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ABSTRACT OF THE DISSERTATION 

 

Clustered regularly interspaced short palindromic repeat (CRISPR)-mediated development of an 

improved model for metastatic renal cell carcinoma 

 

by 

 

Shiruyeh Schokrpur 

Doctor of Philosophy in Molecular and Medical Pharmacology 

University of California, Los Angeles, 2015 

Professor Lily Wu, Chair 

 

Clear cell renal cell carcinoma (ccRCC) is responsible for tens of thousands of deaths annually. 

Immune-based therapies have yielded the only durable responses and some encouraging recent 

results. There are few immunocompetent murine models for this disease. Attempts to generate a 

ccRCC model through von Hippel Lindau (VHL) inactivation have produced modest results. 

None of these studies developed metastatic carcinoma. The RENCA cell line is the major murine 

immunocompetent model used, but it has wild type VHL. In order to create an improved 

immunocompetent murine model for ccRCC, we used the clustered regularly interspaced short 

palindromic repeat (CRISPR) technology to knock out VHL in the RENCA cell line. VHL 
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knockout led to morphological and molecular changes indicative of an epithelial-mesenchymal 

transition (EMT). We went on to show that this leads to enhanced migratory and invasive 

potential in vitro as well as increased metastasis to the lungs in vivo. Double knockout studies 

using CRISPR revealed that these changes were hypoxia-inducible factor-1α (HIF-1α)-

dependent. In performing our animal studies, we discovered that stable integration of our Cas9-

containing expression cassette produced an immune rejection. Use of integrase deficient 

lentivirus followed by clonal selection allowed us to produce a VHL knockout cell line that was 

not expressing Cas9. We submitted our cell lines for RNA sequencing (RNA-Seq) and evaluated 

the genes and pathways that were upregulated upon VHL knockout. We found that the ten most 

upregulated genes in our cell lines corresponded to poor survival in The Cancer Genome Atlas 

(TCGA) data set. Further analysis reveals potential genes and pathways worthy of further study. 

Taken together, the studies presented herein demonstrate CRISPR-mediated disruption of VHL 

and the generation of a more aggressive, clinically relevant ccRCC model based on the RENCA 

cell line. 
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I. Introduction 

Renal cell carcinoma (RCC) 

 

Kidney and renal pelvis cancers account for an estimated 3.7% of new cancer cases in the United 

States, making them the ninth most common type of cancer (1). An estimated 61,560 new cases 

and 14,080 deaths will be due to these conditions in 2015. Like the majority of the solid tumor 

cancers in the abdominal cavity, local disease can be treated effectively, with a five year survival 

of 92.1%. However, about a third of patients present with regional spread or distant metastases. 

For those patients with metastatic disease, the five year survival is dramatically lower, at 11.8%. 

RCC accounts for nearly 90-95% of these cancers (2). The treatment options for aggressive, 

metastatic RCC (mRCC) are limited in both number and effectiveness. For this reason, a better 

understanding of the pathology of this condition and new treatment options are needed. 

 

Several histological subtypes contribute to the category of RCC (3). The major type, clear cell 

RCC (ccRCC), accounts for approximately 75% of all RCC cases and makes up the majority of 

mRCC. Much of our understanding of this disease comes from studies done on the von Hippel 

Lindau (VHL) tumor suppressor. In 1993, positional cloning studies identified this gene as the 

tumor suppressor altered in patients with VHL syndrome (4,5). Patients with this condition are at 

increased risk of developing ccRCC, develop these tumors at a younger age and often present 

with bilateral disease (6). Later it was found that sporadic ccRCC tumors have a high incidence 

of VHL inactivation as well, with as many as 86.6% of tumors having sequence alterations or 

methylation (7). Seminal studies revealed VHL’s role as a primary modulator of the cellular 

hypoxia response pathway. VHL acts as part of an ubiquitin ligase complex that recognizes 

hydroxylated hypoxia-inducible factors (HIFs) (8–10). Specifically, in high oxygen conditions, 
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the HIF alpha (HIF-α) subunits become hydroxylated through the action of prolyl hydroxylases 

(11–13). This allows for their recognition by VHL, which leads to their ubiquitination and 

degradation. In low oxygen conditions, VHL cannot recognize the HIF-α. This leads to their 

stabilization and allows for them to combine with HIF-1 beta (HIF-1β) and translocate to the 

nucleus (14). This heterodimeric complex acts as a transcription factor to regulate expression of 

a diverse set of genes necessary for the hypoxic response (15). Though these proteins have been 

the subject of intense study, the field is still grappling to understand their role in the development 

and progression of ccRCC. 

