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ABSTRACT OF THE DISSERTATION 

 

 

Identifying Synthetic Lethal Interactions in VHL-Deficient CC-RCC 

 

By 

 

Jordan M. Thompson 

 

Doctor of Philosophy in Molecular Biology and Biochemistry 

 

 University of California, Irvine, 2017 

 

Professor Olga Razorenova, Chair 

 

 

 

Clear Cell Renal Cell Carcinoma (CC-RCC) is a devastating disease in its metastatic 

manifestation with a 5-year survival rate of 11.7%. The loss of the tumor suppressor von Hippel-

Lindau (VHL) has been shown to drive the initiation and progression of CC-RCC. Since most of 

the currently approved FDA therapies act on a patient’s endothelial cells to reduce angiogenesis, 

instead of directly on the tumor, new targeted therapies are needed to treat this disease. One method 

for identifying targeted and tumor specific therapies is by identifying synthetic lethal interactions 

with the most common mutations in the cancer. 

We conducted an annotated chemical library screen in a CC-RCC cell line with and without 

VHL re-expressed and identified seven potential synthetic lethal interactions. Validation of these 

potential hits confirmed that inhibition of Rho Kinase (ROCK) 1 is synthetically lethal with VHL 
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loss in CC-RCC. We then confirmed the interaction both genetically via siRNA knockdown and 

with multiple ROCK inhibitors. The synthetic lethality interaction effect between ROCK1 

inhibition and VHL loss is dependent on the overactivation of HIFs that occurs upon VHL loss. 

Furthermore, treatment with the ROCK inhibitor Y-27632 inhibited tumor growth in vivo in a 

subcutaneous xenograft model using 786-O CC-RCC cells.  

While ROCK inhibitors have great potential to become CC-RCC therapeutics, with the 

exception of Fasudil approved in Japan and China for treating cerebral vasospasm and pulmonary 

hypertension, the existing inhibitors are currently limited to topical applications for glaucoma. 

Statins, HMG CoA Reductase inhibitors, can disrupt the Rho/ROCK pathway at doses 

administered for treating hypercholesterolemia. We have confirmed the synthetic lethal effect of 

statin treatment in VHL-deficient CC-RCC. The effect is cytostatic at low nanomolar doses and 

becomes cytotoxic as the dose is increased into the low micromolar. The addition of both 

Mevalonate and Geranylgeranyl pyrophosphate (GGPP) can fully rescue the effect. Increasing 

ROCK activity with arachidonic acid only partially rescues the effect suggesting that statins act 

through more synthetic lethal partners beyond the Rho/ROCK pathway. In vivo, treatment with 

Fluvastatin decreased tumor initiation and caused tumor regression in established tumors in 

subcutaneous xenograft models using 786-O CC-RCC cells.  

Combined, these studies identify ROCK inhibitors and HMG CoA Reductase inhibitors as 

promising new therapies for treating VHL-deficient CC-RCC and the biomarkers (VHL/HIF 

pathway) by which patients can be stratified for clinical trials.  
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CHAPTER ONE: INTRODUCTION 

 

Opening Statement 

 The studies presented within this dissertation focus on the identification of novel synthetic 

lethal interactions in von Hippel-Lindau (VHL) deficient Clear Cell Renal Cell Carcinoma (CC-

RCC). This work first presents the approaches that can be used to identify synthetic lethal 

interactions. Second, it presents the results from our chemical synthetic lethality screen and the 

initial validation of the seven hits identified. Third, it presents studies showing the full validation 

of the synthetic lethal interaction between Rho-associated coiled coil forming protein 

serine/threonine kinase 1 (ROCK1) inhibitors and VHL loss in CC-RCC. Fourth, the potential for 

the use of ROCK inhibitors in other cancers is examined. This potential is due to the finding that 

Hypoxia Inducible Factors (HIF) expression is sufficient to trigger the synthetic lethal effect. 

Lastly, statins, HMG-CoA Reductase inhibitors, are also shown to be synthetically lethal with VHL 

loss in part due to ROCK1 inhibition. Statins act by inhibiting the mevalonate synthesis preventing 

isoprenylation of small GTPases and disrupting intracellular trafficking of small GTPases. 

Together, the work presented identifies promising new therapies for treating VHL-deficient CC-

RCC.  
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Overview of Kidney Cancer in the United States 

There are currently over 375,000 people living with renal cancer in the US today making 

it one of the most prevalent forms of cancer1. The incidence rate is slowly increasing at 1.4% each 

year with over 63,000 new cases predicted in 2017. Luckily, improved diagnostic tools and 

increased surveillance have resulted in earlier detection resulting in a decrease in overall mortality 

by about 0.7% each year1,2. Early detection is vital for improving a patient’s diagnosis and 

currently about 65% of patients are diagnosed with localized disease. Localized cancer, which is 

confined to the initial site, has a high 5-year survival rate of 92.6%. Regional cancer, which has 

spread to local lymph nodes, has a 5-year survival rate of 66.7%. Unfortunately, the 5-year survival 

rate of patients with distant or metastasized disease is fewer than 11.7%1. Since a patient only 

needs one kidney to survive, surgery to remove part or the entire affected kidney is often curative 

in localized disease1.  For the remaining third of patients, who do not have localized disease upon 

diagnosis, chemotherapy is often administered. The effectiveness of the given therapy depends 

upon the type of kidney cancer that the patient has. 

Kidney cancer consists of tumors that have formed from the pelvis or from the renal 

parenchyma. About 90% of all kidney cancers are adenocarcinomas that arise from the renal 

parenchyma that are referred to as Renal Cell Carcinomas (RCC)22. A number of therapies have 

been developed and approved by the U.S. Food and Drug Administration (FDA) for treating 

advanced stage, or regional/distant, RCC. These therapies can be separated into two categories: 

angiogenesis inhibitors and immunomodulators (Table 1.1). Angiogenesis inhibitors typically act 

by reducing the tumor’s blood supply. Immunomodulating drugs act by stimulating the immune 

system in order to activate the patient’s defense mechanisms against the tumor. 

Immunomodulating drugs were the first class to be approved by the FDA. 
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Table 1.1 The current list of FDA approved therapies for advanced stage RCC.  

Mechanism Drug Name Trade Name Target 
Approva

l 
Use Type Route 

Immunotherapy  

 Interleukin-2  Aldesleukin IL-2 Receptor 1992 1° Cytokine IV 

 Nivolumab Opdivo PD-1 Receptor 2015 2° 
Monoclonal 

Antibody 
IV 

Angiogenesis 

Inhibitors 

Axitinib Inlyta  VEGF and PDGFR 2012 2° Small Molecule Oral 

Sorafenib 

Tosylate 
Nexavar  VEGF and PDGFR 2005 1° Small Molecule Oral 

Sunitinib 

Malate 
Sutent  VEGF and PDGFR 2006 1° Small Molecule Oral 

Pazopanib 

Hydrochloride 
Votrient  VEGF and PDGFR 2009 1° Small Molecule Oral 

Bevacizumab + 

IFN-α 
Avastin  VEGF 2009 1° 

Monoclonal 

Antibody 
IV 

Lenvatinib Lenvima  VEGF and FGFR 2016 2° Small Molecule Oral 

Cabozantinib Cabometyx VEGF and HGFR 2016 2° Small Molecule Oral 

Temsirolimus Torisel  mTOR 2007 1° Small Molecule IV 

Everolimus Afinitor  mTOR 2009 2° Small Molecule Oral 

IV stands for intravenous injection.1° indicates first line treatment and 2° indicates that the drug is 

approved for treatment in patients who are refractory for a primary treatment. 
 

Currently FDA Approved Therapies for CC-RCC 

Immunotherapy 

 Immunomodulating drugs act by enhancing the body’s ability to react and recognize cancer 

cells and this form of therapy, immunotherapy, is traditionally considered to be a standard of care 

for cancer patients with advanced or metastatic disease. There have been at least 58 different 

studies of immunotherapies for advanced stage RCC3. There are two immunotherapies that are 

currently approved for the treatment of advanced stage RCC including Interleukin-2 (IL-2) 

approved in 19924 and Nivolumab approved in 20155. Cytokines, like IL-2, work by activating the 

immune system to strengthen its response to the patient’s cancer cells. IL2-based immunotherapy 

has been shown to prolong overall patient survival to 17.5 months6, but it has limited efficacy and 

is associated with significant morbidity and some mortality.   Nivolumab is an inhibitor of the 

programmed cell death 1 (PD-1) receptor. PD-1 is a cell surface receptor that is expressed on 
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activated T-cells and its activation can inhibit the T-cells response to cancer cells. Nivolumab is a 

monoclonal antibody blocking PD-1. Since only a small subset of patients undergo full remission 

with immunotherapies, there is a clear need for improved biomarkers that accurately predict 

sensitivity. 

While systemic therapy was originally limited to cytokines like IL-2, in 2005 the FDA 

approved the first targeted therapy: Sorafenib Tosylate which acts predominantly as an 

angiogenesis inhibitor7. There are two main pathways that are targeted by FDA approved targeted 

therapies: Vascular Endothelial Growth Factor (VEGF) and molecular Target of Rapamycin 

(mTOR). 

VEGF Inhibitors  

 As shown in Table 1.1, there seven VEGF inhibitors currently approved in the US for RCC 

treatment including six small molecule inhibitors Axitinib, Sorafenib Tosylate, Sunitinib Malate, 

Pazopanib Hydrochloride, Lenvatinib, Cabozantinib, and one monoclonal antibody Bevacizumab. 

These therapies predominantly act to inhibit the VEGF cascade that occurs in RCC patients with 

overexpressed Hypoxia Inducible Factors (HIFs). HIFs become constitutively activated early in 

the pathogenesis of RCC due to the loss or mutation of the E3 ubiquitin ligase von Hippel-Lindau 

(VHL) that targets the alpha subunit of HIF8. VEGF and receptor tyrosine kinases (RTKs) like the 

Platelet derived Growth Factor (PDGFR) and Epidermal growth factor receptor (EGFR) are HIF 

target genes, and HIF overactivation results in the overexpression and overactivation of its 

downstream RTKs9. This signaling cascade induces angiogenesis which in turn supplies the 

growing tumor with nutrients and oxygen10. As the tumor grows more cancer cells escape from 

the original tumor and intravasate into the blood stream increasing the risk of metastasis10. By 

blocking the tumor’s blood supply with angiogenesis inhibitors both tumor growth and metastasis 
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are inhibited until drug resistance develops. VEGF inhibitors were the first class of targeted 

therapy developed and approved for treating RCC.  

 As indicated in Table 1, three of the Receptor Tyrosine Kinase Inhibitors (RTKis) have 

been approved for first line treatment: Sorafenib, Sunitinib, and Pazopanib. These first line prolong 

overall survival to 19.3 months11, 29.3, and 28.4 months respectively12. Second line RTKi Axitinib 

has been shown to prolong overall survival to 13.6 months in Sorafenib-refractory patients and to 

29.9 months in cytokine-refractory patients13. 

The two most recently approved receptor tyrosine kinase inhibitors, RTKis, for treating 

CC-RCC include Lenvatinib and Cabozantinib. Along with inhibiting VEGF, both Lenvatinib and 

Cabozantinib also target additional RTKs that have been linked to RTKi drug resistance. 

Accordingly, upregulation of fibroblast growth factor receptor (FGFR) signaling has been shown 

to contribute to resistance to VEGFR inhibitors14, and Lenvatinib inhibits PDGFR, VEGFR, and 

FGFR. In RTKi refractory patients, Lenvatinib prolonged overall patient survival to 18.4 months 

in comparison to 17.5 months for Everolimus-treated patients. Combination treatment with both 

Lenvatinib and Everolimus was able to prolong overall patient survival to 25.5 months15. 

Overactivation of the hepatocyte growth factor receptor (HGFR, or MET) pathway has been also 

implicated in VEGFR inhibitor resistance16,17, and Cabozantinib inhibits both VEGFR and MET. 

Treatment with Cabozantinib prolonged overall survival to 21.4 months in RTKi refractory 

patients over Everolimus treatment, which only prolonged survival to 16.5 months. The approval 

of both Lenvatinib and Cabozantinib offers new options to overcome resistance to current RTKi, 

and further clinical trials are underway.  
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 While VEGF and other RTKs are directly activated in RCC by the constitutive activation 

of HIFs after VHL loss, it has been shown that mTOR is an upstream agonist of HIF expression 

making mTOR inhibitors appealing for the treatment of RCC. 

mTOR Inhibitors  

 There are two mTOR inhibitors that are currently approved for the treatment of advanced 

stage RCC (Table 1): Temsirolimus and Everolimus. First line mTORi Temsirolimus is approved 

for poor-prognosis metastatic CC-RCC patients and prolongs overall survival to 10.9 months as 

compared to cytokine-based immunotherapy, which prolongs overall survival to 7.3 months18. 

Second line mTORi Everolimus increases overall survival of RTKi-refractory metastatic CC-RCC 

patients by 14.8 months19. These therapies inhibit mTOR signaling, which is often overactivated 

in CC-RCC20. mTOR is a key regulator of cellular metabolism and is an upstream HIF regulator: 

overactivation of mTOR causes an increase in HIF transcription21. mTOR is known to regulate 

both cell growth and proliferation by driving fatty acid synthesis, the pentose phosphate pathway, 

and increasing glucose uptake and glycolysis21. The mTOR pathway can also be activated by RTK 

signaling creating a feedback loop22. Treatment with mTOR inhibitors reduces HIF-α 

transcription, helping to ameliorate the constitutive activation of HIFs after VHL function has been 

lost. Beyond single agent targeted therapies, combination treatments with targeted therapies and 

immunotherapies have shown some success in patients.  

Combination Therapies 

 Combining VEGF inhibitors or mTOR inhibitors with immunotherapy has been successful, 

or at least well tolerated and a number of clinical trials have been successful in combining other 

VEGF inhibitors with cytokines. For instance, Sorafenib tested in combination with IFNα was 

better than either treatment alone23–25. Until recently, combination therapy of multiple VEGF 
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inhibitors or VEGF inhibitors and mTOR inhibitors resulted in excessive toxicities in phase I 

clinical trials26–28. These severe toxicities may be due to these drugs primarily acting in a similar 

fashion as angiogenesis inhibitors to reduce the signaling cascade caused by HIF hyperactivation. 

Fortunately, in 2016, the FDA approved the use of Lenvatinib plus Everolimus for patients who 

are refractory for anti-angiogenic therapy with advanced CC-RCC as a second line therapy. So far, 

this combination has been the only successful and FDA approved combination of RTKi and 

mTORi. The combination resulted in an increased progression free survival of 9.1 months longer 

than everolimus alone (14.6 months vs 5.5 months) and a 10.1 month increase in overall survival 

(25.5 months vs 15.4 months)29. Unfortunately, many of the patients quickly develop resistance to 

the currently approved targeted therapies22,30, and there is some evidence that the therapies act 

more on endothelial cells to inhibit angiogenesis rather than the tumor cells22,30. 

Even with the increases in overall patient survival attained through combination therapies 

and the newly approved RTK and PD-1 inhibitors, there is still an unmet need for novel targeted 

therapies that will increase patient survival beyond the 5 and 10-year mark, preferably without 

significant decreases in patients’ overall quality of life. One method of identifying such therapies 

has been through identifying synthetic lethal interactions (reviewed in 31). Synthetic lethality 

occurs when the inhibition, loss, or mutation of one of two genes separately does not harm a cell, 

but when altered together causes cell death. Within CC-RCC, one of the main drivers of tumor 

initiation and progression is the loss of VHL, which occurs in over 90% of CC-RCC patients32.  

The Role of VHL in the Progression of CC-RCC 

 VHL is a tumor suppressor protein that is named after the two scientists who 

contributed to its identification and association with VHL Disease: Eugen von Hippel and Arvid 

Lindau. In 1904, von Hippel first identified a rare disorder of the retina and later, in 1927, Lindau 
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connected this retina disorder to hemangioblastomas in the cerebellum and spine. The VHL gene 

was identified through genetic studies of patients with VHL disease in 199333. VHL disease is a 

heritable autosomal-dominant neoplastic syndrome with an incidence of 1 in 36,00034 that is 

associated with the development of renal cysts (60 to 70% of patients), with some cysts progressing 

to CC-RCC (40% of patients), spinal cord (60 to 80% of patients) and retinal (60% of patients) 

hemangioblastomas (tumors originating from the vasculature), and pheochromocytoma (adrenal 

gland tumors) (5% of patients)33,35. Patients with VHL disease are born lacking one functional 

copy of the VHL gene, and during their lifetime lose a second functional copy due to mutation, 

deletion, or promoter hypermethylation in certain tissues, triggering cancer development. The 

disease is divided into distinct subtypes based on VHL status36. Type 1 VHL disease is associated 

with deletions and mutations in VHL that completely disrupt its function and are associated with 

high risk of CC-RCC and hemangioblastoma formation. Type 2 VHL disease is further split into 

three additional subsets, 2A-C, and is associated with VHL missense mutations37. Type 2A is 

associated with hemangioblastoma, pheochromocytoma, and a low risk for CC-RCC; type 2B is 

associated with hemangioblastoma, pheochromocytoma, and CC-RCC; whereas type 2C is 

associated with pheochromocytoma only32,36. 

VHL loss of function due to deletions, mutations, and promoter hypermethylation occurs 

in over 90% of sporadic CC-RCC cases32. The frequency of VHL mutations in CC-RCC tumors 

ranges from about 46% to 82% depending on the study38,39, and loss of heterozygosity occurs in 

up to 98% of cases40. In addition, VHL promoter hypermethylation occurs in about 10 to 20% of 

CC-RCC tumors41–43. Accordingly, VHL loss of function occurs by multiple mechanisms and is a 

hallmark of sporadic CC-RCC tumors, which has been shown to be a major driver of the disease.  
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In both hereditary RCC (associated with VHL disease) and sporadic RCC  multiple studies 

have confirmed that the majority of patients have lost VHL44. VHL is an E3 ubiquitin ligase that 

results in the degradation/inhibition of its targets. The best-known targets of VHL are the Hypoxia 

Inducible Factor alpha subunits (HIF-α) (diagram shown in Figure 1.1). Hydroxylation of the 

conserved prolines in the HIF-α proteins can only occur in the presence of oxygen and Fe2+45,46. 

VHL targets HIF-α for degradation through the ubiquitin degradation pathway under normoxia via 

binding of two hydroxylated prolines. Loss of VHL or removal of cofactors (e.g. Fe2+) results in 

stabilization of HIF-α in normoxic conditions. Hypoxia, or the loss of VHL in CC-RCC results in 

the accumulation and activation of HIF-α45, which heterodimerizes with constitutively expressed 

HIF-β forming a functional transcription factor. This then results in the increased expression of 

HIF-α target genes, which promote cancer cell survival, growth, and metastasis.47 There are two 

predominant forms of HIF-α: HIF-1α and HIF-2α. While some of their targets overlap, HIF-1α has 

been characterized as having more tumor suppressor target genes while HIF-2α has predominantly 

oncogenic target genes44. Furthermore, some CC-RCC tumors lose HIF-1α in the progression of 

the disease while retaining HIF-2α expression indicating that HIF-2α is critical for CC-RCC 

development44,48. The change in signal transduction between VHL-deficient CC-RCC tumors and 

healthy cells that contain VHL can be exploited to identify new and promising chemotherapeutic 

agents that will specifically kill VHL deficient cancerous cells with minimal side effects. These 

promising therapies are identified in the course of synthetic lethality screens. 
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Figure 1.1 HIF Pathway Overview. Under normal oxygen conditions (right), normoxia, prolyl 

hydroxylases (PHD) hydroxylate HIF-α on two proline residues creating a binding site for VHL. 

VHL binds to the hydroxylated HIF-α and targets it for degradation via the proteasome. When 

oxygene is limiting in hypoxia (left), or VHL function is lost/impaired like in CC-RCC, HIF-α can 

translocate to the nucleus and bind HIF-β. Together the heterodimer binds to hypoxia response 

elements in the DNA and activate the transcription of HIF target genes. 
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Synthetic Lethality Concept  

 Synthetic Lethality occurs when the individual alteration (mutation, deletion, inhibition, 

overactivation) of two genes independently does not affect cell survival or proliferation, but the 

simultaneous alteration of both genes results in a cytotoxic or cytostatic effect. Synthetic lethality 

and approaches to studying synthetic lethality are examined more closely in Chapter Two and in 

Thompson et al. 201549. In order to identify novel synthetic lethal interactions in VHL-deficient 

CC-RCC we used Sigma’s Library of Pharmacologically Active Compounds (LOPAC) and 

performed a screen using the matched RCC4 cell lines (where the only difference between the two 

cell lines is whether VHL is expressed) as shown in Figure 1.2. The LOPAC is an annotated 

chemical library that contains 1280 compounds. We conducted the primary screen using 

fluorescence intensity as a surrogate for cell counting. To do so, the matched RCC4 lines RCC4 

and RCC4VHL were transduced with a plasmid expressing enhanced yellow fluorescent protein 

(EYFP). Thus, the brighter the fluorescence intensity, in the well, the greater the numbers of cells 

present. The results from the screen were normalized to the vehicle control for each compound 

and seven hits were identified. Representative results from the screen are shown in Figure 1.3 

where the decrease in yellow brightness in each well represents the decrease in fluorescence 

intensity that was measured, and the results are quantified in dose response curves. 
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Figure 1.2. Overview of Synthetic lethality model for VHL-deficient CC-RCC. Matched RCC 

and RCCVHL cell lines are tested against drug or shRNA libraries to identify synthetic lethal 

interactions that kill VHL-deficient RCC while sparing VHL-expressing RCCVHL. 

 
 

Figure 1.3. Overview of the LOPAC Library Screen showing representative results. A artistic 

representation of the results from the synthetic lethality screen is shown for the fluorescence 

intensity measurements on the left with stronger intensity indicated by brighter yellow, and the 

same results shown as dose response curves on the right compiled using the actual results from the 

screen. STF-002137 and STF-001976 are representative of negative hits. STF-002137 does not 

kill either line, whereas STF-001976 inhibits the VHL-expressing RCC4VHL EYFP greater than 

the VHL-deficient RCC4 EYFP. Y-27632 and Tyrphostin A9 were two of the hits that were 

obtained from the LOPAC screen, in which the VHL-deficient RCC4 EYFP cell line was 

selectively inhibited more than 50% in comparison to the less effected RCC4VHL EYFP cell line.
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The primary LOPAC screen identified seven compounds that could potentially be 

synthetically lethal with VHL loss in CC-RCC. These compounds included Y-27632, Dequalinium 

dichloride, Indirubin-3’-oxime, Kenpaullone, SU 9516, Tyrphostin 23, and Tyrphostin A9. The 

results of this screen are analyzed in depth in Chapter 3. Our best hit from the screen was Y-27632, 

which inhibits both Rho-associated protein kinases (ROCK) 1 and ROCK2. ROCK is a major 

regulator of cytoskeleton remodeling downstream of the small GTPase Rho. ROCK 

phosphorylates its substrates regulating their activity in many cellular processes including actin 

filament stabilization, actin-membrane linkage, stress fiber formation, actin-network assembly, 

and microtubule dynamics50. ROCK1 and ROCK2 share a 92% identity within their kinase 

domain51 and are differentially expressed throughout the tissues with ROCK1 being expressed in 

the organs including the liver, kidney and lung, whereas ROCK2 is predominantly expressed in 

the muscle and brain51.  In Chapter 4, and published in Thompson et al. 201652,  we present the 

validation that was conducted to confirm that inhibition of ROCK1 is synthetically lethal with 

VHL loss in CC-RCC. Within this study, we confirm that the synthetic lethal interaction is through 

ROCK1 and not ROCK2 by genetically knocking down both targets using two independent small 

interfering RNAs (siRNAs). The interaction between ROCK1 and VHL loss is both cytostatic and 

cytotoxic. The effect is dependent on HIF expression within the CC-RCC line, with HIF-1α 

overexpression sensitizing the CCRCC cells to ROCK inhibition to a greater degree than HIF-2α 

overexpression (Figure 1. for VHL and ROCK pathway overview). These findings have important 

implications about the potential use of ROCK inhibitors in other cancers where HIFs are 

overactive. These findings are examined more closely in Thompson et al. 2017.53 
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Figure 1.4. Overview of VHL/HIF and Rho/ROCK signaling pathways. VHL, left, is a part of 

an E3 ubiquitin ligase complex that targets HIF-1α and HIF-2α for degredation. The loss of VHL 

stabilizes HIFs, leading to elevated expression of a multitude of HIF-target genes, involved in 

angiogenesis, migration, invasion, glycolysis, etc. ROCK signaling, right, is dependent on 

activation by RhoGTPases that bind to ROCK1 and ROCK2. ROCK family kinases are major 

regulators of actin organization within the cell controlling actin filament stabilization, actomyosin 

contraction, acting cytoskeleton rearrandements, microtubule stabilization, etc. The combination 

of VHL loss leading to HIF overactivation and Rho/ROCK pathway inhibition triggers synthetic 

lethality. 

 

 The identification of a synthetic lethal interaction between ROCK inhibitors and VHL loss 

in CC-RCC led us to hypothesize that inhibition of Rho, the direct upstream regulator of ROCK, 

would also be synthetically lethal with VHL loss. The Rho family GTPases, RhoA, RhoB, and 

RhoC, directly regulate ROCK1&2 activation. Since ROCK inhibition is synthetically lethal with 

VHL deficiency, we hypothesized that inhibiting Rho would also lead to synthetic lethality with 

VHL loss. We further hypothesized that RhoC is critical for the proliferation of VHL-deficient CC-

RCC, and can be utilized for specifically targeting CC-RCC tumors. Our rationale was threefold. 

