site mutations like 
in Rb1, nonsense TP53 mutations only account for one-third of all somatic and 
germline mutations19. Other missense mutations were observed in DNA-binding 
motifs of p53, creating so-called ‘hotspots’, which have been shown to abrogate 
the DNA-binding capacity of p53 (ref. 22).

In addition to DNA-binding domains located in the central part of the 
protein, p53 has two distinct N-terminal transactivation domains and two 
C-terminal domains: its tetramerisation domain and regulatory domain. p53 acts 
as a transcription factor using its DNA-binding domains and transactivation 
domains to induce or inhibit transcription of a wide variety of downstream 
factors. Under normal conditions, p53 is suppressed by continuous degradation 
by E3 ubiquitin ligase mouse double minute 2 homolog (MDM2) (refs. 23,24). 
p53 is stabilized by a myriad of stimuli such as DNA damage, oxidative stress 
and increased mitotic rate25. Various kinases activated by each of the previously 
mentioned stimuli phosphorylate p53. The best-characterized mechanism of 
activation of p53 is its activation in response to DNA damage. Both single- and 
double-strand breaks result in phosphorylation of p53 by ataxia telangiectasia 
mutated (ATM), checkpoint kinase 1 (Chk1), and checkpoint kinase 2 (Chk2). 
Chk1 and Chk2 are activated by both ATM, and ataxia telangiectasia and Rad3-
related protein (ATR). Phosphorylation of multiple p53 phosphorylation sites 
severs its interaction with MDM2, mainly phosphorylation of Thr18 results 
in a 20-fold reduction of the MDM2-p53 interaction26. MDM2 itself is also 
phosphorylated following activation of previously mentioned kinases, further 
impairing its ability to target p53 for degradation. In addition to stabilizing 
p53, phosphorylation of particularly Ser20 results in increased interactions with 
transcriptional co-activators such as p300 (ref. 27). 

Next to the central role of p53 in controlling DNA damage-response, p53 
is a pivotal regulator of essential pathways that prevent tumorigenesis such as 
induction of apoptosis, and cell cycle arrest following oncogene activation. Upon 
activation of p53 by mechanisms described above, p53 will form homo-dimers 
facilitated by its C-terminal tetramerisation-domain, which is turn will form 
another homo-dimer, resulting in the formation of a p53 homo-tetramer28. DNA-
binding capacity of this p53-tetramer is orders of magnitude higher compared to 
a single p53 protein, in part due to non-specific DNA-affinity of the tetramer in 
addition to the recognition of the p53-binding motif29. 

The p53-tetramer binds specifically to a double DNA motif separated by 
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zero to thirteen nucleotides, each motif is also referred to as a half-site p53 
binding motif. The exact number of target genes of p53 is not known, but a 
myriad of cellular processes have essential genes that can be regulated by p53. 
The stereotypical target of p53 regulated gene expression is the induction of p21 
after DNA-damage. As an inhibitor of active cyclin and cyclin dependent kinase 
(CDK) complexes, p21 is able to halt cell cycle progression to ensure the integrity 
of replicated and to be replicated DNA30,31.

Gain-of-function mutations in TP53
Early evidence of the complex p53 biology was observed in genetic mouse 

models harboring different types of TP53 mutations. Mice harboring TP53 gene 
deletion are susceptible to mainly lymphomas and osteosarcomas, whereas mice 
engineered with human cancer mutations in TP53 develop adenocarcinomas 
in addition to lymphomas and osteosarcomas. Survival of two classes of TP53 
mutations was quite similar however, with tumors in the TP53 mutant mice 
displaying malignant features such as invasive growth and the ability to 
metastasize. 

In human breast cancer patients, mutation status of TP53 is considered a 
strong predictive marker of median survival after diagnosis32. However, the 
most aggressive subtypes of breast cancer tend to have more TP53 mutations, 
which makes it difficult to tease apart the effect of TP53 mutations alone33. 
Similar observations have been made in non-small cell lung cancer (NSCLC), 
where patients with TP53 mutations have worse overall survival compared to 
patients with no TP53 mutation34. The two major subtypes of NSCLC, adeno- and 
squamous carcinoma both have high rates of TP53 mutations, which in contrast 
to breast cancer subtypes makes the data easier to interpret35-37. Interestingly, 
when dividing TP53 mutations into two classes; one class harboring canonical 
hotspot mutations in the DNA-binding domains and truncating mutations and 
the other class with all other mutations, mutations in TP53 outside the DNA-
binding domains still have a worse prognosis compared to wild-type TP53 
NSCLC patients34. This suggests that even mutations that do not affect DNA-
binding at first glance, do have a functional impact on the function of p53. 

Mechanistic studies into modification of p53 function by hotspot mutations 
have revealed DNA-binding independent properties of p53 harboring a hotspot 
mutation. Reduced expression of hotspot mutant p53 in patient derived breast 
cancer cell lines, results decreased invasive properties in 3D-culture models 
and even formation of proper lumen-like structures that somewhat resemble 
normal breast ducts. Where the R273H mutation in p53 abolishes DNA-binding, 
a novel interaction with sterol regulatory element-binding proteins 2 (SREBP-2) 
is established and leads to upregulation of the mevalonate pathway38. Inhibition 
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of the mevalonate pathway partially phenocopies loss of mutant-p53 expression, 
suggesting that other pathways might be regulated by mutant-p53 as well. 
Multiple reports have claimed other pathways being regulated by mutant-p53 
such as the VEGFR pathway through the SWI/SNF complex or downregulation 
of BRCA1 (refs. 39,40). 

Targeting p53 in cancer
With many possible alterations in deregulating p53 function observed in 

cancer, many opportunities can be utilized in an attempt to pharmaceutically 
target these alterations. A treatment to target TP53 mutant tumors would be 
considered the ultimate targeted therapy in the treatment of cancer. Numerous 
efforts at designing small molecules to target p53 have been attempted, with 
varying degrees of success. In tumors where TP53 is not affected by somatic 
mutations, upregulation of MDM2 or MDM4 is an alternative mechanism by 
which the p53 pathway can be inhibited through targeting p53 for proteasomal 
degradation25. By impeding the interaction between MDM2 and p53, p53 could 
exert its normal function as a tumor suppressor. A small molecule, Nutlin, was 
identified in biochemical binding-assay using p53-peptides to displace p53 from 
MDM2 by mimicking p53 binding. Upon disrupting this interaction, wild-type 
p53 is able to accumulate and induce apoptosis in Nutlin sensitive cell lines41. A 
second small molecule was identified to disrupt the same MDM2-p53 interaction. 
In contrast to Nutlin, RITA was identified in an isogenic cell line screen using 
HCT116 and an HCT116 TP53 -/- (ref. 42). Unfortunately, no compounds from this 
class of MDM2 inhibitors have been approved for medical use as of today.

A different approach to targeting p53, is to restore the normal function of 
mutant p53. Multiple small molecules have been identified, PRIMA-1 and the 
MIRA-series, to restore DNA-binding of various p53 mutations. By restoring the 
DNA binding capacity of mutant p53, downstream targets such as PUMA and 
NOXA are upregulated and lead to apoptosis in various cell lines ectopically 
expression TP53 mutants43. PRIMA-1 has shown some efficacy in phase 1 
clinical trials and future developments targeting mutant p53 directly could be 
promising44.

Another mechanism by which mutations in TP53 can be exploited for 
therapeutic indications is to force read-through in TP53 transcripts with non-
sense mutations. Usually, non-sense mutations result in non-sense mediated 
decay of mRNA, which results in decreased protein expression45. Using a 
aminoglycoside antibiotic, G418, which has shown forced read-through 
properties, normal expression of mutant p53 is partially restored and is 
functionally active46,47. 
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Despite advancements in restoring p53 function by disrupting MDM2 / MDM4 
mediated p53 degradation, restoration of DNA-binding capacity of hotspot-
mutant p53, and restoring expression of nonsense TP53 mutations, no targeted 
therapy for tumors harboring TP53 alterations have been approved for clinical 
use to date. An alternative strategy to target loss-of-function alterations is to 
exploit synthetic lethal interactions exposed by this loss-of-function. Despite 
the complex biology of p53 and the gain-of-function alterations, mutations 
in p53 disrupt its DNA-binding capacity. Loss of this pivotal function in p53 
could expose other vulnerabilities, which are absent in cells with no alterations 
in p53. Research to identify synthetic lethal interactions in loss-of-function 
p53 backgrounds has yielded interesting findings: kinases SGK2 and PAK3 
are synthetic lethal in human papilloma virus (HPV) transformed primary 
fibroblasts48, as well as ATM/ATR checkpoint maintenance following DNA-
damage49. Synthetic lethal interactions have been identified for loss of other 
tumor suppressors as well, such as loss of Skp2 in a Rb1 deficient background50. 
Other examples are components of the SWI/SNF complex where loss of 
SMARCA2 in cancer lacking functional SMARCA4 results in a non-functional 
SWI/SNF, which is a ubiquitous essential complex51.

One of the best-characterized synthetic lethal interactions is loss of poly ADP 
ribose polymerase (PARP) in tumors with deleterious mutations or deletions 
in BRCA1 or BRCA2. PARP-inhibitor olaparib has been successfully tested in 
selected patient populations, and targets the only synthetic lethal interaction 
that has been found to be drugable to date52. Inhibition of PARP results in 
accumulation of single-strand DNA breaks, which leads to formation of double-
strand DNA breaks during DNA-replication. Double-strand DNA breaks require 
homologous recombination repair to be repaired, this pathway is severely 
impaired in tumors harboring BRCA1 or BRCA2 mutations, leading to the 
synthetic lethal interaction with PARP inhibition53.

Here, we describe the results of a phenotypic screen in two lung 
adenocarcinoma cell lines that are dissimilar in TP53 mutations status. 
Compounds that selectively induce cytotoxicity in the TP53 mutant cell line 
could target a synthetic lethal interaction induced by loss of wild-type p53 
function.

RESULTS 

In order to identify small molecules that are synthetic lethal in combination 
with mutations in the gene TP53, we performed a phenotypic small molecule 
screen. Two cell lines were selected based on genomic features and lineage to 
approach an isogenic cell line system. The isogenic cell line model is considered 
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to be the perfect model for cellular screens for specific targets, and multiple 
successful screens have been performed using this experimental model43. 
However, we hypothesize that a non-isogenic cell system better reflects true 
TP53-wildtype or mutant biology. Therefore, two lung adenocarcinoma cell lines 
were selected: A549 and NCI-H1734, TP53-wildtype and mutant, respectively. 
These two cell lines have evolved into their respective TP53 status, rather 
than having the TP53 locus altered in an isogenic cell line system. Other major 
genomic alterations were similar between the two cell lines: both cell lines harbor 
KRAS driver mutation and STK11 deletions. These two features are considered 
pivotal alterations during lung adenocarcinoma development36,37. By matching 
major genomic features we hope to prevent identifying small molecules that 
target other important differences between two cell lines. 

To confirm p53 function in the A549 and dysfunction in the NCI-H1734 cell 
lines, we assessed p21 expression following DNA-damage. p21 expression is 
strictly regulated by p53, which is phosphorylated and stabilized after DNA 
damage. p53 then localizes at the promoter of p21 resulting in its expression30. 
To induce DNA-damage, we treated A549 and NCI-H1734 with SN-38, the 
active metabolite of irinotecan, a topoisomerase 1 (TOPO1) inhibitor. Inhibition 
of TOPO1 prevents re-ligation of single strand DNA-breaks resulting selective 
cancer cell death54. As expected, upon treatment of SN-38, the A549 cell line 
expressed p21 corroborating p53 functionality. Also, NCI-H1734 failed to express 
p21 when exposed to DNA damage, which is in line with its TP53 mutation 
status (R273L) (figure 1). With these results, A549 and NCI-H1734 were selected 
as our cell lines to screen for small molecules with synthetic lethal interactions in 
a TP53 mutant context. 

As a proxy for cell viability after small molecule treatment, we measured the 
ATP content after 48 hours of treatment using cell titer glo. ATP is turned over 
by luciferase to produce AMP and emits light. To optimize our dynamic window 
of detection we plated A549 and NCI-H1734 with different densities in 384-
well plates. We determined that a density of 1500 and 3000 cells per well were 
optimal for A549 and NCI-H1734, respectively (figure 2a and 2b). These densities 
produced the highest luminescence signal before reaching the plateau, which 
would weaken our detection limit for reduction of cell viability. Next, we sought 
to determine the proper concentration of staurosporine as our positive control 
for reduction of cell viability in our assay. Staurosporine is a broad inhibitor of 
protein kinases and due to lack of specificity is a useful tool to induce apoptosis 
at high enough concentrations55. We treated A549 and NCI-H1734 with a range of 
concentrations of staurosporine starting at 1 μM with half-log dilutions down to 
10 pM (figure 2c). Viability of both A549 and NCI-H1734 were almost completely 
reduced at the highest concentration of 1 μM. The Z-factor for this assay at 1 
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μM was 0.88 for the A549 condition and 0.60 for the NCI-H1734. The Z-factor, 
or Z-prime, is a statistical measure for high-throughput assays to determine 
the detection power and variability of an assay. Z-factor for high-throughput 
assays are generally acceptable between 0.5 and 0.99, which corresponds with a 
separation of at least 12 standard deviations between the positive and negative 
controls56. Finally, we wanted to determine if the solvent of small molecules, 
DMSO, affect cell viability. A549 and NCI-H1734 were treated with DMSO 
concentration starting at 10% of the total volume diluting with half logs down to 
0.001% (figure 2d). We did not detect a significant effect of DMSO on cell viability 
at the concentration that would be used in the small molecule screen, 0.2%.

With all parameters optimized to detect decreased viability, we treated A549 
and NCI-H1734 with a library consisting of 1.982 small molecules. This library is 
a structural representation of the Molecular Libraries Probe Production Centers 
Network (MPLCN) library, which consists of approximately 375,000 compounds.  
All compounds were tested in duplicate at a concentration of 10 μM for 48 
hours. The A549 cell line was tested under the optimized conditions, whereas 
unfortunately, the NCI-H1734 cell line was tested with a cell density of 1300 
cells per well where it was optimized for 3000 cells / well. Analysis of viability 
results reflected less-optimal experimental conditions. Duplicate data for each 
cell line was analyzed using the Bland-Altman to determine the agreement or 
reproducibility between the two replicate data57. The average difference between 
all compound replicates is compared to the difference between two replicates of 
single compound. The 95% confidence interval, a measure of variability between 
replicate data, for the NCI-H1734 (-26.73 – 26.23) was higher than the A549 cell 
line (-22.26 – 21.28) (figure 3a and 3b). 

All results for the A549 and NCI-H1734 cell lines is plotted in figure 3c and 
3d, respectively. Negative control, DMSO, and positive control, staurosporine, 
are scattered around 100% viability and 0% viability, respectively. Data points 
outside the 95% confidence interval were marked as not reproducible and 
excluded from future analysis using this dataset. To determine which compounds 
specifically reduced viability in the NCI-H1734 cell line over the A549 cell line, 
we plotted the average viability of 1.797 compounds that were reproducible 
after Bland-Altman analysis in both cell lines (figure 4). The vast majority of all 
compounds did not affect cell viability in either cell line, or affected cell viability 
similarly in both cell lines. We identified five compounds that selective reduced 
viability in the A549 cell line (figure 4, magenta dots) and three compounds 
that selectively killed the TP53 mutant cell line, NCI-H1734 (figure 4, green and 
red dots). Five compounds that selectively showed cytotoxic effects in the A549 
had a robust Z-score of more than eight and less than two in the NCI-H1734 
cell line (one exception where the direction of cell viability was positive in the 
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FIGURE 2: Optimization of high-throughput screen in A549 and NCI-H1734. 

a) Indicated number of A549 cells per well were plated and cultured for 72 hours. ATP-
content was used a proxy for final cell number. 
b) Indicated number of NCI-H1734 cells per well were plated and cultured for 72 hours. 
ATP-content was used a proxy for final cell number. 
c) A549 and NCI-H1734 were treated with indicated concentration of staurosporine for 48 
hours.
d) A549 and NCI-H1734 were treated with indicated concentration of DMSO for 48 hours.

FIGURE 1: p21 induction in TP53 wild-type and mutant cell lines after DNA-damage.  
A549 and NCI-H1734 cell lines were treated with 10 μM SN-38 for 24 hours and 
immunoblotted for p21, p53 and Actin.
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FIGURE 3: Data from small molecule screen in A549 and NCI-H1734 cell lines. 
A549 and NCI-H1734 were treated for 48 hours with 1,982 compounds. 

a) Bland-Altman test for reproducibility of viability in A549. Data points outside the 
outside the dotted lines (-22.26 – 21.28) were labeled as non-reproducible. 
b) Bland-Altman test for reproducibility of viability in NCI-H1734. Data points outside the 
outside the dotted lines (-26.73 – 26.23) were labeled as non-reproducible. 
c) Scatterplot of A549 treated with 1.982 compounds, DMSO controls are labeled in yellow, 
staurosporine controls are labeled in blue, and non-reproducible compounds are labeled 
in red. 
d) Scatterplot of NCI-H1734 treated with 1.982 compounds, DMSO controls are labeled in 
yellow, staurosporine controls are labeled in blue, and non-reproducible compounds are 
labeled in red.
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FIGURE 4: Scatterplot of reproducticible compounds in A549 and NCI-H1734. 

Small molecules that slectively reduce viability in A549 cells are lbeled in purple, and 
NCI-H1734 are labeled in red. Compound onebinib is labeled in green.
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FIGURE 5: Dose-response validation identifies small molecule onebinib, which 
selectively and potently reduces NCI-H1734 viability.  
A549 and NCI-H1734 cell lines were treated with indicated compounds for 48 hours. 
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NCI-H1734). Three compounds affecting the NCI-H1734, but not the A549 had a 
robust Z-score of more than six and less than two in the A549.

The three compounds selectively reducing viability in the TP53 mutant cell 
line, NCI-H1734, were validated in a dose response fashion (figure 5). Two small 
molecules showed selectivity for reducing viability in the NCI-H1734 over the 
A549 at a concentration of 10 μM. The third compound failed to validate in a 
dose-response experiment. One compound, however, showed great potency 
and separation, which we named “onebinib” (wuhn-bin-ip). The concentration 
at which onebinib measured 50% of the maximum reduction of cell viability, 
the EC50, in the NCI-H1734 cell line was ~30 nM. This is a remarkable low 
number for a compound out of a screening deck in a cell-based assay. We set 
out to validate if onebinib is indeed synthetic lethal in combination with TP53 
mutations.

To address whether onebinib selectively kills TP53 mutant cell lines we 
selected additional lung adenocarcinoma cell lines with TP53 mutations. Selected 
lung adenocarcinoma cell lines harbored a variety of driver mutations, amongst 
others activating mutations in ERBB2, EGFR, and an EML4-ALK translocation. 
Also, we included TP53 wild-type ‘normal’ cell lines: BEAS-2B (bronchial 
epithelium), IMR-90 (fibroblast) and WI-38 (lung fibroblasts). In total, we tested 
15 additional cell lines for sensitivity to onebinib exposure. All cell lines were 
treated with 10 μM as the highest concentration with 10-fold dilutions down 
to 1 nM for 48 hours. In this panel of 15 cell lines, we identified two additional 
sensitive cell lines: TP53 wild-type NCI-H1563 and NCI-H2122, which harbors 
C176F and Q16L TP53 mutations (figure 7). Surprisingly though, NCI-H1563 
fails to induce expression of p21 after DNA damage whereas NCI-H2122 does 
express p21 after p53 activation by DNA damage (data not shown). ‘Normal’ 
cell lines BEAS-2B, IMR-90 and WI-38 were not sensitive to onebinib, suggesting 
that onebinib could have specificity for cancer cell lines over normal cell lines. 
In addition, multiple lung adenocarcinoma and small cell lung cancer (SCLC) 
with TP53 mutations were not sensitive to onebinib. This data suggests that TP53 
mutation alone does not predict sensitivity to onebinib. Moreover, the cytotoxic 
effect of onebinib is appears to be independent of TP53 mutation status and its 
mechanism-of-action not related to a possible synthetic lethal interaction. 

To further characterize the cytotoxic phenotype of onebinib, we sought to 
establish its therapeutic window. In previous experiments, non-sensitive cell 
lines did not display any decrease in viability at concentrations of 10 μM. To 
assess the maximal tolerable dose of non-sensitive cell lines we performed an 
extended dose-response experiment using a highest concentration of 300 μM 
with half log dilutions going down to 0.1 pM. Three sensitive cell lines; HeLa, 
NCI-H2122 and NCI-H1563, and three non-sensitive cell lines; A549, MCF7 and 
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PC3, were used in this experiment. The half-log dilution series also allows for 
more accurate EC50 determinations as previously only whole log dilutions have 
been used. The sensitive cell lines display EC50s between 10 and 30 nM, whereas 
only the A549 reached its EC50 concentration between 100 and 300 μM (figure 
7a). This is a separation of sensitivity between sensitive and non-sensitive cells 
lines of 3.000 to 10.000-fold. Such a separation of sensitive and non-sensitive cell 
lines is uncommon, even for clinical small-molecule kinase inhibitors. This data 
shows extreme selectivity and potency of onebinib, suggesting that its target and 
mechanism-of-action is very specific.

In order to assess the specificity of onebinib, the two enantiomers of onebinib 
were separated and tested to determine whether the cytotoxic phenotype is 
caused by one or both enantiomers. We treated the sensitive HeLa cell line with 
both separated enantiomers using the same dilution range as described in figure 
7a. Interestingly, we observed a large difference in activity between the two 
enantiomers of 500-fold (figure 7b). By synthesis of the (R)-enantiomer we were 
able to identify the active enantiomer as being the (R)-enantiomer (figure 7c). This 
result suggests that the interaction with the molecular target of onebinib is very 
specific. This specificity appears to be sterically regulated by the methyl-group, 
which points backwards and does not affect charge, polarity, permeability or other 
chemical properties of onebinib.

Finally, we wanted to determine by what mechanism onebinib causes 
cytotoxicity in sensitive cell lines. Because of the specificity of onebinib, we 
tested whether onebinib induces apoptosis rather than necrosis. We treated HeLa 
cells with a dilution range of onebinib and assessed viability by ATP content 
and caspace activity through Caspace-Glo. Onebinib induced an increase in 
caspace activity, which decreased with increased concentrations of onebinib, 
probably due to advanced apoptotic cells (figure 8a). In addition, sensitive cell 
line HeLa was treated with DMSO, staurosporine and onebinib for 24 hours. As 
an indicator of apoptosis, we immunoblotted for cleaved PARP products58. As 
expected, DMSO did not induce any PARP cleavage products and staurosporine 
induced PARP-cleavage in both onebinib sensitive and non-sensitive cell line. 
However, onebinib only induced PARP-cleavage products in the sensitive HeLa 
cell line (figure 8b). This data shows that onebinib selectively induces apoptosis 
in sensitive cell lines. 