 

Murine models of RCC 

Murine models are often used as a proxy for clinical disease and aid in our ability to understand 

and develop treatments for cancer. In many cases, knockout studies have done a nice job at 

recapitulating key aspects of cancers, leading to valuable insights (16). Unfortunately, with 

regard to aggressive ccRCC, an ideal murine immunocompetent model has eluded researchers. 

The first reported constitutive knockout model of VHL revealed that it was required for 

development (17). The mice in this study died between day 10 and day 13 of gestation in utero. 

In line with VHL’s function regulating vascular growth, these embryos suffered from 

hemorrhage resulting in necrosis and death. Since constitutive loss of VHL was shown to be 

embryonic lethal, further attempts were made that utilized tissue-specific knockout approaches. 

A proximal tubule and hepatocyte-specific knockout was generated by driving Cre from the 

phosphoenolpyruvate carboxykinase (PEPCK) promoter (18). Mice developed cysts indicative of 

early stage ccRCC, but the lesions never progressed to full-fledged carcinomas. Researchers 

attempted to take an alternative approach to generating a ccRCC model by expressing a 
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constitutively active form of HIF-1α in proximal tubule cells instead of targeting VHL (19). 

These transgenic mice did show some signs of ccRCC, including increased lipid and glycogen 

deposition accompanied with clear cytoplasm. The tubules in the kidneys of these mice 

expressed typical markers of ccRCC, including vascular endothelial growth factor (VEGF), 

glucose transporter 1 (Glut-1) and carbonic anhydrase IX (CAIX). However, again these mice 

only progressed to cystic disease and failed to develop aggressive carcinomas. Another group 

combined VHL knockout with tumor protein p53 (Trp53) loss in kidney epithelium (20). Though 

these mice again developed simple cysts, atypical cysts and even neoplasms, they failed to 

progress to aggressive, metastatic carcinoma. The most recent VHL knockout model attempt 

targeted the collecting ducts and distal tubules (21). This model was generated by using a Hox7b 

promoter driving Cre recombinase (Cre) expression. Lesions in this model were notable for 

interstitial inflammation and fibrosis, with an abundance of infiltrating macrophages and 

lymphocytes. Interestingly, these changes were rescued with HIF-1α but not HIF-2α loss. The 

authors speculated that the inflammation and fibrosis might be an early stage of ccRCC 

development driven by HIF-1α. Again, this model failed to emulate aggressive ccRCC with VHL 

loss. Since patients die of aggressive metastatic disease, an effective murine model of this 

condition is still needed. 

 

The major murine model used today for the study of ccRCC is the RENCA cell line. This 

transplantable murine model was developed in 1973 after researchers removed a spontaneous 

cortical carcinoma from a BALB/c mouse (22). Its widespread use depends on three major 

characteristics. First, it can be successfully implanted syngeneically back into BALB/c mice 

through a number of different routes, including subcutaneous, intraperitoneal, systemically or 
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subcapsular. Second, when it is implanted subcapsular, or orthotopically, it spontaneously 

metastasizes to sites consistent with clinical disease (23). These include the lungs, lymph nodes 

and liver. Finally, it can be implanted into an immunocompetent host. Despite the proven utility 

of this murine model, a major concern of its clinical applicability rests on the fact that it 

expresses wild type VHL. Since VHL is lost in the majority of ccRCC cases, one would expect 

that an ideal murine model for ccRCC would have loss of this gene. In this thesis, we set out to 

develop an improved murine model of aggressive RCC using the RENCA cell line with the 

expectation that loss of VHL would improve the clinical applicability of this model. 

Interestingly, previous work on VHL loss suggested that this might result in a more metastatic 

form of this disease. 