First, high ROCK and RhoC expression are predictive of poor patient survival54. Second, RhoC 

might interact directly with VHL and ROCK1, as well as have ubiquitin (Ub) modifications, 
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accordingly to www.signaling-gateway.org and www.phosphosite.org. Lastly, our preliminary 

data indicates that knocking down RhoC by siRNA causes synthetic lethality with VHL loss 

(personal communication with Luke Nelson). Based on these findings, we hypothesized that 

treatment with HMG-CoA Reductase inhibitors, also known as statins, as an indirect way to inhibit 

Rho signaling, would also cause synthetic lethality. Statins are used in a large part of the population 

to treat hypercholesterolemia. Treatment with statins decreases mevalonate synthesis reducing 

both cholesterol synthesis and isoprenoid intermediates.  A large body of evidence supports that 

statins can disrupt intracellular trafficking of small GTPases like Rho by inhibiting their 

isoprenylation55–57. Furthermore, disruption of mevalonate synthesis by statins has been shown to 

inhibit ROCK signaling in patients57. While statins have been traditionally used to treat high 

cholesterol58 in order to reduce risk of cardiovascular disease, a growing body of literature now 

shows that statins have “pleiotropic”, off-target non-cholesterol related, effects that are responsible 

for reducing the risk of many types of cancer59,60. Indeed, our findings showed that it is the 

inhibition of small GTPase isoprenylation, and not decreased cholesterol synthesis, which is 

responsible for the synthetic lethal effect with statins. Our findings with statins are detailed in 

depth in Chapter 5 and published in Thompson et al. 2017. 

Closing Statement 

 These studies identify two new potential types of therapy for treating VHL-deficient CC-

RCC including ROCK inhibitors and statins. As statins are already taken by a large portion of the 

human population, they also provide a mechanism for how statin use is correlated with decreased 

risk for developing CC-RCC61. Furthermore, these studies not only provide new therapeutic 

approaches, but identify biomarkers that can be used to stratify patients based on predicted 

sensitivity to the treatment like the HIF/VHL pathway.  
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CHAPTER TWO: APPROACHES TO IDENTIFYING 

SYNTHETIC LETHAL INTERACTIONS IN CANCER 

 

Introduction 

 

A major challenge in developing new anticancer therapies is not to identify compounds 

that kill cancer cells, but instead to identify compounds that have large therapeutic index such 

thatthe dose that causes tumor regression produces minimal toxicity in normal tissue. Many cancer 

therapies have a low therapeutic index, producing numerous side effects that greatly reduce a 

patient’s quality of life. Further elucidation of the unique differences between cancer and normal 

tissue can allow for the development of targeted therapies with fewer side effects. During 

malignant progression, cancer cells acquire multiple mutations including the activation of proto-

oncogenes, the inactivation of tumor suppressors, and other additional genetic or epigenetic 

alterations resulting in a drastically transformed genome62,63. Indeed, most of the hallmarks of 

cancer are associated with changes to the cancer cell’s genetic makeup in order to enable it to 

endlessly proliferate64. These changes create a weakness that can be exploited to specifically target 

and kill cancer cells while sparing normal cells63,65. Traditional chemotherapy, including DNA 

damaging agents, and irradiation treatment both rely on this principle. Most cancer cells have 

defects in their cell cycle checkpoints where DNA would normally be repaired before 

replication66,67. Thus, radiotherapy and DNA damaging agents target DNA in the continuously 
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dividing cancer cells, causing cell death. Normal cells, with their intact cell cycle checkpoints, 

repair the damage before dividing66,67. However, these therapies often have serious side effects, 

often to highly proliferative tissues like hair, gut, and blood, and greatly reduce a patient’s quality 

of life68. Synthetic lethality exploits the specific changes within the cancer at a single gene level 

to selectively enhance toxicity in tumor but not healthy tissue. 

Synthetic Lethality  

Synthetic lethality is defined as the interaction between two co-essential genes such that 

inhibiting the function of either gene separately results in cell survival, but inhibiting the function 

of both genes results in cell death (Figure 2.1)31,69,70. Inhibition of a gene may be achieved by 

chemical or genetic means. For instance, the genetic inhibition of a gene’s function may occur 

through RNAi, mutation, deletion, epigenetic changes, or perturbations of upstream regulators. 

Chemical inhibition of the gene’s function may be achieved by treatment with a chemical 

compound. The inhibition of co-essential genes can occur at any level and the loss of function does 

not have to occur in the same manner for both co-essential genes. For example, one gene can be 

lost due to deletion and the other inhibited by a chemical compound. While synthetic lethality is 

best known in the context of loss-of-function mutants70, other perturbations including gene 

overexpression71,72, epigenetic changes73, and cell extrinsic differences74,75 can cause these 

interactions to occur31 (Figure 2.1). In identifying genes that are synthetically lethal within each 

cancer type we gain an understanding of the molecular biology of those cancers and how it can be 

specifically exploited. There are multiple approaches that have been successfully used to identify 

synthetic lethal interactions in cancer. 
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Figure 2.1 Synthetic lethal interactions spare normal cells while selectively killing cancer 

cells. (A) In the loss of function phenotype cancer cells have lost the function of gene X due to 

genetic loss, epigenetic changes, cell extrinsic changes, and more. When cells that express gene X 

are treated to inhibit gene X’s synthetic lethal partner target Y they remain viable, but cancer cells 

lacking gene X die. (B) In the gain of function phenotype, also called synthetic dosage lethal, 

cancer cells have an overexpression or overactivation of gene X due to oncogenic mutation, 

generation of fusion proteins, changes in upstream regulators, epigenetic changes, cell extrinsic 

changes, and more. When cells with wild type gene X are treated to inhibit gene X’s synthetic 

lethal partner target Y they survive, but cancer cells with the gene X gain of function die. 
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Different Approaches to Identify Synthetic Lethal Interactions 

 

Hypothesis-Driven Approach 

It is possible to identify synthetic lethal interactions using a candidate or hypothesis-driven 

approach if the alterations to the molecular pathways in the cancer of study are well established. 

For instance, if a tumor suppressor is frequently lost and the resulting changes to the gene 

expression profile are known, then it may be possible to use RNA interference (RNAi) or chemical 

compounds to inhibit the genes that are expected to be upregulated to compensate for the loss. This 

may result in a synthetic lethal interaction. Mutations in the BReast CAncer early onset (BRCA) 1 

and BRCA2 genes are known to occur frequently in breast and ovarian cancers. Knowing that 

BRCA1/2 are involved in Homologous Recombination (HR) and DNA double-strand break repair, 

both Byant et al.76 and Farmer et al.77 hypothesized that inhibition of Poly (ADP-Ribose) 

Polymerase (PARP), responsible for DNA single-strand break repair, would be synthetically lethal 

with loss of BRCA1/2. This hypothesis is based on the knowledge that PARP deficiency results in 

spontaneous single-strand breaks at the DNA replication fork, which require HR for repair. Cells 

deficient in BRCA1/2 are unable to provide HR for repair of DNA single- and double-strand breaks 

caused by chemical or genetic PARP inhibition, causing synthetic lethality. The synthetic lethal 

interaction was extended to in vivo studies, followed by clinical studies where treatment of 

BRCA1/2-deficient tumors with a DNA damaging agent combined with a PARP inhibitor, 

extended patient survival over chemotherapy alone78,79.  

Synthetic lethal interactions may also explain why particular chemical compounds have 

increased efficacy in cancers characterized with specific genetic alterations. While clinical trials 

for PARP inhibitors in ovarian cancer were successful in increasing progression free survival by 

62% overall 80, in a follow-up analysis of the same study it found that the BRCA1/2-deficient group 
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had a much higher rate of 82%81. Another study by Leibowitz et al.82 hypothesized that 

NonSteroidal Anti-Inflammatory Drugs (NSAIDs) are highly effective in preventing colorectal 

tumorigenesis due to a synthetic lethal interaction with the loss of the Adenomatous Polyposis Coli 

(APC) gene. While NSAIDs were able to activate cell death pathways in both cancer and normal 

cells, APC deficiency triggered the activation of BH3 Interacting-Domain (BID), a death agonist 

in extrinsic apoptotic pathway, resulting in synthetic lethality82. In situations where putative targets 

cannot be identified, a screening based approach is necessary. 

 

Screening Based Approaches 

Most large-scale approaches investigating synthetic lethal interactions in cancer rely on the 

comparison of drug or RNAi treatment in “matched” cell lines (Figure 2.2). Matched cell lines are 

generated so that their only difference is in the expression/activation status of the gene of interest. 

In studying a loss-of-function phenotype (Figure 2.1A), the parental cancer cell line may have lost 

the expression of a gene, have inactivating mutations, or have been treated with an extrinsic factor 

(like a chemical compound) such that the activity of the gene is lost. In this model, a matched cell 

line could be generated from a parent cancer cell line deficient in the gene by overexpressing it 

(Figure 2.2A). Next, multiple cell lines with and without expression of the gene could be compared 

(Figure 2.2B). Finally, one could inactivate the gene in a cell line expressing it (Figure 2.2C). In 

studying a gain-of-function phenotype (Figure 2.1B) the parental cancer cell line may have 

acquired a new gene fusion, oncogenic mutation resulting in constitutive activation, 

overexpression of the gene, or have been treated with an extrinsic factor (like a receptor ligand) 

such that the gene’s activity would increase. In this model, a matched cell line could be generated 

from a parent cancer cell line with an overactive gene by inactivating it (Figure 2.2D). Next, 

multiple cancer cell lines with and without the increase in the gene’s activity might be investigated 
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(Figure 2.2E). Additionally, the gene could be overexpressed in the parent cell line expressing it 

at a normal level (Figure 2.2F). Finally, a cell extrinsic factor like a receptor ligand could be used 

to treat the cells with low receptor activity such that activity of the receptor would increase (Figure 

2.2F). These matched cell lines often differ in the activity of a single gene, and one of them 

represents a cancer cell line characterized by a specific gene alteration, and the other represents a 

cancer cell line characterized by the absence of that alteration. In this respect, the latter simulates 

the normal tissue where genetic alterations are absent. Once the matched cell lines have been 

generated they can be used in high throughput screens. These screens can be separated into two 

categories: chemical libraries and genome-wide interference. Chemical libraries include both 

annotated and non-annotated libraries where the targets of the chemical compounds are known and 

unknown respectively. Genome-wide interference screens have been conducted successfully using 

siRNA, shRNA, and CRISPR.  

Many chemical library screens rely on the usage of chemical compounds with unknown 

molecular targets. These screens usually contain tens of thousands of different compounds, which 

greatly increases the chances of getting a “hit”. A hit is a compound that is synthetically lethal 

within cancer cells containing the gene alteration being studied. The difficulty of these screens is 

in identifying the molecular target of the hit. Genome-wide interference screens rely on the use of 

siRNA, shRNA, or CRISPR libraries in order to inhibit genes involved in every molecular pathway 

within cells. Smaller libraries can be useful if specific pathways are established. Genome-wide 

interference screens suffer from the need to identify chemical compounds that inhibit the molecular 

targets identified before the interaction can be utilized in clinical trials. If the compounds are not 

available their development can be long and arduous. The use of an annotated chemical library can 

offer both a small molecule compound and the molecular target assuming the hit is acting through 
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the predicted target. This chapter will investigate multiple case studies for each approach, the 

screens involved, the methods of validation the studies used, and the synthetic lethal interactions 

identified. Our goal is to present the merits of each approach and the context in which they have 

been successfully applied.  

Chemical Library Screens 

The use of large non-annotated chemical libraries (Figure 2.3A), wherein the molecular 

targets of the drugs are unknown, have been an effective method for discovering synthetically 

lethal interactions in a number of different cancers including Renal Cell Carcinomas (RCC)83,84 

and ovarian cancer85. Most chemical library screens rely on fluorescently labeled matched cell 

lines and measure fluorescence intensity as a surrogate for cell count as a high-throughput viability 

assay. Following the identification of hits, an investigation of the actual drug targets and 

mechanism of action is required. Often an additional screen is necessary to accomplish this. If the 

drug class has been previously investigated and its targets have been established, then confirmation 

that the drug is acting “on-target” can be performed using RNAi to knockdown the putative target. 

Annotated chemical libraries, in which the targets of the drugs are known, can be useful tools for 

identifying synthetic lethal interactions. Since annotated libraries are often small (hundreds of 

chemical compounds) in comparison to non-annotated libraries (tens of thousands of compounds), 

the benefit from knowing the molecular target of a compound may be offset by the reduced chance 

in identifying hits from a screen. Likely for this reason, the use of non-annotated chemical library 

screens appears to be more frequently described in the literature. Below we discuss two papers 

where screens using non-annotated chemical libraries were employed.  
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Figure 2.2. Approaches to generating matched cell lines for synthetic lethality screens. There 

are multiple approaches to generate matched cell lines if a loss of function (A-C) or a gain of 

function (D-F) of a specific gene is studied. For studying synthetic lethal interactions in cancer 

cells that have lost expression of a gene: (A) The cDNA for the gene can be re-expressed in the 

deficient cell line, (B) multiple cancer lines both expressing and deficient in the gene can be 

investigated, or (C) cancer lines that express the gene can be treated to inactivate the gene. For 

studying synthetic lethal interactions in cancer cells with oncogenic mutations that increase 

activity of the gene or create a new gene fusion (like BCR-ABL) multiple approaches can be used: 

(D) cells can be treated with RNAi or a chemical inhibitor in order to reduce the expression back 

to normal levels; (E) multiple cancer lines both with and without the mutation could be 

investigated; (F) or the mutation can be introduced or the gene can be overexpressed within a 

cancer line that does not already contain it or has normal expression of it. In addition to this an 

extrinsic factor could be used induce the activity of the gene. 
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Figure 2.3. Approaches to investigating synthetic lethal interactions. (A) Chemical Library 

screens are conducted using matched cell lines in a plate format wherein each drug is dosed 

separately to both lines. Fluorescence intensity from GFP or eYFP labeled cell lines can be used 

as a surrogate for cell count to make the assay high-throughput. (B) siRNA library screens are also 

conducted in a plate format. Libraries are often custom ordered and contain individual siRNA and 

transfection reagent plated out to each well. The matched cell lines can then be plated to duplicate 

plates and analyzed following incubation using a high-throughput method like Cell Titer Glo. Hits 

from screens performed using the plate format (A and B) are identified by comparing the 

normalized values of each well between the two matched cell lines. A hit, indicated by the red 

arrows, kills cancer cells while sparing the matched normal cell line. (C) The shRNA library 

approach is most often performed by transducing matched cell lines with a shRNA viral pool, 

although plated approaches can be conducted similar to the siRNA library approach. The pooled 

approach is more conducive for studying multiple cell lines and relies on deep sequencing analysis 

to identify hits. A hit is identified by analyzing for shRNA that are lost after transduction library 

in cancer cell lines and not normal cell lines, since synthetic lethal interactions will result in the 

cells death. Once hits have been identified and validated in each screen the approaches (A, B, C) 

split. With a chemical library screen (A) in vivo studies can be readily initiated while the 

investigation into the molecular pathway is conducted. For siRNA and shRNA screens (B, C) in 

vivo studies can also be initiated using shRNA constructs while small molecules are investigated 

and developed. 
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The first paper exploited the fact that inactivation of the tumor suppressor Von Hippel 

Lindau (VHL) has been shown to occur in over 70% of RCC44. The inactivation of VHL results in 

abrogation of its E3 ubiquitin ligase activity and overexpression of its targets. Turcotte et al.83 

utilized a library of 64,000 chemical compounds to identify synthetic lethal interactions in VHL-

deficient RCC (Figure 2.1A). The screen used a VHL-deficient RCC4 parent cell line and matched 

RCC4-VHL cell line obtained by overexpression of VHL cDNA (Figure 2.2A). Both matched lines 

stably expressed Enhanced Yellow Fluorescent Protein (EYFP), and fluorescence was used to 

monitor cell number. The matched lines were treated in parallel with the chemical library in a plate 

format (Figure 2.3A). Clonogenic assays, in which the cells were plated at low densities and 

allowed to form colonies, were used to confirm their hits. The authors observed that VHL-deficient 

RCC cells treated with the hit STF-62247 accumulated intracytoplasmic vesicles more readily than 

RCC-VHL cells, causing RCC cell death. The synthetic lethal effect of STF-62247 was also 

confirmed in vivo using multiple matched RCC lines. Since the molecular target of STF-62247 

was unknown the authors utilized a yeast deletion pool to identify the target. This additional screen 

confirmed that STF-62247 was disrupting the trans-golgi network stimulating the maturation of 

autophagosomes to autolysosomes selectively in the VHL-deficient RCC.  

The second paper aimed at the identification of chemical compounds that would re-

sensitize cancer cells to DNA damaging agents such as ionizing radiation (IR) or Cisplatin. These 

agents cause DNA intrastrand crosslinks and are effective in treating a wide variety of cancers 

with perturbed DNA repair pathways including ovarian cancer86. Eventually, the cancer cells 

evolve to acquire drug resistance through various mechanisms including activation of DNA repair 

pathways like the Fanconi Anemia (FA) pathway87. For example, DNA damaging agents are 

initially efficacious in ovarian cancer, but most patients relapse with resistant disease that is no 
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longer sensitive to the treatment88. Jacquemont et al.85 utilized a library of 16,000 chemical 

compounds to identify hits that would inhibit the overactive FA pathway thus re-sensitizing cancer 

cells to DNA damaging agents (Figure 2.1B). The parent PD20 fibroblast cell line is Fanconi 

Anemia Group D2 (FANCD2)-deficient, causing FA pathway disfunction. The PD20-EGFP-

FANCD2 cell line utilized for the screen was obtained by overexpression of Enhanced Green 

Fluorescent Protein (EGFP) labeled version of the wild type (WT) FANCD2 cDNA. This 

overexpression made the PD20-EGFP-FANCD2 cell line resistant to DNA damaging agents. The 

chemical compound screen was performed using 96-well plates seeded with PD20-EGFP-

FANCD2 cells treated and untreated with IR (Figure 2.2F, extrinsic factor). Cells were dosed with 

the ICCB bioactives and Commercial Diversity Set 1, Chembridge DiverSet, and NINDS II 

chemical compound libraries. The plates were imaged using EGFP microscopy to identify hits that 

selectively reduced EGFP-FANCD2 foci formation by greater than 50% in IR treated cells, which 

indicates that the hit reduces DNA repair events, causing restoration of sensitivity to the IR 

treatment. From the 43 hits obtained, 26 hits also successfully reduced EGFP-FANCD2 foci 

formation in cells treated with Cisplatin. Fifteen hits were then validated in multiple ovarian cancer 

cell lines. Since the FA pathway is known to be involved in DNA repair and homologous 

recombination (HR), in a followup study the HR efficiency was tested using a GFP-based reporter 

system, where GFP expression was correlated with HR events. The majority of the drugs acted by 

indirectly inhibiting the HR process (like the compound Bortezomib) or by directly inhibiting 

FANCD2 foci formation.  

Taken together, non-annotated chemical library screens, as described above, can be an 

effective means to identify synthetic lethal interactions within individual matched cell lines. This 

method is not suited to studying a large number of cell lines in parallel since it relies on the plate 
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format. One advantage that chemical library screens have in comparison to RNAi or CRISPR 

based screens (see below) is that chemical compounds tend to inhibit families of targets whereas 

RNAi is specific for individual members within the family. Different interactions can be identified 

with both approaches since some genes within the same family might be redundant and inhibiting 

a single gene would not cause synthetic lethality in an RNAi screen. In contrast, inhibiting the 

whole family by a chemical compound might be too cytotoxic in a chemical library screen, wherein 

inhibiting a single member may have been synthetically lethal. Overall this approach is suited for 

studying specific cancer lines, generates a large number of hits, and provides compounds that can 

be used in vivo,but requires establishment of molecular targets.  

 

siRNA Library Screens 

The siRNA library screen relies on a plate format wherein each siRNA is transfected 

separately in its own well (Figure 2.3B), which makes it very similar to the format described above 

for the chemical library (Figure 2.3A). In some screens, multiple siRNAs targeting a gene are 

pooled into the same well (called a siRNA pool, usually comprised of 4 individual siRNAs). Cell 

Titer-Glo luminescent cell viability assay from Promega is often used to assess viability and 

identify hits. Both studies investigated below rely on the addition of extrinsic factors to generate 

matched cell lines. Once hits have been identified, in vivo studies can be conducted using RNAi 

constructs and chemical compounds for the established targets can be investigated. 

In the first study Kranz et al.89 performed a genome-wide siRNA screen to sensitize the 

human glioblastoma cell line U251MG treated with Tumor necrosis factor-Related Apoptosis-

Inducing Ligand (TRAIL) to apoptosis (Figure 2.1B). TRAIL is an important ligand in the death 

receptor-mediated apoptosis pathway, which is often inactivated in cancers including 
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glioblastoma90,91. This screen was performed in a 384-well format using matched U251MG cells 

both with and without TRAIL treatment (Figure 2.2F, extrinsic factor) and Dharmacon’s SMART-

pool siRNA library targeting 5,000 genes with 4 pooled siRNAs per target in each well (Figure 

2.3B). Plates were analyzed using the Cell Titer-Glo viability assay to identify hits. Validation of 

the hits from the screen was performed, using the same system, by transfecting individual siRNAs 

for every gene hit instead of transfecting siRNA pools. FAT1 was chosen for further investigation 

since all 4 individual siRNAs resulted in decreased survival in response to TRAIL. This synthetic 

lethal interaction was also identified in five additional cell lines. The authors found that FAT1 is 

linked to the extrinsic apoptosis pathway, and that it impedes Caspase-8 recruitment to the Death-

Inducing Signaling Complex (DISC) in a ubiquitin-independent mechanism. Synthetic lethality of 

FAT1 with TRAIL treatment was confirmed by knocking out FAT1 using CRISPR/Cas9-mediated 

genome engineering. 

In the second study,  Josse et al.92 performed a siRNA library screen to identify genes that 

are synthetically lethal with TOPoisomerase I (TOP1) inhibition in the breast cancer line MDA-

MB-231 (Figure 2.1A). TOPoisomerases (TOPs) are enzymes that reverse the supercoiling of 

DNA that occurs during replication and transcription93. Inhibition of TOPs has been shown to be 

an effective means for killing constitutively proliferating cancer cells94. Inhibitors trap the TOP 

enzyme on the DNA and result in stalled replication forks and transcriptional complexes, causing 

DNA double strand breaks. Importantly, TOP1 inhibitors are in clinical trials or approved for 

ovarian cancer, colorectal cancer, breast cancer, and more93,94. The siRNA screen was performed 

using parallel 384-well plates of matched MDA-MB-231 cells treated with the TOP1 inhibitor 

Camptothecin (CPT) or vehicle control (Figure 2.2C, chemical compound). The Qiagene human 

druggable genome library version 4.1, targeting 7,000 genes with 4 individual siRNAs per gene, 
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was transfected into cells. Cell Titer-Glo was used to assess viability and identify hits (Figure 

2.3B). Forty-two hits were identified that selectively killed CPT treated MDA-MB-231 while 

sparing vehicle treated cells. To validate the top hits, the effects of the siRNAs were investigated 

with varying CPT concentrations and with additional siRNAs for over 40 of the candidate genes. 

One of the top hits was Ataxia Telangiectasia Mutated (ATM). Since ATM and Rad3-related protein 

kinase (ATR) function in parallel, and ATR inhibitors have already been developed and are in 

clinical trials, the authors confirmed that ATR inhibitors are synthetically lethal with TOP1 

treatment. The authors found that ATR and its downstream target Chk1 are crucial factors in 

repairing DNA lesions that occur when TOP1 is inhibited. This synthetic lethal interaction was 

confirmed in vivo in mice with COLO205 colon cancer xenografts, and combination treatment 

with ATR and TOP1 inhibitors was more effective than individual treatment for either drug.  

In summary, the siRNA approach, like the chemical library approach, is limited by the 

plate format since each siRNA or siRNA pool must be transfected into an individual well (Figure 

2.3B, plate format) as compared to the shRNA library approach (discussed below) where shRNAs 

are transduced in a viral pool (Figure 2.3C, pooled format). Thus, the plate format limits the 

number of cancer types that can be investigated concurrently, but the screen can be performed 

using a high-throughput viability assay like Cell Titer-Glo. Hits can later be validated in additional 

cell lines. When performing secondary siRNA screens each gene must be targeted with multiple 

non-pooled individual siRNAs to avoid false positives from off-target effects. The study by Josse 

et al.92 investigated over 7 individual siRNAs for their top hits in order to identify the best 

candidates for further analysis. Overall the siRNA approach is well suited to investigating 

individual matched cell lines where understanding the specific genes involved within the synthetic 

lethal interaction is important.  
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shRNA Library Screens 

The use of shRNA libraries (Figure 2.3C) can aid in identifying the key molecular 

pathways that a tumor is dependent on for survival. There are a number of common strategies 

when performing shRNA screens. First, most screens consist of shRNA virus pools, which makes 

the approach applicable for studying multiple cancer lines in parallel, although a plate format with 

individual shRNAs per well can also be used95 similar to siRNA screens (Figure 2.3B). The readout 

from the pooled screen is often in the form of deep sequencing96 or a microarray97. The hits from 

the screens are then validated by performing viability assays using the individual shRNAs. 

Viability assays are often conducted using a kit like Cell Titer-Glo or clonogenic assays. The 

process of identifying the mechanism of action and chemical compounds targeting the gene hits is 

then different for each study.  

In the first example, Etemadmoghadam et al.97 performed shRNA library screening on 102 

cancer cell lines including ovarian, colon, pancreas, lung, and other cancer types to investigate 

synthetic lethality with Cyclin E1 (CCNE1) amplification (Figure 2.1B). Overexpression of the 

CCNE1 oncogene occurs in multiple cancers and is associated with poor prognosis in high-grade 

serous ovarian cancer 98,99. CCNE1 overexpression results in increased proliferation through 

decreased regulation of the S phase cell cycle checkpoint 100. The authors obtained microarray data 

of shRNA experiments from the Integrative Genomics Portal and the data was analyzed using the 

GenePattern module ScorebyClassComp and GENE-E software. The shRNA library contained a 

pool of 54,020 shRNAs targeting 11,194 genes. All cancer cell lines were divided into CCNE1 

amplified/overexpressing or normal CCNE1 copy number/expression representing matched cell 

lines (Figure 2.2E). Each cancer type was analyzed separately. The relative abundance of each 

shRNA sequence in the matched cell lines was compared since shRNAs causing synthetic lethality 
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should be eliminated from CCNE1 amplified/overexpressing cells. The screen identified 835 genes 

that were essential for survival in CCNE1-amplified or overexpressing cancer cell lines and 25 

high confidence hits. The authors validated the results of the shRNA screen by performing an 

siRNA screen for their top 115 hits plus an additional 27 candidate genes. For the siRNA screen 

SK-OV-3 (CCNE1-unamplified cells) and OVCAR-3 (CCNE1-amplified cells) (Figure 2.2E) were 

plated in parallel and viability was measured using the Cell Titer-Glo assay in a plate format 

(similar to Figure 2.3B). Among the best hits were Cyclin-dependent kinase 2, BRCA1, and other 

genes involved in DNA damage repair (including HR) and cell division. Based on this screen and 

the chemical library screen by Jacquemont et al.85 (see above) the authors used the chemical 

compound Bortezomib to target the FA pathway and disrupt HR. Bortezomib was synthetically 

lethal with CCNE1 amplification in multiple ovarian cancer cell lines.  