With these results, we demonstrate that phenotypic screening using two 
non-isogenic cell lines can yield interesting results. In this case, we identified 
a small molecule, onebinib, to have remarkable cytotoxic effects on a select 
number of cell lines. Unfortunately, this effect appears to be unrelated to the 
TP53 mutation status of sensitive cell lines, since both sensitive and non-sensitive 
cell lines harbor TP53 mutations. Moreover, the sensitive cell line NCI-H1563 
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FIGURE 6: Onebinib selectively reduces viability in NCI-H1563, NCI-H2122 and 
NCI-H1734. All cell lines were treated with indicated concentrations of onebinib for 
48 hours. Sensitive cell lines are marked in red, non-sensitive cell lines are marked in 
blue.

FIGURE 7: Separation between the EC50 cell lines sensitive and non-sensitive to (R)-
onebinib is up to 10,000-fold. 

a) Indicated cell lines are treated with indicated concentrations of onebinib for 48 hours.
b) HeLa cells were treated with indicated compounds for 48 hours. 
c) Structure of (R)-onebinib.

-3 -2 -1 0 1

0

50

100

Log μM onebinib concentration

Vi
ab

ili
ty

 %

A549

NCI-H1563

BEAS-2B

IMR-90

WI-38

NCI-H1734

NCI-H2228

PC-9

A427

HCC33

H82

BL-2087

BL-2122

H441

NCI-H1623

NCI-H2087

NCI-H2122

-7 -6 -5 -4 -3 -2 -1 0 1 2 3

0

50

100

Log μM onebinib concentration

Vi
ab

ili
ty

 %

HeLa
A549
MCF7
PC3
H2122 
H1563  

a

-7 -6 -5 -4 -3 -2 -1 0 1 2 3

0

50

100

Log μM concentration

Vi
ab

ili
ty

 % S-enantiomer
R-enantiomer

b

N

H
N O

N+

O O-

N

c



Introduction to ONEBINIB

- 43 -

FIGURE 8: Onebinib induces apoptosis in HeLa cells. 

a) HeLa cells were treated for 48 hours with indicated concentrations of onebinib. 
Caspase-Glo represents Caspase 3/7 activity indicating induction of apoptosis. CellTiter-
Glo reflects viability. 
b) HeLa cells were treated for 36 hours with indicated compounds and concentrations. 
HeLa cells were harvested and immunoblotted for PARP-cleavage products, indicative of 
apoptosis.
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does not contain any TP53 mutations, again suggesting that onebinib does not 
act in synthetic lethal manner with TP53 mutation. Unluckily, we were not able 
to identify enough sensitive cell lines to accurately determine what separates 
sensitive from non-sensitive. These difference could provide pivotal insights into 
the target or mechanism-of-action of onebinib.

DISCUSSION

Our study describes the results of a phenotypic small molecule screen to 
identify compounds that show synthetic lethal properties in a mutant TP53 
background. One small molecule in particular, called onebinib, showed great 
selectivity and potency in killing the mutant TP53 cell line but not affecting the 
wild-type TP53 cell line at high concentrations. Unfortunately, we were unable 
to identify a large enough number of sensitive cell lines to interrogate why these 
cell lines are sensitive to onebinib. Separation of the two enantiomers of onebinib 
showed that one enantiomer was responsible for the cytotoxic phenotype. Chiral 
synthesis of the (R)-enantiomer confirmed that it is indeed the (R)-configuration 
of onebinib that is the active enantiomer. The large separation between the two 
enantiomers suggests that the molecular target is specifically engaged and could 
contribute to its great specificity.

We tested a total of 20 cell lines to determine their sensitivity to onebinib, 
amongst others three immortalized normal cell lines. Unlike our hypothesis, 
we identified a sensitive cell line that does not harbor a mutation in TP53. Also, 
multiple cell lines that were found non-sensitive to onebinib have multiple 
different TP53 mutations. This could suggest that the TP53 pathway is not of 
importance in determining cellular sensitivity to onebinib. We did not perform 
a rescue experiment to assess if wild-type TP53 would be able to rescue cell 
death induced by onebinib for technical reasons. It has been shown that ectopic 
expression of wild-type TP53 can lead to impaired proliferation, which makes it 
challenging to separate the effect of TP53 on onebinib sensitivity versus activation 
of the TP53 regulated pathways controlling proliferation and apoptosis59. 

We cannot exclude the possibility that an impaired TP53 pathway is required 
for cell lines to be sensitive to onebinib. The NCI-H1563 cell line, which is 
sensitive to onebinib and is TP53 wild-type, does not appear to express p53 on 
western and does not induce p21 expression after SN-38 treatment. Even though 
this cell line does not harbor a TP53 mutation, the p53 pathway is still impaired. 
There are many possible mechanisms by which p53 can be inactivated during 
tumorigenesis. Perhaps TP53 does not have to be inactivated by a somatic 
mutation in combination with loss-of-heterozygosity (LOH), and inactivation by 
upregulation of MDM2 for instance is sufficient to sensitize cell lines to onebinib.
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Given the complex biology of p53 as outlined in the introduction, screening 
for synthetic lethal compounds in combination with p53 pathway alterations 
might be too inclusive of a screening hypothesis. The hotspot pattern strongly 
suggests that each mutation facilitates a novel facet of p53 function during 
tumorigenesis. The complexity of this biology might even include that each TP53 
mutation creates different synthetic lethal interactions. As a proof of principle, 
future attempts on identifying such synthetic lethal interactions should focus 
on a specific mutated residue, and perhaps even for a specific residue change. 
There are indications that different mutations in KRAS at residue G12, the most 
frequently mutated oncogene, have different downstream activities60. Even 
though KRAS is constitutively active, the effect on proliferation is relayed in 
different manners depending on the specific amino acid substitute. It is plausible 
that the spectrum of TP53 mutations reflect a similar biology.

We utilized a non-isogenic cell line model to screen for small molecules that 
show a synthetic lethal effect in cell lines with TP53 mutations. By matching 
major genomic events in two lung adenocarcinoma cell lines, we attempted to 
approach an isogenic cell line model. Both cell lines harbor similar driver and 
tumor suppressor alterations, KRAS activating mutations and loss-of-function 
STK11 mutations, respectively. The major difference between the two cell lines 
is the TP53 mutation status. However, we do acknowledge that by using a 
non-isogenic cell line model, many differences between the two cell lines are 
not controlled for. Many somatic point mutations, deletions or amplifications, 
and expression differences could potentially determine sensitivity to onebinib 
instead of mutations in TP53. Conversely, if we used an isogenic cell line model, 
there would be no guarantee a small molecule would have been discovered 
with synthetic lethal properties in a TP53 mutant background. Isogenic cell line 
screening efforts have yielded different targets than the targets that the screen 
was designed to target61.

The selectivity and specificity of onebinib across 20 tested cancer cell lines are 
remarkable for a small molecule out of a screening library. The low EC50 values are 
comparable to clinical targeted therapies such as erlotinib, and crizotinib. Erlotinib 
and crizotinib are two targeted therapies were developed against constitutively 
activated mutant EGFR and translocated ALK, respectively62,63. However, the 
separation between sensitive and non-sensitive cell lines in cell lines treated up to 
300 μm of onebinib is much larger compared to the targeted therapies listed earlier. 
Small molecule kinase inhibitors, which make up the majority of novel targeted anti-
cancer agents, show off- or on-target toxicities due to strong similarity in the ATP-
binding site of catalytic kinase domains64. Where the difference in EC50 in cell lines 
treated with an extended range onebinib is more than 10,000-fold, targeted therapies 
usually show a separation of EC50 of roughly 100-500-fold. This observation could 
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suggest that onebinib derivatives could be suitable clinical agents.
Historically, phenotypic screening was the mainstay of cancer drug discovery. 

Many general cytotoxic agents that are used in the clinic as chemotherapy have 
been discovered this way. Most of these small molecules were natural products, 
mainly because of lack of the ability to synthesize structural diversity libraries. 
One major limitation of general cytotoxic agents is their small therapeutic window, 
where treatment side effects are severely limiting the maximal effect on cancer 
regression. Despite the severe side effects, chemotherapy remains an important 
pillar of cancer treatment. With the advent of next-generation sequencing and the 
publication of the human genome project, understanding of cancer biology has 
greatly increased. With increased knowledge on cancer biology, so called ‘driver-
mutations’ in oncogenes were found to be recurrent in certain tumor types and led 
to the development of the first targeted therapies such as imatinib targeting the 
BCR-ABL translocation in chronic myeloid leukemia, and trastuzumab for HER2/
NEU positive breast cancer. These proofs of principle have shifted the paradigm 
of drug discovery to a target-driven approach rather than phenotypic screening. 
Many targeted therapies have since been approved and show efficacy in extending 
median survival in patients. Here we show, however, that phenotypic screening 
can yield interesting small molecules with great potency and selectivity as well. 
Target identification and mechanism-of-action efforts on the other hand are more 
challenging and their outcome uncertain. With our results, we sense that future 
cancer drug discovery could benefit from a dual approach where both target-driven 
projects and phenotypic screening complement each other.

Here, we describe the discovery of a remarkable potent and selective small 
molecule in a phenotypic screen to identify small molecules that are synthetic 
lethal in a TP53 mutant background. In a panel of 20 cell lines, onebinib selectively 
induces apoptosis in 20% of cell lines. No obvious cellular feature, such as lineage, 
driver mutation or other genomic somatic event correlates with sensitivity. 
Identifying the molecular target of onebinib and elucidating its mechanism-
of-action will determine whether the onebinib class of compounds is suitable 
therapeutic agents for the treatment of cancer. By applying various target-
identification approaches such as compound analogue affinity purification, and 
genomic analysis of large numbers of sensitive and non-sensitive cell lines, the 
target of onebinib can be identified. Also, identifying small molecules that are able 
to rescue or prevent cytotoxicity induced by onebinib can elucidate the mechanism-
of-action through which onebinib exerts its phenotype. These future studies have 
identified phosphodiesterase 3A as the putative target of onebinib and provided 
insights into the mechanism-of-action of onebinib. As part of this thesis, the next 
chapters will address experimental approaches and results of these studies.
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MATERIALS & METHODS

p21 induction in A549 and HeLa cell lines
A549 and HeLa cells were maintained in RPMI and DMEM, respectively, 

supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. All cell lines 
were acquired from ATCC, unless otherwise specified. Cell lines were treated 
with 10 μM of SN-38 (Sigma #H0165) for 24 hours and subsequently washed 
with ice-cold PBS before lysed with NP-40 lysis buffer (150 mM NaCl, 10% 
glycerol, 50 mM Tris-Cl pH 8.0, 50 mM MgCl 1% NP-40) supplemented with 
EDTA-free protease inhibitors (Roche) and phosphatase inhibitor mixtures 
I and II (Calbiochem). Cell lysates were incubated on ice for at least 2 min 
and centrifuged for 10 min at 4 °C at 15,700 × g, after which the supernatant 
was quantified using BCA protein assay kit (Pierce). 40 μg of total cell lysate 
was reduced, denatured, and separated using Tris-Glycine gels (Novex) and 
transferred to nitrocellulose membranes using the iBlot transfer system (Novex). 
Membranes were incubated overnight at 4 °C with primary antibodies against 
p21 (1:1,000, Cell Signaling #2946), p53 (1:1,000 Cell Signaling #9282), and actin 
(1:20,000, Cell Signaling #3700). Incubation with secondary antibodies (1:20,000, 
LI-COR Biosciences) for two hours at room temperature and subsequent 
detection (Odyssey Imaging System, LI-COR Biosciences) were performed 
according to manufacturer’s recommendations. 
 
Compound library screen optimization using NCI-H1734 and A549 cell lines

Indicated number of NCI- H1734 or A549 cells were plated in a 384-well plate 
in 40 μl of RPMI supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 
After 72 hours, 384-well plates were removed from the incubator and allowed to 
cool to room temperature for 20 min. Cell viability was assessed by adding 40 μl 
of a 25% CellTiter-Glo (Promega) in PBS with a Thermo Combi or multichannel 
pipette and incubated for 10 min. The luminescence signal was read using a 
Perkin-Elmer EnVision. 1,500 NCI- H1734 or 1,000 A549 cells were plated in a 
384-well in 40 μl of corresponding growth media supplemented with 10% Fetal 
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Bovine Serum. 24 hours after plating, DMSO (Sigma #D8418) and staurosporine 
(Sigma #S5921) were added at indicated concentrations and incubated for 48 
hours. Cell viability was assessed as described above. Viability percentage was 
calculated by normalizing to DMSO controls. 
 
Compound library screening in NCI-H1734 and A549 cell lines. 

1,500 NCI- H1734 or 1,000 A549 cells were plated in a 384-well plate in 40 
μl of RPMI supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 
24 h after plating, a compound-library of 1,924 small molecules was added 
at a concentration of 10 μM. Staurosporine was used a positive control for 
cytotoxicity at a concentration of 10 μM, and DMSO was used a negative control 
at a concentration of 1%. All compounds were incubated for 48 h with the 
indicated small molecules. After 48 h, 384-well plates were removed from the 
incubator and allowed to cool to room temperature for 20 min. Cell viability was 
assessed by adding 40 μl of a 25% CellTiter-Glo (Promega) in PBS with a Thermo 
Combi or multichannel pipette and incubated for 10 min. The luminescence 
signal was read using a Perkin-Elmer EnVision. Viability percentage was 
calculated by normalizing to DMSO controls. Reproducibility of duplicate 
compounds was determined using the Bland-Altman test with 95% confidence 
interval for reproducibility57.  
 
Compound sensitivity testing in cell lines

Cell lines were plated in a 384-well plate in 40 μl of corresponding growth 
media supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 24 hours 
after plating, indicated compounds were added at indicated concentrations and 
incubated for 48 hours. Onebinib was obtained from Enamine (#T0503-7331). Cell 
viability was assessed as described in Compound library screening in NCI-H1734 
and A549 cell lines. 
 
Caspase activity in HeLa cells

1,000 HeLa cells were plated in 384-well plate in 40 μl of corresponding 
growth media supplemented with 10% Fetal Bovine Serum. 24 hours after 
plating, indicated compounds were added at indicated concentrations and 
incubated for 48 hours. Caspase-Glo from Promega was added according to 
the manufacturer’s recommendations and luminescence was determined as 
described in Compound library screening in NCI-H1734 and A549 cell lines. 
 
PARP-cleavage immunoblotting

HeLa cells were treated with indicated concentration of ONEBINIB and 
staurosporine for 36 hours. HeLa cells were lysed and processed as described 
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in p21 induction in A549 and HeLa cell lines. Membranes were incubated with an 
antibody against PARP (1:1,000, Cell Signaling #9532) and actin (1:20,000, Cell 
Signaling #3700) and subsequently imaged as described in p21 induction in A549 
and HeLa cell lines.
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ABSTRACT

In chapter 2, we had identified a small molecule with remarkable cytotoxic 
characteristics. However, the mechanism-of-action of onebinib appears to 
be different than the phenotypic screen was designed to detect, a synthetic 
lethal interaction with mutations in TP53. We attempted two approaches to 
identify the molecular target of onebinib. First, we tethered onebinib to solid 
chromatography material in an attempt to identify proteins that had affinity for 
these linker compounds. Unfortunately, no linker compounds retained activity 
and specificity in cell lines that were sensitive to onebinib. As an alternative 
approach we applied predictive chemogenomics, aided by cell line sensitivity 
data for onebinib in 766 genomically characterized cell lines. The strongest 
genomic correlation with onebinib sensitivity was identified as expression 
of phosphodiesterase 3A (PDE3A). We subsequently identified onebinib to 
selectively inhibit PDE3A in vitro, however, most other PDE3A inhibitors did not 
display the same cytotoxic phenotype as onebinib. Actually, expression of PDE3A 
was required for onebinib to induce cell death in sensitive cell lines. Moreover, 
it appears that ectopic expression of PDE3A has similar effects on cell viability 
in cell lines sensitive to onebinib. These data suggests that perhaps onebinib 
induces a hypermorphic or neomorphic effect through PDE3A.

 
INTRODUCTION

Previously, we have identified a small molecule, onebinib, in a phenotypic 
viability assay with remarkable potency and selectivity. Unfortunately, the 
rationale of phenotypic screen and the hypothesis that onebinib would target 
a synthetic lethal interaction in a mutant TP53 background was proven to 
be unlikely. Because we utilized a non-isogenic cell line model, many more 
genomic differences between the two cell lines were introduced in addition to the 
differential TP53 mutation status. Any of these genomic differences could predict 
and determine sensitivity to onebinib. 

Target identification of phenotypic small molecules can be a long and 
laborious process such as characterization of DMSO and the eventual 
development of HDAC inhibitors, as well the identification of cereblon (CRBN) 
as the target of thalidomide1,2. A suite of approaches one can be applied in the 
target discovery process, each of which approaches the identification process 
from a different angle. 
 
Small molecule affinity purification

The most direct approach to identify targets of a small molecule is to 



Target Identification of ONEBINIB

- 57 -

perform affinity purification with structural analogues that can be immobilized. 
This approach has been pioneered in an attempt to increase purification yields 
of bacterial enzymes3. Substrates for enzymes can be modified to analogues 
that are competitive inhibitors of the enzyme and no longer substrates3. This 
assay can be modified for other classes of molecules in addition to enzymatic 
substrates, such as co-factors, natural products, and synthetically synthesized 
compounds. Generally, large amounts of cell lysate are required and the degree 
of success depends on the affinity of the original small molecule, and the 
structural analogue to the target. Also, the abundance of the putative target is of 
importance4. 

Successful studies using this approach have been reported where HDAC1 
and retinoblastoma binding protein 4 (RBBP4), a histone-binding protein, were 
identified to bind to a structural analogue of trapoxin5. Also, target identification 
of a small molecule that induced neuronal differentiation was aided by linker-
analogues. Affinity purification, using both an active linker-analogue and an 
inactive linker-analogue as a control, revealed glycogen synthase kinase-3 beta 
(GSK3β) as selective binder of TWS119 (ref. 6). Competition and elution with 
the small molecule of interest has elucidated an unknown target of thalidomide, 
cereblon (CRBN)1. A drug that caused impaired vascularization in unborn 
children during the 1950-1960 period. Identification of this target has enabled 
detailed mechanism-of-action studies to understand its physiological effects and 
has led to novel treatments of multiple myeloma7,8. 
 
Genetic perturbation libraries and resistance studies

Other approaches for target discovery have a significant overlap with studies 
into the mechanism-of-action of small molecules. Even though these are two 
different research questions, insights into the mechanism-of-action of a small 
molecule can lead to identification of the putative target. Depending on which 
target is identified for a small molecule, the physiological processes in which the 
target is involved could provide pivotal insight into the mechanism-of-action. 
By utilizing genomic perturbation developed for loss-of-function assays, genetic 
variability created using yeast strains, shRNA libraries, and use of an open-
reading-frame (ORF) library. The latter was developed as a gain-of-function 
assay, where for instance, overexpression of certain proteins can lead to resistance 
to treatment with small molecules.

Yeast experimental models have been used to probe and study a wide variety 
of biological questions: detecting protein-protein or protein-DNA interaction 
using the yeast-two-hybrid system, and using viable yeast deletion mutants to 
screen for desired phenotypical changes. Generation of large libraries of deletion 
mutants in yeast coupled with screening of small molecules has unveiled novel 
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genes that are important for drug response9,10. Instead of generating deletion 
libraries, which can be laborious for there are over 6,000 S. cerevisae ORFs, 
randomly generated loss-of-function mutations and deletions followed by 
genetic characterization can yield similar results11.

To translate a loss-of-function approach to a mammalian cell line model, 
pooled shRNA libraries can be used to reduce protein expression in a genome-
wide, and unbiased fashion. As a proof of principle, topoisomerase 2A (TOPO2A) 
was validated in an RNAi screen to be required for etoposide to have an effect on 
cell viability12. Etoposide directly binds TOPO2A and prevent relaxation of DNA 
during replication, resulting in DNA breaks. Loss of the direct target of etoposide 
results in loss of its cytotoxic phenotype13. Similarly, using a pooled shRNA 
library, loss of expression of Fas receptor (FAS) was found to desensitize cell lines 
to its natural ligand, Fas ligand (FASLG)14. In addition to FAS, other apoptotic 
proteins were identified to be important in relaying the cytotoxic signal triggered 
by FASLG14. 

In addition to direct target identification, loss-of-function screens can 
elucidate the potential mechanism-of-action of a small molecule or aid in 
identifying the pathway responsible for its phenotype. Neurofibromin 1 (NF1) 
was identified in an shRNA screen to negatively regulate the mitogen activated 
protein kinase (MAPK) signaling pathway. Loss of NF1 was able to induce 
resistance to BRAF inhibition by a preclinical drug, PLX4720, in the sensitive 
A375 melanoma cell line15. This experiment was repeated using an orthogonal 
approach to reduce protein expression. By targeting a gene of choice, using an 
RNA-guided CRISPR (clustered regularly interspaced short palindrome repeats)–
associated with nuclease Cas9, loss-of-function mutations and deletions can be 
introduced. A genome-wide RNA-guide library reproduced the NF1 result, and 
was able to identify other genes that were able to introduce resistance to BRAF 
inhibition, such as neurofibromin 2, and protein-complex members TADA2B 
and TADA1 (ref. 16). Loss-of-function screens resulting in differential sensitivity 
can be useful in identifying novel regulators of the pathways that is inhibited. If 
the target of a small molecule is unknown, results from these experiments could 
indicate which pathway is perturbed by the compound.

Conversely, overexpression of ORF-libraries can be applied to determine 
which proteins are able to rescue the phenotype induced by a small molecule of 
interest. In addition to potentially identifying the putative target, overexpression 
of proteins up or downstream in the pathway of the putative target might 
also elicit resistance to your small molecule. For instance, BRAF inhibition by 
PLX4720 in a BRAF mutant driven melanoma cell line can be rescued by a related 
family member CRAF and other downstream or parallel pathway proteins able 
to re-establish ERK signaling17. By applying the same targeting mechanism for 
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CRISPR-CAS9, CRISPR can be associated with different proteins, which induces 
expression of endogenous gene loci18. Similarly as described earlier, in an attempt 
to validate and identify novel proteins that can give rise to resistance to BRAF 
inhibition by PLX4720, this endogenous overexpression system was used in A375 
cells treated with PLX4720 (ref. 18). Similar findings have been reported using 
other cell line models with different small molecules sensitivities19,20. 