 

Epithelial-mesenchymal transition (EMT) 

Studies regarding metastatic spread of tumors have revealed the process of EMT as a central 

node through which carcinomas must pass in order to spread from their primary site to secondary 

locations in the body (24). EMT involves the loss of cell-cell contact and a breaking away from 

the basement membrane in epithelial cells as they transition toward a more migratory and 

invasive cell type (25). Concurrent with these phenotypic changes are an assortment of molecular 

changes, including loss of epithelial markers such as E-cadherin and gain of mesenchymal 

markers such as N-cadherin and alpha smooth muscle actin (α-SMA) (26). The mesenchymal 

cells subsequently enter the bloodstream, seed distant sites and transition back toward epithelial 

cells to establish metastatic tumors. 
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Loss of E-cadherin, a hallmark of EMT, is extremely common in clinical ccRCC samples (27). A 

number of studies have drawn a link between VHL loss and elements of EMT. For instance, one 

study assessed the level of promoter methylation of E-cadherin in RCC clinical samples and cell 

lines (28). It was determined that two thirds of clinical samples and all of the RCC lines tested 

had E-cadherin promoter methylation. Later work determined alternate mechanisms by which E-

cadherin can be downregulated as a result of VHL loss. One study showed that enforced 

expression of VHL in a VHL-null RCC cell line led to increased E-cadherin expression (29). In 

this study, clinical samples indicated that HIF-1α and E-cadherin expression was mutually 

exclusive. Finally, they determined that HIF-1α was leading to E-cadherin suppression through 

TCF3, ZEB1 and ZEB2 upregulation. A second study around the same time showed that VHL 

inactivation in precancerous kidney lesions correlates with E-cadherin loss and demonstrated in 

vitro in RCC cell lines that HIF activation was necessary and sufficient for this process (30).  

Another study described a role of HIF-1α directly upregulating Twist1 expression and driving 

EMT in hypopharyngeal and breast cancer cell lines (31). This study also was able to show that 

HIF-1α constitutive activation led to increased metastasis in tail vein and orthtotopic tumor 

models. A more recent study showed that knocking down VHL levels in RCC cell lines led to 

EMT through a nuclear factor kappa B (NFkB)-dependent pathway (32). These studies 

implicated Slug and Twist1 as the downstream mediators of the EMT. Taken together, these 

studies show a clear link between VHL loss and EMT, but the numerous mechanisms described 

suggest that there might be variation on how this is achieved in different cell lines. Additionally, 

though HIF-1α has been shown to drive metastasis in some other tumor models (31,33), there has 

yet to be a demonstration that it does so in a renal cell carcinoma model. In fact, recent studies 

have suggested that HIF-1α acts as a tumor suppressor and that RCC tumors are more aggressive 
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when it is lost (34). However, this does not agree with other clinical data, which suggests that 

high HIF-1α levels predict a poor prognosis for metastatic patients (35). The studies described in 

this theses aim to clarify some of these issues.  

 

Clustered regularly interspaced short palindromic repeats (CRISPR) 

The CRISPR method of genetic manipulation has very recently been harnessed for routine lab 

studies (36). This breakthrough technique of gene disruption is notable for its ease of use and 

effectiveness in completely knocking out gene function. Based on the Streptococcus pyogenes 

adaptive immune system, this ribonucleotide (RNA)-based technique for genome editing has 

quickly proved its utility in a number of biological studies (37). Researchers have developed 

CRISPR methods in order to generate knockout murine lines, do genome-wide screens in cell 

lines, knock out genes in mice in vivo and even screen for metastatic genes in vivo (38–43). 

However, few studies thus far demonstrate CRISPR-mediated modification of murine cell lines 

in order to generate improved transplantable murine cancer models. 

 

There are a growing number of CRISPR reagents made available for use to researchers through 

Addgene. The Zhang lab has developed a “one vector” system that allows for the use of CRISPR 

to knock out a gene of interest (44). The main components necessary for this system to work 

include a guide RNA (gRNA) that contains a 20 bp sequence that is complementary to the region 

in which the cut should occur with a trans crRNA (tracrRNA) scaffold along with the Cas9 

enzyme. The specificity of the gRNA sequence is limited by the necessary presence of a 

protospacer-adjacent motif (PAM) immediately downstream of the targeted sequence (45). This 

PAM must have the NGG motif, though at high concentrations of Cas9 some promiscuity may 
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be observed. When both the gRNA-tracrRNA and Cas9 are present, the gRNA directs the Cas9 

to the location complementary to its sequence (36). The Cas9 introduces a double-stranded break 

of the DNA. The cell attempts to repair this break through the process of nonhomologous end 

joining (NHEJ), leading to the introduction of insertions and deletions that alter the reading 

frame of the mRNA sequence or introduce premature stop codons. This effectively knocks out 

the targeted gene.   