In the second example, Hoffman et al.96 identified synthetic lethal interactions in Brahma 

Related Gene 1 (BRG1)-deficient cancers (Figure 2.1A) using an epigenome-focused shRNA 

screen to identify epigenetic cancer dependencies. Epigenetic disregulation caused by alterations 

in the chromatin remodeling complex SWItch/Sucrose Non Fermentable (SWI/SNF) are important 

in tumorigenesis101. Inactivation of BRG1, a DNA-dependent ATPase and part of the SWI/SNF 

complex, is associated with increased cell proliferation, dysregulation of cell cycle checkpoints, 

and poor clinical prognosis102. Matched lines for BRG1 were obtained from the Cancer Cell Line 

Encyclopedia and consisted of a panel of 58 human cancer cell lines differing in their BRG1 status 

(Figure 2.2B). In order to study epigenetics-based synthetic lethality the authors constructed a 

DEep COverage DEsign shRNA library (DECODER) containing 6,500 shRNAs, with 17 shRNAs 

per gene, to specifically target enzymes involved in epigenetic regulation. The DECODER 

lentiviral pool was transduced into each cell line in duplicate. The relative abandance of each 
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shRNA was measured by Illumina GA2X-based next generation sequencing of each shRNA’s 

barcode in BRG1-deficient and expressing cell lines. Hits were shRNAs that were selectively 

eliminated from BRG1-deficient cells. From this screen the gene with the strongest synthetic lethal 

effect was BRahMa (BRM), a catalytic subunit of the SWI/SNF chromatin remodeling complex 

and paralog of BRG1. The authors hypothesized that BRM compensates for BRG1 loss in the 

deficient cancer cell lines. To confirm this the authors then showed that cancer lines with 

homozygous loss of BRG1 are more dependent on BRM than those with heterozygous loss. To 

further confirm the synthetic lethal interaction between BRG1 and BRM the authors introduced an 

inducible shRNA targeting BRM into several BRG1-deficient and WT cell lines. BRM knockdown 

in BRG1-deficient cells caused irreversible growth arrest and significant induction of repressive 

H3K9me3 histone methylation marks. The synthetic lethal interaction was confirmed in vivo using 

an inducible shRNA for BRM in BRG1-deficent lung cancer xenografts of NCI-H1299.  

In the third example, Scholl et al.95 identified a synthetic lethal interaction in Kirsten RAt 

Sarcoma (KRAS)  oncogene dependent cancer cells using a subset of the Broad Institute TRC 

shRNA Library that consists of 5,024 shRNAs (Figure 2.1B). Oncogenic KRAS mutations occur 

within most human cancers103–105 and drive tumorigenesis by increasing proliferation, anabolism, 

evasion of apoptosis and the immune system, and by stimulating metastasis103–105. The authors 

hypothesized that oncogenic KRAS mutations cause secondary dependencies on genes that can 

then be exploited for causing synthetic lethal interactions. The shRNA screen was conducted in 

the Acute Myeloid Leukemia (AML) cell lines NOMO-1 (mutant KRAS), THP-1 (WT KRAS), 

fibroblasts (WT KRAS), and human mammary epithelial cells (WT KRAS) (Figure 2.2E). Similar 

to the siRNA plate format approach (Figure 2.3B) the screen was conducted in a 384-well plate 

format in which each well was transduced with a single shRNA. Cell Titer-Glo was used to 
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determine cell viability for each well. The top candidate gene STK33, a member of the 

calcium/calmodulin-dependent protein kinase subfamily of serine/threonine protein kinases, was 

then validated in additional matched AML lines (Figure 2.2E). The authors then tested the 

consequence of STK33 knockdown in multiple non-AML cancer types. The synthetic lethal 

interaction was only observed in cancers that are dependent on mutant KRAS for viability and 

proliferation. The interaction was confirmed in vivo using inducible shRNA targeting STK33 in 

pancreatic, breast, lung, and colon cancer xenografts. Further investigation has shown that in 

mutant KRAS cells, STK33 acts through S6K1-induced inactivation of Bcl-2-associated death 

promoter to suppress the mitochondia-mediated apoptosis and promote survival.  

The shRNA approach requires redundancy in order to rule out false positive hits, since 

each individual shRNA has varying levels of efficacy in different cell types due to target transcript 

variation, shRNA design, and varying degrees of off-target effects. Overall this approach allows 

for the investigation of synthetic lethality in a large number of cancer cell lines in parallel through 

pooled viral libraries and generates a large number of hits. These methods require the use of 

microarray or DNA sequencing, which can be cost prohibitive; small molecule compounds 

targeting the identified genes may not be readily available.  

 

CRISPR Library Screens 

A new approach to genome editing was discovered in bacteria and archaea through the 

identification of clustered repeat sequences in 1987 that was later named CRISPR, or Clustered 

Regularly Interspaced Short Palindromic Repeats by Jansen et al.106 in 2002. CRISPR serves as a 

bacterial immune system against bacteriophages. Invading viral DNA is incorporated into the 

bacterial host genome between the CRISPR repeat sequences, which can then be used to 
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specifically target the viral DNA for degradation107. The CRISPR system is now a powerful tool 

for specifically editing the genome108 and can be applied to identifying synthetic lethal interactions 

(Figure 2.4). 

 

Figure 2.4. An overview of the CRISPR approach for Synthetic Lethality Screens. Matched 

cell lines stably expressing Cas9 are transduced with the gRNA library in a pooled virus format to 

produce a library of single cell mutants. The mutant library for each line is then screened for 

synthetic lethal interactions by isolating DNA and identifying underrepresented gRNA sequences 

in the cancer cell line which are not lost in the matched normal cells. Interactions identified from 

the screen are then investigated and validated using RNAi. Small molecules interacting with the 

targets of interest can be developed and inducible RNAi constructs may be used for in vivo studies. 

 

Hiroko et al.109 performed a genome wide CRISPR screen in mouse cells to identify genes 

that confer susceptibility to Clostridium septicum alpha-toxin. The aim of this study was to identify 

genes that when targeted would confer resistance to the toxin. While not technically identifying 

synthetic lethal interactions, since the screen identified genes that resulted in survival when 

targeted by guide RNAs (gRNAs) (reverse of Figure 2.1B), this study exemplifies how a CRISPR 

based approach could be conducted for studying synthetic lethal interactions in cancer. The 

CRISPR system generates bi-allelic mutations in each targeted gene resulting in a loss of function 

phenotype. Lentiviral CRISPR-Cas9 constructs that target 19,150 mouse protein-coding genes 

were generated using 87,897 gRNAs. The gRNA library covered 94.3% of the genome with at 
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least 2 gRNAs per gene. Mouse Embryonic Stem Cells (mESC) were transduced with the lentiviral 

CRISPR pool and were treated with or without alpha-toxin for 5 days (Figure 2.2F). The surviving 

cells were analyzed by deep sequencing to detect which genes had been lost. In a synthetic lethality 

screen, the gRNA could be barcoded allowing for hits to be identified by detecting 

underrepresented gRNA in the cancer population that are still present in the matched (WT) cell 

line (Figure 2.4). The authors identified 13 genes associated with alpha-toxin resistance and 

validated genes that were targeted by at least two independent gRNAs. Four validated hits 

conferring resistance to alpha-toxin were B4galt7, 1700016K19Rik, Cstf3 and Ext2. The authors 

verified B4galt7 and Ext2 by re-introducing the full-length cDNA into the corresponding gene 

knockout cell lines, which resulted in sensitivity to the toxin being restored. No further molecular 

analysis was conducted, and the results were not pursued yet with in vivo studies or chemical 

compound studies. 

One major advantage to using a CRISPR library is that the system provides for greater 

efficiency with fewer off-target effects when compared to an RNAi screen. As such the need for 

redundant targeting of the same gene is reduced. CRISPR screens, like shRNA library screens, are 

well suited for studying multiple cell lines in parallel since a pooled viral library can be employed. 

This is also a disadvantage since the screen will then rely on costly microarray or deep sequencing 

to identify hits. Since CRISPR is a relatively new system, it is likely that synthetic lethal screens 

using this approach will become more frequent. 

 

 

 

 

 



36 

 

 

 
 

Figure 2.5. DAISY is a computational program that scans large genomic data sets from cell 

lines and patient samples to identify synthetic lethal interactions. DAISY uses three 

approaches that independently interpret multiple data sets. The first approach is called survival of 

the fittest (SoF), which examines genomic DNA data sets for gene co-inactivation and somatic 

copy number alterations. The second approach analyzes the essentiality of a potential synthetic 

lethal gene pair using databases from shRNA screens. The last approach uses gene expression data 

sets to search for genes that are expressed in the similar biological processes by analyzing pairwise 

gene expression. Predicted synthetic lethality pairs are then tested and validated using in vitro gene 

essentiality assays. If drugs targeting the identified synthetic lethal gene pairs are available then in 

vitro drug screens can be performed. The expression pattern of the synthetic lethal gene pairs can 

also be assessed for potential use as biomarkers for clinical prognosis. 
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The DAISY Approach 

Most computational approaches to identifying synthetic lethal interactions on a global level 

have been performed in yeast70,110 and then applied to human cancer by investigating the effect in 

their human orthologs. Combining multiple approaches into a single screen can be an effective 

way to computationally identify synthetic lethal interactions on a global scale in human cancer. 

The data mining synthetic lethality pipeline, known as DAISY, is an approach published by Arnon 

et al.111. It consists of a data-driven computational screen for identifying synthetic lethal pairs 

through the analysis of cancer genomic data (Figure 2.1A). DAISY is a combination of three 

inference strategies: Survival of the Fittest (SoF), shRNA functional examination, and pairwise 

gene co-expression (Figure 2.5). The authors also analyzed Synthetic Dosage Lethality (SDL), 

which is the overexpression of a gene that leads to the essentiality of a second gene, making a SDL 

pair (Figure 2.1B). DAISY statistically infers synthetic lethal interactions from data sets generated 

from cancer cell lines and patient samples (Figure 2.2B, 2E). 

The first approach, SoF, is based on the assumption that cells with reduced expression of 

synthetic lethal gene pairs will not survive in a heterogeneous cell population. Since cancer cells 

with the inactivation of two synthetically lethal genes will not survive, by studying the Somatic 

Copy Number Alteration (SCNA) of a specific gene from the pooled populations of multiple cell 

lines, and comparing it to the average change in all other genes, a synthetic lethal interaction can 

be inferred. The co-inactivation of synthetically lethal genes should occur less frequently than the 

average. This is similar to the shRNA screen approach wherein microarray or sequencing is used 

to identify which shRNAs have been lost from the pooled population with the exception that it is 

on a much larger scope: each gene investigated is being compared to every other gene across 

multiple cell lines and patient samples. The second approach is a shRNA functional examination 
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and relies on three separate shRNA library screens in 46, 9, and 92 cancer cell lines to identify 

genes that become essential due to the knockdown of another gene. Each separate screen 

comprised an individual data set including the SCNA and gene expression profiles for each cancer 

cell line examined within the screen. This relies on the hypothesis that synthetically lethal genes 

will be simultaneously lost from the viral pool in multiple cancer cell lines. The third approach is 

pairwise gene co-expression analysis, which is based on the assumption that synthetic lethal pairs 

are involved in closely related biological processes. The combined analysis of the three approaches 

analyzed over 535 million gene pairs. A hit from the DAISY screen is defined as two genes in 

which the inactivation of one renders the other essential for survival.  

DAISY’s effectiveness was evaluated against previously identified synthetic lethal gene 

pairs, including the partners of PARP1, VHL, MutS protein Homolog 2 (MSH2), and KRAS. The 

validation was performed on 7,276 gene pairs that were tested in six large screens. PARP1 and 

BRCA1/BRCA2, as well as MSH2 and Dihydrofolate reductase were successfully confirmed as 

synthetic lethal pairs. Daisy’s predictive ability was also used to identify genes that become 

essential with VHL deficiency. 44 genes were predicted, and a small siRNA screen was performed 

to test the validity of the prediction. DAISY identified 3.83 times more synthetically lethal genes 

than the follow-up siRNA screen. This indicates that additional validation is needed for predicted 

pairs to eliminate false positives.  

The predictive ability of the combined DAISY approach was then used to generate 

genome-wide networks of synthetic lethal and SDL interactions in cancer. Over 2,000 synthetic 

lethal genes and over 3,000 SDL genes were identified in both normal and cancer cells. The 

identified gene pairs were also investigated in a large study based on clinical samples and cancer 

cell lines to test gene essentiality, clinical prognosis potential, and drug efficacy.  
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DAISY does have its limitations. It can only be applied to cancer cells since it relies on 

large genomic mutation data sets, which at times can be hard to work with because of their 

inaccuracy. It does not account for epigenetic or posttranslational regulation that can alter synthetic 

lethal and SDL interactions. DAISY’s predictive power can be utilized to identify novel co-

essential gene pairs, which may lead to new and improved therapeutics for treating cancer.  

Conclusions and Outlook 

Harnessing synthetic lethal interactions to create novel cancer specific therapies is a rapidly 

growing part of cancer biology. The specificity of these interactions will allow for improved 

overall survival while also increasing patient quality of life. Synthetic lethality allows for the 

exploitation of cancer specific mutations that are not “druggable” by identifying interactions with 

other co-essential genes. It provides an explanation for why some drugs have increased efficacy in 

specific cancer types and may even provide new clinically relevant diagnostic markers. With the 

discovery and implementation of CRISPR it is very likely that studies will be conducted using 

CRISPR libraries. Future computational based genome-wide inference studies like DAISY could 

be a powerful tool for mining the myriad of public data sets available to identify synthetic lethal 

interactions in specific cancer types. Other screens could identify synthetic lethal interactions using 

a microRNA library approach. As technology advances and sophisticated approaches become 

easier to conduct, it might be possible for synthetic lethal screens to be extended to personalized 

medicine.  
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CHAPTER THREE: LOPAC SYNTHETIC LETHALITY 

SCREEN 

 

 

 

Introduction 

 

Developing Novel Targeted Therapies for CC-RCC 

 One of the biggest trials faced by scientists is not to develop anticancer drugs that kill 

cancer cells, but instead to identify drugs that will kill cancer cells at concentrations that do not 

harm the patient taking them. One way to identify new drugs that specifically target cancer cells 

and spare normal cells is by identifying synthetic lethal interactions. In this chapter, the term 

“synthetic lethality” will be used in relation to simultaneous mutation/inhibition of two genes, 

which results in decreased proliferation (synthetic sick112) as well as cell death. Multiple synthetic 

lethality screens have been conducted in CC-RCC to identify novel drugs that specifically target 

von Hippel-Lindau (VHL) deficient CC-RCC52,83,84,113–115. These studies focus on synthetic lethal 

interactions with VHL loss because functional loss of VHL has been shown to occur in up to 90% 

of CC-RCC patients and is a major driver of the disease44. These screens have identified multiple 

targets including the stimulation of autophagy83; inhibition of Glut184, CDK6113, MET113, 

MEK1113, protein translation114,115, and inhibition of ROCK152 and are summarized in Table 3.1. 
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Table 3.1. Targets of published synthetic lethal interactions with VHL-deficient CC-RCC. 

Drug / Inhibitor Mechanism Reference 

STF-31 Inducing autophagy Turcotte et al. 2008 

STF-62247 Inhibit Glut1 Chan et al. 2011 

219476 and shRNA Inhibition of CDK6 

Bommi-Reddy et al. 2008 shRNA Knockdown cMET (HGFR) 

shRNA Knockdown of MEK1 

VerracarinA Decreased protein translation Woldemichael et al. 2012 

Omacetaxine Mepesuccinate Decreased protein translation Wolff et al. 2015 

Chromomycin A3 Unknown Sutphin et al. 2007 

Y-27632, RKI 1447 Inhibition of ROCK1 Thompson et al. 2016 

This table shows a list of synthetic lethal interactions identified with VHL loss in CC-RCC, the 

method of inhibition, and the corresponding reference.   

 

The previous synthetic lethality screens employed RCC lines that had lost VHL and the 

same cell lines transduced with a wild type cDNA for VHL to create a matched RCCVHL line83. 

The matched lines were then tested in chemical and shRNA library screens to identify novel 

synthetic lethal targets that result in cell death in VHL-deficient RCC and spare RCC expressing 

VHL. We conducted a synthetic lethality screen using Sigma’s LOPAC, which is an annotated 

chemical library containing 1280 compounds. The LOPAC screen identified seven compounds: 

Y-27632, Dequalinium dichloride, Indirubin-3’-oxime, Kenpaullone, SU 9516, Tyrphostin 23, and 

Tyrphostin A9. The annotated targets for these hits included ROCK, Potassium (K+) Channels, 

CDK, PDGFR, and EGFR (Figure 3.1a). Y-27632’s inhibition of ROCK is further explored and 

validated in Chapter 4. A secondary screen was conducted using both the primary screen’s 

fluorescence intensity assay and clonogenic assays to confirm the hits. Following the secondary 

screen, we then genetically knocked down the LOPAC annotated targets of each hit to see if the 

hit was “on target” as described by LOPAC. Our results confirmed synthetic lethal interactions 
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with inhibition or knockdown or ROCK1, CDK2, EGFR, and PDGFR β. While Y-27632 worked 

well as a small molecule inhibitor of ROCK1, further investigation is needed to identify 

compounds with greater potency and specificity for targeting CDK2, EGFR, and PDGFR β. 

Results  

Identification of Synthetic Lethal Interactions with Sigma’s LOPAC 

 

In order to identify novel synthetic lethal interactions, we utilized Sigma’s LOPAC. In the 

primary screen RCC4 and RCC4VHL cells, labeled with enhanced yellow fluorescent protein 

(EYFP), were screened in parallel in 384-well plates for chemical toxicity using LOPAC. After 

plating, the compounds were added the next day in varying concentrations prepared by serial 

dilution: 20, 10, 5, 2.5, 1.25, 0.625, and 0.313µM concentrations. Fluorescence intensity, a 

surrogate indicator of cell growth/viability, was measured four days following plating and 

exposure to the compounds. Hits from the screen were identified by calculating the maximum 

inhibition for both the RCC4 and RCC4VHL cell lines and selecting compounds that inhibited 

RCC4 greater than 50% while not inhibiting RCC4VHL past 50%. This criterion was used to select 

for compounds that have differential toxicity depending on VHL status within the matched cell 

lines. Seven hits were obtained in the primary LOPAC Screen (Figure 3.1a). 

The seven hits identified in the primary screen included the ROCK inhibitor Y-27632, the 

potassium (K+) channel inhibitor Dequalinium dichloride, the EGFR inhibitor Tyrphostin 23, the 

PDGFR inhibitor Tyrphostin A9, and three CDK inhibitors: Indirubin-3’-oxime, Kenpaullone, and 

SU 9516 (Figure 3.1b-h). For the secondary validation, we decided to proceed with only one CDK 

inhibitor: SU 9516. The secondary validation included replicating the initial assay used in the 

primary screen, and conducting clonogenic colony assays in multiple CC-RCC genetic 

backgrounds.  
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Figure 3.1. The results of a LOPAC library primary screen, which identified seven chemical 

compounds that specifically target VHL-deficient CC-RCC. (a) The annotated mode of action 

of seven chemical compound hits as described in the LOPAC database. Each compound hit is 

listed with its main target of action. (b-h) Dose response curves were generated for each compound 

hit IC50 values are shown, ND – non-determined. RCC4 and RCC4VHL were treated with (b) Y-

27632, (c) Dequalinium dichloride, (d) Indurubin-3’-oxime, (e) Kenpaullone, (f) SU 9516, (g) 

Tyrphostin 23, and (h) Tyrphostin A9 for 96 hours. Each chemical compound was administrated 

at 0.125µM and up to 20µM. Normalized fluorescence intensity of EYFP-labeled RCC4 and 

RCC4VHL cells served as a surrogate measure of a cell number per well of a 384-well plate. The 

statistics were not derived since the screen was done with one well per compound concentration. 
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Validation of the LOPAC Hits via Secondary Screen 

We conducted a secondary screen to validate the hits using the fluorescence-based viability 

assay in the RCC4 EYFP matched cell lines and using clonogenic assay with the RCC4, RCC10, 

and 786-O matched lines. Using the fluorescence-based viability assay we were able to confirm 

that each of the hits was selective against the VHL-deficient RCC4 EYFP line for at least one dose 

(Figure 3.2).  Y-27632 (Figure 3.2a) showed the greatest difference with a 3x higher IC50 at 46µM 

in RCC4VHL EYFP over 16µM in RCC4 EYFP. The difference in IC50’s was about 2 for the other 

hits tested including Dequalinium dichloride (Figure 3.2b), SU 9516 (Figure 3.2c), Tyrphostin 23 

(Figure 3.2d), and Tyrphostin A9 (Figure 3.2e). We confirmed VHL and HIF expression via 

western blot (Figure 3.2f). To further validate these hits, we conducted clonogenic assays.  

 
Figure 3.2. Chemical synthetic lethality confirmed in the secondary screen with the hits from 

the LOPAC. The LOPAC hits were validated in the RCC4 and RCC4VHL matched cell lines, 

showing selective toxicity towards VHL-deficient cells. Normalized fluorescence intensity of 

EYFP labeled RCC4 with and without VHL treated with (a) Y-27632, (b) Dequalinium dichloride, 

(c) SU 9516, (d) Tyrphostin 23, and (e) Tyrphostin A9 for 72 hours.  Each dose within each 

experiment was tested in quadruplicate, and each experiment was repeated three times. Statistical 

analysis was conducted using a paired t-test for each dose between the matched lines.  (** p < 

0.01, *** p < 0.001) (f) Western blot showing VHL status and HIF expression in the RCC4 EYFP 

matched lines. α-Tubulin served as a loading control.  
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 Next, we tested whether the synthetic lethal effect could be reproduced in multiple matched 

CC-RCC cell lines with different genetic backgrounds including RCC4, RCC10, and 786-O 

matched cell lines. Similar to the fluorescence based viability assay, Y-27632 showed the best 

difference in IC50 with the RCC4VHL at 51µM and RCC4 at 12µM. Once again, the other 

compounds while showing statistically significant differences for at least one dose, showed limited 

differences in IC50 between the matched lines (Figure 3.3b-e). Western blot analysis was conducted 

to confirm HIF and VHL expression in the RCC4 matched cell lines (Figure 3.3f). We observed 

similar results for both the RCC10 matched line (Supplemental Figure 3.1) and the 786-O matched 

line (Supplemental Figure 3.2). In both lines, Y-27632 was the best hit and the other compounds 

had less than a 3x difference in IC50 between the VHL-deficient line and VHL line. Since the 

compounds did show at least selectiveness against the VHL-deficient lines for at least one dose we 

wanted to test if knocking down the annotated target for each compound could replicate the effect 

to see if the drugs are acting on-target. 

Confirmation that the LOPAC Hits are Acting On-Target. 

 We next sought to test if the hits from the LOPAC screen are acting on target by conducting 

siRNA clonogenic assays using the annotated targets listed by LOPAC (Figure 3.1a). We were 

able to identify the main target of the effect for four of our hits (Figure 3.4). Based on the siRNA 

clonogenic assay Y-27632 acts through ROCK1 and not ROCK2, as knockdown of ROCK1 

replicated the effect and knockdown of ROCK2 had no effect. Similarly, knockdown of CDK2 

and EGFR also replicated the effects for SU 9516 and Tyrphostin 23 respectively. Knockdown of 

PDGFR β replicated the effect of Tyrphostin A9, while knockdown of PDGFR α did not. This 

indicates that the effect of Tyrphostin A9 is through PDGFR β. The knockdowns were confirmed 

by qRTPCR (Supplemental Figure 3.3). Unfortunately, we were unable to confirm the knockdown 
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of PDGFRα so the result is not conclusive for Tyrphostin A9. We were also unable replicate the 

effects of Dequalinium dichloride by knocking down the Apminin-sensitive potassium channels 

KCNN1 and KCNN3 (Supplemental Figure 3.4). Knockdown of KCNN1 actually doubled the 

survival of RCC4 cells while not affecting RCC4VHL cells. We did not confirm knockdown of 

KCNN1 or KCNN3 by qRT-PCR however, so these results are inconclusive. It may be that 

Dequalinium dichloride is acting off-target, potentially through PKC116, which still needs to be 

explored. Taken together, the results from the secondary screen and siRNA clonogenic assays 

confirm that Y-27632 is a valid hit from the LOPAC screen, which we discuss in Chapter 4. The 

other hits that still need to be explored include SU 9516, Tyrphostin 23, and Tyrphostin A9.  

 
 

Figure 3.3. Clonogenic Assays confirm the synthetic lethal interactions identified by the 

LOPAC Screen. Clonogenic assays in RCC4 matched cell lines confirm the synthetic lethal 

interaction between VHL loss and (a) Y-27632, (b) Dequalinium dichloride, (c) SU 9516, (d) 

Tyrphostin 23, and (e) Tyrphostin A9 for at least one dose tested for each compound. Each dose 

within each experiment was tested in duplicate, and each experiment was repeated three times. 