Gene expression profiling of small molecules and genetic perturbations
An alternative approach is to characterize changes in gene expression in 

yeast or cell lines that display the desired phenotype. Gene expression profiling 
has been performed in yeast to identify secondary targets of FK506, also known 
as tacrolimus, in addition to its primary target calcineurin. By profiling yeast 
with a deleterious mutation in calcineurin, effects of FK506 on other targets 
were characterized by gene expression profiling21. As an extension on this work, 
by profiling gene expression changes of yeast deletion mutant libraries, gene 
expression changes in yeast harboring a deleterious mutation in Erg2p correlated 
with the gene expression after dyclonine. Dyclonine is used as an oral anesthetic, 
of which the mechanism-of-action was unknown. Homology studies suggest that 
the sigma receptor, responsible for regulating potassium conductance, could be 
the target of dyclonine22. 

With the publication of a database of expression signature changes after 
exposure to a wide variety of small molecules, gene expression signatures can 
be queried to identify compounds that have similar phenotypes and perhaps 
have an annotated target. For instance, estrogen agonists and antagonists can 
be identified based on their gene expression signature change in the MCF7 cell 
line, a breast cancer cell line23. Using this database of gene expression change 
signatures, celastrol was identified to increase leptin sensitivity in obese mice. 
Querying for small molecules that increase endoplasmic reticulum stability 
and function, which has been known to increase leptin sensitivity, celastrol 
was identified as one of the best correlating compounds. Unfortunately, the 
mechanism-of-action remains unknown to date24. Additionally, expression 
profiling after treatment with berberine, a traditionally used Chinese herbal 
medicine, lead to the discovery of α-tubulin as the putative target responsible for 
the anti-cancer properties of berberine25.  
 
Predictive chemogenomics

Another approach to help identify targets of small molecules identified in 
phenotypic screen is predictive chemogenomics to identify the cellular features 
associated with phenotypic observations. In the 1990s, Weinstein and colleagues 
demonstrated that the cytotoxic profile of a compound can be used to identify 
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cellular characteristics, such as gene-expression profiles and DNA copy number, 
that correlate with drug sensitivity26-28. Also, when cytotoxic profiles of different 
compounds are similar, the same target or pathway could be perturbed by 
that class of compounds26. By screening a panel of general cytotoxic agents in 
the NCI-60 collection, the multidrug resistance 1 gene (MDR-1) was identified 
to correlate strongly with resistance to a subset of the tested general cytotoxic 
agents29. Similarly, analysis of differential cytotoxicity across the NCI-60 revealed 
tubulin as molecular target of natural product halichondrin B30. Halichondrin B 
was of interest to the cancer research field because its potent cell cycle arrest and 
mitotic spindle inhibitory characteristics, and finally led to the development of 
eribulin31,32.

The ability to identify features of cancer cell lines that mediate or correlate 
with responses to small molecules has significantly improved in recent years 
with the advent of automated high-throughput chemosensitivity testing of 
large panels of cell lines coupled with comprehensive genomic and phenotypic 
characterization of the cell lines33-35. Phenotypic observations of small-molecule 
sensitivity can be linked to gene expression patterns or somatic genome 
alterations, as in the case of SLFN11 expression in cancer cell lines sensitive 
to irinotecan treatment, and an EWS-FLI1 rearrangement in cancer cell lines 
sensitive to PARP inhibitors, respectively33,35,36.

Here we attempt to characterize the target of onebinib, which was identified 
in a phenotypic screen to identify small molecules that display synthetic lethality 
in a mutant TP53 background. By applying a predictive genomics approach, we 
have identified phosphodiesterase 3A (PDE3A) as the putative target of onebinib. 
Cyclic nucleotide phosphodiesterases catalyze the hydrolysis of cyclic adenosine 
monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), and are 
important in many physiological processes37.  However, the mechanism of action 
appears to be independent of cyclic nucleotide hydrolysis by PDE3A.  
 
RESULTS

To identify the molecular target of onebinib responsible for the selective 
cytotoxic phenotype, we implemented biased and unbiased approaches. As 
is often the case for novel small molecules approved for cancer treatment, a 
particular compound inhibits a certain kinase.  This inhibition leads to selective 
cytotoxicity because of a dependency of this kinase activity in a subset of cancers, 
often driven by this respective constitutively activated kinase. To assess whether 
onebinib could act in such a manner, we tested if onebinib is a kinase inhibitor. 
Using the KinaseProfiler service from Millipore, we tested if onebinib was able 
to inhibit any of 234 kinases. This is a comprehensive subset of the hypothesized 
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human kinome of 518 protein kinases, and should elucidate whether onebinib 
is a protein kinase inhibitor38. Initially, we identified seven protein kinases 
were inhibited by onebinib at a concentration of 10 μM (500-1,000 times the 
EC50 of onebinib in cell lines). However, inhibition of these kinases by onebinib 
did not validate upon establishing a concentration at which 50% of the kinase 
activity is inhibited (IC50) (table 1). The observation that none of the 234 tested 
protein kinases were inhibited by onebinib at 10 μM, lead us to hypothesize 
that a putative target is probably not part of the human kinome.  These results 
suggest that onebinib is not inhibiting protein kinases at concentrations sufficient 
for inducing its cytotoxic phenotype. Moreover, continuing the search for the 
molecular target of onebinib using biased approaches might be laborious and 
costly.

As unbiased approach to identify the molecular target of onebinib is to 
immobilize onebinib to chromatography material such as protein agarose 
beads. The onebinib-immobilized reagent could in theory be used for affinity 
purifications to identify what proteins in a cell lysate bind to onebinib. Any 
protein that specifically binds to immobilized onebinib could be its putative 
target responsible for the cytotoxic phenotype. To explore whether we can 
utilize onebinib for immobilization, multiple linker-analogues of onebinib were 
synthesized to test whether these analogue-compounds retain their cytotoxic 
phenotype. Unfortunately, despite generating multiple linker-analogue 
compounds with different linker-positions and linker regions, we were unable 
retain the cytotoxic phenotype and specificity of the parental compound, 
onebinib (figure 1). Affinity purification using an active analogue of onebinib 
could have aided the target identification process greatly. These results, however, 
do not warrant using linker-analogues for future experiments.

Previously, we tested 19 cell lines for sensitivity to onebinib treatment and 
identified a total of four sensitive cell lines. This number of sensitive and non-
sensitive cell lines is insufficient to identify features that separate sensitive from 
non-sensitive cell lines, an approach called predictive genomics. However, we were 
fortunate that onebinib was included in a large-scale, high-throughput project 
that assesses sensitivity of cancer cell lines to variety of small molecules, both 
clinical and experimental. A total of 766 cancer cell lines were treated with onebinib 
and 420 other small-molecules, in a dose-response manner and their sensitivity 
assessed. Additionally, about 350 cancer cell lines were treated with a onebinib-
analogue, which does not have the nitro-group and has the (R)-configuration. 
To gain understanding of the screening conditions and its results, we plotted the 
sensitivity data of cancer cell lines that have been tested with both onebinib and 
its active analogue. Cell lines have been treated with both onebinib and its active 
analogue show very similar sensitivity to both compounds (figure 2).  
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FIGURE 1: Linker-analogue compounds do not retain the cytoxic phenotype of 
onebinib. HeLa cells were treated with indicated comppunds for 48 hours.
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FIGURE 2: Onebinib and onebinib-analogue have similar cytoxic profile across cancer 
cell lines. 350 cell lines were treated with onebinib and a nitro-less (R) configuration 
onebinib analogue. The area-under-the-curve (AUC) is a read-out anti-correlated with 
sensitivity.
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FIGURE 3: Area-under-the-curve calculation is primarily driven by absolute sensitivity. 
Sensitivity data from 755 cell lines treated with onebinib.

a) Scatterplot of the concentration at which half of the growth inhibitory achieved (EC50) 
against the absolute effect of onebinib of viability (Emax).

b) Scatterplot of the EC50 against the Emax of onebinib.

c) Scatterlot of the Emax against the AUC of onebinib.

d) Scatterplot of cell lines with an Emaxlower than 0.6 of EC50 against the AUC.
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This shows that the sensitivity data from this high-throughput project is robust 
and suggests that false positives are limited. Any false positive cell lines that 
show sensitivity to both compounds are most likely introduced during the 
analysis and processing of the sensitivity data.

To further interrogate the sensitivity data generated after cancer cell 
line treatment with onebinib, we sought to determine which parameters 
contributed to generating the measure for cell line sensitivity, the area under 
the curve (AUC). A total of three values were generated per cancer cell line 
after treatment with onebinib: 1) the EC50 concentration at which 50% of the 
maximal effect is achieved, 2) the Emax, the maximum effect on cytotoxicity by 
any given small molecule and 3) the AUC, which combines the EC50 and the 
Emax. We plotted the Emax against the EC50 to determine if there is a correlation 
between the magnitude of onebinib to reduce viability in cancer cell lines, 
and at which concentration onebinib achieves 50% of the maximal magnitude 
(figure 3a). This plot shows there is little to no correlation between the Emax and 
EC50. Subsequently, we plotted both the Emaxand EC50 against the AUC for each 
cancer cell line (figure 3a and 3b). These results clearly show that the AUC is 
driven by sensitivity of cancer cell lines to onebinib, the Emax, rather than at 
which concentration 50% of the maximal cytotoxicity is achieved. However, we 
observed a group of cancer cell lines that showed a large maximal reduction 
of viability (Emax < 0.6), but with an average AUC value (6 < AUC < 7). We 
plotted the EC50 of these cell lines against the AUC and observed that the AUC 
is driven by the EC50 when cancer cell lines show sensitivity to onebinib (figure 
3d). This data shows that the AUC is determined primarily by the magnitude of 
cytotoxicity induced by onebinib treatment. As a second parameter, cell lines that 
are sensitive to onebinib are separated using the concentration at which 50% of 
the maximum effect is achieved.

Cancer cell lines used in this study have previously been genomically 
characterized as part of the Cancer Cell Line Encyclopedia33. Cancer cell lines part 
of this encyclopedia have gene-expression data for almost 20.000 genes, DNA 
copy-number data and next-generation sequencing data to identify mutations 
in 1.500 genes that have been implicated in cancer biology. Genomic annotation 
of a large panel of cancer cell lines that have been treated with onebinib allows 
us to computationally analyze what cellular features distinguishes sensitive 
from non-sensitive cell lines. By applying AUC as a continuous parameter for 
cell line sensitivity, we performed single gene correlation analysis for each of the 
18.988 gene transcripts. Strikingly, we identified expression of PDE3A as the only 
strong outlier correlating with sensitivity to onebinib (figure 4a). Repeating this 
analysis using the sensitivity data for the onebinib analogue, we observed again 
that PDE3A expression was the single highest correlating gene with sensitivity. 
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The separation of PDE3A expression, however, was not as large compared to the 
parental compound because less cancer cell lines were tested with the onebinib 
analogue (figure 4b). Conversely, we wanted to test if sensitivity to other 
compounds tested in the 766 cancer cell lines correlated with PDE3A expression. 
Expression of PDE3A could be a marker of sensitivity to a wide variety of small 
molecules. When calculating compound sensitivity correlation scores with 
PDE3A expression, onebinib and its active analogue were the two outliers. This 
result shows that the cytotoxic phenotype of onebinib is specific to cell lines 
that have higher expression of PDE3A compared to non-sensitive cancer cell 
lines. The strong and selective correlation of PDE3A expression and sensitivity 
to onebinib could imply that PDE3A is the putative target of onebinib or could 
be used as a biomarker to identify additional sensitive cell lines, or by extension 
patient tumors.  

To address if PDE3A could be the molecular target, we sought to 
determine if onebinib was able to inhibit the enzymatic activity of PDE3A. 
We tested if onebinib was able to inhibit 19 different phosphodiesterases, 
representing multiple families within the phosphodiesterase superfamily. 
All phosphodiesterase activity is measured in vitro, using isolated catalytic 
domains and not full-length protein. Excitingly, we found that onebinib was 
able to all but specifically inhibit the enzymatic function of PDE3A and PDE3B 
at a concentration of 100 nM. Also, PDE10 family members were inhibited by 
onebinib, but not to the same degree. None of the other phosphodiesterases 
appeared to be inhibited by onebinib (table 2). These results, combined with the 
correlation between PDE3A expression and onebinib sensitivity, strongly suggest 
that PDE3A is the molecular target through which onebinib exerts its cytotoxic 
phenotype.

Luckily, PDE3A inhibition has been studied previously for its role in 
increasing cardiac output and platelet activation. Both of these processes have 
been shown to be cAMP regulated and inhibition of PDE3A leads to increased 
myocardia activity and impaired platelet activation39,40. Multiple PDE3 inhibitors 
have been approved in patients for these very indications. To test our hypothesis 
that PDE3A is the target through which onebinib acts in sensitive cell lines, we 
treated the sensitive HeLa cell line with a panel of PDE3 inhibitors. If enzymatic 
inhibition of PDE3A is indeed the mechanism-of-action of onebinib, other PDE3 
inhibitors should have the same cytotoxic phenotype on HeLa cells. Strangely, 
however, we observed that only some, but not all PDE3 inhibitors were able 
to phenocopy the effect on onebinib. Moreover, if we plot the reported IC50 
values for PDE3A inhibition against the EC50 values for their cytotoxic effect on 
HeLa cells, we observe that there is no correlation between PDE3A inhibition 
and cytotoxicity (figure 5a). To validate that both classes of PDE3 inhibitors are 
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FIGURE 4: Expression of phosphodiesterase 3A correlates with sesitivity to onebinib 
and the onebinib-analogue.

a) Correlation between onebinib sensitivity and expression of 18,988 genes in 
766 genomically characterized cell lines. Cell lines were treated for 72 hours with 
concentrations ranging from 66.4 µM – 2 nM in 2-fold step dilutions. The Z-score for 
Pearson correlation between PDE3A expression and sensitivity to onebinib is 8.5. 
b) Correlation between the onebinib analogue sensitivity and expression of 18,988 genes 
in 350 genomically characterized cell lines. The Z-score for Pearson correlation between 
PDE3A expression and sensitivity to onebinib is 4.5.
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FIGURE 5: cAMP hydrolysis mediated by PDE3A is not sufficient to induce
cytotoxicity in onebinib sensitive cell lines. 

a) Published PDE3 inhibitor IC 50 values and EC 50 values of HeLa treated with indicated 
compounds up to 10 μM for 48 hours 50-53 . Onebinib IC 50 concentration for PDE3A 
inhibition was determined at 350 nM. 
b) cAMP concentrations were measured 1 hour after treatment with indicated compounds 
and concentration in HeLa cells.
c) HeLa cells were treated with indicated compounds and concentrations for 48 hours.
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inhibiting the enzymatic function of PDE3A, we measured cAMP levels after 
treatment with forskolin. Forskolin activates adenylate cyclase, which in turn 
accelerates cAMP production. We did not observe any significant differences in 
cAMP concentrations in HeLa cell treated with onebinib or trequinsin, the golden 
standard for PDE3 inhibition (figure 5b). Neither did we observe a change in 
EC50 in HeLa cells co-treated with forskolin and onebinib (figure 5c). These 
results suggest that inhibition of PDE3A mediated hydrolysis of cAMP is not 
the mechanism of action through with onebinib acts. We hypothesize that there 
could be a more complex relationship between PDE3A and onebinib compared to 
non-cytotoxic PDE3 inhibitors. Another possibility is that PDE3A is not the target 
of onebinib and that expression of PDE3A might be just a biomarker.

An interesting observation studying the PDE3 inhibitors that do affect 
viability in HeLa cells, anagrelide and zardaverine, is their structurally similarity, 
especially zardaverine has remarkable similarities to onebinib (figure 6). The fact 
that structural similarity predicts cytotoxicity better than functional similarity, 
leads us to hypothesize that perhaps there is a different primary target of the 
class of cytotoxic PDE3 inhibitors. Another possibility is a second target in 
addition to PDE3A, which is exclusive to the cytotoxic PDE3 inhibitors class of 
compounds. To test the second hypothesis we performed a synergy experiment 
using onebinib and trequinsin in HeLa cells. If there is indeed a second target 
that is responsible for the cytotoxic phenotype, co-treatment with trequinsin 
should sensitize the HeLa cell line to onebinib treatment. Under these conditions, 
an excess of trequinsin should block binding of onebinib to PDE3A and allow 
it to bind its second target. To our surprise, however, we observed the opposite 
effect when treating HeLa cells with both onebinib and trequinsin. The presence 
of trequinsin actually prevented onebinib induced cytotoxicity in a dose-
dependent manner (figure 7a). To validate this unexpected phenotype, other 
non-cytotoxic PDE3 inhibitors were tested for their ability to prevent cytotoxicity 
induced by onebinib in the HeLa cell line. Just as trequinsin, all other non-
cytotoxic PDE3 inhibitors were able to prevent onebinib cytotoxicity (figure 7b). 
PDE3 inhibitors cilostamide, milrinone, cilostazol and levosimendan prevented 
cell death induced by onebinib, whereas non-PDE3 inhibitors papaverine, 
vardenafil and sildenafil were unable to do so. These results suggest that rather 
than having a second target, onebinib and other non-cytotoxic PDE3 inhibitors 
bind in a mutually exclusive manner to their molecular target, we presume to be 
PDE3A. 

As part of our earlier target identification effort, we synthesized linker-
analogues of onebinib for affinity-purification efforts to identify its putative 
target. Unfortunately, due to lack of specificity and sensitive, these reagents 
were deemed unsuitable for further experimental approaches. However, with 
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the rescue-phenotype of non-cytotoxic PDE3 inhibitors, we hypothesized that 
perhaps some onebinib linker-analogues possesses a similar rescue phenotype. 
These linker-analogues can then be utilized in affinity purification studies in the 
presence of both onebinib and a non-cytotoxic PDE3 inhibitor. Molecular targets 
binding to a linker-analogue, which are specifically blocked by both onebinib 
and a non-cytotoxic PDE3 inhibitor, would provide candidates for being the 
relevant molecular target of onebinib. First, we tested two linker-analogues for 
their ability to prevent cytotoxicity induced by onebinib. The placement position 
of the linker is on either end of the molecule to control for the possibility that 
the linker itself is able to prevent cytotoxicity. We found that only one linker 
rescued cytotoxicity induced by onebinib, whereas the other linker-analogue 
did not (figure 8a). The rescue phenotype of this linker suggests that it too binds 
the same molecular target as onebinib and other non-cytotoxic molecules. This 
linker-analogue of onebinib was then used for affinity purification in HeLa cells 
in presence of both enantiomers of onebinib, the inactive enantiomer (S-onebinib) 
and active enantiomer (R-onebinib), as well as trequinsin. In light of previous 
data, binding of PDE3A to the linker-analogue was assessed and how this 
binding changed in the presence of different small molecules. We found that 
PDE3A does bind to the linker-analogue and that this binding is impaired by (R)-
onebinib but not by the inactive enantiomer, (S)-onebinib. Trequinsin was able 
to abrogate the binding of PDE3A to the onebinib linker-analogue as well (figure 
8b). This experiment shows that PDE3A is bound in a mutually exclusive manner 
by onebinib and non-cytotoxic PDE3 inhibitors, as well as the onebinib linker-
analogue that also is able to rescue cytotoxicity induced by onebinib. Moreover, if 
PDE3A is the molecular target through which onebinib exerts its cytotoxic effect, 
these results offer an explanation for the rescue phenotype of non-cytotoxic PDE3 
inhibitors by simply displacing onebinib from PDE3A. 