 

The lentiCRISPR plasmid contains all of these components and allows for the easy cloning of 

the CRISPR gRNAs (46). Subsequently, this plasmid can be used to generate lentivirus that 

efficiently transduces murine cells. Since murine cells show low efficiency for transfection, a 

lentiviral approach is preferred to modify murine cells, such as the RENCA cell line. In this 

thesis, we utilize two versions of the lentiCRISPR plasmid to knock out one or two genes in the 

RENCA cell line. These efficient, relatively cheap and quick in vitro knockout studies have only 

been made possible through the use of the new, exciting CRISPR method. 
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II. USING CRISPR TO MODIFY RCC CELL LINES 

 

CRISPR-mediated VHL knockout induces EMT and drives metastasis in renal cell 

carcinoma 

 

Abstract 

mRCC is nearly incurable and accounts for the majority of mortality associated with RCC. VHL 

is a tumor suppressor that is lost in the majority of ccRCC cases. Its role in regulating HIF-1α 

HIF-2α is well-studied. However, recent work has implicated this protein in promoting 

metastasis through induction of an EMT. EMT is a critical stage that it is believed epithelial 

tumors must pass through in order to spread. We utilized the RENCA cell line, as this is the most 

popular murine cell line used in preclinical RCC studies. gRNAs were designed to target murine 

VHL and delivered through lentiviral transduction to RENCA cells. Loss of VHL leads to 

morphologic and molecular changes indicative of EMT. This drives increased metastatic spread 

of RENCA cells to the lungs. RENCA cells deficient in HIF-1α failed to undergo EMT changes 

upon VHL knockout. Our findings indicate that loss of VHL could be driving tumor cell 

dissemination through stabilization of HIF-1α in RCC. A better understanding of the 

mechanisms involved in this phenomenon can guide our search for more effective treatments to 

combat mRCC. 
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INTRODUCTION 

An estimated 61,650 new cases and 14,080 deaths will be attributable to kidney and renal pelvis 

cancers in 2015 (1). Patients with metastatic disease face a poor prognosis, with a five year 

survival of just below 12%. RCC makes up nearly 90-95% of these cancers, with the majority of 

those the ccRCC histological subtype (2,3). Treatment options for metastatic ccRCC are limited 

because this tumor shows resistance to traditional chemotherapy and radiation. Recent 

developments of targeted therapies have shown modest responses, though none are curative (47). 

The only treatment that has cured this condition is interleukin-2 therapy, but this is only effective 

in around 7% of patients (48). New treatments targeting immune checkpoint inhibitor PD-1 

demonstrate efficacy against mRCC (49). The effectiveness of these immune-based therapies 

calls for increased studies regarding how the immune system can contribute to ccRCC metastasis 

and how it may be manipulated for treatment of advanced ccRCC. 

 

Much of our understanding of ccRCC comes from studies on the tumor suppressor VHL. 

Hereditary cases of VHL syndrome show increased risk of ccRCC development (4,5,50). 

Subsequent studies revealed that this gene is also silenced in the majority of sporadic ccRCC 

cases (7). VHL’s best-described role involves its regulation of the hypoxia response through its 

recognition and targeting the alpha subunits of HIF (HIF-1α, HIF-2α and HIF-3α) for 

ubiquitination and degradation (8–13). In low oxygen conditions, VHL cannot recognize the 

HIF-αs and they combine with HIF-1β to translocate to the nucleus and enact their 

transcriptional program necessary for the hypoxic response (14,15).  
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Researchers have attempted to derive murine models of ccRCC by targeting VHL for knockout 

(17–21). Though some of these studies show signs of early cystic ccRCC changes, they all fail to 

produce an aggressive, metastatic form of this disease. For this reason, many studies depend on 

the RENCA model, the most widely used immunocompetent murine model of RCC (51–54). 

This line was isolated from a spontaneously arising tumor in a BALB/c mouse in 1973 (22). 

When implanted under the kidney capsule, this tumor metastasizes to sites seen in clinical 

ccRCC, including the lungs, liver and lymph nodes (23). Despite the proven utility of this murine 

model, a major concern of its clinical applicability rests on the fact that it expresses wild type 

VHL. Since VHL is lost in the majority of ccRCC cases, one would expect that an ideal murine 

model for ccRCC would have loss of this gene.  