IC50s are indicated. Statistical analysis in (a-e) was performed using a paired t-test between the 

matched cell lines at each dose (* p < 0.05, ** p < 0.01), SEMs are shown. (e) Western blot 

showing VHL status and HIF expression in the RCC4 matched lines. α-Tubulin served as a loading 

control. 
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Figure 3.4. Genetic Knockdown of LOPAC Annotated Targets confirms On Target Effect 

for Y-27632, SU 9516, Tyrphostin 23, and Tyrphostin A9. siRNA clonogenic colony assays 

were conducted using the matched RCC4 cell line for the main annotated targets for some of the 

hits from the LOPAC screen. Knockdown of ROCK1, CDK2, EGFR, and PDGFR β triggered a 

synthetic lethal effect in the VHL-deficient RCC4 cell line indicating that these are the interacting 

partners with VHL in the synthetic lethal effect.  

 

Discussion 

 In this study, we conducted an annotated chemical library screen and identified seven 

potential hits. Each of the hits was tested in a secondary screen using the fluorescence based 

viability assay and clonogenic assays in multiple CC-RCC matched cell lines. From these hits, we 

were able to validate the ROCK inhibitor Y-27632 as a target for further study (explored in depth 

in Chapter Four). ROCK inhibition is synthetically lethal in multiple CC-RCC genetic 

backgrounds and we were able to confirm that synthetic lethality occurs through ROCK1 and not 

ROCK2. The other hits, while showing limited success at specific doses, did not have as great of 

a selectivity towards the VHL-deficient CC-RCC lines. On the other hand, the siRNA studies 

suggest that CDK2, EGFR, and PDGFR-β are synthetic lethality partners with VHL and more 

specific chemical inhibitors might be more suitable for future synthetic lethality studies. 

 One of our hits, Tyrphostin A9, targets the PDGFR pathway that is already targeted by 

FDA approved therapies. Receptor Tyrosine Kinase inhibitors are the major class of targeted 
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therapeutics that is approved for treating advanced CC-RCC, and multiple approved RTKis target 

PDGFR, including Axitinib, Sorafenib Tosylate, Sunitinib Malate, Pazopanib Hydrochloride. Our 

study shows that part of the mechanism of action of these drugs may come from a synthetic lethal 

interaction between VHL loss and PDGFR β inhibition. The current view is that the predominant 

effect of these therapies is mediated by the inhibition of endothelial cells and not tumor cells22,30. 

Based on this, more potent and selective inhibitors of PDGFR β may have the potential to serve as 

viable therapies for CC-RCC, but additional testing is needed to confirm their effect on tumor cell 

survival independent of endothelial cell targeting. 

 One of the synthetic lethal interactions identified occurs between EGFR inhibition and 

VHL loss. EGFR is an interesting target that has been widely investigated for use in treating CC-

RCC without success (review in 117). Overactivation of EGFR has been linked to higher tumor 

grade and stage118. Interestingly, phosphorylated EGFR has been shown to be a VHL target119. 

Thus, upon VHL loss in CC-RCC active EGFR is no longer degraded, accumulates, and activates 

its downstream pathways similar to HIFs. Furthermore, EGFR can increase HIF-1α translation via 

activation of the PI3K/AKT pathway120. Altogether, EGFR inhibitors seem like a good therapy, 

but further investigation is needed to determine why EGFR inhibitors have not been successful in 

the clinic.  

 Of note, three of our hits are CDK inhibitors. In 2008, Bommi-Reddy et al. performed an 

shRNA based synthetic lethality screen and identified CDK6 as being synthetically lethal with 

VHL loss113, which they also confirmed using the CDK4/6 inhibitor 219476. Our hits, Indirubin-

3’-oxime, Kenpaullone, and SU 9516 target multiple CDKs, but also have reported non CDK off 

targets. Indirubin-3’-oxime targets GSK3β in addition to targeting CDK1, CDK2, CDK4, and 

CDK5121. Besides targeting CDK1, CDK2, and CDK5 Kenpaulone has been shown to target GSK-
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3β, ERK2, and c-Src122. SU 9516 targets PKC, p38, PDGFR, and EGFR in addition to CDK1, 

CDK2, and CDK4123. These off-target effects may be the reason for the discrepancy between the 

secondary screen results and the siRNA clonogenic assay for CDK2 knockdown. Knockdown of 

CDK2 resulted in a 56% reduction in colony number in the VHL-deficient RCC4 cell line while 

the RCC4VHL only decreased by 15%. In the secondary screen SU 9156 only showed small 

differences between the two lines and our tests with Indirubin-3’-oxime and Kenpaulone (data not 

shown) showed the same effect. Additional testing is still required to determine which CDKs are 

involved in the synthetic lethal effect. We hypothesize that a CDK inhibitor that is more potent 

and more specific for CDK1, CDK2, and CDK4/6 may serve as an effective therapy. 

In summary, we have identified and confirmed one new synthetic lethal interaction 

between ROCK1 and VHL in CC-RCC. Similarly, knockdown of CDK2, EGFR, and PDGFR β 

with siRNA had a synthetic lethal effect with VHL loss in CC-RCC, which still needs to be 

confirmed with multiple siRNAs to account for off-target effects. It is important to keep in mind 

that the LOPAC compounds have off-target effects that likely limits their synthetic lethal effect 

and additional more specific compounds need to be tested.  

 

Materials and Methods 

Cell culture and chemical treatments. 

The CMV-EYFP labeled RCC4±VHL matched cell lines were previously described124. 

Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Caisson Labs #25-500, North 

Logan, UT) + 10% Fetal Bovine Serum (FBS; Omega Scientific #FB-12, Tarzana, CA) + 1% 

Penicillin/Streptomycin (Caisson Labs #25-512). in 5%CO2, 21%O2 at +37oC. All compounds 

were diluted in Dimethyl Sulfoxide (DMSO) and serially diluted for each experiment.  



50 

 

 

Cell viability assay based on measurements of fluorescence intensity. 

RCC4 EYFP and RCC4VHL EYFP were plated at 5,000 cells per well in black 96-well 

tissue culture plates in FBS-free DMEM media. The following day, DMSO vehicle or varying 

compound concentrations were prepared in 20% FBS DMEM by serial dilution and an equal 

volume was added to the cells. Cells were incubated for 72 hours. Wells were washed with 

Phosphate Buffered Saline (PBS). Then, 100μL of PBS was added to each well and fluorescence 

intensity was measured on a BioTek Synergy HT Microplate Reader (Winooski, VT) at 488nm. 

Each experiment was performed three times in quadruplicate per treatment. 

Clonogenic cell survival assay.  

Clonogenic assays were performed by serially diluting cells to 300 cells/ml and adding 1ml 

to each 60mm plate for 300 cells/plate with 2 ml of complete DMEM. The next day after cells had 

attached DMSO or the compounds, prepared by serial dilution at 4x the proper concentrations, was 

added to each plate to bring the volume to 4ml total. Cells were incubated for 10 days for the RCC4 

matched lines and 7 days for the RCC10 and 786-O matched lines. Cells were then washed with 

PBS and fixed with Crystal Violet staining solution (0.1% Crystal Violet, 0.3% Glacial Acetic 

acid, 95% ethanol) for 15min. The plates were washed again in PBS and the colonies were counted 

on each plate. Each experiment was performed three times in duplicate per treatment. 

Gene knockdowns by siRNAs. 

RCC4±VHL were plated at 200,000 cells per well of a 6-well plate in FBS-free DMEM. 

The following day the cells were transfected with 6 μL DharmaFECT1 (Dharmacon, Lafayette, 

CO) and up to 2 nM siRNA accordingly to manufacturer’s protocol. The siRNAs for ROCK1 

(SASI_Hs01_00065573), ROCK2 (SASI_Hs01_00204253), CDK2 (SASI_Hs01_00060175), 
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EGFR (SASI_Hs01_00215449), KCNN1 (SASI_Hs01_00030339), KCNN3 

(SASI_Hs01_00085793) and MISSION(R) Universal Negative Control #1 siRNA were obtained 

from Sigma (St. Louis, MO). The following day, transfected cells were plated for the clonogenic 

cell survival assay. Replicate plates were lysed after 72 hours and ROCK1 and ROCK2 expression 

analyzed by Western blot.  

Western blot analysis. 

After treatments, cells were lysed and Western blot was conducted as previously 

described125. Proteins were visualized using primary antibodies recognizing HIF1α (BD 

Biosciences, #610959, San Jose, CA), HIF2α (Novus Biological, #NB100-122, Littleton, CO), α-

tubulin (Fitzgerald, #10R-842, North Acton, MA), VHL (Cell Signaling, #9661, #2738, Danvers, 

MA), and Horseradish peroxidase conjugated Goat anti-Rabbit IgG and Goat anti-Mouse IgG 

secondary antibodies (Thermo Scientific, #31460, #31430). Blots were imaged using a Bio Rad 

ChemiDoc XRS+ (BioRad, Hercules, CA). 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis. 

 Following siRNA knockdown for the siRNA colony assays cells were plated for the 

clonogenic assay and the remainder were collected for RNA isolation using the TRI Reagent 

(Sigma Aldrich #T9424) following the manufacturer’s protocol. cDNA was synthesized using 

Superscript II reverse transcriptase (Invitrogen #18064014) following the manufacturer’s protocol. 

qRT-PCR was performed using Power SYBR Green (Thermo Fisher #4367660) on an ABI ViiA7 

qPCR machine. Primer sequences for ROCK1 (F’ 5’ AAGTGAGGTTAGGGCGAAATG 3’, R’ 

5’ AAGGTAGTTGATTGCCAACGAA 3’), ROCK2 (F’ 5’ TTGCTCTGGATGCAATACACTC 

3’, R’ 5’ TCTCGCCCATAGAAACCATCA  3’), CDK2 (F’ 5’ 

CCAGGAGTTACTTCTATGCCTGA 3’, R’ 5’ TTCATCCAGGGGAGGTACAAC 3’), EGFR 

https://app.quartzy.com/groups/42757/requests/961005?hasDropdown=true&page=6&query=sigma&status%5b%5d=ALL
https://app.quartzy.com/groups/42757/requests/961006?hasDropdown=true&page=6&query=sigma&status%5b%5d=ALL
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(F’ 5’ AGGCACGAGTAACAAGCTCAC 3’, R’ 5’ ATGAGGACATAACCAGCCACC 3’), 

PDGFRβ (F’ 5’ TGATGCCGAGGAACTATTCATCT 3’, R’ 5’  

TTTCTTCTCGTGCAGTGTCAC 3’ ) were obtained from PrimerBank. The TBP primer used was 

F’ 5’ CCCGAAACGCCGAAT 3’ and R’ 5’GACTGTTCTTCACTCTTGGCTC 3’.  

 

Growth curves and statistical analysis. 

 Dose response and cell growth curves were generated using GraphPad Prism. IC50 values 

were calculated by transforming the X axis using X=Log(X), normalizing the transformed data to 

the vehicle control with 0 as 0%, and then fitting the normalized transformed data with a nonlinear 

trend line either using a normalized response ("log(inhibitor) vs. normalized response") or a 

variable slope ("log(inhibitor) vs. normalized response – Variable slope”). The correct nonlinear 

trendline was selected using GraphPad’s comparison of fits, which directly compares both fit lines 

statistically using an extra sum-of-squares F test. The fit line is not shown in the figures. The IC50 

values for each experiment were then calculated from the Best-fit values. Statistical analysis was 

conducted in Minitab 16 using a paired t-test or ANOVA between cell lines with a p-value of less 

than 0.05 considered statistically significant. All error bars represent the SEMs. 
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Supplemental Figures 

 
Supplemental Figure 3.1. Clonogenic Assays confirm the synthetic lethal interactions 

identified by the LOPAC Screen. Clonogenic assays in RCC10 matched cell lines confirm the 

synthetic lethal interaction between VHL loss and (a) Y-27632, (b) Dequalinium dichloride, (c) 

SU 9516, (d) Tyrphostin 23, and (e) Tyrphostin A9 for at least one dose tested for each compound. 

Each dose within each experiment was tested in duplicate, and each experiment was repeated three 

times. IC50s are indicated. Statistical analysis in (a-e) was performed using a paired t-test between 

the matched cell lines at each dose (* p < 0.05, ** p < 0.01), SEMs are shown. (e) Western blot 

showing VHL status and HIF expression in the RCC4 matched lines. α-Tubulin served as a loading 

control. 
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Supplemental Figure 3.2. Clonogenic Assays confirm the synthetic lethal interactions 

identified by the LOPAC Screen. Clonogenic assays in 786-O matched cell lines confirm the 

synthetic lethal interaction between VHL loss and (a) Y-27632, (b) Dequalinium dichloride, (c) 

SU 9516, (d) Tyrphostin 23, and (e) Tyrphostin A9 for at least one dose tested for each compound. 

Each dose within each experiment was tested in duplicate, and each experiment was repeated three 

times. IC50s are indicated. Statistical analysis in (a-e) was performed using a paired t-test between 

the matched cell lines at each dose (* p < 0.05, ** p < 0.01), SEMs are shown. (e) Western blot 

showing VHL status and HIF expression in the RCC4 matched lines. α-Tubulin served as a loading 

control. 
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Supplemental Figure 3.3. qPCR Analysis confirms the knockdown of LOPAC targets. The 

degree of each target knockdown by its specific siRNA (as indicated) was assessed by QRT-PCR. 

(a) Although the starting ROCK1 expression is lower in RCC4VHL cells compared to RCC4 

(siCtrl), the expression is equal in both cell lines upon siROCK1 or siROCK1/2 transfection. (b) 

The knockdown of CDK2 in the RCC4VHL was slightly reduced in comparison to the RCC4 cells. 

(c) The knockdown in the RCC4VHL cells was far better than the knockdown in RCC4. (d) Both 

RCC4 and RCC4VHL cell lines showed high variability with less reliable results. The data was 

normalized to siControl (Sigma Ctrl or Dharmacon siControl) in the RCC4 cell line for each 

experiment. Samples were tested in triplicate and the experiment was repeated at least two times. 

Statistical analysis in (a-d) was performed using a paired t-test between the treatments as indicated 

(* p < 0.05, ** p < 0.01), SEMs are shown.  
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Supplemental Figure 3.4. Knockdown of Apamin sensitive potassium channels does not 

replicate Dequalinium dichloride effect. siRNA clonogenic colony assays were conducted using 

the matched RCC4 cell line for the main annotated targets for some of the hits from the LOPAC 

screen. Knockdown of KCNN1 increased the survival of RCC4 cells while not affecting 

RCC4VHL cells. Knockdown of KCNN3 did not affect either RCC4 or RCC4VHL indicating that 

Dequalinium dichloride is acting off-target. 
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CHAPTER FOUR: ROCK1 INHIBITION IS SYNTHETICALLY 

LETHAL WITH VHL DEFICIENCY IN CC-RCC 

 

 

Introduction 

Renal cancer is the most deadly of all genitourinary cancers with 62,700 new cases and 

14,240 deaths projected to occur in 2016126. While surgical resection is often curative at early 

stages, metastatic renal cancer remains a devastating disease with a 5-year survival rate of less 

than 20%126,127. The poor survival rate is due to renal cancer’s resistance to radiotherapy128, 

chemotherapy127, and traditional immunotherapy127, which has been linked to multidrug resistance 

mechanisms129 and the lack of common solid tumor mutations130.  

Clear Cell Renal Cell Carcinomas (CC-RCCs) account for 90% of all renal cancer cases, 

and the tumor-suppressor VHL is functionally lost in up to 90% of CC-RCC tumors32. VHL loss 

occurs early in the disease and drives its pathogenesis32. VHL is an E3 ubiquitin ligase that targets 

multiple proteins for proteasomal degradation, including the Hypoxia Inducible Factor (HIF) α 

subunits and the Epidermal Growth Factor Receptor (EGFR)119. Thus, upon VHL loss, CC-RCCs 

upregulate expression of EGFR and other Receptor Tyrosine Kinases (RTKs), as well as HIFs, in 

turn upregulating proangiogenic genes, like Vascular Endothelial Growth Factor (VEGF). As a 
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consequence, CC-RCCs are highly vascularized and aggressive. Accordingly, the majority of 

approved CC-RCC therapies inhibit angiogenesis. The RTK inhibitors (RTKi) sunitinib131, 

sorafenib11, and axitinib13, which block VEGFR and Platelet Derived Growth Factor Receptor 

(PDGFR), prolong progression-free survival for a median of 5 months when compared to 

placebo11,132 or standard of care treatments like interferon α133. Another class of CC-RCC 

therapeutics is represented by mammalian target of rapamycin inhibitors (mTORi) everolimus19 

and temsirolimus134, which prolong progression-free survival for a median of 3 months when used 

as single agents compared to standard of care. While these treatments offer significant clinical 

benefit, resistance to both RTKi and mTORi therapeutics develops quickly creating the need for 

new and improved therapeutics22,30,135. 

In this study, we relied on a “synthetic lethality” approach to identify new therapeutics for 

VHL-deficient CC-RCC. A large body of evidence supports the use of synthetic lethality screens 

for identifying specific chemical compounds or small hairpin RNAs (shRNAs) that cause cell 

death and/or inhibit cell proliferation in combination with a particular cancer mutation31,49. The 

principle underlying such screens is that cancer cells with a specific mutation will be more 

sensitive to targeted inhibition of a certain pathway than normal cells that are do not the same 

mutation. Thus, the resulting synthetic lethality compounds represent excellent candidates for 

therapies that target mutation-bearing cancer cells, but spare normal tissues. Several synthetic 

lethality screens have been conducted in CC-RCC to date83,84,113–115,124. Each of these screens 

utilized the loss of the VHL tumor suppressor to identify compounds that are selectively targeting 

VHL-deficient CC-RCCs. The synthetic lethality screens relied on “matched” cell lines, which 

were created by introducing either a vector control or the wild-type VHL cDNA to VHL-deficient 

CC-RCC49. These matched cell lines were then used in chemical or shRNA library screens to 
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identify chemical compounds or shRNAs that selectively target VHL-deficient CC-RCCs, while 

sparing their VHL-reconstituted “matched” counterparts. While both unannotated chemical 

library83,84,114,115,124 and shRNA113 screens have been conducted, to date no screens have been 

conducted using an annotated chemical library. 

In this study, we screened the annotated Library of Pharmacologically Active Compounds 

(LOPAC). This approach simultaneously revealed the exact molecular pathways responsible for 

selective targeting of VHL-deficient cells, and chemical compounds that inhibit them. Herein we 

report a chemical hit identified in a LOPAC screen, Y-27632 an inhibitor of the Rho-associated 

coiled-coil-containing protein kinase (ROCK) that selectively targets VHL-deficient CC-RCC. 

The ROCK proteins are regulated by the small GTP-binding protein Rho and are best known for 

their role in regulating cell morphology and motility by controlling actin-myosin contractile 

force136. This role is mediated through phosphorylation of their downstream substrates, including 

Myosin Light Chain (MLC), Myosin Light Chain 2 (MLC2), MYosin Phosphatase Target 1 

(MYPT1), and LIM Kinases (LIMK)136. ROCK signaling is commonly upregulated in bladder137, 

testicular138, breast139, prostate140, and renal cancer54, and has been shown to contribute to tumor 

metastasis in bladder137, breast141, and prostate cancer140. In addition, certain ROCK substrates 

induce cell proliferation140, apoptosis142, and inhibit autophagy143. The two ROCK isoforms, 

ROCK1 and ROCK2, are differentially expressed throughout the body with ROCK1 being 

expressed ubiquitously and ROCK2 being expressed predominantly in the brain, muscle, heart, 

and lungs144. Although the two isoforms are highly homologous and have redundant functions, 

they also have unique functions and substrates136.  

In the present study, we show that ROCK inhibitors selectively target VHL-deficient CC-

RCC to reduce cell proliferation, induce cell death, and block migration, which is mediated through 
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inhibition of ROCK1 and not ROCK2. Our studies also reveal that HIF over-activation caused by 

VHL loss is both necessary and sufficient to cause synthetic lethality with ROCK inhibitors. 

Importantly, treatment with ROCK inhibitors blocks tumor growth in vivo, validating ROCK 

inhibitors as potential therapeutics for VHL-deficient CC-RCC.  

 

Results  

Identification of chemical hit Y-27632 targeting VHL-deficient CC-RCC. 

To identify novel chemical compounds that selectively target VHL-deficient CC-RCC, we 

screened the LOPAC composed of 1,280 compounds annotated with their protein targets (Chapter 

3), which allowed us to identify not only the chemicals, but also the molecular pathways necessary 

for survival/proliferation of VHL-deficient CC-RCC. The screen utilized the RCC4±VHL matched 

cell lines. RCC4 cells lack both alleles of VHL and as a consequence HIF1α and HIF2α expression 

and activity are dramatically elevated compared to cell lines expressing VHL tumor 

suppressor32,145,146. RCC4VHL cells were generated by stably transfecting full-length wild type 

VHL cDNA to RCC446. Both RCC4 and RCC4VHL cells were labeled with Enhanced Yellow 

Fluorescent Protein (EYFP) and the matched cell lines were treated in parallel with the LOPAC 

compounds at concentrations ranging from 0.3μM to 20μM in 384-well plates. Fluorescence 

intensity, a surrogate measure of cell numbers per well, was measured 96 hours following the 

treatment. The ROCK inhibitor Y-27632 (structure shown in Supplemental Figure 4.1a) was 

identified in this screen and selectively targeted VHL-deficient RCC4 while sparing RCC4VHL. 

The structures of the other two ROCK inhibitors, used later in this study, are shown in 

Supplemental Figure 4.1b,c. We validated Y-27632 as a “hit” by fluorescence-based viability 

assay (Figure 4.1a). To further validate Y-27632 as a chemical hit we conducted clonogenic assays 
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on RCC4 and RCC4VHL cell lines (Figure 4.1b and Supplemental Figure 4.2a). Importantly, VHL-

deficient RCC4 cells were 4-5 times more sensitive to Y-27632 treatment than RCC4VHL in both 

assays (Figure 4.1a-b). 

Treatment with ROCK inhibitor Y-27632 selectively targets VHL-deficient CC-RCCs of 

multiple genetic backgrounds. 

Next, we tested if the synthetic lethality effect could be reproduced in multiple genetic 

backgrounds. We repeated the clonogenic assays in two more VHL matched CC-RCC cell lines 

based on RCC10 expressing both HIF1α and HIF2α and 786-O expressing only HIF2α (Figure 

4.1c-d and Supplemental Figure 4.2b-c). Similar to the results obtained in RCC4, Y-27632 

treatment specifically targeted the VHL-deficient RCC10 and 786-O cell lines, while sparing the 

CC-RCCVHL. Y-27632 treatment not only reduced colony numbers selectively in VHL-deficient 

CC-RCC (Supplemental Figure 4.2a-c), but also caused reduced colony staining intensity due to a 

reduction in cell numbers per colony (Supplemental Figure 4.2d-f). For each CC-RCC/CC-

RCCVHL cell line pair the IC50 for VHL-deficient CC-RCC was approximately five times lower 

than for CC-RCCVHL (Figure 4.1b-d). VHL expression in each CC-RCCVHL cell line was 

confirmed by Western blot analysis, and it caused a reduction in HIF1α and HIF2α expression 

compared to the respective CC-RCC cell line (Figure 4.1e).  
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Figure 4.1. The ROCK inhibitor Y-27632 causes synthetic lethality with VHL loss in multiple 

CC-RCC cell lines. (a) The LOPAC hit Y-27632 was validated in the RCC4-EYFP and 

RCC4VHL-EYFP matched cell lines, showing selective toxicity towards VHL-deficient cells. 

Each dose of Y-27632 within each experiment was tested in quadruplicate, and the experiment 

was repeated three times. Fluorescence intensity of EYFP-labeled cells was used as a surrogate for 

cell number. (b-d) Clonogenic assays in (b) RCC4±VHL, (c) RCC10±VHL, and (d) 786-O±VHL 

matched cell lines confirming that Y-27632 causes synthetic lethality with VHL loss in multiple 

CC-RCC genetic backgrounds. Each dose of Y-27632 within each experiment was tested in 

duplicate, and the experiment was repeated three times. IC50s are indicated. Statistical analysis in 

(a-d) was performed using a paired t-test between the matched cell lines at each dose (* p < 0.05, 

** p < 0.01, *** p < 0.001), SEMs are shown. (e) Western blot showing the effect of VHL re-

expression in CC-RCC cell lines on HIF1α and HIF2α expression, and the expression of their 

downstream target LDHA. α-tubulin serves as a loading control.  
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Y-27632’s ability to inhibit ROCK activity was assayed via Western blot analysis of 

MYPT1 Thr696 phosphorylation (ROCK substrate50). Y-27632 treatment for 2 hours was effective 

at inhibiting MYPT1 phosphorylation (Supplemental Figure 4.3). Interestingly, VHL-deficient 

CC-RCC have decreased basal MYPT1 phosphorylation in comparison to CC-RCCVHL. 

Together these results indicate that Y-27632 inhibits ROCK in CC-RCC and selectively targets 

VHL-deficient CC-RCC while sparing VHL-reconstituted CC-RCC in multiple genetic 

backgrounds.   

Synthetic lethality occurs through inhibition of ROCK1. 

We aimed to confirm that the synthetic lethal effect of Y-27632 is “on-target” through 

blocking ROCKs as annotated in LOPAC. Since Y-27632 inhibits both ROCK family members: 

ROCK1 and ROCK2, we sought to determine which ROCK was responsible for the synthetic 

lethal effect. To do this we knocked down ROCK1 or ROCK2 with selective siRNAs. To control 

for the off-target effects of the siRNAs we used two siRNAs to knockdown ROCK1 (siROCK1#1, 

siROCK1#2) and two to knockdown ROCK2 (siROCK2#1, siROCK2#2). Our data showed that 

knockdown of ROCK1, but not ROCK2, reduced the colony forming ability and colony size of 

VHL-deficient RCC4 cells, sparing RCC4VHL cells, thus mimicking the effect of Y-27632 

treatment (Figure 4.2a, Supplemental Figure 4.4). The ROCK1 and ROCK2 knockdowns were 

confirmed by Western blot analysis. Importantly, the knockdowns were equal or greater in the 

RCC4VHL cells for each siRNA used (Figure 4.2b-c). These data were reproduced in 786-O and 

786-OVHL matched cell lines (Supplemental Figure 4.5). In summary, siRNA knockdown of 

ROCK1, but not ROCK2, selectively inhibits colony formation of VHL-deficient CC-RCC. 
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Figure 4.2. Synthetic lethality of Y-27632 with VHL loss is mimicked by siRNA 

downregulation of ROCK1, not ROCK2. RCC4±VHL matched cell lines were transfected with 

siRNAs targeting ROCK1, ROCK2, or non-targeting siRNA control (siControl). Two different 

siRNAs per target were used. Twenty-four hours after transfection cells were plated for a 

clonogenic assay. Each transfection was done in triplicate, followed by clonogenic assays 

conducted in triplicate, and the experiments were repeated three times except siROCK2#2 (n=2). 