To inquire if PDE3A is indeed the relevant molecular target of onebinib, 
we performed genetic perturbations targeting PDE3A and assess the effects on 
sensitivity to onebinib. PDE3A protein expression levels were reduced using 
RNA interference (RNAi) and an analogues approach using a CRISPR-associated 
CAS9 enzyme. The CRISPR-CAS9 enzyme is targeted to the PDE3A locus where 
it induces DNA-breaks that result in frameshift deletions and insertions leading 
to a loss of PDE3A expression. Using RNAi, we achieved a maximal reduction of 
PDE3A levels of roughly 70% between 24 and 96 hours after transfection. HeLa 
cells treated with onebinib during this time had a higher EC50 compared to the 
scrambled RNAi control. This result reiterates the rescue phenotype of non-
cytotoxic PDE3 inhibitors (figure 9a and 9b). By reducing the binding of onebinib 
to PDE3A, either by blocking PDE3A with small molecules or reducing PDE3A 
protein levels, HeLa cells become less sensitive to onebinib. Using an orthogonal 
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FIGURE 6: Structures of onebinib, siguazodan and levosimendan. 

a) Chemical structure of (R)-onebinib 

b) Chemical structure of siguazodan
c) Chemical structure of levosimendan
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FIGURE 7: Non-cytotoxic PDE3 inhibitors prevent apoptosis by onebinib. 

a) HeLa cells were treated with indicated concentrations of onebinib analogue,
TP30 and indicated concentrations of trequinins, a non-cytotoxic PDE3 inhibitor.
b) HeLa cells were treated with 30 nM onebinib, the EC 70 concentration, and indicated 
concentrations of indicated compounds.
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FIGURE 8: Onebinib and non-cytotoxic PDE3 inhibitors compete for the binding of 
PDE3A, resulting in the rescue of onebinib-induced cytotoxicity by non-cytotoxic PDE3 
inhibitors and some onebinib linker-analogues. 

a) HeLa cells were treated for 48 hours with indicated compounds. 
b) Affinity purification performed on 200 μg of HeLa cell lysate using a onebinib linker-
analogue tethered to a solid phase with the same rescue characteristic as non-lethal PDE3 
inhibitors. Indicated compounds were co-incubated with the linker- analogue. The affinity 
purified fraction was run on an SDS-PAGE gel and probed for PDE3A.
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FIGURE 9: PDE3A is not essential in sensitive cell lines but is required for relaying the 
cytotoxic signal of onebinib. 

a) HeLa cells were treated with scrambled control siRNA or a combination four different 
siRNAs targeting PDE3A. HeLa cells were treated with indicated concentrations of a 
onebinib analogue, TP5, for 48 hours.
 b) HeLa cells were treated with scrambled control siRNA or a combination four different 
siRNAs targeting PDE3A. Cells were lysed at indicated time-points and immunoblotted 
for PDE3A and Actin. 
c) HeLa cells were infected with indicated sgRNAs and CRISPR/CAS9 for two weeks and 
treated with indicated concentration of ONEBINIB for 48 hours. 
d) HeLa cells were infected with Cas9 and indicated guide RNAs (SG) against PDE3A 
Western blots were probed for PDE3A at indicated time points.
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FIGURE 10: Overexpression of onebinib in HeLa cells results in cytotoxicity, but is well 
tolerated in non-sensitive cell line A549. 

a) HeLa cells were infected with indicated plasmids and treated with indicated 
concentrations of onebinib for 48 hours. 
b) HeLa cells were infected with indicated plasmids and immunoblotted for PDE3A and 
Actin. 
a) A549 cells were infected with indicated plasmids and treated with indicated 
concentrations of onebinib for 48 hours. 
b) A549 cells were infected with indicated plasmids and immunoblotted for PDE3A and 
Actin.
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Kinase Activity in % 
with 10 µM 
onebinib

Abl(h) 87

ACK1(h) 94

ALK(h) 110

ALK4(h) 109

AMPKα1(h) 110

AMPKα2(h) 108

Arg(h) 89

ARK5(h) 85

ASK1(h) 101

Aurora-A(h) 93

Aurora-B(h) 118

Aurora-C(h) 122

Axl(h) 94

Blk(h) 110

Bmx(h) 96

BRK(h) 105

BrSK1(h) 131

BrSK2(h) 104

BTK(h) 127

c-RAF(h) 90

CaMKI(h) 89

CaMKIIβ(h) 96

CaMKIIγ(h) 119

CaMKIIδ(h) 104

CaMKIV(h) 102

CaMKIδ(h) 105

CDK1/cyclinB(h) 111

CDK2/cyclinA(h) 114

CDK2/cyclinE(h) 121

CDK3/cyclinE(h) 98

CDK5/p25(h) 113

CDK5/p35(h) 109

CDK6/cyclinD3(h) 90

CDK7/cyclinH/MAT1(h) 96

CDK9/cyclin T1(h) 105

Kinase Activity in % 
with 10 µM 
onebinib

CHK1(h) 104

CHK2(h) 101

CK1γ1(h) 107

CK1γ2(h) 107

CK1γ3(h) 101

CK1δ(h) 109

CK2(h) 96

CK2α2(h) 103

cKit(h) 90

CLK2(h) 96

CLK3(h) 85

CSK(h) 69

cSRC(h) 94

DAPK1(h) 105

DAPK2(h) 99

DCAMKL2(h) 102

DDR2(h) 100

DMPK(h) 91

DRAK1(h) 100

DYRK2(h) 100

eEF-2K(h) 95

EGFR(h) 102

EphA1(h) 112

EphA2(h) 97

EphA3(h) 100

EphA4(h) 85

EphA5(h) 94

EphA7(h) 91

EphA8(h) 115

EphB1(h) 97

EphB2(h) 99

EphB3(h) 102

EphB4(h) 100

ErbB4(h) 94

FAK(h) 96
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Fer(h) 119

Fes(h) 103

FGFR1(h) 90

FGFR2(h) 115

FGFR3(h) 93

FGFR4(h) 93

Fgr(h) 85

Flt1(h) 104

Flt3(h) 89

Flt4(h) 111

Fms(h) 114

Fyn(h) 110

GCK(h) 97

GRK5(h) 103

GRK6(h) 105

GRK7(h) 100

GSK3α(h) 89

GSK3β(h) 93

Haspin(h) 106

Hck(h) 87

Hck(h) activated 105

HIPK1(h) 132

HIPK2(h) 106

HIPK3(h) 40

IGF-1R(h) 86

IGF-1R(h), activated 102

IKKα(h) 109

IKKβ(h) 97

IR(h) 94

IR(h), activated 95

IRAK1(h) 89

IRAK4(h) 95

IRR(h) 97

Itk(h) 97

JAK2(h) 106

JAK3(h) 134

JNK1α1(h) 121

JNK2α2(h) 91

JNK3(h) 91

KDR(h) 99

Lck(h) 118

Lck(h) activated 104

LIMK1(h) 93

LKB1(h) 91

LOK(h) 92

Lyn(h) 114

MAPK1(h) 109

MAPK2(h) 100

MAPKAP-K2(h) 86

MAPKAP-K3(h) 100

MARK1(h) 102

MEK1(h) 126

MELK(h) 92

Mer(h) 97

Met(h) 84

MINK(h) 102

MKK6(h) 97

MKK7β(h) 102

MLCK(h) 90

MLK1(h) 100

Mnk2(h) 25 *

MRCKα(h) 78

MRCKβ(h) 101

MSK1(h) 83

MSK2(h) 82

MSSK1(h) 111

MST1(h) 101

MST2(h) 87

MST3(h) 0 *

mTOR(h) 110

mTOR/FKBP12(h) 110

MuSK(h) 85

NEK11(h) 114

NEK2(h) 91

NEK3(h) 90

NEK6(h) 93
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NEK7(h) 107

NLK(h) 105

p70S6K(h) 109

PAK2(h) 98

PAK4(h) 98

PAK5(h) 5 *

PAK6(h) 126

PAR-1Bα(h) 90

PASK(h) 98

PDGFRα(h) 91

PDGFRβ(h) 6 *

PDK1(h) 116

PEK(h) 110

PhKγ2(h) 107

Pim-1(h) 82

Pim-2(h) 108

Pim-3(h) 96

PKA(h) 100

PKBα(h) 81

PKBβ(h) 101

PKBγ(h) 91

PKCα(h) 21 *

PKCβI(h) 94

PKCβII(h) 101

PKCγ(h) 96

PKCδ(h) 85

PKCε(h) 95

PKCζ(h) 102

PKCη(h) 105

PKCθ(h) 98

PKCι(h) 108

PKCμ(h) 14 *

PKD2(h) 106

PKG1α(h) 83

PKG1β(h) 90

Plk1(h) 103

Plk3(h) 104

PRAK(h) 104

PRAK(h) 104

PRK2(h) 94

PrKX(h) 91

PTK5(h) 83

Pyk2(h) 97

Ret(h) 102

RIPK2(h) 91

ROCK-I(h) 109

ROCK-II(h) 99

Ron(h) 106

Ros(h) 106

Rse(h) 95

Rsk1(h) 101

Rsk2(h) 100

Rsk3(h) 98

Rsk4(h) 82

SAPK2a(h) 97

SAPK2b(h) 97

SAPK3(h) 104

SAPK4(h) 97

SGK(h) 100

SGK2(h) 104

SGK3(h) 114

SIK(h) 112

Snk(h) 106

SRPK1(h) 94

SRPK2(h) 100

STK33(h) 102

Syk(h) 69

TAK1(h) 107

TAO1(h) 115

TAO2(h) 95

TAO3(h) 95

TBK1(h) 104

Tec(h) activated 64

TGFBR1(h) 89

Tie2 (h) 24 *
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PRK2(h) 94

PrKX(h) 91

PTK5(h) 83

Pyk2(h) 97

Ret(h) 102

RIPK2(h) 91

ROCK-I(h) 109

ROCK-II(h) 99

Ron(h) 106

Ros(h) 106

Rse(h) 95

Rsk1(h) 101

Rsk2(h) 100

Rsk3(h) 98

Rsk4(h) 82

SAPK2a(h) 97

SAPK2b(h) 97

SAPK3(h) 104

SAPK4(h) 97

SGK(h) 100

SGK2(h) 104

SGK3(h) 114

SIK(h) 112

Snk(h) 106

SRPK1(h) 94

TABLE 1: Results on the Millipore KinaseProfiler experiment

Kinases marked with an asterisk did not validate upon retesting

SRPK2(h) 100

STK33(h) 102

Syk(h) 69

TAK1(h) 107

TAO1(h) 115

TAO2(h) 95

TAO3(h) 95

TBK1(h) 104

Tec(h) activated 64

TGFBR1(h) 89

Tie2 (h) 24 *

TLK2(h) 82

TrkA(h) 118

TrkB(h) 87

TSSK1(h) 96

TSSK2(h) 96

Txk(h) 84

ULK2(h) 97

ULK3(h) 101

VRK2(h) 95

WNK2(h) 104

WNK3(h) 105

Yes(h) 105

ZAP-70(h) 67

ZIPK(h) 100
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PDE % inh. #1 % inh. #2 inhibition

PDE1A1 3 7 5

PDE1B -5 0 -2

PDE1C 2 9 5

PDE2A 6 10 8

PDE3A 95 95 95

PDE3B 98 97 97

PDE4A1A 14 18 16

PDE4B1 21 20 21

PDE4C1 10 14 12

PDE4D3 14 16 15

PDE4D7 19 20 20

PDE5A1 16 16 16

PDE7A 24 20 22

PDE7B 5 11 8

PDE8A1 10 12 11

PDE9A2 0 5 2

PDE10A1 61 65 63

PDE10A2 67 70 68

PDE11A 14 18 16

TABLE 2: Inhibition of a panel of phosphodiesterases by 100 μM onebinib

Kinases marked with an asterisk did not validate upon retesting
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approach, PDE3A was targeted using the CRISPR-CAS9 system and PDE3A 
protein levels were reduced. Similarly to the RNAi experiment, HeLa CRISPR-
CAS9 infected cells were less sensitive to onebinib (figure 9c and 9d). However, 
we observed a more dramatic phenotype compared to the RNAi experiment 
with regards to the total rescue percentage at high onebinib concentrations. We 
hypothesize that this effect is due to a higher loss of PDE3A expression using 
CRISPR technology, compared to the reduction of PDE3A protein levels by 
RNAi. These results validate our hypothesis that PDE3A is the target of onebinib. 
Moreover, the fact that loss of the molecular target results in resistance strongly 
suggests that the mechanism-of-action of onebinib is not just through enzymatic 
inhibition of PDE3A. The observation that the presence of PDE3A is required for 
the cytotoxic phenotype of onebinib also suggests that its mechanism-of-action 
is likely a hyper- or neomorphic mechanism. If this is true, increasing the PDE3A 
expression in HeLa cells should increase their sensitivity to onebinib. However, 
we observed cytotoxicity in HeLa cells when ectopically expressing PDE3A in 
HeLa, independent of onebinib treatment. We probed for PDE3A expression in 
HeLa cells that survived selection after PDE3A ectopic expression and A549 to 
assess the increase of PDE3A expression. As expected, HeLa cells only marginally 
increased PDE3A expression when tolerating ectopic expression. HeLa cells with 
increased PDE3A expression did not become more sensitive to onebinib (figure 
10a and 10b). The A549 cell line was able to tolerate ectopic PDE3A expression, 
but did not acquire sensitivity to onebinib (figure 10c and 10d). These results 
suggest that cell lines sensitive to onebinib cannot tolerate high PDE3A protein 
levels. We hypothesize that the mechanism-of-action of onebinib on PDE3A 
is phenocopied by increasing PDE3A abundance, suggesting a hypermorphic 
mechanism-of-action of onebinib on PDE3A.

In summary, in an attempt to identify the molecular target of onebinib, 766 
cancer cell lines were tested for onebinib sensitivity. As a measure of sensitivity, 
the AUC was driven primarily by the maximum effect on cell viability of 
onebinib. Secondly, the concentration at which half of the maximum effect was 
achieved separated cell lines with similar sensitivity to onebinib. By applying a 
predictive chemogenomic approach we identified expression of PDE3A was a 
predictive feature of cancer cell lines sensitive to onebinib. Enzymatic inhibition 
of PDE3A mediated cAMP and cGMP hydrolysis was not sufficient to induce 
cytotoxicity in onebinib sensitive cell lines. Actually, loss of PDE3A resulted in 
resistance to onebinib treatment and conversely, overexpression phenocopied 
onebinib treatment. This data shows that predictive chemogenomics can be a 
useful application in a target-identification study. Moreover, the mechanism-
of-action of onebinib is likely hyper- or neomorphic in nature. Additional 
experiments are required to gain insights into the details of this mechanism 
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as little to nothing is known on other functions of PDE3A in addition to its 
hydrolysis of cyclic nucleotides. 
 
 
DISCUSSION

In this study, we have identified PDE3A as the putative target of a small 
molecule with exceptional sensitivity and sensitivity across a large group of 
cancer cell lines. By applying a predictive chemogenomics approach, PDE3A 
mRNA expression was identified as the top correlating genomic feature out 
of over 60,000 features. Interestingly, enzymatic inhibition of PDE3A alone is 
not sufficient to phenocopy the effects of onebinib on cancer cell lines. In fact, 
when simultaneously inhibiting PDE3A and treating cell lines with onebinib, 
the cytotoxic phenotype of onebinib is abolished. We were able to achieve the 
same effect on onebinib sensitivity by decreasing PDE3A protein levels by both 
siRNA and CRISPR/ CAS9 knockout. Conversely, overexpression of PDE3A in 
sensitive cell lines results in cytotoxicity, independently of onebinib treatment. 
Non-sensitive cell lines are able to tolerate high expression of PDE3A, but do not 
acquire onebinib sensitivity. 

Traditional target identification efforts, such as screening for kinase inhibition 
characteristics of onebinib and creating linker-affinity analogues of onebinib, did 
not yield the expected results. Because the majority of novel approved cancer 
therapies are small molecule kinase inhibitors41, screening a panel of kinases 
for inhibition by onebinib was an obvious experiment to perform. However, no 
kinase-inhibition was detected at a concentration 1,000-fold higher than the EC50 
in a cellular viability assay. On the other hand, lack of kinase-inhibition could 
reduce potential off-target side-effects if a onebinib-class of compounds would be 
developed into an anti-cancer therapeutic drug.

Screening of large panels of cancer cell lines to identify novel cancer 
therapeutics has been pursued for some time by the National Cancer Institute 
by screening a large collection of compounds against 60 cancer cell lines. 
Genomic characterization of these cell lines has been variable and incomplete 
until recently. Many interesting small molecules have been identified utilizing 
this collection of cancer cell lines, however, target identification efforts have 
mainly been performed through traditional biological experimental procedures. 
Recently, a number of reports have applied high-throughput screening 
approaches to assess sensitivity to small molecules over a larger panel of cancer 
cell lines. Simultaneously, comprehensive genomic characterization of the 
cancer cell lines used in this study allows for application of genomic correlation 
studies for biomarker purposes, for instance33-35. By screening 766 cancer cell 
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lines for sensitivity to onebinib, we were able to calculate correlation scores for 
approximately 60,000 cellular features, such as gene expression and somatic 
mutations. Across all genomic features, expression of PDE3A was the most 
significant correlating feature with onebinib sensitivity. Identification of PDE3A 
expression would likely not have been identified using the NCI-60 collection, 
given the sensitivity rate of approximately 3%. This study demonstrates the 
power of small molecule screening across large collections of genomically 
characterized cancer lines for biomarker and perhaps target identification 
purposes. 

Phosphodiesterase 3A belongs together with phosphodiesterase 3B to the 
PDE3 family, which in turn is part of the phosphodiesterase superfamily. The 
phosphodiesterase family is characterized by its ability to hydrolyze cyclic 
adenosine monophosphate (cAMP) and cyclic guanine monophosphate (cGMP). 
PDE3A is known to hydrolyze both cAMP and cGMP to produce their non-cyclic 
forms AMP and GMP. cAMP is considered an important second messenger in a 
myriad of physiological processes with protein kinase A (PKA) its best studied 
downstream effector. PDE3A expression is most prevalent in the cardiovascular 
system, mainly in the heart and aorta and blood platelets. Drugs inhibiting 
cAMP and cGMP hydrolysis by PDE3A are prescribed for indications such as 
intermittent claudication and chronic heart failure. Interestingly, drugs such 
as levosimendan, milrinone, and cilostazol do not have the same cytotoxic 
phenotype in cancer cell lines that are sensitive to onebinib, despite inhibiting the 
same enzymatic target, PDE3A. Moreover, perturbing the cAMP pathway does 
not appear to affect cell viability. This suggests that nucleotide that inhibition 
of cyclic nucleotide hydrolysis is not sufficient to induce cell death in onebinib-
sensitive cell lines.

Many PDE3 inhibitors act as competitive inhibitors, occupying the catalytic 
cAMP and cGMP binding site42,43. In addition, zardaverine has been co-crystalized 
in a complex with PDE4D, where it occupies the cAMP-binding site, and is 
predicted to bind PDE3B in a similar manner44. Given the structural similarity of 
onebinib to zardaverine, the binding mode of onebinib may be similar.  However, 
allosteric modulation of phosphodiesterases has been described previously for 
PDE4, where small molecules bind the active site and simultaneously interact with 
nearby regulatory domains.  As a result, allosteric modulators stabilize a protein 
conformation that has been shown to differentially bind different PDE4 partner 
proteins45.

Interestingly, other PDE3 inhibitors such as zardaverine, anagrelide, and 
quazinone have been reported previously to have cell cytotoxic characteristics 
in a select number of cancer cell lines46,47, with anagrelide uniquely inhibiting 
megakaryocyte differentiation, resulting in apoptosis.  However, other PDE3 
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inhibitors tested did not have this activity48,49. We hypothesize that the reported 
effects of zardaverine on cell viability and anagrelide on megakaryocyte 
differentiation are mediated through modulation of PDE3A function in a manner 
similar to what we describe in this study.

The observation that PDE3A is required for onebinib to exert its cytotoxic 
phenotype, and that onebinib-induced cytotoxicity can be prevented by non-
cytotoxic PDE3 inhibitors, was surprising. Moreover, loss of PDE3A does not affect 
cell morphology or proliferation rates. These results are supported by negative 
results when perturbing the cAMP pathway in cell lines sensitive to onebinib. 
Conversely, ectopic expression of PDE3A in a sensitive cell line resulted cell death 
as well. To be able to state that ectopic expression of PDE3A has the same effect 
on onebinib sensitive cell lines, additional sensitive and non-sensitive cell lines 
would have to be tested. Perhaps even, a cell line that is not sensitive to onebinib 
might become sensitive upon expression of PDE3A. This could suggest that 
onebinib does not simply inhibit cyclic nucleotide mediated hydrolysis in order to 
induce apoptosis in sensitive cell lines. Instead, the ability of onebinib to induce 
apoptosis is determined by the availability of onebinib to bind PDE3A. Perhaps the 
mechanism of action of onebinib resembles more a neo- or hypermorphic function 
on PDE3A in addition to enzymatic inhibition of PDE3A.

Here, we have uncovered a previously unknown role for PDE3A in cancer 
maintenance, in which its function can be modified by a subset of PDE3 inhibitors, 
resulting in toxicity to cancer cell lines expressing elevated levels of PDE3A. 
Our data suggest that onebinib modulates PDE3A activity, leading to apoptosis 
in sensitive cell lines.  Our observations are comparable with other reports of 
allosteric modulation of phosphodiesterases45, suggesting that onebinib may 
have similar effects on PDE3A. Further study is required to elucidate the exact 
mechanism of cell-selective cytotoxicity induced by modulation of PDE3A.
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MATERIALS & METHODS 

Compound sensitivity testing in cell lines
Cell lines were plated in a 384-well plate in 40 μl of corresponding growth 

media supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 24 hours 
after plating, indicated compounds were added at indicated concentrations and 
incubated for 48 hours. Cell viability was assessed by adding 40 μl of a 25% 
CellTiter-Glo (Promega) in PBS with a Thermo Combi or multichannel pipette 
and incubated for 10 min. The luminescence signal was read using a Perkin-
Elmer EnVision. Viability percentage was calculated by normalizing to DMSO 
controls.

Compounds belonging to the TP-series have been synthesized and tested 
for activity in cell lines as described earlier54. Compounds were obtained from 
the following sources: trequinsin (Tocris, #2337), cilostamide (Tocris, #0915), 
milrinone (Tocris, #1504), cilostazol (Tocris, #1692), levosimendan (Sigma, 
#L5545), papaverine (Sigma, #CDS021481), vardenafil (Sigma, #V-902), sildenafil 
(Tocris, #3784), forskolin (Cell Signaling, #3828). 
 
Large-scale cell-line viability measurements 

We measured the sensitivity of 777 cancer cell lines (CCLs) drawn from 23 
different lineages to ONEBINIB. Cancer cell lines are part of the Cancer Cell 
Line Encyclopedia and have their identities confirmed through SNP arrays and 
somatic DNA alterations. Each cell line was plated in its preferred media in white 
opaque 1,536-plates at a density of 500 cells/well. After incubating overnight, 
ONEBINIB was added by acoustic transfer at 16 concentrations ranging from 
66.4 μM to 2 nM in two-fold steps in duplicate (Labcyte Echo 555, Labcyte Inc., 
Sunnyvale, CA). After 72 hours treatment, cellular ATP levels were measured 
as a surrogate for viability (CellTiterGlo, Promega Corporation, Madison, WI) 
according to manufacturer’s protocols using a ViewLux Microplate Imager 
(PerkinElmer, Waltham, MA) and normalized to background (media-only) and 
vehicle (DMSO)-treated control wells. 

Concentration-response curves were fit using nonlinear fits to 2- or 
3-parameter sigmoid functions through all 16 concentrations with the low- 
concentration asymptote set to the DMSO-normalized value, and an optimal 
8-point dose curve spanning the range of compound sensitivity was identified. 
The area under the 8-point dose curve (AUC) was computed by numeric 
integration as a metric for sensitivity for further analysis. Similar sensitivity 
measurements have been obtained for a collection of 480 other compounds, 
enabling analyses that identify cell lines responding uniquely to ONEBINIB (see 
http://www.broadinstitute.org/ctrp for complete list of compounds)55.  
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Correlation of sensitivity measurements with basal gene expression
Gene-centric robust multichip average (RMA)-normalized basal mRNA 

gene expression data measured on the Affymetrix GeneChip Human Genome 
U133 Plus 2.0 Array were downloaded from the Cancer Cell Line Encyclopedia 
(http://www. broadinstitute.org/ccle). Pearson correlation coefficients were 
calculated between gene expression (18,988 transcripts) and AUCs across 760 
overlapping CCLs. For comparisons across small molecules exposed to differing 
numbers of CCLs, correlation coefficients were transformed using Fisher’s 
transformation55. 
 
Measuring cellular cAMP concentrations in HeLa cells

5,000 HeLa cells were plated in 96-well plates. 24 h after plating, HeLa 
cells were incubated for one hour with indicated compounds at indicated 
concentrations. cAMP levels were determined with the cAMP-Glo assay 
(Promega) according to the manufacturer’s recommendations. Cellular 
concentrations of cAMP were determined by normalizing to a standard curve 
generated according to the manufacturer’s recommendations.  
 