(a) Transfection with siROCK1, but not siROCK2, resulted in significant reduction in RCC4 

colony numbers in comparison to RCC4VHL. Thus, ROCK1 downregulation mimics the effect of 

Y-27632 treatment on viability of RCC4 cells, making it a likely target for Y-27632 causing 

synthetic lethality effect. Statistical analysis was performed using a paired t-test between the 

matched cell lines for each siRNA (* p < 0.05, *** p < 0.01), SEMs are shown. (b-c) The degree 

of each target knockdown by its specific siRNA (as indicated) was assessed by Western blot.  
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RKI 1447 and GSK 429286 ROCK inhibitors target VHL-deficient CC-RCC. 

Since there are several commercially available ROCK inhibitors, and all of them differ in 

their potency and selectivity towards ROCK1 versus ROCK2, we tested two additional ROCK 

inhibitors in clonogenic assays: RKI 1447 (structure shown in Supplemental Figure 4.1b) and GSK 

429286 (structure shown in Supplemental Figure 4.1c). Since RKI 1447 showed the strongest 

potency it was tested in all three matched cell lines. RKI 1447, similar to Y-27632 treatment and 

ROCK1 knockdown, selectively reduced the number of colonies and cells per colony in the VHL-

deficient CC-RCC (Figure 4.3a-c, Supplemental Figure 4.6). The potencies of Y-27632, RKI 1447, 

and GSK 429286 were compared in RCC10±VHL in Figure 4.1c, Figure 4.3b, and Supplemental 

Figure 4.7 respectively. The overall inhibitor potencies based on IC50s are as follows: RKI 1447 

(0.8μM) > GSK 429286 (6.4μM) > Y-27632 (8.2μM). Since GSK 429286 was less potent than 

RKI 1447 we did not test it further. We also observed that repeat, daily, treatment with 2µM RKI 

1447 led to an enhanced synthetic lethal effect in each of the VHL-deficient CC-RCC, while 

minimally affecting matched VHL-expressing CC-RCCVHL (Figure 4.3d-f). For visual 

comparison, representative images were obtained on day 14 of treatment for RCC4 and 786-O, 

and day 9 of treatment for RCC10 (Supplemental Figure 4.8). Thus, multiple ROCK inhibitors 

specifically target VHL-deficient CC-RCC. 
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Figure 4.3. ROCK inhibitor RKI 1447 causes synthetic lethality with VHL deficiency similar 

to Y-27632. Clonogenic assays in RCC4±VHL (a), RCC10±VHL (b) and 786-O±VHL (c) 

matched cell lines confirmed the synthetic lethality of ROCK inhibitors with VHL loss. Each dose 

of RKI 1447 within each experiment was tested in duplicate, and each experiment was repeated 

three times. (d-f) Long term repeat administration of RKI 1447 enhanced the synthetic lethality 

effect. Repeated daily treatment of RCC4±VHL (d), RCC10±VHL (e) and 786-O±VHL (f) with 

2µM RKI 1447 caused VHL-deficient RCC cell numbers to decline, while RCCVHL cells 

continued to proliferate. Daily treatment with DMSO was used as a control. Cells were counted 

and passaged at 1:10 when the DMSO-treated VHL-expressing cells became >80% confluent. 

Statistical analysis was performed using a paired t-test between the matched cell lines at each dose 

(* p < 0.05, ** p < 0.01, *** p < 0.001), SEMs are shown.  
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Treatment with ROCK inhibitors reduces CC-RCC proliferation and induces cell death. 

The results from the clonogenic assays pointed to both cell death (reduced colony numbers) 

and proliferation defect (reduced colony size) as biological outcomes of Y-27632 treatment 

(Figure 4.1b-d, Supplemental Figure 4.2). To confirm these biological outcomes, we assessed cell 

cycle progression using a FITC-Bromodeoxyuridine (BrdU) assay. Treatment of RCC4 and 

RCC4VHL cells with Y-27632 at 10μM, 20μM, and 40μM resulted in an increase in the 

apoptotic/debris population and a decrease in the S phase and G0/G1 phase populations, but the 

effects were more pronounced in RCC4 than in RCC4VHL (Figure 4.4a, Supplemental Figure 

4.9). To determine if apoptosis was responsible for the increase in the apoptotic/debris population 

we assessed if Y-27632 stimulated caspase 3 cleavage in CC-RCC cells by Western blot analysis. 

Our results show that Y-27632 induced caspase 3 cleavage in both RCC4 and RCC4VHL, but did 

not induce caspase 3 cleavage in RCC10±VHL or 786-O±VHL over the basal level, thus ruling 

out apoptosis as a cause of selective cell death in VHL-deficient CC-RCC (Supplemental Figure 

4.10). 

To confirm that Y-27632 treatment induces cell death, we treated RCC4 and RCC4VHL 

cells with 20µM Y-27632 for 24 hours and then stained the cells with propidium iodide (PI). 

Imaging of the RCC4 cells showed a 5.4-fold increase in the number of PI-positive dead cells, 

while RCC4VHL showed a 1.5-fold increase (Figure 4.4b, Supplemental Figure 4.11a). 

Additionally, siRNA knockdown of ROCK1, but not ROCK2, resulted in a more than 5-fold 

increase in PI-positive dead cells (Figure 4.4c, Supplemental Figure 4.11b). Together these results 

indicate that ROCK1 inhibition induces cell death and blocks proliferation in VHL-deficient CC-

RCC. 
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Figure 4.4. ROCK inhibition in VHL-deficient CC-RCC cells decreases proliferation, 

induces cell death, and blocks cell migration. (a) BrdU assay revealed that Y-27632 treatment 

is both cytotoxic and cytostatic in RCC4. RCC4 cells acquired a large fraction of apoptotic/debris 

cells and greatly reduced the S phase upon treatment with Y-27632 for 72 hours as opposed to 

RCC4VHL. The graph shows the representative experiment of two experiments performed. (b) 

RCC4 cells treated with 20µM Y-27632 for 24 hours showed a more than five-fold increase in cell 

death while RCC4VHL were minimally affected. Cells were stained with the vital dye PI and 

imaged at 4x. The number of PI-positive cells was then counted for each field. The data was 

normalized to DMSO-treated cells. (c) Knockdown of ROCK1, but not ROCK2, induces cell death 

in the VHL-deficient RCC4. 48 hours post siRNA transfection, RCC4±VHL cells were stained 

with PI and imaged. Knockdown of ROCK1 resulted in over a 5-fold increase in PI-positive cells. 

The data was normalized to siControl-transfected cells. Each experiment in (b-c) was performed 

in triplicate. (d) ROCK inhibition blocks CC-RCC migration in a transwell assay. Cells were 

normalized to a DMSO vehicle control for each experiment. RCC10 or 786-O cells were treated 

with Y-27632, RKI 1447 or DMSO vehicle (as indicated) for 6 hours. The assay was performed 

in duplicate and repeated three times. Statistical analysis in (b-d) was performed using a paired t-

test comparing each dose to the negative control (* p < 0.05, ** p < 0.01, *** p < 0.001), SEMs 

are shown.   
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ROCK inhibition blocks CC-RCC migration. 

Due to the known role of ROCKs in the regulation of cell adhesion, migration, and 

invasion141,147,148, we decided to assess the contribution of ROCKs to CC-RCC migration. First, 

we noticed that treatment with Y-27632 results in a change in cell morphology (cells become 

elongated and spindly), likely due to ROCKs role in regulating actin cytoskeleton reorganization 

and actomyosin contraction136 (Supplemental Figure 4.12). When we stopped the compound 

treatment at 48 hours, cells reverted to their non-elongated phenotype (Supplemental Figure 4.12). 

Second, both Y-27632 and RKI 1447 caused a dramatic reduction of RCC10 and 786-O cell 

migration in a transwell migration assay (Figure 4.4d). To rule out the cytotoxic/proliferation-

inhibitory effect of Y-27632 and RKI 1447 on migrating cells, we conducted all of the migration 

experiments at short 6-hour time points. At 6 hours, the live cell numbers were assessed by PI vital 

dye exclusion flow cytometry and no changes were detected (Supplemental Figure 4.13). Thus, 

ROCK inhibitors have the potential to reduce CC-RCC primary tumor growth through their 

cytotoxic and cytostatic effects and may inhibit metastasis by blocking cell migration. 
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Figure 4.5. The synthetic lethal interaction between VHL loss and ROCK inhibition is HIF-

dependent. (a) Western blot showing the efficiency of ARNT knockdown by shRNA (shARNT) 

in VHL-deficient RCC4 and RCC10. The scrambled shRNA was used as a control (shScr). ARNT 

inhibition causes a decrease in HIF1α and HIF2α activity as evidenced by the decrease in 

expression of a HIF-target gene LDHA. (b) Clonogenic assay showing that CC-RCCs transduced 

with shARNT exerted resistance to ROCK inhibition in comparison to shScr transduced CC-

RCCs. In that respect, CC-RCCs transduced with shARNT behaved similarly to the cell lines with 

reintroduced VHL. Each treatment was normalized to the DMSO control. (c) Cells from the CC-

RCC±VHL were treated with Y-27632 at the indicated concentrations, plated for clonogenic 

assays, and replicate plates were subjected to either normoxia (21% O2) or hypoxia (2% O2). Each 

assay was performed in duplicate and repeated three times. Colony numbers were normalized to 

the vehicle control. RCC4VHL, RCC10VHL, and 786-OVHL cells were sensitized to ROCK 

inhibition in hypoxia. Statistical analysis was performed using a paired t-test (* p < 0.05, ** p < 

0.01, *** p < 0.001), SEMs are shown. (d-e) Clonogenic assay showing that HIF-1α expression 

sensitizes 786-O cells to Y-27632 (d) and RKI 1447 (e). Each dose was compared statistically 

using a one-way ANOVA followed by Tukey’s Posthoc. Tie bars indicate significant differences 

with a p-value < 0.01. (f) Clonogenic assay showing that non-degradable HIF1α and HIF2α 

expression are sufficient to induce the synthetic lethal effect with 20µM Y-27632 treatment. 

Statistical analysis was conducted using a one-way ANOVA (p < 0.001) followed by Tukey’s 

Posthoc. There were 3 statistically significant groups: 786OVHL > 786O, 786OVHL HIF2a > 

786OVHL HIF1a, 786O HIF1a. 
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Synthetic lethality between ROCK inhibition and VHL deficiency is dependent on HIFs. 

One of the best-studied consequences of VHL loss/mutation in CC-RCC is the massive 

stabilization and activation of HIF1α and HIF2α18-20 (Figure 4.1e). Thus, we hypothesized that the 

synthetic lethal effect between ROCK inhibition and VHL deficiency would be dependent on HIF 

activation. To test this hypothesis, we acquired RCC4 and RCC10 cell lines where we stably 

knocked down HIFβ, also known as Aryl hydrocarbon Receptor Nuclear Translocator (ARNT) 

with a specific shRNA. Since ARNT forms a heterodimer with either HIF1α or HIF2α, and is 

essential for HIF transcriptional activity, its knockdown inhibited HIF activity. This resulted in a 

reduction of the Lactate DeHydrogenase A (LDHA) HIF target gene expression (Figure 4.5a). As 

predicted, knockdown of ARNT in the VHL-deficient RCC4 and RCC10 cell lines had a protective 

effect against Y-27632 treatment (Figure 4.5b), mimicking VHL reintroduction. These results 

indicate that synthetic lethality between ROCK inhibition and VHL deficiency is dependent on 

HIF activation.  

To further confirm our findings, cells from the matched cell lines RCC4±VHL, 

RCC10±VHL, and 786-O±VHL were treated with Y-27632, plated for clonogenic assays, and 

replicate plates were subjected to either normoxia (21% O2, low HIF level and activity) or hypoxia 

(2% O2, high HIF level and activity). Each Y-27632 treatment was normalized to the DMSO 

vehicle control in both normoxia and hypoxia groups. The normalized colony numbers for Y-

27632-treated VHL-deficient CC-RCC cell lines were not affected by oxygen concentration 

(Figure 4.5c). In contrast, CC-RCCVHL were sensitized to Y-27632 treatment in hypoxia having 

reduced colony-forming ability in hypoxia compared to normoxia (Figure 4.5c). Hypoxic 

induction of HIF1α and HIF2α was confirmed by Western blot analysis (Supplemental Figure 
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4.14). These results confirm that the synthetic lethal interaction between ROCK inhibition and 

VHL deficiency is HIF dependent. 

Since 786-O cells were the most resistant to Y-27632 out of the three matched cell lines 

tested (Figure 4.1b-d) and they do not express HIF1α, while RCC4 and RCC10 do, we 

hypothesized that HIF1α re-expression in 786-O would sensitize them to Y-27632. To test this 

hypothesis, we generated a 786-O cell line expressing a non-degradable constitutively active HA-

tagged HIF1α (CA-HA-HIF1α). The 786-O CA-HA-HIF1α cells showed increased sensitivity to 

both Y-27632 (Figure 4.5d) and RKI 1447 (Figure 4.5e) when compared to the 786-O vector 

control expressing cell line. Additionally, we generated 786-OVHL cells expressing either the CA-

HA-HIF1α or CA-HA-HIF2α. Expression of either HIF1α or HIF2α in 786-OVHL was sufficient 

to cause the synthetic lethal effect with ROCK inhibition, with 786-OVHL CA-HA-HIF1α 

showing a more pronounced effect than 786-OVHL CA-HA-HIF2α (Figure 4.5f-g). Altogether 

these results indicate that the synthetic lethal interaction of VHL loss with ROCK inhibition is due 

to the resulting constitutive activation of HIF in VHL-deficient CC-RCC. 

Y-27632 inhibits tumor growth in vivo. 

786-OT1 cells were isolated from a 786-O tumor grown in a RAG1 mouse and re-established in 

vitro to acquire a cell sub-line capable of fast growth in vivo. 786-OT1 were injected 

subcutaneously (sc) into the right flank of 18 RAG1 mice. After the tumors reached ~500 mm3, 

the mice were randomized and either daily treated with a vehicle control (PBS) or 10 mg/kg Y-

27632 via intraperitoneal (ip) injection for 18 days. Y-27632 was selected for in vivo experiments 

based on abundant literature reporting its maximum tolerated dose and treatment regimens in 

mouse experiments148–151 in comparison to RKI 1447 used in a single study147. Tumor size was 

measured every day during treatment, and tumor volume constantly increased in the control group 
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(n = 9), whereas tumor volume remained static in the Y-27632 group (n = 9) (Figure 4.6). The 

treatment was well tolerated with no weight loss in the mice (Supplemental Figure 4.15). The 

antitumor effects of Y-27632 support the concept that ROCK inhibitors can be used to selectively 

target VHL-deficient CC-RCC in vivo. 

 
 

Figure 4.6. Y-27632 inhibits tumor growth in vivo. (a) 5 x 106 786-OT1 cells were injected into 

the right flank of 18 NOG mice. After one month, mice were randomized into two groups. Mice 

were treated daily with PBS vehicle (n = 9) or 10 mg/kg Y-27632 (n = 9) by ip injection. The fold 

change in tumor volume was analyzed statistically using a One-way ANOVA with treatment as 

the factor (*p < 0.05, **p < 0.01, ***p < 0.005), SEMs are shown. The solid line represents the 

linear trend fit of the data for each treatment group. (b) Representative images of a control mouse 

(top) and a Y-27632-treated mouse (bottom) on day 14 of treatment are shown.  
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Discussion 

In this study, we identified a synthetic lethal interaction between the ROCK inhibitor, Y-

27632, and the loss of VHL in CC-RCC. We have focused on validating ROCK inhibitors (Y-

27632 and RKI 1447), which exhibited cytotoxic and cytostatic effects on VHL-deficient CC-

RCC, making them candidate novel therapeutics for CC-RCC. First, the vast majority of CC-RCCs 

have lost VHL expression/function32 making over 90% of CC-RCC potentially sensitive to ROCK 

inhibition. Second, we have shown that the ROCK inhibitor Y-27632 suppresses CC-RCC tumor 

growth in vivo. Third, ROCK inhibitors reduce CC-RCC cell migration, indicating that they may 

have the potential to inhibit CC-RCC metastasis. Finally, ROCK1 and ROCK2 knockout mice are 

viable, indicating that both are dispensable under physiological conditions136, predicting no normal 

tissue toxicity. Since we have shown that synthetic lethality of ROCK inhibition with VHL 

deficiency occurs primarily through ROCK1, one future direction would be to acquire ROCK 

inhibitors specifically targeting ROCK1 and not ROCK2.  

Previous synthetic lethality studies of VHL deficiency have identified “hits” being HIF-

dependent84,124 and HIF-independent83,113. Our data in Figure 4.5 indicates that the synthetic lethal 

interaction of ROCK inhibitors with VHL loss is HIF-dependent. Exposure of VHL-reconstituted 

CC-RCC to hypoxia conferred sensitivity to ROCK inhibitors, while the knockdown of ARNT in 

VHL-deficient CC-RCC conferred resistance to ROCK inhibitors. Re-expression of non-

degradable HIFs also sensitized 786-OVHL cells to ROCK inhibition. Importantly, VHL-deficient 

CC-RCC patient’s tumors differ in their repertoire of HIF subunits: 69% of patients express both 

HIF1α and HIF2α, while 31% express only HIF2α44. ROCK inhibition is synthetically lethal in 

both tumor types; although the cell lines RCC4 and RCC10 expressing both HIF1α and HIF2α are 

more sensitive to ROCK inhibition than 786-O expressing HIF2α only. In support of the role of 
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HIF1α in the sensitization to ROCK inhibition the same increase in sensitivity to ROCK inhibitors 

was observed in the cell lines expressing HIF1α (786-OVHL HIF1α and 786-OHIF1α) over those 

only expressing HIF2α (786-O and 786-OVHL HIF2α).  

The dependence of the synthetic lethal effect of ROCK inhibition on HIF overexpression 

is important since ROCK inhibitors may serve as potential therapeutics for other types of solid 

tumors besides CC-RCC where both HIF and ROCK are overactive. In addition to CC-RCC54, 

ROCK overexpression occurs commonly in multiple cancer types152 including lung144, 

breast139,141,  osteosarcoma153, and prostate cancer140. On the other hand, a large fraction of solid 

tumors possesses hypoxic regions (where HIFs are stabilized47) or stabilize HIF1α and HIF2α by 

VHL independent mechanisms, including Phosphatase and TENsin homolog (PTEN)-loss or 

Harvey Rat Sarcoma Viral Oncogene Homolog (H-Ras) activation47,48. Thus, we predict that 

ROCK inhibitors will be effective against several more tumor types besides CC-RCC. 

The crosstalk between HIF and ROCK has been investigated previously154–157. On the one 

hand, two studies show that RhoA and ROCK1 are HIF target genes in breast cancer154 and 

trophoblast cells155. In addition, Turcotte et al. showed that RhoA expression and activity are 

hypoxia inducible in renal cancer, although it does not depend on HIF activity156. If this regulation 

is maintained in renal cancer, the loss of VHL would be predicted to induce ROCK1 upregulation. 

We do not see increased ROCK1 expression (Figure 4.2b-c, Supplemental Figure 4.5) and actually 

observe decreased phosphorylation of the ROCK substrate MYPT1 in VHL-deficient cells 

(Supplemental Figure 4.3), thus not supporting this type of regulation. On the other hand, multiple 

studies show that the Rho/ROCK pathway stimulates HIF activity by multiple mechanisms, which 

are likely to be cell type specific156–158. This data for CC-RCC is missing and the crosstalk needs 

to be investigated.  
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In summary, ROCK1 inhibition is synthetically lethal with VHL loss in CC-RCC, and 

ROCK inhibitors could serve as novel therapeutics for the disease. ROCK inhibitors would 

complement currently approved angiogenesis inhibitors since ROCK inhibitors selectively induce 

tumor cell death, reduce proliferation and migration, ultimately leading to inhibition of tumor 

growth and potentially metastasis.  

 

Materials and Methods 

Cell culture and chemical treatments. 

The CMV-EYFP labeled RCC4±VHL matched cell lines were previously described124. 

Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Caisson Labs #25-500, North 

Logan, UT) + 10% Fetal Bovine Serum (FBS; Omega Scientific #FB-12, Tarzana, CA) + 1% 

Penicillin/Streptomycin (Caisson Labs #25-512). in 5%CO2, 21%O2 at +37oC. Y-27632 and GSK 

429286 were obtained from Tocris (Minneapolis, MN). RKI 1447 was obtained from Selleck 

Chemicals (Houston, TX). All compounds were diluted in DiMethyl SulfOxide (DMSO) and 

serially diluted for each experiment.  

Cell viability assay based on measurements of fluorescence intensity. 

RCC4 EYFP and RCC4VHL EYFP were plated at 5,000 cells per well in black 96-well 

tissue culture plates in FBS-free DMEM media. The following day, DMSO vehicle or varying 

compound concentrations were prepared in 20% FBS DMEM by serial dilution and an equal 

volume was added to the cells. Cells were incubated for 72 hours. Wells were washed with 

Phosphate Buffered Saline (PBS). Then, 100μL of PBS was added to each well and fluorescence 

intensity was measured on a BioTek Synergy HT Microplate Reader (Winooski, VT) at 488nm. 

Each experiment was performed three times in quadruplicate per treatment. 
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Clonogenic cell survival assay.  

Clonogenic assays were performed plating 300 cells/plate as previously described145. 

Long term repeat treatment experiments. 

RCC4 EYFP, RCC4VHL EYFP, 786-O and 786-OVHL were plated at 5x104 cells per well 

into a 6-well plate and treated with vehicle (DMSO) or 2μM RKI 1447 daily. Each day the media 

was aspirated and fresh media with DMSO vehicle or 2µM RKI 1447 was added to each well. 

When the vehicle control plate was at 80% confluency, the cells were passaged 1:10 into new 

plates. Due to different growth kinetics each cell line was passaged and counted at different time 

points: RCC4 on day 4, 9, and 15; RCC10 on 4, 7, 9, 11; and 786-O on 4, 11, 15, and 18.  

Gene knockdowns by siRNAs. 

RCC4±VHL were plated at 200,000 cells per well of a 6-well plate in FBS-free DMEM. 

The following day the cells were transfected with 6 μL DharmaFECT1 (Dharmacon, Lafayette, 

CO) and up to 2 nM siRNA accordingly to manufacturer’s protocol. The siRNAs for ROCK1 (#1: 

SASI_Hs01_00065573 and #2: SASI_Hs01_00065570), ROCK2 (#1: SASI_Hs01_00204253 and 

#2: SASI_Hs01_00204251), and MISSION(R) Universal Negative Control #1 siRNA were 

obtained from Sigma (St. Louis, MO). The following day, transfected cells were plated for the 

clonogenic cell survival assay. Replicate plates were lysed after 72 hours and ROCK1 and ROCK2 

expression analyzed by Western blot.  

Western blot analysis. 

After treatments, cells were lysed and Western blot was conducted as previously 

described125. Proteins were visualized using primary antibodies recognizing HIF1α (BD 

Biosciences, #610959, San Jose, CA), HIF2α (Novus Biological, #NB100-122, Littleton, CO), α-

tubulin (Fitzgerald, #10R-842, North Acton, MA), MYPT1-P Thr696 (EMD Millipore, #ABS45, 
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Temecula, CA), MYPT1, (Abcam, #ab32393, Cambridge, MA), Cleaved Caspase 3, VHL (Cell 

Signaling, #9661, #2738, Danvers, MA), ROCK1, ROCK2 (Thermo Scientific, #PA5-22262,  

#PA5-21131, Grand Island, NY); and Horseradish peroxidase conjugated Goat anti-Rabbit IgG 

and Goat anti-Mouse IgG secondary antibodies (Thermo Scientific, #31460, #31430). Blots were 

imaged using a Bio Rad ChemiDoc XRS+ (BioRad, Hercules, CA). 

PI-immunofluorescence staining. 

RCC4±VHL cells were cultured in the presence of DMSO, 20µM Y-27632, or 1µM 

Doxorubicin. After 24 hours, 1 µg/ml PI was added to each well and the cells were imaged on a 

Nikon TI-E at 4x and the PI-positive cells were counted per field. For the siRNA experiments, 

siRNAs were transfected at 5 nM following Dharmafect’s protocol and imaged at 10x after 48 

hours. Each transfection was conducted in triplicate. 

Transwell migration assay. 

8.0μm Polyethylene terephthalate Transwells (Corning, Corning, NY) were coated with 

Fibronectin as previously described125. 70,000 RCC10 or 35,000 786-O cells were used per 

transwell.   

Cell cycle analysis. 

105 cells were seeded per well of a 6-well plate and treated the following day with vehicle 

(DMSO) or Y-27632 for 72 hours. BrdU analysis was performed using the FITC BrdU Flow Kit 

(BD Biosciences, Catalog #559619) following the manufacturer’s protocol. 

shRNA expression constructs, lentivirus packaging, and infection of target cells.  

 HEK 293T cells were transfected with lentiviral plasmids (pLKO.1shARNT: 

5’AAATAAACCATCTGACTTCTC3’ (OpenBiosystems, Huntsville, AL)) or 
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pLKO.1shScrambled (Addgene, Cambidge, MA, #1864)  along with packaging plasmids, pVSVG 

and ΔR8.2, as previously described159. 

Tumor growth analysis.  

Briefly, 18 RAG1 (B6.129S7-Rag1tm1Mom/J, Jackson Labs) mice (11–20 weeks old) were 

injected sc into the right flank with 5x106 786-OT1 cells. Before each injection, cells were 

resuspended in 50 µl PBS/matrigel (BD Bioscience # 354248) mixture at 50/50 ratio. One-month 

post-injections, when the tumors had reached the size of ~500mm3, littermates were randomized 

into two groups. 10 mg/kg Y-27632 or PBS diluent was administered ip daily for 18 days. Tumor 

size was measured daily with a digital caliper. On day 18 the mice were sacrificed. Tumor volume 

was calculated using the formula: V=(a)(b2/2), where “a” is the shorter measurement of 

length/width. Every measurement for each mouse was normalized to the day 1 measurement to 

show the fold change over time. Statistical analysis was performed using a one-way ANOVA 

between the two groups per day. 

Growth curves and statistical analysis. 

 Dose response and cell growth curves were generated using GraphPad Prism. IC50 values 

were calculated by transforming the X axis using X=Log(X), normalizing the transformed data to 

the vehicle control with 0 as 0%, and then fitting the normalized transformed data with a nonlinear 

trend line either using a normalized response ("log(inhibitor) vs. normalized response") or a 

variable slope ("log(inhibitor) vs. normalized response – Variable slope”). The correct nonlinear 

trendline was selected using GraphPad’s comparison of fits, which directly compares both fit lines 

statistically using an extra sum-of-squares F test. The fit line is not shown in the figures. The IC50 

values for each experiment were then calculated from the Best-fit values. Statistical analysis was 
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conducted in Minitab 16 using a paired t-test or ANOVA between cell lines with a p-value of less 

than 0.05 considered statistically significant. All error bars represent the SEMs. 

 

 

Supplemental Figures 

 

 

 
 

 
 

Supplemental Figure 4.1. The chemical structures and chemical names for Y-27632 (a), RKI 

1447 (b), and GSK 429286 (c) ROCK inhibitors used in this study. 
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Supplemental Figure 4.2. The ROCK inhibitor Y-27632 causes synthetic lethality with VHL 

loss in multiple CC-RCC cell lines. (a-c) Treatment with Y-27632 reduces the colony forming 

ability of VHL-deficient RCC4, RCC10, and 786-O. Representative plates from the clonogenic 

assays quantified in Figure 1b-d are shown for the indicated Y-27632 concentrations for 

RCC4±VHL (a), RCC10±VHL (b), and 786-O±VHL (c) matched cell lines. (d-f) Treatment with 

Y-27632 reduces VHL-deficient CC-RCC’s proliferation as shown by the decrease in cell number 

making up each colony. Representative colonies from the clonogenic assays quantified in Figure 

1b-d are shown for the indicated Y-27632 concentrations for RCC4±VHL (d), RCC10±VHL (e), 

and 786-O±VHL (f) matched cell lines.  
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Supplemental Figure 4.3. Y-27632 treatment inhibits ROCK activity. Western blot shows the 

decrease in phosphorylation of ROCK target MYPT1 at Thr696 upon treatment with 20µM Y-

27632 for 2 hours for RCC4±VHL (a), RCC10±VHL (b), and 786-O±VHL (c). RCC10±VHL and 

786-O±VHL lysates were run on the same gel and processed as part of the same Western blot. α-

Tubulin and HSP70 served as a loading control. 
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Supplemental Figure 4.4. Synthetic lethality of Y-27632 with VHL loss is mimicked by siRNA 

downregulation of ROCK1, not ROCK2. Representative plates (a) and colonies (b) from the 

RCC4 and RCC4VHL clonogenic assays are shown for each transfection as indicated.  
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Supplemental Figure 4.5. Synthetic lethality of Y-27632 with VHL loss is mimicked by siRNA 

downregulation of ROCK1, but not ROCK2 in the 786-O matched cell line. 786-O±VHL 

matched cell lines were transfected with siRNAs targeting ROCK1, ROCK2, or non-targeting 

siRNA control (siControl). Two different siRNAs per target were used. Twenty-four hours after 

transfection cells were plated for a clonogenic assay. Each transfection was done in triplicate, 

followed by clonogenic assays conducted in triplicate, and the experiments were repeated two 

times. (a) Transfection with siROCK1, but not siROCK2, resulted in significant reduction in 786-

O colony numbers in comparison to 786-OVHL. Statistical analysis was performed using a paired 

t-test between the matched cell lines for each siRNA (* p < 0.05, ** p < 0.01), SEMs are shown. 

(b-c) The degree of each target knockdown by its specific siRNA (as indicated) was assessed by 

Western blot.  
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Supplemental Figure 4.6. Treatment with 2.5µM RKI 1447 reduces VHL-deficient CC-

RCC’s proliferation as shown by the decrease in cell number making up each colony for 

RCC4±VHL (a), RCC10±VHL (b), and 786-O±VHL (c) matched cell lines. Representative 

colonies from the clonogenic assays quantified in Figure 4a-c are shown as indicated.  

 

 

 

 

Supplemental Figure 4.7. ROCK inhibitor GSK 429286 causes synthetic lethality with VHL 

deficiency similar to Y-27632 and RKI 1447 in RCC10±VHL matched cell lines. Each dose of 

GSK 429286 within each experiment was tested in duplicate, and the experiment was repeated two 

times. Statistical analysis was performed using a paired t-test between the matched cell lines at 

each dose (* p < 0.05,  ** p < 0.01), SEMs are shown.  
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Supplemental Figure 4.8. Long term repeat administration of RKI 1447 enhances the 

synthetic lethality effect. Representative images of RCC4±VHL (a), RCC10±VHL (b) and 786-

O±VHL (c) cells showing the decline in CC-RCC cell numbers while CC-RCCVHL cells 

continued to proliferate. The day the images were taken is indicated for each cell line. 
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Supplemental Figure 4.9. ROCK inhibition in VHL-deficient CC-RCC cells inhibits 

proliferation and induces cell death. Representative FACS plots from the FITC BrdU assay done 

on RCC4 and RCC4VHL cells at several Y-27632 concentrations (as indicated) and quantified in 

Figure 4a. Voltages and gates were set based on the DMSO vehicle control for each cell line. 
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Supplemental Figure 4.10. ROCK inhibition induces caspase 3 cleavage in RCC4, 

RCC4VHL, and RCC10 cells. Cells were treated with 40µM Y-27632 or DMSO vehicle for 48 

hours, lysed, and caspase 3 cleavage (19kDa) was assessed by Western blot. Treatment with 2µM 

Staurosporine for 4 hours was used as a positive control for Caspase 3 cleavage. α-Tubulin was 

used as a loading control. 
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Supplemental Figure 4.11. ROCK inhibition by Y-27632 or siRNA in VHL-deficient CC-

RCC cells induces cell death. (a) Representative images of PI-positive RCC4 and RCC4VHL 

cells treated with 20µM Y-27632 for 24 hours. Doxorubicin was used as a control inducing cell 

death in a non-VHL-specific manner. Images were taken at 4x magnification. Scale bar, 100µm. 

(b) Representative images of PI-positive RCC4 and RCC4VHL cells at 48 hours after control non-

targeting siRNA transfection or siRNA targeting ROCK1 or ROCK2 transfection as indicated (two 

siRNAs per each target). Images were taken at 10x magnification. Scale bar, 200µm. Each 

experiment in (a-b) was repeated 3-4 times. 
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Supplemental Figure 4.12. The morphological changes induced by Y-27632 treatment are 

reversible when compound treatment is stopped. (a) The timeline of Y-27632 treatment for 

examining the change in morphology. The cells were plated and allowed to attach overnight. The 

cells were then treated with 20µM or 40µM Y-27632. Representative images of the cells were 

obtained after 48 hours of Y-27632 treatment and then a media change was performed. After 24 

hours images were taken again for morphological comparison. (b) Representative images of cells 

at the indicated time points. (c) Close ups of top left areas in the dotted boxes shown in (b). 
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Supplemental Figure 4.13. Treatment with ROCK inhibitors at the concentrations used in 

the migration assays in Figure 4d for 6 hours does not affect RCC10 and 786-O cell survival 

or proliferation. PI vital dye exclusion was assessed via flow cytometry and used to measure the 

number of viable cells. Samples were collected for 60 seconds in order to obtain cell counts and 

then gated for PI-negative live cells. Each treatment was normalized to the DMSO vehicle control. 

Each treatment was conducted in duplicate and the experiment was repeated two times. 

 

 

 
 

Supplemental Figure 4.14. Western blot showing that RCC4VHL stabilize both HIF1α and 

HIF2α under hypoxia (2% O2 for 16 hours). The dotted line indicates a separate Western blot 

conducted using the same protein lysates. HSP70 was used as a loading control. 
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Supplemental Figure 4.15. Y-27632 treatment does not reduce mouse weight over the course 

of treatment. Mice were treated daily with PBS vehicle (n = 9) or 10 mg/kg Y-27632 (n = 9) by 

ip injection for 18 days. Mouse weight was monitored daily. 
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CHAPTER FIVE: TARGETING THE MEVALONATE 

PATHWAY SUPPRESSES VHL-DEFICIENT CC-RCC 

THROUGH A HIF-DEPENDENT MECHANISM 

 

Introduction  

 

CC-RCC is a life-threatening condition, especially in its metastatic manifestation. It is 

resistant to both radiation and chemotherapy160, and although a recently introduced programmed 

death-1 inhibitor based immunotherapy shows promise with 25% of metastatic CC-RCC patients 

responding, the median overall survival remains at 2 years5. In addition, toxicity to normal tissues 

is a limiting factor for current treatments. Thus, it is of primary importance to identify new 

therapeutics and their target pathways to successfully treat CC-RCC. Identified in 1993 as the 

tumor-suppressor gene affected in von Hippel-Lindau disease161, the VHL gene is lost in 80-90% 

of CC-RCC39. The goal of this study is to therapeutically target this large group of VHL-deficient 

CC-RCCs using a synthetic lethality approach.  

A large body of evidence supports the use of synthetic lethality screens for identifying 

specific compounds or small interfering RNAs (siRNAs) that cause cell death in combination with 

a particular cancer mutation31,49. Several synthetic lethality screens have been conducted in VHL-

deficient CC-RCC to date52,83,84,113–115,124. Previously we conducted a chemical library screen and 
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identified Y-27632 as a top hit; we also found that inhibition of Y-27632’s target ROCK1 is 

synthetically lethal with VHL loss52. VHL is a part of the E3 ubiquitin ligase complex that targets 

the α subunits of Hypoxia Inducible Factors 1 and 2 (HIF1 and HIF2) transcription factor for 

degradation in the presence of oxygen (in normoxia)33. The loss of VHL in CC-RCC results in the 

overactivation of HIFs and overexpression of their downstream targets. Accordingly, our data also 

indicate that Y-27632 treatment is synthetically lethal to HIF pathway overactivation.  

While multiple ROCK inhibitors have shown success in topical treatments for glaucoma162, 

systemic treatments were conducted only with two ROCK inhibitors – Fasudil163 and AT13148164. 

Fasudil was approved in Japan for treatment of cerebral vasospasm complicating intracranial 

hemorrhage163; and AT13148 is currently in a phase I clinical trial (NCT01585701) for solid 

tumors other than CC-RCC. Thus, systemic use of ROCK inhibitors has been limited in patients 

and requires further investigation to determine a therapeutic window for cancer patients. On the 

other hand, HMG-CoA Reductase inhibitors, also known as statins, can inhibit Rho/ROCK 

signaling in human patients165, and their pharmacokinetics and doses are well established, 

including maximum tolerated doses166.  

Rho GTPases are upstream activators of ROCK142. Rho/ROCK inhibition by statins occurs 

due to reduced synthesis of mevalonate and geranylgeranyl pyrophosphate (GGPP), in turn leading 

to inhibition of protein isoprenylation57,165. This disrupts the intracellular trafficking of small 

GTPases like Rho, Ras, Rap1a and Rac and their recruitment to the cell membrane required for 

their activity56. Although statins are not specific toward Rho, they are safe and taken by a 

considerable part of the human population at up to 1mpk [80 mg daily]167. In addition, Lovastatin 

was evaluated as an anti-cancer agent for gastric carcinoma168, anaplastic astrocytoma169, and 

glioblastoma multiforme169 in phase I and II clinical trials, and the maximum tolerated doses were 
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established as high as 20-35mpk daily for 7 days, with monthly repeats, resulting in responses in 

3 out of 18 patients169. Similarly, in a phase I study, patients with recurrent or metastatic squamous 

cell carcinoma of the head and neck or of the cervix, 5-10mpk Lovastatin taken daily resulted in 

responses in 6 out of 26 patients. Based on the above trials, it has become clear that biomarkers 

are needed to stratify the patients into responders and non-responders. In addition, studies 

addressing the mechanism of statins’ anti-cancer action are largely absent. Since our studies show 

that statins trigger synthetic lethality with VHL deficiency, VHL can be used as a biomarker for 

tumor sensitivity to statins. Furthermore, the effect is dependent on the overactivation of HIFs 

upon VHL loss, making HIF expression a second potential biomarker. Statin treatment selectively 

inhibits cell proliferation and induces cell death. Our studies also reveal that this effect occurs due 

to the disruption of GTPase isoprenylation and partially through the inhibition of Rho/ROCK1 

signaling. Statin treatment is effective at inhibiting tumor initiation and tumor growth of 

established tumors in vivo, confirming their potential as therapeutics for treating VHL-deficient 

CC-RCC. 

Results 

Treatment with statins selectively targets VHL-deficient CC-RCCs of multiple genetic 

backgrounds  

Since statins inhibit Rho/ROCK signaling57,165,170 and we recently showed that ROCK1 

inhibition is synthetically lethal with VHL-loss in CC-RCC52 we decided to test if statin treatment 

would be synthetically lethal with VHL-loss. Isogenic cell line pairs were generated from the 

parental VHL-deficient CC-RCC cell lines by re-expressing the full-length wild-type VHL 

cDNA124. VHL loss causes overexpression of HIF1α and HIF2α in RCC4 and RCC10 cells and 

HIF2α in 786-O cells, and VHL reintroduction causes a decrease in HIF expression (Supplemental 
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Figure 5.1). We conducted clonogenic assays and showed that both Simvastatin (Figure 5.1a-c, 

Supplemental Figure 5.2a-c) and Fluvastatin (Figure 5.1d-f, Supplemental Figure 5.2d-i) treatment 

is synthetically lethal with VHL loss. Both RCC4 (Figure 5.1a, d) and RCC10 (Figure 5.1b, e) 

showed sensitivity to statin treatment and a nearly 15-fold difference in IC50 values over respective 

RCC-VHL cell lines. 786-O (Figure 5.1c, f) showed a 5-fold difference in IC50 values over 786-

OVHL. 

We also tested the effect of two more statins, Lovastatin and Pravastatin, on the colony 

forming ability of the RCC4±VHL matched cell lines. RCC4 (Supplemental Figure 5.3a) showed 

sensitivity to Lovastatin treatment and a 9-fold difference in IC50 values over RCC4VHL. Since 

treatment with Pravastatin up to 80µM did not reduce the colony forming ability of both RCC4 

and RCC4VHL (Supplemental Figure 5.3b), we assessed the inhibitory effect of each statin on 

isoprenylation of Rap1a, which depends on the mevalonate pathway. Unprenylated Rap1a was 

detected by western blot with an antibody specific for unprenylated Rap1a171 after treatment with 

all statins but Pravastatin (Supplemental Figure 5.3c), which is consistent with the lack of the effect 

of Pravastatin on colony forming ability of RCC4 cells. Unlike lipophilic statins Simvastatin, 

Fluvastatin, and Lovastatin, Pravastatin is hydrophilic and requires a liver-specific transporter 

OATP1B1172 to be delivered inside the cells; thus it is likely not delivered to CC-RCC cells. 

Together, these data indicate that treatment with multiple lipophilic statins is synthetically lethal 

with VHL-loss in several CC-RCC genetic backgrounds.  

Treatment with statins is cytostatic and cytotoxic in VHL-deficient CC-RCC. 

We next sought to determine if the effect of statins on colony forming ability of VHL-

deficient CC-RCC was caused by cell death, inhibition of proliferation, or both. We treated 

RCC4±VHL cells with activated Simvastatin at doses ranging from ~600nM to 10µM in a Calcein-
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based Live/Dead assay. We found that Simvastatin decreases RCC4 cell proliferation starting at 

nanomolar doses and increases RCC4 cell death starting at low micromolar doses (Figure 5.2a-c). 

These results indicate that the effect of Simvastatin on CC-RCC colony forming ability in Figure 

5.1a is mostly due to inhibition of cell proliferation and is cytostatic. We confirmed these effects 

in the 786-O±VHL cells (Supplemental Figure 5.4). Thus, statin treatment is predominantly 

cytostatic in VHL-deficient CC-RCC, but becomes cytotoxic as the concentration increases.  

Since each of the RCCVHL cell lines used above was genetically modified to overexpress 

VHL, we then asked if endogenous VHL expression could protect against the cytostatic effects of 

Simvastatin treatment. We compared the sensitivity of four VHL-deficient and four VHL-

expressing kidney cancer cell lines to 5µM Simvastatin by Calcein-based assay. As expected, 

statistical analysis divided the cell lines into two groups based on VHL expression (Figure 5.2d). 

The VHL-deficient RCC4, RCC10, 786-O, and A498 were all more sensitive to Simvastatin 

treatment in comparison to the VHL-expressing ACHN, SN12C, SN12L1, and TK10. VHL 

expression and HIF expression in these cell lines was confirmed by western blot (Figure 5.2e). 

Thus, endogenous VHL expression is sufficient to protect cells against Simvastatin treatment.  
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Figure 5.1. Simvastatin and Fluvastatin treatment causes synthetic lethality with VHL loss 

in multiple CC-RCC cell lines. In a clonogenic assay activated Simvastatin (a-c) and Fluvastatin 

(d-f) show selective toxicity towards VHL-deficient (a, d) RCC4, (b, e) RCC10, and (c, f) 786-O 

while sparing their VHL-expressing isogenic cell line pairs. Data for Simvastatin and Fluvastatin 

treatments were normalized to 80%DMSO/20%Ethanol and DMSO vehicle controls, respectively. 

Each dose within each experiment was tested in duplicate, and each experiment was repeated three 

times for each isogenic cell line pair. IC50s are indicated where “~” corresponds to IC50s 

extrapolated based on a best fit line of the data. Statistical analysis in (a-f) was performed using a 

paired t-test between the matched cell lines at each dose (* p < 0.05, ** p < 0.01, *** p < 0.001), 

SEMs are shown. 
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Synthetic lethality depends on statins’ blocking effect on small GTPase isoprenylation. 

Next, we sought to confirm that the synthetic lethal interaction between statins and VHL 

loss was due to their inhibition of HMG-CoA reductase (see Supplemental Figure 5.5 for 

schematic). Since HMG-CoA reductase catalyzes the metabolic step leading to generation of 

mevalonate, we performed rescue experiments with exogenous mevalonate to see if we could 

rescue cell proliferation of Fluvastatin-treated RCC4. As expected, 500μM and 1000μM/2000μM 

mevalonate treatments were able to partially and fully rescue the colony forming ability of 

Fluvastatin-treated RCC4 (Figure 5.3a). The effectiveness of treatment by statins and rescue by 

mevalonate was assessed by their effect on Rap1a isoprenylation at 24 hours, which was blocked 

by Fluvastatin and rescued by mevalonate (Figure 5.3c). Since 500μM mevalonate was able to 

fully restore Rap1a isoprenylation at 24 hours, but provided just the partial rescue of colony 

forming ability at 10 days, we assume that mevalonate stability and/or metabolic rate over the 

prolonged period of time contributes to the partial rescue. Furthermore, the addition of mevalonate 

to the RCC4±VHL cells treated with high doses of Simvastatin (10 and 20µM) resulted in a partial 

rescue of proliferation and a complete rescue of cell death in the Live/Dead assay (Supplemental 

Figure 5.6). BrdU cell cycle analysis revealed that statin treatment selectively decreases S phase 

progression and increases apoptotic/debris cells in RCC4 cells, but not in RCC4VHL cells 

(Supplemental Figure 5.7). 
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Figure 5.2. Statin treatment is cytostatic and cytotoxic in VHL-deficient CC-RCC. 

LIVE/DEAD assay measuring live cell numbers via Calcein staining (a) and dead cell numbers 

via PI staining (b) reveals that Simvastatin treatment inhibits RCC4 cell proliferation at nanomolar 

and micromolar doses, and triggers cell death at higher micromolar doses. RCC4±VHL cells were 

treated with Simvastatin or vehicle control (80%DMSO/20%Ethanol) for 6 days. Calcein-positive 

cells in (a) were normalized to the vehicle control. Normalized % viability in (b) was calculated 

by dividing the number of dead PI-positive cells by the total number of cells (PI-positive + Calcein-

positive), multiplying the result by 100 and subtracting the result from 100%; the resulting 

viabilities were then normalized to the vehicle control. Statistical analysis in (a-b) was performed 

using a paired t-test between the matched cell lines at each dose (* p < 0.05, ** p < 0.01), SEMs 

are shown. (c) Representative images of LIVE/DEAD assay. (d) VHL-deficient CC-RCC are more 

sensitive to Simvastatin treatment than renal cancer cell lines endogenously expressing VHL. Cell 

lines were treated with 5 µM Simvastatin for 6 days and the live cell number was assessed by 

Calcein staining. The results were normalized to vehicle-treated cells. Statistical significance was 

determined using a one-way ANOVA followed by Tukey’s post-hoc analysis (*** p < 0.001), 

SEMs are shown. The experiment was conducted in duplicate and repeated two times. (e) Western 

blot confirming VHL expression in cell lines used in (d), HIF1α and HIF2α expression is also 

shown. α-tubulin serves as a loading control.  
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Since the mevalonate pathway has multiple downstream metabolic products, we next 

sought to elucidate which arm of the pathway is involved in the synthetic lethal effect. The best-

known arm of the mevalonate pathway affected by statins is the cholesterol synthesis arm, where 

the last step is conversion of squalene to cholesterol. It is important to note that in our experiments 

we used medium with the cholesterol-containing serum, which can provide cholesterol to cells 

exogenously. Since we are seeing the difference in RCC and RCCVHL colony forming ability in 

that medium, it suggests that this arm of the mevalonate pathway is not important for the synthetic 

lethal effect. To confirm this, we conducted an additional experiment to rescue endogenous 

cholesterol synthesis in Fluvastatin-treated RCC4±VHL cells: we added up to 100μM squalene 

and conducted clonogenic assays. The addition of squalene was unable to rescue the synthetic 

lethal effect (Supplemental Figure 5.8), confirming that cholesterol synthesis does not contribute 

to the synthetic lethal effect.  

Previous studies have identified the inhibitory effect of statins on small GTPases, including 

the Rho GTPase and Rap1a GTPase57,165,171,173 (used as a readout of statin inhibitory action on the 

mevalonate pathway in Figure 5.3c and Supplemental Figure 5.3C). To be functional, GTPases 

need to be isoprenylated to translocate to the membrane. One of the arms of the mevalonate 

pathway generates GGPP, which is used as a substrate for isoprenylation of small GTPases by 

GGTase (Supplemental Figure 5.5 for schematic). In order to rescue isoprenylation of small 

GTPases in Fluvastatin-treated RCC4±VHL cells, we added 10μM or 20μM GGPP and conducted 

clonogenic assays. GGPP treatment led to a partial (10μM) and full (20μM) rescue of colony 

forming ability (Figure 5.3b). Similar to mevalonate, 10μM GGPP treatment fully rescued the 

Rap1a isoprenylation at 24 hours as assessed by western blot (Figure 5.3c). Together, these results 
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indicate that the synthetic lethal effect between statin treatment and VHL loss is through inhibition 

of HMG-CoA reductase and the resulting effect of inhibiting GTPase isoprenylation. 

 

The inhibitory effect of statins on the Rho/ROCK pathway is important for synthetic 

lethality with VHL loss. 

Previously we reported that ROCK1 inhibition results in a synthetic lethal interaction with 

VHL loss in CC-RCC52. Thus, we hypothesized that inhibition of Rho GTPase isoprenylation and 

subsequent inhibition of ROCK by statins, is responsible for the synthetic lethality with VHL loss. 

First, we assessed whether treatment with statins causes Rho/ROCK pathway inhibition. We 

treated the RCC4±VHL cells with Fluvastatin for 24 hours and observed a decrease in 

phosphorylation of LIMK1 at Thr508 and LIMK2 at Thr505 (Figure 5.4a). This effect was also 

replicated in the RCC10±VHL and the 786-O±VHL (Supplemental Figure 5.9).   