Linker-affinity purification of molecular target of onebinib and immuno-
blotting

HeLa cells were washed with ice-cold PBS before being lysed with  NP-
40 lysis buffer (150 mM NaCl, 10% glycerol, 50 mM Tris-Cl pH 8.0, 50 mM  
MgCl 1% NP-40) supplemented with EDTA-free protease inhibitors (Roche) 
2,  and phosphatase inhibitor mixtures I and II (Calbiochem). Cell lysates were 
incubated on ice for at least 2 min and subsequently centrifuged for 10 min at 
4°C at 15,700 × g, after which the supernatant was quantified using BCA protein 
assay kit (Pierce). 200 μg total HeLa cell lysate was incubated with 3 μl Affi-Gel 
102 resin (Bio-Rad) coupled to affinity linker TPL2X in a total volume of 400 μl 
for four hours. Prior to incubation, indicated compounds were added to affinity 
purifications at a final concentration of 10 μM. Samples were washed three 
times with lysis buffer containing corresponding compound concentrations 
of 10 μM. Proteins bound to Affi-Gel 102 resin were reduced, denatured, and 
separated using Tris-Glycine gels (Novex) and transferred to nitrocellulose 
membranes using the iBlot transfer system (Novex). Membranes were incubated 
overnight at 4°C with primary antibodies against PDE3A (1:1,000, Bethyl #A302-
740). Incubation with secondary antibodies (1:20,000, LI-COR Biosciences) for 
two hours at room temperature and subsequent detection (Odyssey Imaging 
System, LI-COR Biosciences) were performed according to manufacturer’s 
recommendations.  
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Reduction of PDE3A expression using siRNA 
HeLa cells were plated in 96-well plates and transfected after 24 hours 

with PDE3A and Non-Targeting siRNA smart- pools (On Target Plus, Thermo 
Scientific) according to the manufacturer’s recommendations. HeLa cell lysate 
was obtained 24 hours and 72 hours after transfection and immunoblotted 
for PDE3A and Actin (1:20,000, Cell Signaling) as described in Linker-affinity 
purification of molecular target of onebinib and immunoblotting. HeLa cells were 
treated for 48 hours with indicated compounds at indicated. Cell viability was 
assessed as described in Compound library screening in NCI-H1734 and A549 cell 
lines in chapter 2.  
 
Targeting PDE3A locus using CRISPR

CRISPR target sites were identified using the MIT CRISPR Design Tool 
(http://crispr.mit.edu). For cloning of sgRNAs, forward and reverse oligos were 
annealed, phosphorylated and ligated into BsmBI-digested pXPR_BRD001. Oligo 
sequences are described previously56. To produce lentivirus, 293T cells were co-
transfected with pXPR_BRD001, psPAX2 and pMD2.G using calcium phosphate. 
Infected HeLa cells were selected with 2 μg/ml of puromycin.  
 
Retroviral Transduction

Wild-type PDE3A cDNA was cloned into pDONR223 and mutagenized using 
the QuikChange Lightning Mutagenesis Kit (Stratagene) or by recombination 
of PCR products57. All constructs were fully sequenced and recombined into 
a Gateway-adapted (Invitrogen) pBabe puro. HeLa and A549 cells were 
infected with pCLAmpho viruses and 4 μg/mL polybrene (hexadimethrine 
bromide,Sigma) and selected with 2 μg/mL puromycin (Sigma) 48 hours after 
infection. Surviving cells were lysed and blotted for PDE3A and Actin (1:20,000, 
Cell Signaling) as described in Linker-affinity purification of molecular target of 
onebinib and immunoblotting. 
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ABSTRACT

In previous chapter we have identified onebinib as a cell selective cytotoxic 
agent and as its target, we identified PDE3A as an effector molecule of the 
cytotoxic phenotype of onebinib. However, the mechanism-of-action or the 
signaling pathway through which onebinib and PDE3A act remained elusive. 
In this chapter, we attempted to gain insight into signaling cascade of onebinib 
and its effect on PDE3A. Using multiple approaches such as a compound rescue 
screen, selection of resistant cell lines, gene expression profiling of onebinib 
sensitive cell lines we probed underlying biology relevant to the phenotype of 
onebinib. Unfortunately, none of these approached provided robust clues as to 
what signaling cascade is important for the hypermorphic effect of onebinib on 
PDE3A. Finally, we probed how the protein complex in which PDE3A resides 
changes when onebinib binds to PDE3A. Interestingly, we observed that two 
proteins, SIRT7 and SLFN12, were selectively recruited by the interaction of 
onebinib with PDE3A. Other PDE3A inhibitors such as trequinsin, did not induce 
these protein-protein interactions. Moreover, SLFN12 expression was found to be 
amongst the top correlates with PDE3A expression as identified in Chapter two. 
Similarly to loss of PDE3A, loss of  SLFN1 also induces resistance to onebinib, 
suggesting a key function in relaying the cytotoxic signal induced by onebinib. 

INTRODUCTION

Earlier, we have identified phosphodiesterase 3A as the putative target 
of selective cytotoxic small molecule onebinib. Expression of PDE3A was the 
strongest correlating genomic feature to onebinib sensitivity across 766 cancer 
cell lines. Interestingly, PDE3A is not required for cell viability in onebinib-
sensitive cell lines, but is actually required for cytotoxicity. PDE3A, together with 
phosphodiesterase 3B (PDE3B), make up the PDE3 family, one of 11 families of 
phosphodiesterases1. The phosphodiesterase superfamily is made up of enzymes 
that break phosphodiester bonds, turning cyclic-nucleotides into non-cyclic-
nucleotides. The two cyclic-nucleotides are substrates for phosphodiesterases, 
cyclic adenosine monophosphate (cAMP) and cyclic guanine monophosphate 
(cGMP)2. PDE families 1, 2, 3, 10 and 11 are able to hydrolyze both cAMP and 
cGMP, whereas PDE families 4, 7, and 8 hydrolyze only cAMP. Conversely, PDE 
families 5, 6, and 9 only hydrolyze cGMP2. Catalytic domains that bind and 
hydrolyze cyclic-nucleotides usually comprise roughly 270 amino acids. PDE3 
family members however, are unique in that they possess a 44 amino acid insert 
in their catalytic domain3. 
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The catalytic domains of PDE3A and PDE3B are 85% similar in amino 
acid sequence. Up- and downstream of the catalytic domain little similarity 
is observed between PDE3A and PDE3B4. PDE3B expression is higher in 
adipocytes, hepatocytes, and pancreatic β-cells, whereas PDE3A expression 
is detected in myocardiocytes, blood platelets, vascular smooth muscle cells, 
and oocytes2.  Regulation of cyclic-nucleotide levels by PDE3A controls many 
physiological processes and loss of PDE3A in mice results in increased heart 
rate5, decreased arterial blood and left ventricular pressure5, impaired smooth 
muscle cell proliferation6, and sterility in female mice7. 

PDE3A regulated cAMP concentrations plays an important role in regulating 
cardiomyocyte contractility by regulating protein kinase A (PKA) activity and 
intracellular Ca2+ concentrations through interacting with SERCA28,9. PKA is 
considered one of the main effectors of cAMP signaling and sequestered under 
normal conditions by its regulatory subunit, PkaR, forming a dual heterodimer of 
two catalytic subunits and two regulatory subunits. When cellular concentration 
of cAMP increases, both PkaR subunits bind two cAMP molecules and release 
the two catalytic subunits10. When PkaR no longer binds the catalytic subunits, 
they automatically become active. Activation of PKA by increased cAMP levels 
in oocytes regulates maturation through regulating polo-like kinase 1 (ref. 11). In 
blood platelets, protein kinase C (PKC) activity regulates PDE3A activity. Upon 
platelet activation, PKC phosphorylates multiple N-terminal serine residues 
that increase PDE3A activity12. Elevated cAMP control Ca2+ concentrations and 
depletion of cAMP levels upon platelet activation results in increase in Ca2+ levels 
and subsequent platelet degranulation13.

Three different isoforms of PDE3A identified that are generated from a single 
transcript with different translation start sites14,15. The longest PDE3A isoform, 
PDE3A1 contains a transmembrane domain and is the only transmembrane 
PDE3A isoform. PDE3A1 has reportedly only been observed in cardiomyocyte 
plasmamembranes1. PDE3A2 lacks this transmembrane domain but does contain 
a second hydrophobic region that facilitates membrane association16. PDE3A3 
lacks the second hydrophobic region as well and therefore has a cytosolic 
localization. Structural differences in addition to membrane association domains 
allow for differential regulation by presence of different phosphorylation 
sites between isoforms16. PDE3A phosphorylation by PKA, PKB, and PKC 
results in increased hydrolysis activity and subsequent reduction in cAMP 
concentration12,17,18. All three isoforms however, have similar basal affinity and 
catalytic activity on their substrates19.

Various protein-interaction partners of PDE3A have been identified and 
are regulated by different phosphorylation events. Treatment of HeLa cells 
with Phorbol-12-Myristate-13-Acetate (PMA), a PKC activator, promotes the 
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interaction of PDE3A with 14-3-3 containing proteins20. This interaction is 
facilitated by phosphorylation of serine residue 428 by PKC, a residue not present 
in PDE3A316. In the same experiment, plectin was also identified as an interaction 
partner of PDE3A, however, the binding of plectin was independent of 
phosphorylation events20. In myocardiocytes, PDE3A has been found to localize 
in the SERCA2 protein-complex and bind to AKAP18, PKA regulatory subunits, 
PP2A, and SERCA2. Not much is known how different phosphorylation 
events regulates the presence of PDE3A in this protein complex9,21. Large-scale 
interactome studies have nominated numerous potential interaction partners of 
PDE3A, amongst others PDE3B22. 

Because of the importance of PDE3A in regulating cardiomyocyte 
contractility, and vasodilation of vascular smooth muscle cells, it was considered 
an effective target for agents to treat indications like chronic heart failure. 
Milrinone and levosimendan are PDE3 inhibitors approved for treatment of 
acute chronic heart failure by increasing cardiac output and lowering arterial 
blood pressure. In addition to inhibiting PDE3, levosimendan is also found 
to bind troponin C and increase Ca2+ sensitivity, rather than increasing total 
Ca2+ concentrations, which is thought to increase contractility even more23. 
Unfortunately, treatment with PDE3 inhibitors for an extended period of 
time in this patient population has actually shown to increase mortality and 
has therefore only short-term benefits24. For inhibition of platelet activation, 
however, PDE3 inhibitors such as cilostazol have shown efficacy on long-term 
treatment of intermittent claudication, a symptom of peripheral arterial disease 
common in millions patients world-wide25. As described earlier, increased cAMP 
concentrations in blood platelets inhibits activation and subsequent coagulation, 
thereby inhibiting claudication symptoms.

Most PDE3 inhibitors tested in HeLa cells did not reduce viability, as 
opposed to onebinib. Actually, treatment of onebinib in combination with non-
cytotoxic PDE3 inhibitors prevented cytotoxicity. The only PDE3 inhibitors that 
phenocopied onebinib-induced cytotoxicity were anagrelide, and zardaverine. 
Anagrelide was initially developed as a PDE3 inhibitor for similar indication 
as cilostazol, but during clinical trials patients were observed to have declined 
blood platelet levels26,27. Studies into the mechanism-of-action of anagrelide have 
not identified the primary target through which megakaryocyte differentiation is 
inhibited, but the mechanism-of-action of anagrelide appears to be independent 
of PDE3A enzymatic inhibition28,29. In addition to anagrelide, zardaverine shared 
the same cytotoxic profile as onebinib. Zardaverine was developed as a dual 
PDE3 and PDE4 inhibitor for treatment of asthma as an inhaling agent. PDE3 
inhibition has been shown to have bronchodilatory characteristics, and enhanced 
immunomodulation by PDE4 inhibitors30,31. Unfortunately, zardaverine clinical 
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development was impaired because of its short half-life32. 
Each characterized PDE3 inhibitor has been shown to be a competitive 

inhibitor by displacing cAMP from the catalytic binding site and block cAMP 
hydrolysis33,34. Moreover, zardaverine has been co-crystalized with PDE4D and is 
suggested to bind PDE3A in a similar manner35. Structural similarity of onebinib 
and zardaverine suggests that the binding mode of onebinib could be similar. 
This is supported by the mutually exclusive binding mode of non-cytotoxic PDE3 
inhibitors and cytotoxic PDE3 inhibitors. Here, we applied different approaches 
such as gene-expression profiling, generating onebinib-resistant cell lines, and 
protein-interaction studies to identify the mechanism-of-action of onebinib on 
PDE3A.

RESULTS

The putative target of onebinib has been identified as PDE3A. However, data 
shows that enzymatic inhibition of PDE3A is not sufficient to induce apoptosis in 
cell lines sensitive to onebinib. Actually, most enzymatic inhibitors of PDE3A can 
prevent onebinib cytotoxicity, suggesting a different mechanism-of-action. 

In an attempt to identify other small molecules that could prevent 
cytotoxicity induced by onebinib, we performed a rescue screen with the 
Pharmakon 1600 collection. This library consists of FDA approved compounds, 
and tool compounds with annotated targets. HeLa cells were treated for 48 
hours with 30 nM of onebinib, corresponding to the EC70, and 20 μM of each 
compound in the Pharmakon 1600 collection. Not surprisingly, we identified the 
top three compounds able to prevent cell death induced by onebinib as PDE3 
inhibitors (figure 1a). This result validates earlier findings that PDE3 inhibitors 
prevent cytotoxicity by onebinib in an unbiased assay. In addition, two other 
phosphodiesterase inhibitors were found to prevent cytotoxicity. It must be noted 
that at compound concentrations this high, non-specific binding with PDE3A 
could occur. Also, nucleotide analogue clofarabine notably rescued cell death in 
this screen. Similarly to other PDE inhibitors, at high concentrations clofarabine 
could displace onebinib from PDE3A. Surprisingly, a group of glucocorticoid 
receptor agonists was able to increase viability to approximately 50%. 

We set out to validate a group of compounds identified in the Pharmakon 
1600 to prevent cytotoxicity induced by onebinib. In this panel, both compounds 
that did show increased viability and compounds that did not show any 
effect on viability were selected. We were able to validate clofarabine, various 
glucocorticoid receptor agonists, cefprozil, mannitol and securinine to increase 
viability in combination with onebinib (figure 1b). A subset was retested in 
a dose-response experiment in which cefprozil, mannitol, and securinine 
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FIGURE 1: Compound screen identifies compounds that rescue apoptosis induced by 
onebinib, in addition to non-cytotoxic PDE3 inhibitors.

 a) HeLa cells were treated with 1600 bioactive compounds at a concentration of 20 μM in 
combination with 30 nM (EC70) of onebinib for 48 hours. 
b) HeLa cells were treated with 10 μM of indicated compounds in combination with 30 
nM (EC70) of onebinib for 48 hours. The viability was calculated as a percentage of the 
untreated DMSO control. 
c) HeLa cells were treated with indicated compounds with indicated concentrations in 
combination with 30 nM (EC70) of onebinib for 48 hours.
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FIGURE 2: Onebinib sensitive cell lines can acquire resistance to onebinib while 
maintaining parental cell line characteristics. 

a) HeLa cells were grown in presence of onebinib over extended period of time. Persistent 
cells, HeLa R, were treated with indicated concentrations of onebinib for 48 hours. 
b) NCI-H2122 cells were grown in presence of onebinib over extended period of time. 
Persistent cells, NCI-H2122 R, were treated with indicated concentrations of onebinib for 
48 hours. 
c and d) Indicated cell numbers were plated in 384-well format from indicated cell lines 
and cultured for 72 hours. 
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prevented cytotoxicity at a concentration of 10 μM. Dexamethasone, however, 
was able to rescue onebinib cytotoxicity at lower concentrations (figure 1c). The 
structural difference between dexamethasone and onebinib makes it unlikely 
that the mechanism of reducing the effect of onebinib is due to displacement of 
onebinib from PDE3A. Unfortunately, due to the lack of magnitude of the rescue 
phenotype and the lack of pathway connection between other compounds that 
were able to prevent onebinib induced cytotoxicity, we did not pursue these 
findings any further.

As a different approach to identify the mechanism-of-action of onebinib, or 
to elucidate the pathway in which PDE3A is involved, we characterized cell lines 
that are resistant to onebinib. Resistance mutations have been shown to provide 
insight into possible affected pathways that can restore PDE3A modulation 
by onebinib. HeLa and NCI-H2122 were grown in the presence of increasing 
concentrations of onebinib until the cell lines were no longer responsive to 
onebinib (figure 2a and 2b). The resistant cell lines share the morphology 
from their parental cell lines and growth curves look similar between HeLa, 
NCI-H2122 and their resistant daughter cell lines (figure 2c and 2d). We 
performed whole exome sequencing to identify mutations that could mediate 
resistance to onebinib. Unfortunately, the number of mutations in both HeLa R 
and NCI-H2122 R compared to their sensitive parental cell lines far exceeded the 
expected number of mutations (table 1). No genes were found to be mutated in 
both resistant cell lines. The number of mutations in both cell lines made follow-
up studies not feasible to perform.

In addition to whole exome sequencing, we performed RNA-sequencing 
to quantify expression differences between resistant and sensitive cell lines. 
However, due to a small sample size of samples, many differentially expressed 
genes were identified. Interestingly, PDE3A expression was retained in resistant 
cell lines. We have previously shown that loss of PDE3A is not required for 
survival but does confer resistance to onebinib.

We used gene expression changes in a different experiment to identify 
signatures from other small molecule or genetic perturbations36. A 384-well plate 
was assembled with a combination of active and inactive analogues of onebinib 
in different concentrations. To validate the efficacy of this 384-well plate, HeLa 
and A549 cells were treated for 48 hours with this compound. Staurosporine was 
used as a positive control for apoptosis and reduced cell death in A549, whereas 
all other compounds did not affect cell viability as expected (figure 3a). HeLa 
cells on the other hand showed selective reduction of cell viability in a dose 
dependent manner (figure 3b). HeLa and A549 cells were treated for 8 hours 
with indicated compounds, and gene expression was quantified by measuring 
expression of 1,000 genes that predict 80% of total gene expression changes37,38. 
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Using unsupervised hierarchical pearson-clustering, three groups were identified 
in the HeLa cell line, consisting of two groups with only active onebinib 
analogues and one group of inactive analogues. Subsequently, differential marker 
selection was performed on the active compared to the non-cytotoxic onebinib-
analogues. This gene-expression signature was queried in a database with 
gene-expression signatures of small molecules, shRNA and ORF perturbations. 
Interestingly, a recurrent pathway that appears to be activated upon onebinib 
treatment is the NFκB-pathway (table 2). To test if onebinib indeed induces 
NFκB accumulation, we assessed NFκB-p65 levels in HeLa cells after onebinib 
treatment. As expected, tumor necrosis factor α (TNFα) caused a four-fold 
induction of NFκB-p65. After onebinib treatment, however, we did not observe 
an increase in NFκB-p65 protein levels (figure 4a). Also, ectopic expression of a 
dominant negative NFκB construct did not affect onebinib sensitivity in HeLa 
cells (figure 4b). These results suggest that the NFκB pathway is not directly 
activated by onebinib, and that perhaps a different transcriptional activator 
mediates the NFκB-signature.

We also observed that reduced expression by shRNA of two eukaryotic 
initiation factor 2 (eIF2) pathway members (table 2). This is interesting in light of 
a recent publication where anagrelide, one PDE3 inhibitor that does phenocopy 
onebinib, is suggested to inhibit megakaryocyte differentiation through eIF2α 
phosphorylation. Salubrinal, a protein phosphatase 1 (PP1) inhibitor had 
similar effects on megakaryocyte maturation as anagrelide39,40. To test whether 
eIF2 is functionally involved in onebinib-induced cytotoxicity, we tested if 
salubrinal and onebinib have a synergetic effect on cytotoxicity in HeLa cells. 
Two dose-response curves were tested in a matrix to create a synergy map of 14 
concentration of onebinib tested against 14 concentrations of salubrinal (figure 
5a). To determine if salubrinal potentiates the effect of onebinib, we performed 
an excess-over-bliss analysis41. Salubrinal was able to strengthen the effect 
in addition to its own effect on cell viability, which is indicated by a positive 
excess-over-bliss value of 0.25 (figure 5b). We repeated this experiment with a 
different PP1 inhibitor, guanabenz42. Strangely, guanabenz did not have the same 
synergistic effect on cell viability compared to salubrinal (figure 5c and 5d). In 
addition, phosphorylation of eIF2α was not altered after onebinib or salubrinal 
treatment (data not shown). This data suggests that perhaps eIF2-regulated 
transcription could be involved in the effect of onebinib on sensitive cell lines. 
However, the exact mechanism by which this could be mediated remains 
unknown

In an attempt to identify additional proteins that are important in the 
cytotoxic phenotype of onebinib, we characterized the protein complexes in 
which PDE3A resides under normal conditions, and how these complexes 
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FIGURE 3: Compound plate validation in A549 and HeLa cells for transcriptional 
profiling. 

a) A549 cells were treated with a combination of active and inactive onebinib analogues, 
and staurosporine for 48 hours.  
b) HeLa cells were treated with a combination of active and inactive onebinib analogues, 
and staurosporine for 48 hours.
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FIGURE 4: NFκB transcriptional activation does not appear to be involved in onebinib 
mediated cytotoxicity.

 a) HeLa cells were treated with 10 μM of TNFα for indicated time points, and with 
onebinib concentration starting at 10 μM going down 10-fold dilutions to 1 nM. NFκB-p65 
levels were determined using ELISA. 
b) HeLa cells were infected with indicated plasmids and treated with indicated 
concentrations of onebinib for 48 hours. IκBα-MUT is a dominant negative regulator of 
the NFκB pathway64.  
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a) HeLa cells were treated with a concentration matrix of onebinib and salubrinal for 48 
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a) HeLa cells were treated for four hours with indicated concentration of onebinib 
prior to lysis. PDE3A was immunoprecipitated from 200 μg of HeLa cell lysate and 
immunoblotted for PDE3A and Actin. IP indicates immunoprecipitate and sup. indicates 
the supernatant after PDE3A immunoprecipitation.
b) PDE3A was immunoprecipitated from 200 μg HeLa cell lysate with indicated 
concentrations of PDE3A antibody. Western blots were immunoblotted for PDE3A and 
Actin. 
c) PDE3A was immunoprecipitated from 200 μg HeLa cell lysate in presence of indicated 
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d) PDE3A was immunoprecipitated from 15 mg of HeLa cell lysate with indicated 
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- 104 -

change when PDE3A is bound to onebinib or the non-cytotoxic PDE3 inhibitor 
trequinsin. The dependency of onebinib cytotoxicity on PDE3A protein 
abundance suggests a possible mechanism similar to that recently observed 
for lenalidomide, which acts by a neomorphic or hypermorphic mechanism by 
stabilizing an interaction between cereblon and IKZF1 and IKZF343,44. In addition, 
PDE4 allosteric modulators, but not competitive inhibitors, have been shown to 
bind and stabilize a “closed” protein conformation that has independently been 
shown to uniquely bind the PDE4-partner protein DISC145. First, we assessed 
if we were able to immunoprecipitate PDE3A in the presence of onebinib since 
binding of onebinib could elicit a conformational change, which disrupts the 
protein-antibody interaction. PDE3A immunoprecipitation was not impaired 
in the presence of onebinib at concentrations as high as 10 μM (figure 6a). To 
optimize conditions for a PDE3A immunoprecipitation we performed antibody 
concentration, blocking peptide concentration, and an immunoprecipitation with 
protein amounts 75-fold higher compared to other conditions (figure 6b, 6c and 
6d). Optimal immunoprecipitation conditions were determined to have 0.25% 
PDE3A antibody with 0.25% blocking peptide to assess background binding to 
the chromatography material, and Fc-region of the PDE3A antibody.  