Second, in order to rescue ROCK pathway activity in Fluvastatin-treated RCC4±VHL 

cells, we added 100μM Arachidonic acid (AA), which binds and activates ROCK by releasing it 

from its own autoinhibition174,175, and conducted clonogenic assays. AA was able to partially 

rescue the colony forming ability of Fluvastatin-treated RCC4 cells (Figure 5.4b). AA treatment 

activated ROCK signaling as judged by increased phospho-LIMK1/2 (Figure 5.4c). Together, 

these results indicate that inhibition of the Rho/ROCK pathway by statins contributes to synthetic 

lethality with VHL loss in CC-RCC. 
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Figure 5.3. The effect of statins on GTPase isoprenylation is important for synthetic lethality 

with VHL loss. (a-b) Addition of 1000μM mevalonate (a) or 20μM GGPP (b) rescues the effect 

of Fluvastatin on colony forming ability of RCC4 cells. Statistical analysis in (a-b) was performed 

using a paired t-test comparing treatments, and comparing RCC4 to RCC4VHL (* p < 0.05, ** p 

< 0.01), SEMs are shown. In (a-b) each dose of Fluvastatin or vehicle control (DMSO) within 

each experiment was tested in duplicate, and the experiment was repeated three times for each 

isogenic cell line pair. (c) Western blot showing that the addition of mevalonate or GGPP rescues 

the effect of Fluvastatin on GTPase isoprenylation by blocking the appearance of unprenylated 

Rap1a. α-tubulin serves as a loading control.  
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Figure 5.4. The inhibitory effect of statins on the Rho/ROCK pathway contributes to 

synthetic lethality with VHL loss. (a) Western blot showing that 24h treatment with Fluvastatin 

is sufficient to inhibit phosphorylation of LIMK1 (Thr508) and LIMK2 (Thr505) (ROCK substrates) 

in RCC4±VHL. Unprenylated Rap1a is used as a readout for the disruption of GTPase 

isoprenylation by treatment with Fluvastatin. (b) The effect of Fluvastatin on RCC4 colony 

forming ability can be partially rescued by administration of 100μM Arachidonic Acid (AA) 

(ROCK activator). Each dose of Fluvastatin or vehicle control (DMSO) within each experiment 

was tested in duplicate, and the experiment was repeated three times. Statistical analysis was 

performed using a paired t-test between the matched cell lines at each dose (* p < 0.05, ** p < 

0.01), SEMs are shown. (c) Western blot showing that 24h treatment with Fluvastatin inhibits 

phosphorylation of LIMK1/2, and co-treatment with AA rescues phosphorylation of LIMK1/2 in 

the RCC4±VHL. (a-c) α-tubulin serves as a loading control.  
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The synthetic lethal interaction between statin treatment and VHL loss is dependent on the 

activation of HIFs 

VHL functions as a substrate-recognition subunit of an E3 ubiquitin ligase complex and 

binds to hydroxylated forms of HIF1α and HIF2α under normoxic conditions, causing their 

degradation through the proteasome. Mutation or deletion of VHL results in the stabilization and 

activation of HIF1α and HIF2α45,46,49,84,119. To test if the synthetic lethal effect of statin treatment 

with VHL loss is dependent on overactivation of the HIF pathway, we conducted three 

experiments. 

In the first experiment, we knocked down the Aryl Hydrocarbon Receptor Nuclear 

Translocator (ARNT), which heterodimerizes with both HIF1α and HIF2α and is absolutely 

required for their activity176. We then treated shARNT- and shScramble-transduced CC-RCC cells 

with Fluvastatin and conducted colony assays. shARNT-transduced RCC4, RCC10, and 786-O 

cells were all protected from Fluvastatin treatment in comparison to respective shScramble-

transduced control cells (Figure 5.5a). Inactivation of HIF signaling by ARNT knockdown was 

confirmed by western blot, which showed reduced expression of HIF target gene LDHA (Figure 

5.5b). The protection of the shARNT-transduced CC-RCC cell lines from Fluvastatin treatment 

mimics VHL reintroduction, indicating that the synthetic lethal effect is dependent on HIF 

signaling. 

In the second experiment, we treated RCC4±VHL, RCC10±VHL, and 786-O±VHL cells 

with Fluvastatin and subjected them to colony assays in normoxia (21% oxygen) or hypoxia (2% 

oxygen). Each treatment was then normalized to the DMSO vehicle control. RCCVHL cell lines 

were sensitized to Fluvastatin treatment in hypoxia having decreased colony-forming ability in 

hypoxia in comparison to normoxia (Figure 5.5c). Activation of HIF1α and HIF2α and induction 
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of their downstream targets in hypoxia were confirmed by western blot (Figure 5.5d). The 

sensitization of the RCCVHL cells to Fluvastatin treatment in hypoxia mimics VHL loss, 

indicating that the synthetic lethal effect is dependent on HIF signaling. 

In the third experiment, we used 786-OVHL cell line expressing a non-degradable 

constitutively active hemagglutinin-tagged HIF1α (CA-HA-HIF1α) or HIF2α (CA-HA-HIF2α) 

(Figure 5.5e), which sensitized 786-OVHL cells to Fluvastatin treatment in comparison to vector-

control cells (Figure 5.5f). Expression of CA-HA-HIF1α in 786-O cells did not further sensitize 

them to Fluvastatin treatment in comparison to the vector-control cells (Figure 5.5f). Together, 

these results confirm that the synthetic lethal effect between statins and VHL loss is dependent on 

the resulting stabilization and overactivation of either HIF1α or HIF2α signaling.  

Fluvastatin delays tumor initiation and inhibits tumor growth in vivo 

There are reports suggesting that statins reduce the risk of developing cancer61,177,178, while 

other studies suggest that statins could serve as viable therapies for patients after tumors have 

formed173,179. Accordingly, we decided to test if statins delay CC-RCC tumor initiation and also 

inhibit tumor growth. For in vivo studies, we used 786-OT1 cells, which were established from a 

786-O-based tumor and are characterized by fast tumor growth kinetics in vivo as previously 

described52. 786-OT1 showed similar sensitivity to Fluvastatin in vitro as the parental 786-O cell 

line (Supplemental Figure 5.10). 786-OT1 cells were injected subcutaneously into the right flank 

of 25 RAG1 mice. The mice were then randomized into three groups and two out of three groups 

were treated daily with (3% DMSO in PBS) vehicle-control (n=8) or 10mpk Fluvastatin (n=8) via 

intraperitoneal (ip) injection. The third group was left untreated (n=9) until the tumors reached 

approximately 300mm3. Mice were examined daily and palpable tumors were recorded.  
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Figure 5.5. HIF activation sensitizes CC-RCC to Fluvastatin. (a) Clonogenic assay showing 

that CC-RCC cells transduced with shARNT are protected against Fluvastatin treatment and their 

colony forming ability is comparable to RCCVHL cells. (b) Western blot confirming the 

downregulation of ARNT in shRNA-transduced cells, accompanied by downregulation of HIF’s 

downstream targets LDHA. Cells transduced with scramble shRNA (shScr) serve as controls. (c) 

RCC±VHL cells were treated with 1.25μM Fluvastatin, plated for clonogenic assays and replicate 

plates were subjected to either normoxia (21% O2) or hypoxia (2% O2) for the duration of the 

experiment. Colony numbers were normalized to the DMSO vehicle control. RCC4VHL, 

RCC10VHL and 786-OVHL cells were sensitized to Fluvastatin treatment in hypoxia. (d) Western 

blot showing the induction of HIF1α and HIF2α and their downstream target LDHA in hypoxia 

(2% O2, 24h). (e) Western blot confirming the overexpression of constitutively active (CA) non-

degradable hemagglutinin-tagged HIF1α or HIF2α (CA-HA-HIF1α and CA-HA-HIF2α). Cells 

transduced with vector-control (VC) serve as controls. Western blots shown a from the same gel. 

(f) Clonogenic assay showing that overexpression of CAHIF1α or CAHIF2α sensitizes the 

indicated cell lines to Fluvastatin treatment. Each assay in (a, c, and f) was performed in duplicate 

and repeated three times, and statistical analysis was performed using a paired t-test (* p < 0.05, 

** p < 0.01 and *** p < 0.001), SEMs are shown. α-tubulin serves as a loading control in (b, d, 

and e).  
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Treatment with 10mpk Fluvastatin inhibited tumor initiation as shown by Kaplan Meier 

curves (Figure 5.6a). Once tumors had formed, tumor size was measured biweekly by calipers; 

tumor volume increased rapidly in the vehicle-treated control group, while tumor volume in the 

10mpk Fluvastatin-treated group increased at a significantly slower rate (Figure 5.6b). While 

Fluvastatin treatment initially delayed tumor growth in this group, over time resistance developed 

and the tumors began to grow at the same rate as the control (Figure 5.6b). When tumors reached 

approximately 300mm3 in the third group (at day 54), we began treatments with 15mpk Fluvastatin 

daily for 21 days. Fluvastatin treatment caused initial weight loss in both groups, but was well 

tolerated overall (Supplemental Figure 5.11).  Tumor size was measured triweekly and while tumor 

size constantly increased in the control group, treatment with 15mpk Fluvastatin resulted in a 

significant regression in tumor size (Figure 5.6c). Both treatments resulted in a reduction of tumor 

weight and size (Figure 5.6d,e). We also confirmed that 10mpk and 15mpk Fluvastatin treatments 

resulted in increased unprenylated Rap1a in tumor samples by western blot indicative of effective 

Fluvastatin delivery to tumor tissue (Figure 5.6f). Ki67 and Tunel analysis revealed that 15mpk 

Fluvastatin treatment resulted in decreased tumor proliferation (Figure 5.6g, Supplemental Figure 

5.12a) and an increase in apoptotic cell death (Figure 5.6h, Supplemental Figure 5.12b) in vivo at 

the time of sacrifice. As expected the 10mpk Fluvastatin treatment group was resistant to 

Fluvastatin treatment at the time of sacrifice and was not significantly different from the control 

group for both Ki67 and Tunel staining. To confirm that this is due to resistance to Fluvastatin, we 

reisolated the cell lines for the vehicle control and 10mpk groups from 3 tumors. We conducted 

the LIVE/DEAD assay on these cells and found that while both were equal sensitive to the 

cytostatic effect of Fluvastatin treatment (Figure 5.7a,c), the 10mpk group was now resistant to 

the cytotoxic effect with a ~4x increase in IC50 for viability in comparison to the control group 
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(Figure 5.7b,c). These results confirmed that the 10mpk group had become resistant to Fluvastatin 

treatment during the experiment. 

 

 

 

 

 

 

 

 

 

Figure 5.6. Fluvastatin prevents tumor initiation and inhibits tumor growth in vivo. (a) 5 x 

106
 

786-OT1 cells were injected subcutaneously into 25 RAG1 mice. The mice were then 

randomized into three groups: vehicle control (n=8), 10mpk Fluvastatin (n=8), and no treatment 

(n=9). Treatment was administrated immediately for the vehicle control and 10mpk Fluvastain 

groups. 10mpk Fluvastatin treatment inhibited tumor initiation (a) as shown by Kaplan Meier 

analysis and inhibited tumor growth (b). When the “vehicle control” and “no treatment” tumors 

reached approximately 300mm3, 15mpk Fluvastatin treatment was initiated for the “no treatment” 

group, which inhibited tumor growth (c). (d) Administration of Fluvastatin to both groups (10mpk 

and 15mpk) resulted in reduced tumor weight in comparison to vehicle-control group at sacrifice. 

(e) Representative images of tumors. (f) Western blot showing that 10mpk and 15mpk Fluvastatin 

treatments resulted in appearance of unprenylated Rap1a in the tumor samples in comparison to 

the vehicle control, indicating that the drug was effectively delivered to the tumors. Administration 

of 15mpk Fluvastatin resulted in (g) decreased proliferation measured via Ki67 staining and (h) 

increased apoptotic cell death measured via Tunel staining in comparison to vehicle-control group 

at sacrifice. Statistical analysis in (a) was conducted using Log-rank (Mantel-Cox) Test (p = 

0.0007) and Gehan-Breslow-Wilcoxon Test (p = 0.0015). Statistical analysis in (b-c) was 

conducted using a paired t-test between doses and a two-way ANOVA comparing the response of 

each treatment group over time. Statistical analysis in (d, g, h) was conducted using a one-way 

ANOVA comparing treatments. (* p < 0.05, ** p < 0.01, *** p < 0.001) and Dunnett post-hoc with 

vehicle set as the control group. SEMs are shown.  
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Figure 5.7. The 10mpk Fluvastatin treated group developed resistance to Fluvastatin induced 

cell death. Cell lines were reestablished in vitro for the vehicle control and 10mpk Fluvastatin 

treated groups. The LIVE/DEAD assay was then performed on the reestablished cell lines treated 

with Fluvastatin for 5 days. (a) Both cell lines were equally sensitive to Fluvastatin’s cytostatic 

effect. (b) The 10mpk Fluvastatin treated cells were resistant to the Fluvastatin’s cytotoxic effect 

showing far fewer PI positive cells in comparison to the vehicle control group. (c) Representative 

images obtained at 2x are shown for the LIVE/DEAD assay. Cell lines were reestablished from 3 

tumors for each treatment group. Treatments were conducted in triplicate and results are an average 

from all 3 tumors / group. SEM shown. For a,b we conducted a two-way ANOVA comparing in 

vivo treatment group and Fluvastatin dose and while dose was significant for both (p < 0.001), only 

the difference in viability was statistically significant for the treatment factor. 
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Discussion  

 In this study, we have shown that statins may serve as potential therapeutics to target VHL-

deficient CC-RCC. We have further determined that the therapeutic effect depends on 1) the effects 

of statins on GTPase isoprenylation, with a significant contribution of Rho/ROCK pathway 

inhibition mediating the effect; 2) Overactivation of the HIF pathway triggered by the VHL loss. 

Treatment of VHL-deficient CC-RCC with statins in vitro inhibits proliferation and induces cell 

death. Accordingly, in vivo statins are effective at both preventing tumor initiation and at inhibiting 

tumor growth of established xenografts, confirming their therapeutic potential.  

Multiple synthetic lethal interactions have been identified in VHL-deficient CC-RCC, 

including stimulation of autophagy83; inhibition of Glut184, CDK6113, MET113, MEK1113, protein 

translation 114,115, and inhibition of ROCK1 52. Interestingly, with the exception of MET inhibition, 

statin treatment targets each of these synthetic lethality partners of VHL. Statin treatment has been 

shown to stimulate autophagy180–182, inhibit glucose uptake and glucose metabolism183–185, 

CDKs55,179,186 (including CDK6179), the MEK pathway187,188, and finally inhibit small GTPases57 

(including the Rho/ROCK pathway170,173). Since our studies show only partial reliance on 

Rho/ROCK pathway inhibition for statin’s selective targeting of VHL-deficient CC-RCC, we think 

that the statin’s inhibitory effect on other synthetic lethality targets does contribute to the observed 

therapeutic effect. Furthermore, the statins’ inhibitory effect on all of these synthetic lethality 

targets, except for the inhibition of glucose uptake, can be rescued by GGPP173,180,186,187, indicating 

that inhibition of small GTPase isoprenylation is important. 

Statins affect isoprenylation of multiple small GTPases, including Rho, Ras, Rap1a, and 

Rac, disturbing their activity58. CC-RCCs are characterized by low (≤ 1%) frequency of K-Ras/N-

Ras/H-Ras mutations combined57, thus making Ras-dependent mechanism unlikely. RhoC and 
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ROCK expression is increased in CC-RCC, which has been correlated with increased tumor grade 

and stage, and decreased overall patient survival54. The Rac pathway is often stimulated by 

mutations affecting Rac’s upstream regulators in CC-RCC and correlates with tumor 

invasiveness189. Further studies are needed to assess the contribution of specific inhibition of 

individual small GTPases to synthetic lethality with VHL loss.  

The majority of patients with CC-RCC lose the function of VHL32, which results in 

constitutive activation of HIFs, which is vital to the pathogenesis of the disease. Our finding that 

the synthetic lethal interaction is dependent on HIF overactivation suggests that other cancer types 

with overactivation of the HIF pathway might be sensitive to statin treatment. HIF overactivation 

was documented in a fraction of bladder, brain, breast, colon, ovarian, gastric, lung, melanoma, 

pancreatic, and prostate cancers190,191, although the overactivation degree in the majority of cases 

is significantly less than in VHL-deficient CC-RCC. Accordingly, several commonly mutated 

genes in cancer have been linked to HIF activation in normoxia, including p53 loss192,193, H-

Ras47,194 (via PI3K signaling), v-Src195 and c-Myc196 overactivation. In some cancer types, like 

pancreatic, colorectal, and breast cancer197 overactivation of HIFs in normoxia is achieved by the 

mutations affecting prolyl hydroxylases (PHDs) that would otherwise hydroxylate HIFα subunits 

causing VHL-mediated degradation198. In addition, the majority of solid tumors are characterized 

by dysfunctional vasculature, leading to regional hypoxia, where HIFs stabilize47. Thus, our 

finding that the synthetic lethal interaction is dependent on HIF signaling suggests that certain 

patient’s tumors might be sensitized to statins, but the stratification based on HIF activity would 

be required, and more insight acquired into the status of their small GTPase signaling.   

For cholesterol reduction in patients, statins are taken daily at ~1 mpk [80 mg daily]167. For 

gastric carcinoma168, anaplastic astrocytoma169, and glioblastoma multiforme169 treatment in phase 
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I and II clinical trials, Lovastatin was taken at maximum tolerated doses: 20-35 mpk daily for 7 

days repeated monthly. In this study, we used high doses of Fluvastatin in vivo (10mpk and 

15mpk), which are close to maximum tolerated doses. The administration of statins at high doses 

was reported to cause apoptosis of skeletal muscle cells, leading to myopathy, but this side-effect 

is preventable by the co-administration of ubiquinone199. At the same time, the administration of 

Fluvastatin at low doses of 40 and 80 mg, was reported to reach Cmax concentrations in the blood 

of 1.28µM and 3.45µM, respectively200, that are greater than the IC50s we report for CC-RCC. 

Moreover, low hypercholesterolemia doses of Rosuvastatin and Atorvastatin can inhibit ROCK 

activity in patient’s leukocytes170, even though Rosuvastatin is a hydrophilic statin with the 

reduced uptake in non-hepatic tissues. Thus, statin dosing and regimen for treatment of CC-RCC 

need to be evaluated in patients and may end up being lower than the maximum tolerated doses.  

There is one more study reporting on the effect of statins on kidney cancer proliferation, 

migration, and tumor growth201. The study did not concentrate on VHL-deficient CC-RCC and 

included several types of VHL-positive and -negative kidney cancers. Simvastatin was found to 

inhibit tumor cell proliferation via the inhibition of the AKT/mTOR, ERK, and JAK2/STAT3 

pathways at µM doses201, and tumor growth of A498-based xenografts. Our data show that A498 

cells are the least sensitive to statin treatment among the VHL-deficient cell lines tested (RCC4, 

RCC10, and 786-O, Figure 5.2d) and the reported Simvastatin Cmax concentrations in the blood166 

are lower than for Fluvastatin used in our study (see below). At the same time, we provide 

additional mechanisms of action for statins in CC-RCC via VHL loss and resulting overactivation 

of the HIF pathway and inhibition of small GTPases, including Rho GTPase. Importantly, Rho 

GTPase was reported to regulate AKT signaling in melanoma202, making our findings consistent 
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with the ones discussed above. We also provide data on tumor initiation in addition to tumor 

progression. 

While a number of epidemiological studies have been conducted on the ability of statins to 

reduce the risk of CC-RCC, there is conflicting literature on the subject. Although, there are studies 

showing that people on statins have a lower risk of CC-RCC development61, and that CC-RCC 

patients on statins have a better overall survival and lower risk of progression after surgery177,178, 

there are two studies which found no correlation of statin intake and CC-RCC recurrence-free and 

progression-free survival203,204. This discrepancy may be explained by the absence of stratification 

of CC-RCC patients by VHL status, difference in pharmacokinetics (maximum blood 

concentration achieved) for different statins, and intake of lipophilic vs hydrophilic statins, 

targeting both hepatic and non-hepatic tissues vs mainly hepatic tissue, respectively. Accordingly, 

although VHL is lost in 80-90% of all CC-RCC32, the VHL status of CC-RCC tumors was not taken 

into consideration in these studies. There is also a considerable variation in Cmax concentrations in 

the blood for different statins: for example in one study Fluvastatin reached 448ng/ml [1.09µM], 

whereas simvastatin only reached 10-34ng/ml [81nM]166. Finally, lipophilic statins (Atorvastatin, 

Lovastatin, Simvastatin, Fluvastatin, Cerivastatin and Pitavastatin) tend to target both hepatic and 

non-hepatic tissues, while the hydrophilic statins (Pravastatin, Rosuvastatin) are more liver-

specific172. Taking into consideration the above factors, a more careful epidemiologic analysis 

should be conducted to draw the conclusions. 

In addition, we see a conceptual difference between tumors arising in patients already on 

statins (those tumors should be already statin-resistant), and VHL-deficient statin-naïve tumors 

(those tumors should be statin-sensitive and respond to statin therapy). Accordingly, we propose 

that VHL-deficient CC-RCC patients, who were never on statins before, would benefit from 
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lipophilic statin intake; and that VHL-deficient CC-RCC tumor patients, who are on hydrophilic 

statins, would benefit from switching to lipophilic statins. Furthermore, patients with VHL disease, 

lacking one copy of VHL at birth, may benefit from taking lipophilic statins to prevent initiation 

of CC-RCC, hemangioblastoma, and pheochromocytoma33,35,205.  

In conclusion, statin treatment is synthetically lethal with VHL loss in CC-RCC, and statins 

could serve as viable therapies for the disease. Treatment with statins has a profound effect on 

VHL-deficient CC-RCC cells inhibiting proliferation, inducing cell death, and inhibiting both 

tumor initiation and growth. It is expected that patient stratification by the HIF and small GTPase 

signaling status will predict the response to lipophilic statin therapy; it is also expected that the 

reanalysis of the existing epidemiologic data on the CC-RCC initiation taking into account the 

administrated statin’s Cmax, the lipophilic vs hydrophilic statins, and VHL status of the tumor, will 

generate valuable data. Further studies are needed to evaluate statins as single agent CC-RCC 

therapeutics or combined with currently approved treatments.  
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Materials and Methods 

Cell culture and chemical treatments. 

All cell lines used in this study were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; 

Caisson Labs #25-500, North Logan, UT) + 10% Fetal Bovine Serum (FBS; Omega Scientific 

#FB-12, Tarzana, CA) + 1% Penicillin/Streptomycin (Caisson Labs #25-512) in 5%CO2, 21%O2 

at +37oC. 786-OT1 cells are a sub-line of 786-O described in 52. Simvastatin, Pravastatin, 

mevalonate, GGPP, squalene (Sigma-Aldrich, St. Louis, MO), Fluvastatin, Lovastatin (Selleck 

Chemicals, Houston, TX), and Arachidonic acid (MP Biomedicals, Santa Ana, CA). Fluvastatin 

and Pravastatin were diluted in Dimethyl Sulfoxide (DMSO) and serially diluted for each 

experiment. Simvastatin and Lovastatin were dissolved in ethanol and activated in 0.1N NaOH by 

incubation at 50˚C for 2 hours, followed by neutralization with 1N HCl, and dilution to 20mM in 

DMSO. The vehicle control was subjected to the same process and is approximately 20% ethanol 

and 80% DMSO.  

Clonogenic assay.  

Clonogenic assays were performed using 300 cells/plate as previously described 52. For rescue 

experiments Fluvastatin (0.6125 or 1.25µM) and metabolite (GGPP [10 and 20µM], or mevalonate 

[500, 1000, and 2000µM], or squalene [10, 100, and 1000µM]) were dosed together and the 

clonogenic assays analyzed 10 days after treatment.  

LIVE/DEAD cell viability assay.  

The LIVE/DEAD cell viability assays were performed by plating 300 cells per well into a 96-well 

plate, allowing them to attach overnight. The following day statins. On the 6th day Calcein AM 

fluorescent dye from Thermo Fisher (1:1000) and propidium iodide (PI) from Sigma-Aldrich 

(1:250) were added to each well, incubated for 10 minutes at 37˚C, and then images were obtained 



122 

 

on a Nikon TI-E at 4x. The live cells (Calcein-positive) and dead cells (PI-positive) were counted 

per field. Treatments were normalized to vehicle-controls for proliferation calculations. 

Normalized % viability was calculated by dividing the number of dead PI-positive cells by the 

total number of cells (Calcein-positive + PI-positive), subtracting the result from 1, and then 

multiplying by 100%. Treatments were conducted in quadruplicate and each experiment was 

repeated three times. 

Western blot analysis. 

After treatments, cells were lysed and western blot was conducted as previously described 52. 

Proteins were visualized using primary antibodies recognizing HIF1α, VHL (BD Biosciences, 

#610959, #564183, San Jose, CA), HIF2α (Novus Biological, #NB100-122, Littleton, CO), α-

tubulin (Fitzgerald, #10R-842, North Acton, MA), Phospho-LIMK1 (Thr508)/LIMK2 (Thr505), 

LIMK1, Rap1a , CDCP1 (Cell Signaling, #3841S, #3842S, #4938S, #4115S, Danvers, MA), 

unprenylated Rap1a  (Santa Cruz Biotechnology, #SC-1482, Dallas, TX), LDHA, CAIX 

(GeneTex, #GTX101416, #GTX70020, Irvine, CA); and Horseradish peroxidase conjugated Goat 

anti-Rabbit IgG and Goat anti-Mouse IgG secondary antibodies (Thermo Scientific, #31460, 

#31430). Blots were imaged using a ChemiDoc XRS+ (BioRad, Hercules, CA). 

Cholesterol Detection Assay 

The Cholesterol Cell-Based Detection Assay Kit (Cayman Chemical, #10009779, Ann Arbor, 

Michigan) was performed following the manufacture’s protocol. Cells were treated 24hr before 

fixation. U-18666A, at 1.25μM, served as a positive control.  

shRNAs and cDNAs, virus produciton 

HEK 293T cells were transfected with lentiviral plasmids (pLKO.1shARNT: 

5’AAATAAACCATCTGACTTCTC3’ (target sequence, OpenBiosystems, Huntsville, AL)) or 
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pLKO.1shScr: 5’CCTAAGGTTAAGTCGCCCTCGC3’ (target sequence, Addgene, Cambidge, 

MA, #1864), along with packaging plasmids, pVSVG and ΔR8.2. Virus collection and infection 

were conducted as previously described52. 

Cell cycle analysis. 

50,000 cells were seeded per well of a 6-well plate and treated the following day with 

vehicle (DMSO) or Fluvastatin for 6 days. BrdU analysis was performed using the FITC BrdU 

Flow Kit (BD Biosciences, San Jose, CA, #559619) following the manufacturer’s protocol. 

In vivo experiments 

25 RAG1 (B6.129S7-Rag1tm1Mom/J, Jackson Labs) mice (11–20 weeks old) were injected 

subcutaneously (sc) into the right flank with 5x106 786-OT1 cells. Before each injection, cells 

were resuspended in 50µl of 50%PBS/50%matrigel (BD Bioscience # 354248) mixture. The mice 

were randomized into three groups: vehicle control (n=8), 10mpk Fluvastatin (n=8), and 15mpk 

Fluvastatin (n=9). The vehicle control, 3% DMSO in PBS, and 10mpk Fluvastatin treatments were 

immediately administered intraperitoneally (ip) daily. Mice were checked daily for tumor 

formation and once palpable tumors had formed, it was recorded and tumor initiation assessed. 