We immunoprecipitated PDE3A and interacting proteins from HeLa 
cells in the presence of onebinib or trequinsin followed by labeling with 
isobaric stable isotope tags for relative abundance and quantitation by mass 
spectrometry (iTRAQ/MS) (figure 7a). PDE3A immunoprecipitates from HeLa 
cells were enriched for multiple protein phosphatase subunits including protein 
phosphatase 2 subunits (PPP2CA, PPP2R1A, PPP2R1B, PPP2R2A, PPP2R2D), 
calcineurin (PPP3R1, PPP3CA)9, 14-3-3 (YWHAB, YWHAQ, YWHAG, 
YWHAZ)20, and tubulin (TUBA1C, TUBA1B) family members (figure 7b). In 
addition, we found that PDE3A and PDE3B reside in the same protein complex, 
which has been previously reported22. 

Binding of onebinib altered the composition of interacting proteins that were 
co-immunoprecipitated with PDE3A. Proteins that were specifically enriched 
in PDE3A immunoprecipitates after treatment with onebinib included Sirtuin 
7 (SIRT7) and Schlafen 12 (SLFN12) (figure 7c). These proteins specifically 
interacted with PDE3A in the presence of onebinib, and were not observed in 
the trequinsin treated control, whereas a known PDE3B interactor, ABHD15 
(ref. 46), was enriched in the immunoprecipitate from trequinsin-treated cells 
(figure 7c). We validated the interaction promoted by onebinib between PDE3A 
and both SIRT7 and SLFN12 with affinity reagents. Immunoprecipitation of 
endogenous PDE3A in HeLa cells treated with onebinib, but not DMSO or 
trequinsin, enhanced complex formation of ectopically expressed V5-tagged 
SIRT7 and SLFN12 with PDE3A. Similar to PDE3A, overexpression of SLFN12 
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appears to have a cytotoxic effect in onebinib sensitive cell lines, contributing to 
the difficulty of detecting SLFN12 in whole cell lysates. 

The enhanced interaction of PDE3A with SIRT7 and SLFN12 suggests 
the possibility that one or more of these interacting proteins may contribute 
to onebinib sensitivity. SIRT7 mRNA expression is relatively constant among 
all cells tested, but the co-expression of SLFN12 and PDE3A mRNA shows 
a strong correlation with onebinib sensitivity; almost all onebinib-sensitive 
cell lines express high levels of SLFN12 (figure 8a). Strikingly, almost half of 
sensitive cell lines expressing high levels SLFN12 and PDE3A were found to be 
melanoma cell lines (figure 8b). SLFN12 expression alone was also one of the 
top genes correlating with sensitivity to onebinib, corroborating the hypothesis 
that SLFN12 could be functionally involved in onebinib-induced cytotoxicity. 
Moreover, when correcting for PDE3A expression, SLFN12 expression is the top 
correlating gene with onebinib sensitivity. To assess whether SLFN12 is required 
for the cytotoxic phenotype of onebinib, we reduced SLFN12 mRNA expression 
by 60% by knockdown with two shRNAs in HeLa cells (figure 8c). Similar to 
reduction in PDE3A expression, reduction of SLFN12 expression did not result 
in cytotoxicity, and in fact decreased sensitivity to onebinib (figure 8d). These 
results show that SLFN12, like PDE3A, is required for the cytotoxic phenotype of 
onebinib.

Using predictive chemogenomics, we have discovered a class of compounds, 
exemplified by onebinib, that target a novel cancer dependency by small-
molecule modulation of PDE3A. These compounds bind PDE3A in a mutually 
exclusive manner with non-cytotoxic PDE3 inhibitors and exert a neomorphic 
or hypermorphic effect on the function of PDE3A, leading to a change in its 
protein-protein interactions. One protein-interaction partner, SLFN12, is highly 
expressed in onebinib-sensitive cell lines, suggesting a functional role in the 
pathway through which the cytotoxic signal is relayed. As a result, onebinib is 
both selective and potent across a large panel of cancer cell lines. 
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FIGURE 7: PDE3A immunoprecipitation in the presence of onebinib reveals novel 
SIRT7 and SLFN12 interaction. 

a) Schematic overview of the affinity enrichment followed by quantitative proteomics of 
PDE3A performed in HeLa cells. All cells were treated for four hours prior to lysis with 10 
μM of indicated compounds. The presence of all compounds was maintained throughout 
the experiment including washing steps. 
b) The scatter plot shows log2 ratios for proteins that were enriched in anti-PDE3A 
immunoprecipitates in the DMSO treated HeLa cells compared to anti-PDE3A 
immunoprecipitates in the presence of blocking peptide specific to the PDE3A antibody; 
each dot represents a protein. 
c) Log2 ratios of changes of proteins bound to PDE3A in the presence of onebinib versus 
trequensin. Each dot represents the average of two replicates per condition for an 
individual protein. In all cases, the data plotted passed the Bland-Altman test with 95% 
confidence interval for reproducibility65.
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FIGURE 8: Cell lines with dual expression of SLFN12 and PDE3A are significantly 
enriched for onebinib-sensitive cell lines. 

a) mRNA RMA expression values for PDE3A and SLFN12 from the CCLE database with 
sensitive cell lines indicated55. 21 sensitive cell lines were binned in three groups of 7 
based on AUC rank. 
b) Fisher’s exact test on onebinib sensitivity of cell lines with high expression of both 
SLFN12 and PDE3A (RMA Log2 > 5) compared to other cell lines. Light blue indicates 
melanoma cell lines. 
c) qPCR expression changes of SLFN12 in HeLa cells transduced with shSLFN12 
normalized to GAPDH. 
d) HeLa cells were transduced with indicated shRNA reagents and treated with indicated 
concentrations of onebinib for 72 hours. 
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NCI-H2122 R coding mutations

40607 CNTLN FLJ36000 MDH1B QPCT STOML2 TUBA4B

abParts CSF3 GPR116 MMRN2 RBM45 SUPT16H UBN2

ADCY2 CSPG4 HECW2 MST1 RPL23AP7 SYNGAP1 UMPS

ATG4B DARC HELB MUSK SCYL2 SYT1 UNC50

ATRNL1 DMD HMBS MYO1B SLC8A1 TBX15 ZIC4

BHMT DMPK IKZF2 NLRP8 SLC8A3 THUMPD3 ZMIZ1

C9orf71 DPPA2 IL17RA ODZ3 SLC9A2 TINF2 ZNF816

CDR1 ERAS LOC100130331 PLB1 SNX14 TMEM132D ZSCAN2

CEACAM5 FBXW5 LOC285074 PTPRG SOCS2 TTN

CEP76 FER1L5 MAMDC4 PTPRK SREK1IP1 TTN

TABLE 1: Coding mutations in NCI-H2122 and HeLa cell lines that are resistant to 
onebinib

HeLa R coding mutations

AKD1 CLCN7 FCGRT LOC649305 MLLT3 RYR3 TAX1BP1

AMPH CMYA5 FLG LOC728989 NBPF10 SAMD15 TFIP11

ARHGAP5 CR936796 GNS MAEA NOX3 SCAND3 TIMM50

C15orf23 CSMD2 HCN4 MAFIP OR10A4 SH3D19 UNC79

C17orf57 DNAH1 HNRNPA2B1 MC2R PCDHB4 SLC2A3 (2) WHSC1

CCNK DNMT1 IARS2 MGC70870 PLEKHB1 TAF5 ZNF440
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Possitive correlates

Compounds shRNA ORF

digoxin EIF2S2 IFNG

DG-041 RFXANK BCL10

BRD-K73261812 QARS PROCR

selamectin BRCA2 MYCBP

calmidazolium TNFSF13B IFNB1

CCCP COPB2 MAP3K8

emetine EIF2B2 ISX

I-070759 LIF RELB

FCCP DNAJC15 TRAM2

azacitidine PKN1 CHRAC1

homoharringtonine LSM5 ZNF669

proscillaridin SERPINB5 IKBKG

tunicamycin ATG12 LTBR

strophanthidin KCNMA1 LPAR1

RO-28-1675 SDF2L1 TICAM2

Negative correlates

Compounds shRNA ORF

AT-7519 P4HA2 EGR1

doxorubicin SERPINA5 CDX2

alvocidib ATG4D EIF4EBP3

PIK-75 GAMT OSR2

pirarubicin COBL CTCF

daunorubicin RIPK3 TOR1A

pidorubicine CCNB2 ERG

BRD-K85853281 ANKRD10 HSD17B7

chromomycin-a3 STK3 KLF6

daunorubicin TRIP10 ESR1

ER-27319 NOTCH2NL HNF4A

doxorubicin PRKCD ZNF366

fludarabine AKR1A1 EBF1

daunorubicin CLEC16A TFAP4

curcumin EGFR DUSP6

TABLE 2: Positive and negative gene expression signature correlations with a onebinib 
induced gene expression signature change

Perturbations in bold indicate involvement with NFκB-signaling.
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DISCUSSION

Here, we have attempted to elucidate the cytotoxic mechanism-of-action 
of onebinib on PDE3A and subsequent downstream pathway signaling. 
Characterizing the protein-complex in which PDE3A resides proved to be 
instrumental in identifying a novel interaction-partner. Not only is SLFN12 
recruited to the PDE3A protein-complex when onebinib binds to PDE3A, SLFN12 
expression in combination with PDE3A expression improved the positive-
predictive-value of PDE3A expression alone. Also, similarly to PDE3A, loss of 
SLFN12 impairs the cytotoxic phenotype of onebinib in HeLa cells. Onebinib 
has an apparent modulatory effect on PDE3A, which results in recruitment 
of SLFN12 and SIRT7. This modulation could be facilitated through allosteric 
binding, which has been reported for other PDE modulating small molecules47. 
Moreover, multi-gene expression correlations have shown to help elucidate the 
mechanism-of-action and relevant signaling pathways of small molecules. We 
identified a novel biochemical target for cancer treatment that is unlikely to 
have been found by traditional target identification approaches such as loss-of-
function screens or genomic analysis of patient tumor samples.

The interaction between PDE3A and SLFN12, promoted by onebinib 
binding to PDE3A, the correlation between sensitivity to onebinib with SLFN12 
expression, and the requirement of SLFN12 for the onebinib phenotype strongly 
suggests that we need to understand the functional impact of the PDE3A-SLFN12 
interaction. Unfortunately, very little is known at this time about the functional 
role of SLFN12 in human physiology or cancer biology. Only a single publication 
addresses the role of ectopic expression of SLFN12 in prostate cancer cell 
differentiation. SLFN12 expression in LNCaP cells reduces proliferation through 
a yet unknown mechanism, but is independent of MAPK or ERK activity48. 
Recruitment of SLFN12 to the PDE3A protein complex offers a novel model in 
which the function of SLFN12 can be studied in more detail. Characterization of 
normal expression of SLFN12 and PDE3A by the GTEX consortium shows low 
expression of SLFN12 in normal tissues, while high co-expression of both PDE3A 
and SLFN12 is rarely observed49. This could suggest that on-target toxicity of 
onebinib and related compounds may be potentially limited. 

SLNF12 belongs to the Schlafen family, which is characterized by the 
presence of a combination of an SFLN-box, adjacent to an AAA-domain, a 
SWADL-domain, and a helicase-domain. The function of the SLFN-box has yet 
to be established, but the AAA-domain is thought to have ATPase activity50. 
The SWADL-domain is characterized by a Ser-Trp-Ala-Asp-Leu sequence, but 
is functionally poorly annotated51. Schlafen members are classified in three 
different groups; group 1 only has the SLFN-box and AAA-domain, where group 
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2 has the additional SWADL-domain, and group 3 harbors the helicase-domain 
as well52. The murine SLFN-family consists of 10 presumed members, which 
is contrast to the human Schlafen family, which harbors five members: SLFN5, 
SLFN11, SLFN12, SLFN13, and SLFN14 (refs. 53,54). The divergence between 
humans and rodents is thought to be driven by positive selection53. SLFN5 has 
been shown to be important in regulating in anchorage independent growth, 
whereas SLFN11 has been implicated in response to DNA damaging agents 
and HIV-virus replication55-57. Since other Schlafen proteins have such divergent 
characteristics, the function of SLFN12 is hard to extrapolate. Also, SLFN12 is 
unique in the human Schlafen family, because of its cytosolic localization in 
contrast to all other SLFN family members who have a nuclear localization 
signal, and lack of a helicase domain54.

Even though half of cell lines with high co-expression of SLFN12 and PDE3A 
are sensitive, the other 50% of cell lines with high co-expression do not appear to 
be sensitive to onebinib. This suggests that in addition to expressing the target 
protein of onebinib, and an important co-factor, PDE3A and SLFN12 respectively, 
another cellular feature determines sensitivity to onebinib. Genomic analysis 
of high co-expressing cell lines did not reveal significant features that separate 
sensitive from non-sensitive cell lines. Conversely, perhaps other cell lines would 
be sensitive to onebinib treatment if PDE3A and SLFN12 were highly expressed. 
Ectopic expression of PDE3A and SLFN12 in a panel of non-sensitive cell line 
could elicit sensitivity to onebinib and perhaps provide additional insights into 
what underlying cellular feature determines onebinib sensitivity.

Targeting protein-protein interactions is generally perceived to be 
significantly harder to target using small molecules compared to synthesizing 
competitive enzymatic compounds58. However, multiple examples are known 
where small molecules are able to modulate protein-protein interactions. For 
example, rapamycin was identified to bind FK-binding protein 12 (FKBP12) 
and promote the interaction with mechanistic target of rapamycin (mTOR). 
Rapamycin directly facilitates this interaction between FKBP12 and mTOR 
as it binds both proteins directly with opposite facing binding sites59.  Also, 
lenalidomide promotes an interaction between the E3-ubiquitin ligase cereblon 
and members of the ikaros family of transcription factors43,44. Just as rapamycin, 
lenalidomide directly facilitates the interaction between CRBN and IKZF1, and 
IKZF3. Interestingly, when lenalidomide is linked to small molecules that bind 
other target proteins, these can be targeted for proteasomal degradation as well60. 
This approach of creating novel interactions with E3-ubiquitin ligase complexes 
could potentially lead to directly targeting proteins that have remained elusive to 
small molecule inhibition such as KRAS and MYC58,61. 
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Rapamycin is a natural product identified in soil samples from Streptomyces 
hygroscopicus found on Easter-Island, and was found to have anti-fungal properties62. 
Natural evolution has probably shaped this molecule and its effect on mTOR 
regulated by FKBP12. In addition, it is conceivable that the effect of lenalidomide on 
CRBN and IKZ1 and IKZ3 mimics an upregulated small molecule during normal 
B-lymphocyte turnover regulation63. By extension, the effect of onebinib could 
mimic the effect of a small molecule that is important during the differentiation 
process of megakaryocytes. Anagrelide and onebinib appear to have similar effects 
on cell viability and perhaps onebinib could affect megakaryocyte differentiation 
as well29. Identifying these natural small molecules that regulate protein-complexes 
could provide much needed insights into modulating protein-complexes for drug 
development purposes. 

Downstream effects of PDE3A and onebinib remain elusive for now, despite 
unbiased attempts to characterize gene expression changes and screening for 
compounds that would prevent onebinib cytotoxicity. However, we did observe 
that PP1 inhibitor salubrinal potentiates the effect of onebinib in HeLa cells. 
Salubrinal has been shown to have similar effects on megakaryocyte differentiation 
as anagrelide, a PDE3 inhibitor that does phenocopy onebinib39. This effect is 
presumably mediated by eIF2α, even though we did not observe changes in 
phosphorylation of eIF2α after onebinib treatment. Interestingly, gene expression 
analysis following onebinib treatment suggested that loss of eIF2S and eIF2B has 
similar effects on gene expression. Also, further characterizing the effect of anagrelide 
on megakaryocyte differentiation might provide insight into the mechanism 
of onebinib. We hypothesize that the mechanism-of-action of anagrelide in 
megakaryocytes is similar to that of onebinib in cancer cells, because of observations 
that other PDE3 inhibitors did not inhibit megakaryocyte differentiation28,29. These 
findings are in line with our observations. Perhaps genetic perturbations targeting 
the eIF2 family of transcription factors will determine whether this pathway is 
involved in relaying the cytotoxic signal induced by onebinib.

In addition to identifying a possible role for eIF2-regulated transcription 
in the cytotoxic phenotype of onebinib, glucocorticoid receptor agonists were 
found to partially rescue cell death induced by onebinib. The potency at which 
dexamethasone was able to exert its rescue phenotype suggests that its likely an on 
target effect that leads to the rescue phenotype. Perhaps, perturbing the expression 
of the glucocorticoid receptor could prove further insight if this pathway is involved 
in the mechanism by which onebinib induces apoptosis or if modulation of the 
glucocorticoid receptor only rescues onebinib cytotoxicity.

This study has uncovered a previously unknown role for PDE3A in cancer 
maintenance, in which its function can be modified by a subset of PDE3 inhibitors, 



Mechanism-of-Action of ONEBINIB

- 113 -

resulting in toxicity to cancer cell lines expressing elevated levels of PDE3A and 
SLFN12. We found that cell lines sensitive to onebinib are enriched for melanoma 
cell lines. Perhaps clinical trials with anagrelide could be performed in melanoma 
patients with high expression of PDE3A and SLFN12 as a proof of principle. Our 
data suggest that onebinib and its analogs modulate PDE3A activity, leading to 
apoptosis in sensitive cell lines.  Our observations are comparable with other 
reports of allosteric modulation of phosphodiesterases47, suggesting that onebinib 
and analogues may have similar effects on PDE3A. Further study is required to 
elucidate the exact mechanism of cell-selective cytotoxicity induced by neomorphic 
modulation of PDE3A and SLFN12.
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MATERIALS AND METHODS

Bioactives screen to rescue onebinib induced cytotoxicity
1,000 HeLa cells were plated in a 384-well plate in 40 μl of DMEM 

supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 24 hours after 
plating, a compound library of 1,600 bioactive molecules (Pharmakon) was 
added at a concentration of 20 μM. In parallel to bioactive compound incubation, 
onebinib was added to a final concentration of 30 nM and incubated for 48 hours. 
Cell viability was assessed by adding 40 μl of a 25% CellTiter-Glo (Promega) in 
PBS with a Thermo Combi or multichannel pipette and incubated for 10 min. 
The luminescence signal was read using a Perkin-Elmer EnVision. Viability 
percentage was calculated by normalizing to DMSO controls.

Compound sensitivity testing in cell lines
Cell lines were plated in a 384-well plate in 40 μl of corresponding growth 

media supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 24 hours 
after plating, indicated compounds were added at indicated concentrations and 
incubated for 48 hours. Cell viability was assessed by adding 40 μl of a 25% 
CellTiter-Glo (Promega) in PBS with a Thermo Combi or multichannel pipette 
and incubated for 10 min. The luminescence signal was read using a Perkin-
Elmer EnVision. Viability percentage was calculated by normalizing to DMSO 
controls.

Generating onebinib-resistant cell lines
Sensitive HeLa and NCI-H2122 cell lines were cultured in corresponding 

growth media supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 
Growth media was supplemented with the EC50 concentration of onebinib for 72 
hours. Surviving cells were cultured until sufficient amount of cells were present 
to perform growth rate and onebinib-sensitivity experiments. Both procedures 
have been explained in Chapter 2. 

Gene-expression profiling of onebinib and analogues
HeLa cells were plated in a 384-well plate in 40 μl of corresponding growth 

media supplemented with 10% Fetal Bovine Serum and 1% Pen/Strep. 24 hours 
after plating, indicated compounds were added at indicated concentrations and 
incubated for 7 hours. An overview of compounds used in this experiments is 
available upon request. Here we used L1000, a high-throughput, bead-based 
gene expression assay in which mRNA is extracted from cultured human cells 
treated with various chemical or genomic perturbagens (small molecules, gene 
knockdowns, or gene over-expression constructs) as previously described66. 
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This mRNA is reverse transcribed into first-strand cDNA. Gene specific probes 
containing barcodes and universal primer sites are annealed to the first strand 
cDNA. The probes are ligated to form a template for PCR. The template is 
PCR amplified with biotinylated-universal primers. The end products are 
biotinylated, fixed length, barcoded amplicons. The amplicons can then be mixed 
with Luminex beads that contain complementary barcodes to those encoded in 
each of the 1000 amplified landmark genes. These 1000 landmark genes were 
chosen as a reduced representation of the transcriptome and account for the 
majority of expression variation across many cellular contexts (Subramanian, et 
al., manuscript in preparation). These beads are then stained with fluorescent 
streptavidin-phycoerythrin (SAPE) and detected in 384-well plate format on 
a Luminex FlexMap flow cytometry-based scanner. The resulting readout is a 
measure of mean fluorescent intensity (MFI) for each landmark gene.

Connectivity Map query analysis of gene expression change induced by 
onebinib and analogues

The raw expression data are log2-scaled, quantile normalized, and z-scored, 
such that a differential expression value is achieved for each gene in each well. 
In the standard L1000 protocol, each well corresponds to a different perturbagen 
and these differential expression values are collapsed across replicate wells to 
yield a differential expression signature for each perturbagen. The signatures 
of different perturbagens can then be compared to identify those that result in 
similar or dissimilar transcriptional responses as previously described36,67,68. 
We computed the similarity between all pairwise combinations of the roughly 
460,000 signatures in the CMap database. We then performed a summary of these 
query results to arrive at a more perturbagen-centric view of connectivity. To 
summarize, the query result is first grouped by cell line and perturbagen type 
(small molecule, gene knockdown, or overexpression). The connectivity scores 
are then normalized by dividing by the signed mean score of each group. The 
scores are converted to percentile ranks within each group. The perturbagens 
are then ranked according to the direction of connectivity. Positive connections 
are ranked highest, and negative connections ranked lowest. For each unique 
perturbagen, we considered the average percentile rank in the four cell lines for 
which the connection to the query was strongest. 

Determining NFkB-p65 protein levels
HeLa cells were treated for 6 hours with indicated compounds in a 96 well 

plate. An ELISA was performed according to the manufacturer’s instruction (Cell 
Signaling, #7174).
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Retroviral Transduction
A dominant negative mutant IκBα cDNA infected into HeLa cells with 

pCLAmpho viruses and 4 μg/mL polybrene (hexadimethrine bromide, Sigma) 
and selected with 2 μg/mL puromycin (Sigma) 48 hours after infection69. 
Surviving HeLa cells were tested for sensitivity to onebinib as described above in 
Compound sensitivity testing in cell lines.

Excess-over-Bliss analysis
HeLa cells were treated with 10 doses onebinib in combination with 10 doses 

of guanabenz (Sigma, #G110) and salubrinal (Sigma, #SML0951). Cell viability 
was assessed after 48 hours of treatment as described earlier in Compound 
sensitivity testing in cell lines. Determining whether combination of two drugs 
provided synergy rather than an additive effect, the excess-over-bliss analysis 
was applied which has been described earlier70.

Extended proteomics methods for PDE3A-protein interaction studies. 
Immunoprecipitation of PDE3A in HeLa cells. HeLa cells were treated for 

four hours before lysis with 10 μM of indicated compounds: DMSO, onebinib 
and trequinsin. HeLa cells were lysed with ModRipa lysis buffer (1%NP-40: 50 
mM Tris-HCl, pH 7.8, 150 mM NaCl, 0.1% sodium deoxycholate, 1 mM EDTA) 
supplemented with protease and phosphatase inhibitors as decribed in Linker- 
affinity purification of molecular target of ONEBINIB and immunoblotting in Chapter 
3, and indicated compounds as described above to a final concentration of 10 μM. 
13 mg of HeLa total cell lysate was incubated with 0.5% PDE3A antibody (Bethyl) 
and incubated overnight. Blocking peptide (Bethyl) against the PDE3A antibody 
was added simultaneously with the PDE3A antibody in the corresponding 
condition. Total cell lysate and antibody mixture was then incubated with 10 
μl Protein A Plus Agarose (Fisher Scientific) for 30 min at 4°C. Protein A Plus 
Agarose was then washed two times with lysis buffer containing indicated 
compounds at a concentration of 10 μM. Finally, Protein A Plus Agarose was 
washed once with lysis buffer containing no NP-40 and indicated compounds at 
a concentration of 10 μM. 

On-bead digest. The beads from immunopurification were washed once with 
IP lysis buffer, then three times with PBS; the three different lysates of each 
replicate were resuspended in 90 μl digestion buffer (2 M urea, 50 mM Tris HCl), 
2 μg of sequencing grade trypsin was added and the mixture subjected to 1 h 
shaking at 700 rpm. The supernatant was removed and placed in a fresh tube. 
The beads were then washed twice with 50 μl digestion buffer and combined 
with the supernatant. The combined supernatants were reduced (2 μl 500 mM 
DTT, 30 min, RT), alkylated (4 μl 500 mM IAA, 45 min, dark) and a longer 
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overnight digestion performed with 2 μg (4 μl) trypsin and overnight shaking. 
The samples were then quenched with 20 μl 10% FA and desalted on 10 mg 
SepPak columns. 

iTRAQ labeling of peptides and strong cation exchange (scx) fractionation. 
Desalted peptides were labeled according to the manufacturer’s instructions with 
four different isobaric iTRAQ reagents ranging from 114 to 117 Da, as described 
in Supplementary Table 6 (AB Sciex, Foster City, CA). Peptides were dissolved 
in 30 μl of 0.5 M TEAB pH 8.5 solution and labeling reagent was added in 70 μl 
of ethanol. After 1 h incubation the reaction was stopped with 50 mM Tris/HCl 
pH 7.5. Differentially labeled peptides were mixed and subsequently desalted 
on 10 mg SepPak columns. SCX fractionation of the differentially labeled and 
combined peptides was done as described earlier71, with 6 pH steps (buffers all 
contain 25% acetonitrile) as below: 

1:  ammonium acetate 50 mM pH 4.5,  
2:  ammonium acetate 50 mM pH 5.5,  
3:  ammonium acetate 50 mM pH 6.5,  
4:  ammonium bicarbonate 50 mM pH 8,  
5:  ammonium hydroxide 0.1% pH 9,  
6:  ammonium hydroxide 0.1% pH 11.  

Empore SCX disk used to make StageTips as described in the paper. MS 
analysis. Reconstituted peptides were separated on an online nanoflow EASY-
nLC 1000 UHPLC system (Thermo Fisher Scientific) and analyzed on a benchtop 
Orbitrap Q Exactive mass spectrometer (Thermo Fisher Scientific). The peptide 
samples were injected onto a capillary column (Picofrit with 10 μm tip opening 
/ 75 μm diameter, New Objective, PF360-75-10-N-5) packed in-house with 20 cm 
C18 silica material (1.9 μm ReproSil-Pur C18-AQ medium, Dr. Maisch GmbH, 
r119.aq). The UHPLC setup was connected with a custom- fit microadapting tee 
(360 μm, IDEX Health & Science, UH-753), and capillary columns were heated 
to 50°C in column heater sleeves (Phoenix-ST) to reduce backpressure during 
UHPLC separation. Injected peptides were separated at a flow rate of 200 nL/
min with a linear 80 min gradient from 100% solvent A (3% acetonitrile, 0.1% 
formic acid) to 30% solvent B (90% acetonitrile, 0.1% formic acid), followed by a 
linear 6 min gradient from 30% solvent B to 90% solvent B. Each sample was run 
for 120 min, including sample loading and column equilibration times. The Q 
Exactive instrument was operated in the data- dependent mode acquiring HCD 
MS/MS scans (R = 17,500) after each MS1 scan (R = 70,000) on the 12 top most 
abundant ions using an MS1 ion target of 3 × 106 ions and an MS2 target of  
5 × 104 ions. The maximum ion time used for the MS/MS scans was 120 ms; the 
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HCD-normalized collision energy was set to 27; the dynamic exclusion time was 
set to 20 s, and the peptide match and isotope exclusion functions were enabled.
 
Quantification and identification of peptides and proteins

All mass spectra were processed using the Spectrum Mill software package 
v4.1 beta (Agilent Technologies), which includes modules developed by us 
for iTRAQ-based quantification. Precursor ion quantification was done using 
extracted ion chromatograms (XIC’s) for each precursor ion. The peak area for 
the XIC of each precursor ion subjected to MS/MS was calculated automatically 
by the Spectrum Mill software in the intervening high-resolution MS1 scans of 
the LC-MS/MS runs using narrow windows around each individual member 
of the isotope cluster. Peak widths in both the time and m/z domains were 
dynamically determined based on MS scan resolution, precursor charge and 
m/z, subject to quality metrics on the relative distribution of the peaks in the 
isotope cluster vs theoretical. Similar MS/MS spectra acquired on the same 
precursor m/z in the same dissociation mode within ±60 s were merged. MS/
MS spectra with precursor charge >7 and poor quality MS/MS spectra, which 
failed the quality filter by not having a sequence tag length >1 (i.e., minimum 
of 3 masses separated by the in-chain mass of an amino acid) were excluded 
from searching. For peptide identification MS/MS spectra were searched against 
human Uniprot database to which a set of common laboratory contaminant 
proteins was appended. Search parameters included: ESI-QEXACTIVE-
HCD scoring parameters, trypsin enzyme specificity with a maximum of two 
missed cleavages, 40% minimum matched peak intensity, ±20 ppm precursor 
mass tolerance, ±20 ppm product mass tolerance, and carbamidomethylation 
of cysteines and iTRAQ labeling of lysines and peptide N-termini as fixed 
modifications. Allowed variable modifications were oxidation of methionine, 
N-terminal acetylation, Pyroglutamic acid (N-termQ), Deamidated (N), Pyro 
Carbamidomethyl Cys (N-termC),with a precursor MH+ shift range of −18 to 64 
Da. Identities interpreted for individual spectra were automatically designated 
as valid by optimizing score and delta rank1-rank2 score thresholds separately 
for each precursor charge state in each LC-MS/MS while allowing a maximum 
target-decoy-based false-discovery rate (FDR) of 1.0% at the spectrum level. 

In calculating scores at the protein level and reporting the identified proteins, 
redundancy is addressed in the following manner: the protein score is the 
sum of the scores of distinct peptides. A distinct peptide is the single highest 
scoring instance of a peptide detected through an MS/MS spectrum. MS/MS 
spectra for a particular peptide may have been recorded multiple times (i.e. as 
different precursor charge states, isolated from adjacent SCX fractions, modified 
by oxidation of Met) but are still counted as a single distinct peptide. When a 
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peptide sequence >8 residues long is contained in multiple protein entries in the 
sequence database, the proteins are grouped together and the highest-scoring one 
and its accession number are reported. In some cases when the protein sequences 
are grouped in this manner, there are distinct peptides which uniquely represent 
a lower scoring member of the group (isoforms or family members). Each of 
these instances spawns a subgroup, and multiple subgroups are reported and 
counted toward the total number of proteins. iTRAQ ratios were obtained from 
the protein-comparisons export table in Spectrum Mill. To obtain iTRAQ protein 
ratios the median was calculated over all distinct peptides assigned to a protein 
subgroup in each replicate. To assign interacting proteins we used the Limma 
package in the R environment to calculate moderated t-test P, as described 
previously, and added Blandt-Altman testing to filter out proteins for which the 
CI for reproducibility was below 95%(ref. 72).  
 
Knockdown of SLFN12 expression using shRNA and testing for drug 
sensitivity

Constructs expressing shRNAs targeting SLFN12, or the control vector, were 
packaged into lentiviruses and delivered into HeLa cells by viral transduction. 
Three SLFN12-targeting shRNAs were used, all of which were obtained from 
the TRC (Clone IDs: TRCN0000152141 and TRCN0000153520). Infected cells 
were selected using 1 μg/ml puromycin for 3 days and then grown in non-
selective media for 3 more days. Cells were then plated into 384-well assay 
plates and tested for drug sensitivity as described above. Knockdown of SLFN12 
was validated by qPCR. Total RNA was extracted using the RNeasy Mini Kit 
(Qiagen #74104) and QIAschredder (Qiagen #79656). cDNA was generated using 
SuperScript III First-Strand Synthesis System (Life Technologies #18080-051). 
qPCR was performed for GAPDH and SLFN12 (Life Technologies Hs00430118_
m1) according to the manufacturers recommendations. SLFN12 expression was 
normalized to corresponding samples GAPDH Ct values. 
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GENERAL DISCUSSION

In this thesis, we have described the discovery, target-identification, and 
mechanism-of-action studies of onebinib. A phenotypic screen to identify small 
molecules that are synthetic lethal in a mutant TP53 background identified 
onebinib to differentially affect cell viability in a mutant TP53 cell lines compared 
to a TP53 wild-type cell line. Onebinib proved to be a remarkable potent small 
molecule with great specificity. Separation of the EC50 value between sensitive 
and non-sensitive cell lines is notable. By applying a predictive chemogenomic 
approach in combination with sensitivity screening in 766 cell lines, we identified 
expression of PDE3A as the most correlative feature with onebinib sensitivity. 
Interestingly, inhibition of the enzymatic function of PDE3A, cAMP and cGMP 
hydrolysis, is not sufficient to replicate cytotoxicity induced by onebinib. The 
mechanism-of-action through which onebinib induces apoptosis requires 
recruitment of SLFN12 to the PDE3A protein complex. Also, expression of 
SLFN12 can be utilized as a biomarker in combination with PDE3A expression 
to identify cell lines that are sensitive to onebinib. These biomarkers could be 
used as clinical markers to identify patients that could potentially benefit from 
treatment with a structurally related drug or anagrelide, a clinical PDE3 inhibitor 
that shares the cytotoxic phenotype of onebinib.

We have demonstrated that exceptional compounds like onebinib, 
identified in phenotypic chemical screens, can expose novel cancer biology. We 
do acknowledge that the target-identification process was greatly accelerated 
using predictive chemogenomics. Until recently, the National Cancer Institute 
collection of 60 cancer cell lines was the largest collection available for small 
molecule screening. With increased understanding of cancer biology, we have 
begun to appreciate the vast genetic complexity of this disease. The NCI-60 
collection represents but a small fraction of the biological diversity of cancer1. 
In order to apply predictive chemogenomics to the NCI-60 collection, a small 
molecule must be active in at least 2 cancer cell lines, just over 3%. Genomic 
characterization of larger collections of cancer cell lines, such as the Cancer Cell 
Line Encyclopedia2, represents much more genetic diversity with close to 1,000 
genomically characterized cell lines. In addition to increased genetic diversity, 
1,000 cell lines vastly increase statistical power to detect genomic differences. 
Moreover, with high-throughput screening becoming more affordable, future 
projects can utilize the power of predictive chemogenomics as well. Perhaps 
larger unbiased small molecule cytotoxic screens, to identify compounds with 
selective cytotoxic profiles, could provide additional outlier compounds that 
target unknown cancer-biology. By performing phenotypic screens in cell lines 
that approach isogenic cell lines models, similarly to the set-up used to identify 
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onebinib, differential sensitivity to small molecules cannot be attributed to 
differences in somatic driver mutations or other genomic events. 

Target identification efforts of phenotypic small molecules can be a long and 
herculean task. Often, compounds with interesting phenotypes are discovered 
serendipitously, such as in case of dimethylsulfoxide (DMSO), and thalidomide3,4. 
DMSO was found to induce differentiation in murine erythroleukemia cells, 
characterized by induced expression of hemoglobin. It was not until synthesis 
of lead molecular compounds such as suberanilohydroxamic acid (SAHA) 
that the family of histone deacetylases (HDACs) was identified as the primary 
molecular target, almost 30 years after observing gene expression modulation by 
DMSO5. Thalidomide was first discovered to be efficacious in treating respiratory 
infections in 1956. While treating patients for other indications, thalidomide was 
found to show beneficial effects against a wide variety of symptoms, including 
morning sickness in pregnant women. It was found that thalidomide impairs limb 
formation during embryonic development and thalidomide was withdrawn from 
the market6. Despite the fact that thalidomide became strictly regulated, efficacy 
of thalidomide was shown in certain tumor types such as multiple myeloma. The 
exact mechanism-of-action of thalidomide was unclear at that point, but has been 
elucidated today. This mechanism-of-action appears to be independent of the birth 
defects observed7. Almost 60 years later, the target of lenalidomide was identified 
as cereblon (CRBN), an E3-ubiquitin ligase8,9. 

Implications for the patient-driven drug discovery paradigm
Despite advancements in developing targeted therapies, durable responses to 

novel cancer therapies are rare. Resistance to single agent treatment is currently 
undermining the greatest advancement in cancer drug development, the 
genomically targeted therapies, since the discovery of general cytotoxic agents. 
Identifying novel cancer targets and dependencies that are independent of cancer 
driver or initiating events would provide crucially needed treatment options. 
Computational modeling of resistance mechanisms in cancer suggests that two 
factors are crucial in preventing resistant to cancer therapy; first, the size of cancer 
lesions is pivotal for the larger a cancer lesion is, the more heterogeneity is present 
and more opportunities to develop resistance. Secondly, and related to this first 
point, the larger the lesion, the greater the number of mutations that can give 
rise to resistance to single or multi-drug treatment regimens10. Even multi-drug 
regimens that share a common mutational mechanism of resistance would barely 
outperform single agent treatment. Therefore, identification and subsequent 
targeting of driver-independent cancer dependencies is crucial in preventing the 
outgrowth of resistant tumors. These modeling experiments have been validated 
in patients undergoing small molecule kinase inhibitor therapies. 
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The first small-molecule kinase inhibitor to be approved by the FDA for 
the treatment of cancer was imatinib. By inhibiting the constitutively active 
kinase BCR-ABL, patients with chronic myeloid leukemia (CML) had response 
rates up to 90%, and responses would often be durable as well11. Motivated 
by the success of imatinib, many other kinase inhibitors were developed for 
a variety of different cancer indications12. However, the success of imatinib in 
CML patients could not be rivaled by novel targeted therapies. Multiple factors 
contributed to somewhat disappointing clinical outcomes of these therapies. In 
contrast to CML, solid tumors are considered to carry more heterogeneity, and 
in general the 5-year survival rate for solid is lower. In addition, more than 90% 
of all CML patients have the Philadelphia chromosome translocation, causing 
the constitutive activation of the ABL kinase13. Progression of CML patients 
into the final stage of the disease, blast crisis, is characterized by sudden clonal 
expansion of CML cells with additional genetic alterations in genes that are well 
established in cancer biology such as TP53, CDKN2A, and RUNX1 (refs.14-17). A 
major mechanism to develop resistance to imatinib in CML patients is primarily 
driven by secondary mutations BCR-ABL. The most common resistance mutation 
in BCR-ABL to confer resistance to imatinib is on residue T315, the gatekeeper 
residue18,19. Reports vary on the frequency of these mutations between 40% 
and 90% (ref. 20). Another mechanism of resistance is overexpression of SRC-
family kinases, substituting for BCR-ABL signaling21. These two mechanisms 
of resistance are also found in solid-tumor patients who have failed targeted 
therapies with small-molecule kinase inhibitors.

Other targeted therapies have been approved in amongst others lung 
adenocarcinoma. 10% of lung adenocarcinoma patients harbor activating 
mutations in endothelial growth factor receptor (EGFR), which can be inhibited 
by small molecule kinase inhibitors erlotinib and gefitinib22-25. Unfortunately, 
prolonged response to inhibition of EGFR is uncommon and tumors develop 
resistance. Similarly to BCR-ABL inhibition by imatinib, the most common 
resistance mechanism to EGFR inhibition is clonal expansion of tumor cells with 
an additional gatekeeper mutation, T790M18,26,27. The study of resistance in solid 
tumors is made more difficult by the invasive nature of acquiring additional 
tumor tissue for genomic testing, something which is easier to obtain with liquid 
tumors such as CML. Despite this limitation, many other resistance mechanisms 
have been identified in tumor samples from patients and in vitro28. Amplification 
of EGFR itself has been found to result in resistance to EGFR inhibition as well as 
amplification of other receptor tyrosine kinases such as the MET proto-oncogene, 
receptor tyrosine kinase (MET), AXL receptor tyrosine kinase (AXL), and erb-b2 
receptor tyrosine kinase 2 (ERBB2) (refs. 29-31). Other mechanisms are able to 
substitute for EGFR signaling downstream of EGFR by amplification of kinases 



General Discussion

- 129 -

such as v-crk avian sarcoma virus CT10 oncogene homolog-like (CRKL)32. 
Interestingly, some of these resistance mechanism have been identified as driver 
events in tumors that do not harbor activating EGFR mutations, either by 
amplification or activation mutations in MET or ERBB2  
(refs. 22,23).

In attempts to prevent or circumvent the emergence of resistance, a novel 
BCR-ABL kinase inhibitor has been developed that does not bind in or near the 
ATP-binding pocket of ABL. This inhibitor, ABL001, in combination with either 
imatinib or second-generation ABL-inhibitor nilotinib prevents the outgrowth 
of resistant tumor cells in vitro and in mouse models33. The assumption is that 
no single point mutation that can give rise to resistance to both small molecules 
at the same time. Therefore, as mentioned earlier, by increasing the number 
of genetic alterations required to develop resistance, the more effective such 
combination therapies will be10. Perhaps CML is the ideal tumor type to explore 
this hypothesis in vivo, because of its relative homogeneity within patients, but 
also across patients, since 90% have the BCR-ABL translocation. It must also be 
noted that these experiments have only been performed in mice, which makes 
it hard to conclude the consequences on emergence of resistance in human 
CML patients. Solid tumors might not benefit from this paradigm because of 
its increased genetic diversity and numerous possible bypass mechanisms. In 
an attempt to bypass the gatekeeper mutation of BRAF in response to BRAF-
inhibitor vemurafenib, combination therapy with dabrafenib and trametinib was 
thought to prevent resistance in melanoma34. Despite improved progression-
free-survival and overall-survival with combination therapy, delayed resistance 
to therapy eventually emerged35,36. Genomic analysis of resistant tumors has 
revealed mechanisms of resistance observed in resistance to treatment with 
a BRAF-inhibitor alone. However, the amplitude of genomic alterations, e.g. 
amplification of the BRAF locus, or a combination of multiple mechanisms 
of resistance was able to overcome dual inhibition of BRAF and MEK. These 
alterations resulted in the re-activation of the MAPK pathway37. Even though 
some degree of progress was made in the treatment of BRAF-mutant melanoma, 
the emergence of resistance is a disappointing outcome of combination targeted 
therapy.

Recent studies into the mechanism of resistance in cell lines reiterated the 
problem of resistance in treating cancer. An elegantly designed experiment using 
cell line models showed that the emergence of resistance is a selection of pre-
existing clones that were already resistant to a particular targeted therapy38. In 
addition to selecting for resistant clones, cell lines are able develop resistance to a 
targeted therapy by entering a drug-tolerant state. Over time, additional genomic 
alterations are acquired, resulting in active drug resistance and outgrowth 
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of these resistant cells39. Cell lines have been considered to be a simplistic 
representation of the complex biology that exists within a tumor because of 
the lack of stromal and immune cell interactions as well lack of vasculature. 
However, it appears that for the study of resistance, cell line models might be 
more informative that previously appreciated. We can also acknowledge that if 
we are not able to fully eradicate a simplistic model of cancer, it is an illusion that 
single agent or combination therapy in the same pathway are going to cure the 
complex disease that exists in patients.