Kaplan Meier curves were derived using GraphPad software and statistical significance calculated 

based on a Mantel-Cox test. Starting day 36, when palpable tumors had formed in both groups of 

mice, tumor size was measured with digital calipers biweekly. Starting day 54, when the tumors 

in vehicle-control and untreated group were ~300mm3, we started to administer 15mpk Fluvastatin 

to the untreated group daily for 21 days. During that part of the experiment, tumor size was 

measured with calipers triweekly. On day 75 all of the mice were sacrificed, tumors excised and 

weighted. Tumor volume was calculated using the formula: V=(a)(b2/2), where “a” is the shorter 
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measurement of length/width. Statistical analysis was performed using a one-way ANOVA 

between the two groups per day. 

Tumor Sample Processing 

Tumor samples were fixed in formalin overnight and stored in 70% ethanol until processing. 

Tissues were processed on a Leica Tissue Processor (TP1020) following the manufacturer’s 

protocol. Samples were then embedded in paraffin on a Leica EG 1150 embedding/cooling 

station and microtomed on a Lecia RM2255.  

Ki67 Staining 

Samples were baked at 65°C overnight and then deparaffinized and rehydrated. Antigen retrieval 

was performed in 10mM sodium citrate, samples were blocked in goat serum. Cells were then 

incubated overnight in primary antibody (Genetex, #GTX16667) at 4 °C, followed by incubation 

for 1 h in secondary antibody (Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488), Abcam, 

Cambridge, UK, #ab150077) at room temperature. Cell nuclei were counterstain with DAPI 

using Vectashield with Dapi (VWR, Radnor, PA, #101098-044) then images were obtained on a 

Nikon TI-E.   

Tunel Analysis 

Tunel analysis was conducted using the DeadEnd Fluorometric Tunel System (Promega, 

Madison, WI, #G3250) following the manufacturer’s protocol for paraffin-embedded tissue 

sections. The positive control was prepared by treating 786-O cells with 2µM Staurosporine for 4 

hours. The cells were then trypsonized, washed with PBS, and spun down onto slides using a 

cytospin centrifuge.  
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Growth curves and statistical analysis 

Dose response and cell growth curves were generated using GraphPad Prism. IC50 values were 

calculated by transforming the X axis using X=Log(X), normalizing the transformed data to the 

vehicle control with 0 as 0%, and then fitting the normalized transformed data with a nonlinear 

trend line either using a normalized response ("log(inhibitor) vs. normalized response") or a 

variable slope ("log(inhibitor) vs. normalized response – variable slope"). The correct nonlinear 

trendline was selected using GraphPad’s comparison of fits, which directly compares both fit lines 

statistically using an extra sum-of-squares F test. The fit line is not shown in the figures. The IC50 

values for each experiment were then calculated from the best-fit values. Statistical analysis was 

conducted in Minitab 16 using a paired t-test or ANOVA between cell lines with a p-value of less 

than 0.05 considered statistically significant. All error bars represent the SEMs. The number of 

biological replicates is indicated in each figure legend. 
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Supplemental Figures 

 

 

 

 

Supplemental Figure 5.1. VHL re-expression blocks HIF expression. Western blot showing 

the effect of VHL re-expression in CC-RCC cell lines on HIF1α, HIF2α, and LDHA (HIF target 

gene) expression. α-tubulin serves as a loading control.  
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Supplemental Figure 5.2. Simvastatin and Fluvastatin treatment causes synthetic lethality 

with VHL loss in multiple CC-RCC cell lines. Treatment with Simvastatin (a-c) and Fluvastatin 

(d-f) reduces the colony forming ability of VHL-deficient CC-RCC. Representative plates from the 

clonogenic assays quantified in Figure 5.1 are shown for the indicated compound concentrations 

for RCC4±VHL (a, d), RCC10±VHL (b, e), 786-O±VHL (c, f) isogenic cell line pairs. (g-i) 

Treatment with Fluvastatin reduces VHL-deficient CC-RCC’s proliferation as shown by the 

decrease in cell number making up each colony. Representative colonies from the clonogenic 

assays quantified in Figure 5.1d-f are shown for the indicated Fluvastatin concentrations for 

RCC4±VHL (g), RCC10±VHL (h), and 786-O±VHL (i) matched cell lines. 
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Supplemental Figure 5.3. Lovastatin treatment causes synthetic lethality with VHL loss in 

the RCC4 matched cell line, while Pravastatin does not. Treatment with Lovastatin (a) 

reduces the colony forming ability of VHL-deficient RCC4. (b) Treatment with Pravastatin does 

not reduce the colony forming ability of either RCC4 or RCC4VHL. Statistical analysis was 

performed using a paired t-test between the matched cell lines at each dose  (* p < 0.05,  ** p < 

0.01), SEMs are shown. (c) Western blot showing that Fluvastatin, Simvastatin, and Lovastatin 

treatments cause the appearance of unprenylated Rap1a, while Pravastatin treatment does not. α-

tubulin serves as a loading control.  
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Supplemental Figure 5.4. Statin treatment is cytostatic and cytotoxic in VHL-deficient CC-

RCC. LIVE/DEAD assay measuring live cell numbers via Calcein staining (a) and dead cell 

numbers via PI staining (b) reveals that Simvastatin treatment inhibits 786-O cell proliferation and 

triggers cell death at low micromolar doses. 786-O±VHL cells were treated with Simvastatin or 

vehicle control (80%DMSO/20%Ethanol) for 6 days. Calcein-positive cells in (a) were normalized 

to the vehicle control. Normalized % viability in (b) was calculated as described in Figure 5.2b. 

Statistical analysis in (a-b) was performed using a paired t-test between the matched cell lines at 

each dose (* p < 0.05,  ** p < 0.01), SEMs are shown. (c) Representative images of LIVE/DEAD 

assay at three Simvastatin doses. 
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Supplemental Figure 5.5.  The mevalonate synthesis pathway. Statins target HMG-CoA 

reductase, the rate-limiting enzyme in the mevalonate synthesis pathway. Inhibition of mevalonate 

synthesis decreases the concentration of the isoprenoid geranylgeranyl pyrophosphate, which is 

required for isoprenylation and intracellular trafficking of GTPases (shown in red). Disruption of 

GTPase isoprenylation prevents their ability to activate their downstream targets like ROCK. 

Inhibition of mevalonate synthesis also decreases cholesterol synthesis.  
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Supplemental Figure 5.6. The cytostatic and cytotoxic effects of Simvastatin can be rescued 

with Mevalonate. LIVE/DEAD assay measuring live cell numbers via Calcein staining (a) and 

viability via PI staining (b) reveals that the coadministration of mevalonate with Simvastatin 

results in a partial rescue of proliferation in RCC4 cells and a complete rescue in RCC4VHL cells 

even at high 10 and 20µM doses. LIVE/DEAD assay measuring viability via PI staining (b) reveals 

that the addition of mevalonate completely rescues both RCC4 and RCC4VHL cells from the 

cytotoxic effects of Simvastatin. (c) Representative images of LIVE/DEAD assay with the 

indicated treatments. RCC4 and RCC4VHL cells were treated with Simvastatin, Simvastatin and 

mevalonate. or vehicle control (80%DMSO/20%Ethanol) for 6 days. Calcein-positive cells in (a) 

were normalized to the vehicle control. Normalized % viability in (b) was calculated as described 

in Figure 5.2b. Statistical analysis in (a-b) was performed using a paired t-test between the matched 

cell lines at each dose (* p < 0.05, ** p < 0.01, *** p < 0.001), SEMs are shown.  
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Supplemental Figure 5.7. Statin treatment in VHL-deficient CC-RCC cells disrupts cell cycle 

progression and increases apoptotic/debris cells. (a) BrdU assay reveals that statin treatment is 

both cytotoxic and cytostatic in RCC4. RCC4 cells increase G0 cells, increase apoptotic/debris, 

and reduce in S phase population upon treatment with Fluvastatin for 6 days as opposed to 

RCC4VHL. The graph shows the representative experiment of two experiments performed. 

Treatment with 2µM Staurosporine for 4 hours was used as the positive control. (b) Representative 

flow cytometry plots of the results from the experiment shown in a.  
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Supplemental Figure 5.8. The effect of statins on cholesterol synthesis is not involved in 

synthetic lethality with VHL loss. (a) Addition of up to 1000μM Squalene does not rescue the 

effect of Fluvastatin on colony forming ability of RCC4 cells. Each dose of Fluvastatin or vehicle 

control (DMSO) within each experiment was tested in duplicate, and the experiment was repeated 

two times. Statistical analysis was performed using a paired t-test between the matched cell lines 

at each dose (* p < 0.05), SEMs are shown. (b) Squalene is incorporated and converted to 



134 

 

cholesterol in RCC4 cells as shown by increased Filipin III stain intensity in comparison to the 

DMSO control. U-18666A is a cholesterol trafficking inhibitor (positive control). Propidium 

Iodide (PI) was used to label cell nuclei. 

 

 

 

 
 

 

Supplemental Figure 5.9. Treatment with statins inhibits ROCK substrate phosphorylation. 

Western blot showing that 24h treatment with Fluvastatin is sufficient to inhibit phosphorylation 

of LIMK1/2 in the RCC10±VHL (a) and 786-O±VHL (b). Unprenylated RAP1a is used as a 

readout for the disruption of GTPase isoprenylation by treatment with Fluvastatin. α-tubulin serves 

as a loading control.  
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Supplemental Figure 5.10. Fluvastatin causes synthetic lethality with VHL loss in 786-OT1 

cells similar to 786-O. In a clonogenic assay Fluvastatin shows selective toxicity towards VHL-

deficient 786-OT1 and 786-O while sparing 786-OVHL cells expressing VHL. Each dose within 

each experiment was tested in duplicate, and each experiment was repeated three times. IC50s are 

indicated. Statistical analysis was performed using a General Linear Model comparing cell line 

and treatment followed by Tukey’s Post Hoc analysis. A statistically significant difference was 

observed between 786-OVHL and the two VHL-deficient 786-O and 786-OT1 cell lines (*** p < 

0.001), SEMs are shown.  
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Supplemental Figure 5.11. Fluvastatin treatment causes minimal mouse weight loss during 

in vivo treatment. Mice were treated daily with PBS/DMSO vehicle (n = 8), 10 mg/kg Fluvastatin 

(n = 8), or 15mpk Fluvastatin (n=9) by ip injection for up to 75 days. Mouse weight was monitored 

daily. Fluvastatin treatment causes an initial weight loss upon beginning treatment.  
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Supplemental Figure 5.12. Fluvastatin inhibits tumor cell proliferation and increases 

apoptotic cell death in vivo at 15mpk. Representative images of (a) Ki67 staining with Ki67 in 

green and DAPI in blue and (b) Tunel staining with Tunel in green and DAPI in blue. Images were 

obtained at 20x. 
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CHAPTER SIX: CONCLUSIONS AND FUTURE DIRECTIONS 

 
 

 CC-RCC is a devastating disease in its metastatic manifestation with a 5-year survival of 

less than 15% and approximately one third of patients’ tumors will have spread beyond the 

localized region at the time of diagnosis. Adding to the complexity of treating CC-RCC, traditional 

chemotherapies, cytokine-based immunotherapy, and radiation therapy have had very limited 

success in clinic. Current therapies can be differentiated between angiogenesis inhibiting RTKis 

and mTORi that decrease HIF expression. Next generation therapies revolve around circumventing 

the rapid resistance that develops to these therapies or in combining currently approved therapies 

together or with various immunotherapies that are available. With the exception of the newly 

approved PD-1 inhibitors, which have shown promise, pursuing the same paradigm for treating 

CC-RCC has had limited success. The focus of this work is to identify new therapies for treating 

VHL-deficient CC-RCC.  

We used a synthetic lethality approach in order to identify new molecular targets that when 

inhibited should not harm healthy, non-tumor, cells that express VHL. In Chapter 2 we explored 
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the different methods that have been employed to successfully identify synthetic lethal interactions 

in different forms of cancer including chemical compound library screen, shRNA screens, and 

CRISPR screens. For our own synthetic lethality screen, we used Sigma’s annotated LOPAC small 

molecule library. In Chapter 3, we present the results from the LOPAC screen and the initial 

validation of the 7 hits that were identified. From the LOPAC screen we identified Y-27632, a 

ROCK inhibitor, as a top hit.  

In Chapter 4, we validated that multiple ROCK inhibitors are synthetically lethal with VHL 

loss in multiple CC-RCC backgrounds and that the effect occurs through ROCK1 and not ROCK2. 

Inhibition of ROCK1 is both cytotoxic and cytostatic in VHL-deficient CC-RCC and treatment 

with Y-27632 was able to prevent tumor growth in vivo. Furthermore, we discovered that the 

synthetic lethal interaction between ROCK inhibition and VHL loss is dependent on HIF signaling 

and that overexpression of either HIF-1α or HIF-2α is sufficient to cause the effect. These results 

have important implications for the potential use of ROCK inhibitors in other types of cancer 

beyond those where VHL is lost or mutated and HIFs become overexpressed and overactivated.  

Since our data indicate that VHL loss causing HIF stabilization sensitizes CC-RCC to 

ROCK inhibitors, we expect that tumors harboring VHL mutations which either completely disrupt 

VHL function (like those occurring in type 1 VHL disease, e.g. C162F36), or specifically disrupt 

VHL’s ability to regulate HIF activity (like those occurring in type 2A disease, e.g. Y98H, Y112H, 

A149T, T157I, and 2B disease, e.g. Y98N, Y112N206,207) will be sensitive to ROCK inhibitors. 

The resulting overactivation of HIFs in these tumors will make them candidates for ROCK 

inhibitor-based therapies. Since VHL regulates many targets besides HIFα, including activated 

epidermal growth factor receptor, RNA Pol II subunits, protein kinase C, and others119 further 
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investigation is needed to establish if, in addition to disruption of HIF regulation, disruption of any 

of these VHL functions by certain missense mutations is important for ROCK inhibitor sensitivity.  

Overactivation of HIFs is a frequent event in cancer. Both HIF1α and HIF2α are 

overexpressed in tumor samples compared to matched normal tissues in multiple cancer types 

besides CC-RCC including bladder, brain, breast, colon, ovarian, gastric, lung, melanoma, 

pancreatic, and prostate cancers190,191. While HIF activation often occurs in perinecrotic regions of 

solid tumors that lack adequate vasculature and oxygen supply47, there are multiple mechanisms 

by which HIFs are activated under normoxic conditions apart from VHL loss. For instance, the 

loss of p53 tumor suppressor leads to disruption of human homolog of mouse double minute 2 

(HDM2)-mediated degradation of HIFα subunits resulting in HIF overactivation193. Similarly, the 

loss of phosphatase and tensin homolog (PTEN) leads to deregulation of phosphoinositide 3-kinase 

(PI3K) and protein kinase B (Akt) activity resulting in HIF overactivation208. Furthermore, 

disruption of prolyl hydroxylases (PHDs) by mutations blocks hydroxylation of the HIFα subunits 

and inhibits VHL-mediated HIFα degradation46. Multiple oncogenes that are commonly activated 

by mutations or overexpressed in cancer have also been shown to result in HIF overactivation, 

including Ha-ras194 (via PI3K signaling), v-Src195, and c-Myc196. Although these findings suggest 

that HIF overactivation occurs frequently in multiple cancers, it is important to keep in mind that 

the magnitude of HIF activity is often less than in the case of VHL loss or hypoxic exposure, which 

are the main players of the pathway controlling HIF activity191. Thus, additional experiments 

establishing the sensitivity of cancer cell lines with the genetic alterations listed above to ROCK 

inhibitors in normoxia and hypoxia are required to drive the conclusions on their sensitivity and 

utility of ROCK inhibitors for their targeting.  
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Another important factor that needs to be taken into consideration for prediction of 

sensitivity to ROCK inhibitors is expression of the drug target, ROCK1, in cancers other than CC-

RCC. In this respect, elevated ROCK1 expression was reported in breast139 and prostate140 cancers 

at the protein level and lung cancer at the mRNA level144. Activating ROCK1 somatic mutations 

have been also reported in breast and lung cancers152, affecting the autoinhibitory region of 

ROCK1, resulting in increased activity even though protein levels remain unchanged. 

Interestingly, ROCK1 is a HIF-target gene in breast cancer154, although the regulation likely 

involves cell-type-specific components since we found ROCK1 expression to be similar in VHL-

deficient CC-RCC and CC-RCC with re-introduced VHL52. In addition, overexpression at the 

mRNA and protein levels of upstream regulators of ROCK – Rho GTPases RhoA and RhoC51 – 

occurs in breast, prostate, lung, bladder, colon, ovarian, gastric, melanoma, and pancreatic 

cancers209. While somatic mutations resulting in increased Rho activity are rare210, regulators of 

Rho, guanine-nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs) and 

guanine-nucleotide dissociation inhibitors (GDIs), can be deregulated in cancer209 contributing to 

the activity of the Rho/ROCK pathway. Currently, a specific Rho GTPase inhibitor, Cethrin, was 

developed for the management of spinal cord injuries compatible with intrathecal delivery211, but 

feasibility of its systemic delivery needs evaluation. RhoGTPases can also be targeted indirectly, 

e.g., by statins (HMG-CoA Reductase inhibitors), which inhibit Rho GTPase isoprenylation and 

translocation to the plasma membrane56, although statins are far from being specific towards Rho, 

and also inhibit Ras and Rac GTPases dependent on isoprenylation56. Together, these data suggest 

that the Rho/ROCK pathway is active and can be targeted in multiple cancer types. 

Overall, ROCK and HIF co-activation frequently occurs in a number of cancer types, 

suggesting that ROCK inhibitors should be effective for targeting those cancers. Accordingly, 
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ROCK inhibitors have shown an anti-cancer effect in breast147, prostate140, ovarian212, and 

melanoma213 cancers both in vitro and in vivo in mouse models. Recently, AT13148, a multi-kinase 

inhibitor targeting ROCK and other kinases, has shown an anti-cancer effect in mouse models of 

breast164, prostate164, lung164, uterine164, gastric214, and melanoma213 types of cancer. Currently, 

there is an ongoing phase I clinical trial (NCT01585701) of AT13148 administered to breast, 

prostate, and ovarian cancer patients, which will be evaluated for normal tissue toxicity and 

possible anti-tumor response. It is likely that the synthetic lethal interaction between ROCK 

inhibition and HIF overactivation contributes to sensitivity of these forms of cancer to ROCK 

inhibitors. Additional studies are required to develop reliable markers for prediction of ROCK 

inhibitor anti-tumor response.  

The synthetic lethal interaction between ROCK inhibition and HIF overactivation is 

important since it justifies ROCK inhibitors as candidate therapeutics for multiple forms of cancer.  

It is also worth investigating which VHL mutations would confer sensitivity to ROCK inhibitors 

to a degree similar to VHL loss in CC-RCC, hemangioblastoma, and pheochromocytoma. Further 

research is needed to evaluate the impact of the discovered synthetic lethal interaction on 

sensitivity of other forms of cancer besides CC-RCC to ROCK inhibitors; and develop the plan 

for patient stratification into ROCK inhibitor-sensitive and -insensitive groups. Upon identifying 

the synthetic lethal interaction between ROCK1 and VHL we then began to expand our studies to 

investigate the upstream regulators of ROCK: Rho GTPases. 

Overexpression of RhoC and ROCK has been correlated with increased CC-RCC tumor 

grade, stage, and inversely correlated with overall patient survival54. Additionally, VHL has been 

shown to directly bind RhoC215 and our own investigations found that VHL can bind RhoA, RhoB, 

and RhoC and that each Rho can be polyubiquitinated (Luke Nelson, personal communication). 
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Based on this we hypothesized that inhibiting Rho’s would also be synthetically lethal with VHL 

loss. Indeed, knockdown of RhoC in the RCC10 matched cell line triggered the synthetic lethal 

effect (Luke Nelson, personal communication). Similarly, anti-hypercholesterolemia doses of 

statins have already been shown to be able to inhibit both Rho and ROCK activity in patients142. 

While the literature is mixed on the usefulness of statins in treating or preventing CC-RCC, 

multiple studies have found a strong correlation between statin use and decreased risk for CC-

RCC61. One explanation for the discrepancy observed in the literature is the clear lack of 

differentiation between the type of statins used in the studies, and the VHL/HIF status of the 

patients. To this end there is a need for new predictive biomarkers of response (beyond VHL/HIF 

status) that can be used to stratify patients into responders and non-responders to specific therapies. 

Fluvastatin is currently the only statin shown to have a saturable first pass metabolism 

allowing it to reach low micromolar plasma concentration at the FDA approved 

hypercholesterolemia doses. Our studies confirmed that the loss of VHL and resulting 

overactivation of HIFs sensitizes cancer cells to statin treatment. Based on these results and the 

studies showing statin’s ability to inhibit ROCK activity and to reduce CC-RCC risk, we sought 

to investigate if statins could trigger the synthetic lethal effect with VHL loss. 

In Chapter 5 we present the results of our investigation showing that statins cause a 

synthetic lethal effect in VHL-deficient CC-RCC. Interestingly, the effect was even more 

pronounced than that of the ROCK inhibitors resulting in greater therapeutic indexes. Treatment 

with multiple hydrophobic statins, including Simvastatin, Fluvastatin, and Lovastatin, caused the 

synthetic lethal effect in multiple CC-RCC genetic backgrounds. We found that treatment with 

statins is cytostatic at low nanomolar doses and becomes cytotoxic as the dose is increased to low 

micromolar concentrations. Statin treatment could be rescued with the addition of both Mevalonate 
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and GGPP, but not Squalene, indicating that the synthetic lethal effect is due to statin’s disruption 

of small GTPase isoprenylation and trafficking to the cellular membrane. Statin treatment was also 

HIF-dependent similar to ROCK inhibitors, and overactivation of ROCK with arachidonic acid 

could partially rescue the effect. Treatment with statins in vivo resulted in both decreased/delayed 

initial tumor formation and tumor regression in established tumors although we observed drug 

resistance in tumors treated with statins for a prolonged period of time. These results indicate that 

patients taking lipophilic statins may already be benefiting from the synthetic lethal effect, but also 

that patients who have developed CC-RCC while taking statins would likely be resistant to the 

therapy.  

While the results from our in vivo experiments in Chapters 4 and 5 indicate that ROCK 

inhibitors and hydrophobic statins may be promising therapies it is unlikely that they would be 

used as single agents in the clinic. Due to this, there is a need to test them in combination with the 

current standard of care (mTORi, RTKi, and PD-1 inhibitors) to see if any synergistic effects occur. 

We tested Sorafenib Tosylate (RTKi), Axitinib (RTKi), Everolimus (mTORi), and Gefitinib 

(EGFR inhibitor) for synthetical lethality using clonogenic assays with the RCC10 and 786-O 

matched cell lines and did not observe a synthetic lethal effect with any of the compounds (data 

not shown). We then tested each of the compounds in combination with Y-27632 in RCC10 

clonogenic assays and found a better than additive effect in the RCC10 line while RCC10VHL 

cells had an additive effect (data not shown). This may indicate that a combination therapy 

including mTORi and ROCKi could be a potential therapy, but these results need to be investigated 

more thoroughly in multiple CC-RCC matched lines. Additionally, combination treatment of 

statins with currently approved therapies still needs to be investigated. 
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 In order to extend our findings further investigation into the molecular interaction between 

Rho/ROCK and VHL is needed. Since statins are more effective than ROCK inhibitors, it is likely 

that additional small GTPases are involved in the synthetic lethal effect. We expect that additional 

synthetic lethal partners exist within this group, which might have a better therapeutic window. 

The use of a small siRNA library to knockdown each of the small GTPases that are isoprenylated 

by the mevalonate pathway may help elucidate these targets. While the focus of our studies has 

been on VHL-deficient CC-RCC, there are other mutations that play an important role in the 

progression of the disease.  

 Another future direction of these projects is to test ROCKi and statins with patient-derived 

samples in vitro and to establish Patient-Derived Xenograft (PDX) models to use in testing the 

compounds. The in vivo studies conducted in Chapters 4 and 5 were conducted in RAG1-/- mice, 

which lack T and B cells but still have natural killer (NK) cells. Testing in another mouse 

background may identify if NK cells were involved in the anti-cancer response. Recently, two new 

autochthonous models of CC-RCC have been generated in mice. These autochthonous models 

spontaneously form tumors in the kidney due to homozygous loss of Vhl, Trp53, and Rb1 

deletion216 or VHL and Pbrm1217. Use of these models would allow us to investigate the effects of 

treatment with ROCKi and statins in mice with an intact immune system. It would also serve as a 

better model for investigating if statin treatment reduces the risk of, or delays, initial tumor CC-

RCC tumor formation. 

There is a need to identify the molecular pathways the advanced stage RCC depends on for 

survival. While VHL loss has been shown to be an early driver of RCC pathogenesis32, other genes 

have also been implicated as drivers of the disease, including overexpression of the Hepatocyte 

Growth Factor Receptor (HGFR)218 and the loss of the Fructose-1,6-Bisphosphatase (FBP1)219. 
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Drug library screens to identify drugs that selectively target these mutations could allow for the 

development of new therapies. Multiple screens have been performed in order to identify drugs 

that selectively target VHL-deficient RCC while sparing the same cell line with VHL re-expressed 

83,84,113,124, but to date no screens have been conducted for FBP1 or HGFR synthetic lethality. For 

example, new molecular targets may be identified in drug library screens where both VHL and 

FBP1 are re-expressed in an RCC cell line that lacks them since both are functionally lost in over 

90% of RCC patients.   

Improving our understanding of the basic biology that drives RCC development and 

pathogenesis is vital to developing new therapies. Instead of relying on angiogenesis inhibitors to 

slow the growth and metastasis of these tumors, there is a need for targeted molecular therapies 

that will selectively kill the cancerous cells while sparing the patient’s healthy tissue.   
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