Perhaps in order to successfully treat cancer, multiple distinct pathways 
need to be targeted simultaneously. This strategy has been proven successful in 
the treatment of infectious diseases and was pivotal in developing a treatment 
regimen to contain the human immunodeficiency virus. By combining drugs that 
each target different aspects of viral replication, developing resistance to all drugs 
would be mathematically close to impossible40. Despite the recent surge in FDA 
approved drugs for cancer treatment, no drug combinations have been shown to 
overcome the emergence of resistance41,42, to my knowledge at this time. Moreover, 
it is difficult to identify multiple dependencies or vulnerabilities in a single tumor. 
This is complicated even further by the inability of modern day chemistry to target 
these vulnerabilities. For example, small molecules have not successfully targeted 
transcription factors such as MYC43. Targeting protein-protein interaction has 
also been proven to be difficult because of the relative large surface over which 
the binding energy is generated, and a small molecule is thought to be to small to 
inhibit these interaction44,45. Recent discoveries however, could potentially allow 
for the successful development of small molecules targeting transcription factors 
or disrupting protein complexes by removing crucial members of these complexes. 
By leveraging the mechanism identified by lenalidomide, other proteins have been 
successfully degraded by cereblon. A lenalidomide analogue, phtalimide, can 
be conjugated to ligands that bind other proteins than IKZF1 and IKZF3. These 
hybrid molecules are able to target proteins such as bromodomain-containing 
protein 4 (BRD4) and FKBP12 for degradation46.

In order to treat a single tumor patient with multiple targeted therapies, 
additional targets and vulnerabilities need to be identified. PDE3A would not have 
been discovered as a therapeutic target for cancer treatment through conventional 
approaches of target identification. Since PDE3A has not been found to be 
significantly mutated, overexpressed, or deleted or amplified, it would never have 
been labeled as a promising target for cancer treatment17,47. Also, since reduction 
of PDE3A expression does not impair proliferation in onebinib-sensitive cell lines, 
loss-of-function screens would not have identified PDE3A as a dependency in 
cancer cells48. Phenotypic screening in combination with target identification as 
described here, could be used in a complimentary manner with target-based drug 
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discovery efforts that have yielded many targeted therapies over the last decade. 
We have identified multiple cell lines that are susceptible to treatment 

with onebinib and with FDA approved targeted therapies, enabling potential 
combinations. For instance, COLO741 has been found to sensitive to BRAF 
inhibitors such as vemurafenib, and RVH421 and HUT78 are reported to respond 
to treatment with MEK-inhibitor trametinib, and NCI-H1666 has shown sensitivity 
to canertinib, an EGFR-inhibitor49,50. By combining onebinib in cell lines with 
their respective sensitivities, we can ask whether targeting multiple different 
dependencies simultaneously can prevent the emergence of resistance.  
 
Characterization of PDE3A and SLFN12 biology

Despite multiple attempts to elucidate the downstream signaling 
pathways perturbed by the PDE3A-SLFN12 complex induced by onebinib, 
no conclusive results have been obtained. We have identified possible roles 
of the glucocorticoid receptor, eIF2α transcription complex, and perhaps 
NFκB regulated transcription in onebinib-induced cytotoxicity. With the 
data we produced in this thesis, we cannot conclude whether the PDE3A-
SLFN12 complex induces cytotoxicity by activation or inactivation of relevant 
downstream pathways. Perhaps, due to low EC50 values of onebinib in sensitive 
cell lines, PDE3A and SLFN12 in complex could initiate an activating signaling 
cascade. This mechanism would not require copious amounts of onebinib to 
achieve cytotoxicity. 

To identify downstream pivotal signaling nodules, a loss-of-function 
screen could identify crucial regulators of onebinib-induced cytotoxicity. In 
such an experiment, reduction of PDE3A and SLFN12 expression are useful 
positive controls to quantify the effect of reduced expression of other proteins. 
Experiments in this thesis have shown that loss of PDE3A and reduced SLFN12 
expression results in decreased sensitivity to onebinib. In the scenario that 
PDE3A bound to onebinib inhibits downstream signaling pathways, a loss-of-
function screen could still provide useful information in an attempts to identify 
possible affected pathways. Past efforts using loss-of-function screens to identify 
resistance mechanisms to small molecule inhibitors have been successful51,52. 
Although, it must be noted that when onebinib leads to downstream signaling 
inhibition, a genome-wide cDNA screen might provide more direct information 
compared a loss-of-function screen28,53. By replacing an essential signaling node 
inhibited by the PDE3A-SLFN12 interaction, identification of the inhibited 
pathway should be detectable. 

In addition to identifying relevant signaling pathways, further 
characterization of the interaction between PDE3A and SLFN12 could provide 
novel insights into the mechanism-of-action through which onebinib induces 
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apoptosis. Different transcription start sites create at least 3 different PDE3A 
isoforms, each of which has a different degree of membrane association54. The 
interaction of PDE3A with SLFN12 could be specific to a particular isoform. 
Ectopic expression of the different PDE3A isoforms in a onebinib-sensitive cell 
line with PDE3A targeted by the CRISPR-CAS9 system could elucidate this 
question. Since loss of PDE3A results in resistance to onebinib, the isoform that 
binds SLFN12 upon onebinib-binding should restore sensitivity to onebinib. 
Subcellular localization and regulation of phosphodiesterases have been subject 
to recent research in order to identify locally regulated signaling cascades55. 
Characterizing the signaling domain in which the onebinib driven interaction 
occurs could provide useful information. Moreover, isoform identification can 
aid in elucidating the mechanism by which PDE3A binds to SLFN12 upon 
interaction with onebinib. To further detail the interaction between PDE3A and 
SLFN12, saturated mutagenesis of both proteins using mutagenesis by integrated 
tiles could be applied to determine interacting residues56. This method could 
identify amino acids that are crucial in facilitating the interaction promoted by 
onebinib, as well as residues in PDE3A crucial for binding onebinib. Generating 
point mutations that abrogate the PDE3A-SLFN12 interaction could provide 
useful reagents to further probe downstream signaling instigated by onebinib. 

In our experiments, we have been unable to determine if onebinib directly 
or indirectly enables the interaction between PDE3A and SLFN12. Onebinib 
could stabilize an intramolecular interaction with PDE3A, or directly bind to 
PDE3A and SLFN12 by providing an additional binding surface to facilitate 
the interaction. One approach to determine an intramolecular interaction 
within PDE3A is to determine changes in melting temperature of PDE3A 
upon onebinib binding. Significant changes of PDE3A melting temperature 
upon onebinib binding would suggest a conformational change, indicative 
of a possible intramolecular interaction. Unfortunately, virtually all studies 
performed with PDE3A in vitro utilize the catalytic domain only. Numerous 
attempts to isolate near full-length PDE3A protein for in vitro studies have been 
unsuccessful (personal communication with Hengming Ke). Furthermore, the 
quality of commercial available PDE3A catalytic domain protein is limited, 
further hindering biophysical studies into the interaction with onebinib. Perhaps, 
application of a method that allows for melting temperature measurements 
within the complex environment of living cells could circumvent these technical 
difficulties57,58.

In conclusion, here we have provided an outline for target identification of a 
small molecule with exceptional cytotoxic properties, and have demonstrated the 
value of phenotypic screening efforts using non-isogenic cell lines. In an attempt 
to determine the mechanism-of-action of onebinib, we have identified that 
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onebinib modulates the protein-protein interactions of PDE3A. Modulation of 
the protein complex could be regulated by allosteric binding of onebinib within 
PDE3A or directly with novel interaction partners. Enhancement of the PDE3A-
SLFN12 interaction by onebinib is required for the cytotoxic phenotype of 
onebinib. If onebinib or similar compounds can be advanced to testing in cancer 
patients, perhaps identification of PDE3A and SLFN12 as biomarkers can be 
utilized to determine if this dependency identified in cell lines can be translated 
to the understanding of clinical response in patients. 
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Kanker is een ziekte die wordt veroorzaakt door veranderingen in het DNA 
van een cel. DNA is genetische informatie die voor de helft van je vader en 
voor de andere helft van je moeder hebt gekregen.  In dit DNA liggen allerlei 
genetische eigenschappen vastgelegd in genen zoals de kleur van je ogen, kleur 
van je huid, of je sproeten hebt maar ook je geslacht.  Niet alleen uiterlijke 
kenmerken zijn vastgelegd op in genen op het DNA, maar ook informatie 
voor metabolische processen, het maken van enzymen en spierweefsel. De 
integriteit van deze informatie wordt bewaakt door een legio aan checkpoints 
en DNA-schade sensoren. Levende cellen worden continu blootgesteld aan 
metabolische stoffen die DNA en eiwitten beschadigen. Eiwitten die niet meer 
goed functioneren worden gerecycled. Schade aan het DNA daarentegen wordt 
gerepareerd omdat er slechts 2 kopieën van ieder gen. Deze reparaties zijn 
niet 100% effectief en op deze manier verzamelen cellen over hun levensduur 
mutaties. Wanneer deze mutaties op de verkeerde plek en verkeerde tijd 
plaatsvinden kan dit leiden tot de ontwikkeling van kanker. 

Tot voor kort was de behandeling van kanker vrij constant van patiënt tot 
patiënt. Wanneer een tumor chirurgisch kan worden verwijderd dan geniet dit de 
voorkeur boven andere behandelingen zoals chemotherapie en / of bestraling. 
Mede dankzij de opkomst van nieuwe technologie zijn wij in staat vast te 
stellen welke specifieke veranderingen in het DNA verantwoordelijk zijn voor 
het ontstaan van kanker. Samen met basaal onderzoek naar de onderliggende 
biologie van DNA-mutaties die vaak voorkomen in kanker, hebben wij steeds 
meer inzicht gekregen in hoe een tumor ontstaat en wat de zwakheden van 
tumoren zijn. Nieuwe behandelingen proberen deze zwakheden uit te buiten 
door specifiek eiwitten te ‘targeten’ met nieuwe medicijnen, of wanneer een 
tumor uit een bepaald weefsel ontwikkelt proberen de zwakheden van dat 
specifieke weefsel exploiteren. Een voorbeeld hiervan is het medicijn tamoxifen, 
een remmer van de oestrogeen receptor die werkzaam is in patiënten met 
borstkanker met grote hoeveelheden van de oestrogeen receptor.  Een ander 
voorbeeld is een remmer van de epidormal growth factor receptor, ook wel EGFR 
genoemd. EGFR is een gen dat vaak is gemuteerd in tumoren van patienten met 
longkanker. Deze mutaties hebben als gevolg dat EGFR constant ‘aan’ staat en 
de cel continu stimuleert om te groeien. Remmers van EGFR, zoals erlotinib en 
gefinitb, dempen deze stimuli en remmen zodanig de groei van de tumor. 

Sinds 2013 zijn er 23 nieuwe kankermedicijnen goedgekeurd door de 
United States Food and Drug Administration (FDA), de Amerikaanse variant 
van de European Medicine Agency die medicijnen goedkeurt voor gebruik in 
landen binnen de Europese Unie. De ontwikkelingen van een groot deel van 
deze nieuwe medicijnen wordt gemotiveerd door informatie van tumoren van 
patiënten. Wanneer een gen vaak mutaties heeft in een bepaalde soort tumoren 
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is het aannemelijk dat de functie van dat eiwit belangrijk is voor het ontstaan 
en het in stand houden van de tumor. Er worden dan speciale programma’s 
gestart door veelal farmaceutische bedrijven om speciaal dit soort eiwitten te 
remmen met behulp van moleculen. Voorbeelden van dit soort moleculen zijn 
de eerdergenoemde moleculen tamoxifen, erlotinib en gefinitib. Deze moleculen 
zijn vaak alleen werkzaam in patiënten die mutaties hebben in de genen 
waarvoor de moleculen zijn ontworpen. Omdat deze behandelingen één enkel 
doel hebben in een speciale populatie van kankerpatiënten worden ze ook wel 
‘targeted therapies’ genoemd. Deze staan in schril contrast met behandelingen 
zoals chemotherapie en bestraling, die worden voorgeschreven voor veel meer 
patiënten. 

Ondanks deze vooruitgang in het behandelen van kankerpatiënten, zijn deze 
targeted therapies niet in staat om kankerpatiënten daadwerkelijk te genezen. De 
opkomst van cellen in de tumor die resistent zijn tegen dit soort behandelingen 
zorgen ervoor dat targeted therapies vaak maar tijdelijk werkzaam zijn. Dit 
een fenomeen dat ook voorkomt met behandeling met chemotherapie, op een 
gegeven stopt de tumor met krimpen vanwege resistentie tegen de behandeling. 
Andere ziektebeelden hebben ook te maken met resistentie tegen behandelingen, 
zoals hiv of bacteriële infecties als tuberculose. Om resistentie te voorkomen en 
de behandeling succesvol te laten zijn worden meerdere medicijnen met elkaar 
gecombineerd. De gedachte hierachter is dat de kans op resistentie tegen alle 
medicijnen niet tegelijkertijd kan optreden en dat daardoor de behandeling 
effectief is en een grotere kans heeft om de patiënt daadwerkelijk te genezen. 

Het toepassen van dit principe in kankerpatiënten wordt bemoeilijkt door 
gebrekkige biologische kennis van de mechanismen waarmee tumor resistent 
worden tegen chemotherapie of targeted therapies. Daarnaast zijn er nog geen 
combinaties mogelijk van bestaande medicijnen die veilig zijn voor patiënten 
om te nemen en die in staat zijn resistentie tegen te gaan. Het identificeren van 
meerdere zwakheden in één tumor is een moeilijk probleem. Vaak is er maar één 
mutatie in de tumor van een patiënt waarvan is bewezen dat het remmen van 
het corresponderende eiwit daadwerkelijk belangrijk is voor het in stand houden 
van de tumor. Daarnaast is het zeer moeilijk gebleken om bepaalde families van 
eiwitten te kunnen remmen of te activeren met moleculen zoals tamoxifen.  

Een andere manier van het ontdekken van nieuwe kankermedicijnen 
is het systematisch testen van grote aantallen moleculen in cellijnen van 
kankerpatiënten om nieuwe moleculen te vinden die deze cellijnen kunnen 
doden. Deze aanpak staat bekend als fenotypisch screenen. Een groot nadeel 
is dat het zeer moeilijk kan zijn om het eiwit te identificeren waar een dergelijk 
molecuul aan bindt en vervolgens waarom bepaalde cellijnen hiervoor gevoelig 
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zijn en anderen niet. Het voordeel van fenotypisch screenen is dat er een kans is 
dat er moleculen worden gevonden die met ontwikkeling van targeted therapies 
niet zouden zijn ontdekt. In dit proefschrift beschrijven wij de resultaten van een 
fenotypische screen. Deze screen had als doel om nieuwe moleculen te vinden 
die cellijnen met een bepaalde mutatie in het gen TP53 kunnen doden. TP53 is 
het gen dat het vaakst gemuteerd is in een studie van bijna 5.000 tumoren. Ruim 
30% van alle tumoren in deze studie had een mutatie in TP53. De opzet van de 
screen was vrij eenvoudig, twee cellijnen werden blootgesteld aan bijna 2.000 
moleculen. Eén cellijn had een mutatie in het TP53 gen en de andere cellijn had 
geen mutatie in dit gen. De veronderstelling was dat het mechanisme van een 
molecuul die de cellijn doodt met de TP53 mutatie, gerelateerd zou zijn aan de 
functie van p53, het eiwit van het TP53 gen. 

De screen met 2.000 moleculen resulteerde in de identificatie van drie 
moleculen die specifiek de cellijn met de TP53 mutatie doodde. Een van deze 
moleculen, die wij onebinib genoemd hebben, was opmerkelijk. De concentratie 
die nodig was om de helft van de cellen in een petrischaal te doden was erg 
laag voor onbekend molecuul. Dit was voor ons een aanwijzing dat onebinib 
erg efficiënt was in het reguleren van het cellulaire proces dat belangrijk is 
voor de overleving van de TP53 gemuteerde cellijn. Daarnaast observeerden 
wij dat er slechts een kleine groep cellijnen gevoelig waren voor blootstelling 
aan onebinib. Cellijnen die niet gevoelig waren voor onebinib waren in staat 
zeer hoge concentraties van onebinib te tolereren. Jammer genoeg waren er 
meerdere cellijnen met mutaties in TP53 die niet doodgingen wanneer ze werden 
blootgesteld aan onebinib. Dit leidde tot de conclusie dat het effect van onebinib 
op gevoelige cellijnen, onafhankelijk is van de functie van p53. 

Een fenotypische screen heeft als nadeel dat het moeilijk is te achterhalen 
wat precies het mechanisme is van moleculen die worden geïdentificeerd in 
een dergelijke screen. Om het eiwit te identificeren waar onebinib aan bindt is 
een lastig vraagstuk. Wij hebben meerdere experimenten uitgevoerd om hier 
een antwoord op te vinden. Uiteindelijk hebben wij met behulp van “predictive 
chemogenomics” meer inzicht gekregen in waarom sommige cellijnen wel en 
niet gevoelig voor onebinib. Predictive chemogenomics is een experimentele 
aanpak waarbij wij een groot aantal cellijnen hebben blootgesteld aan onebinib 
en vervolgend gekeken hebben naar cellulaire eigenschappen die gevoelige 
en niet-gevoelige cellijnen van elkaar kunnen scheiden. Met behulp van data 
van 766 cellijnen die zijn blootgesteld aan onebinib hebben wij vastgesteld dat 
expressie van het gen phosphodiesterase 3A (PDE3A) het best correleert met 
gevoeligheid voor onebinib. Dit resultaat leidde tot de hypothese dat PDE3A een 
belangrijk eiwit is in het fenotype van onebinib.

PDE3A is een eiwit dat belangrijk is in het reguleren van de activatie van 
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bloedplaatjes en het reguleren van het samentrekken van de hartspier. Op het 
gebied van kankeronderzoek is er weinig bekend over de functie van PDE3A. 
Uit onze experimenten bleek dat onebinib een remmer is van de enzymatische 
functie van PDE3A. Omdat PDE3A belangrijk is in andere ziektebeelden zijn 
er andere moleculen die de enzymatische functie van PDE3A ook remmen. 
Enigszins tot onze verassing waren deze moleculen niet in staat dezelfde 
cellijnen te doden die gevoelig waren voor onebinib. Sterker nog, wanneer deze 
moleculen tegelijkertijd aan gevoelige cellijnen worden toegediend zijn deze 
PDE3A remmers in staat cellijnen tegen het effect van onebinib te beschermen. 
In andere experimenten hebben wij laten zien dat deze twee groepen PDE3A 
remmers op dezelfde manier binden aan PDE3A. De beschermende werking 
van niet-dodelijke PDE3A kan worden verklaard omdat deze voorkomen dat 
onebinib aan PDE3A bindt. 

Een mogelijke verklaring voor dit effect is dat onebinib een ander effect 
heeft op PDE3A, die andere PDE3A remmers niet hebben. Wij hebben op 
verschillende manieren geprobeerd om verschillen tussen onebinib en andere 
PDE3A remmers in kaart te brengen en vaak zijn deze experimenten niet 
succesvol gebleken. Een experiment dat ons wel meer inzicht in het mechanisme 
van onebinib heeft gegeven was het bestuderen van het eiwitcomplex waarin 
PDE3A zich bevindt. Eiwitten drijven niet gewoon rond in een cel en hebben 
partners nodig om hun functie goed uit te voeren en dit ook op de juiste plek 
te doen. Wij hebben gekeken hoe dit eiwitcomplex van PDE3A verandert 
wanneer onebinib of een niet-dodelijke PDE3A remmer aan PDE3A is gebonden. 
Wanneer PDE3A gebonden is aan onebinib, zijn er twee extra eiwitten aanwezig 
in het eiwitcomplex van onebinib, SIRT7 en SLFN12. Deze twee eiwitten zijn 
echter niet aanwezig wanneer een niet-dodelijke PDE3A remmer aan PDE3A is 
gebonden.  Dit resultaat laat inderdaad zien dat onebinib een ander effect heeft 
op PDE3A die andere niet-dodelijke PDE3A remmers niet hebben. Een andere 
interessante waarneming is dat de expressie van SLFN12 ook goed correleert 
met gevoeligheid voor onebinib. Sterker nog, de helft van alle cellijnen met 
hoge expressie van PDE3A en SLFN12 zijn gevoelig voor onebinib. Dit is een 
verbetering ten opzichte van PDE3A op zichzelf, slechts 1 op de 3 cellijnen 
zijn gevoelig voor onebinib. Voor SIRT7 hebben wij een dergelijk verband niet 
kunnen vinden. 

Vervolgens hebben wij onderzocht of de aanwezigheid van SLFN12 in het 
PDE3A eiwitcomplex een functionele rol heeft in het reguleren van het effect 
van onebinib. Eerder hebben wij experimenteel aangetoond dat PDE3A cruciaal 
is voor onebinib om cellijnen te doden. Wanneer wij de hoeveelheid PDE3A-
eiwit reduceren, heeft dit als gevolg dat cellijnen minder gevoelig zijn voor 
blootstelling aan onebinib. Wanneer wij hetzelfde experiment doen met SLFN12, 
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zien wij vergelijkbare resultaten: onebinib heeft SLFN12 nodig in de cel om die 
cel te kunnen doden. Jammer genoeg is er weinig bekend over de functie van 
SLFN12 onder normale cellulaire condities. Dit bemoeilijkt ons onderzoek naar 
welke cellulaire processen belangrijk zijn voor onebinib om gevoelige cellijnen te 
doden. 

In dit proefschrift hebben wij laten zijn dat fenotypisch screenen voor 
nieuwe moleculen met opmerkelijke eigenschappen kan leiden tot interessante 
ontdekkingen. Door middel van het toepassen van predictive chemogenomics 
hebben wij het eiwit kunnen identificeren waaraan onebinib bindt. Wellicht kan 
onebinib of een vergelijkbaar molecuul worden ontwikkeld tot een daadwerkelijk 
medicijn. Hiervoor is nog wel meer onderzoek nodig naar de precieze werking 
van onebinib en wat de functie van SLFN12 is. Een ander interessant idee is of 
de combinatie van onebinib met andere targeted therapies resistentie tegen kan 
gaan. Omdat er geen andere correlaties zijn gevonden met gevoeligheid van 
onebinib is het denkbaar dat welk onderliggend mechanisme belangrijk dan 
ook belangrijk is, er geen overlap is met bestaande kankermedicijnen. Dit zou 
combinatie behandeling mogelijk maken omdat dit beter verdraagbaar is voor de 
patiënt en hopelijk ook een betere uitkomst biedt.  
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