 

The work of previous researchers indicates that VHL loss may promote a more aggressive and 

metastatic tumor model. A number of studies have shown that targeting VHL function can lead 

to elements of EMT (29,32,55). This process has been identified as a central node through which 

carcinomas must pass to spread from their primary site to other parts of the body (24). EMT 

involves the loss of cell-cell contact and a breaking away from the basement membrane in 

epithelial cells as they transition toward a more migratory and invasive cell type (25). Concurrent 

with these phenotypic changes are an assortment of molecular changes, including loss of 

epithelial markers such as E-cadherin and gain of mesenchymal markers such as N-cadherin and 

alpha smooth muscle actin (α-sma) (26). Loss of E-cadherin has been shown to be a common 

occurrence in clinical ccRCC specimens (27,55). Notably, a number of studies demonstrate the 

role of HIF-1α driving these changes (29,31,32). Additionally, HIF-1α has been shown to drive 
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metastasis in other tumor models (31,33). These findings indicate that VHL deletion in the 

RENCA model may produce a more metastatic, clinically relevant model. 

 

The CRISPR method of genetic manipulation has very recently been harnessed for routine lab 

studies (36). This breakthrough technique of gene disruption is notable for its ease of use and 

effectiveness in completely knocking out gene function. Based on the Streptococcus pyogenes 

adaptive immune system, this RNA-based technique for genome editing has quickly proved its 

utility in a number of biological studies (37). Researchers have developed CRISPR methods in 

order to generate knockout murine lines, do genome-wide screens in cell lines, knock out genes 

in mice in vivo and even screen for metastatic genes in vivo (38–43). However, few studies thus 

far demonstrate CRISPR-mediated modification of murine cell lines in order to generate 

improved transplantable murine cancer models. 

 

In this study, we utilized the new CRISPR genome editing tool to knock out VHL expression in 

RENCA cells. We show increased aggressive behavior in vitro and increased metastasis in vivo 

as a result of this change. This effect depends on HIF-1α, as knockout of this gene in VHL null 

cells reverses the noted phenotypic and molecular changes consistent with the EMT. 
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MATERIALS AND METHODS 

Generation of lentiCRISPR-eGFP (LCGFP) 

LentiCRISPR (LC, Addgene Plasmid 49535) and pX458 (Addgene Plasmid 48138) were gifts 

from Feng Zhang (44,46). LC was digested with NheI and MluI. A region of pX458 was 

amplified by PCR to produce NheI-2A-eGFP-MluI. Both DNA fragments were gel purified and 

ligated together using Quick Ligation Kit (New England Biolabs, M2200S). Inclusion of 2A-

eGFP was sequence verified following transfection into 293T cells by fluorescence microscopy 

and flow cytometry. 

 

CRISPR Cloning 

Gene sequences for murine and human VHL and HIF-1α were obtained from the NCBI gene 

database. These sequences were inputted into the CRISPR design tool (crispr.mit.edu). 

Candidate sequences for gRNAs were produced by this software and we chose sequences with 

high scores from the candidates provided. Oligonucleotide sequences were ordered from 

Valuegene. gRNAs were cloned into LC and LCGFP plasmids according to Zhang lab protocol. 

Briefly, LC and LCGFP plasmids were digested with BbsI. Forward and reverse oligos coding 

for the gRNA sequences were phosphorylated, annealed and cloned into the LC and LCGFP 

plasmids. Lentivirus was produced by transfecting 293T cells with LC or LCGFP along with 8-2 

packaging and VSVG envelope plasmids. Cells were transduced with appropriate virus. Cell 

lines transduced with LC constructs underwent one week of puromycin selection at 2ug/ml. Cells 

that were transduced with LCGFP constructs underwent cell sorting for GFP positivity. Cell lines 

are listed in Supplemental Table 1. gRNA sequences are listed in Supplemental Table 2. 
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Cell culture 

RENCA (ATCC), ACHN and SN12C (kind gifts from Dr. Matthew Rettig) were cultured in 

Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 100U/ml penicillin and 100ug/ml streptomycin. All cell incubations were carried 

out at 37oC and at 5% CO2. Clonal selections were performed with Bel-Art Scienceware cloning 

discs according to manufacturer’s instructions. 

 

Western blot 

Cell lysates were isolated from cell culture plates using RIPA Buffer (Boston BioProducts, BP-

115) supplemented with 0.5M EDTA (Boston Bioproducts, BM-150, 1:500) and Halt Protease & 

Phosphatase Inhibitor Cocktail (Thermo Fisher, 1861281, 1:100). Samples were run on NuPAGE 

Novex 4-12% Bis-Tris Gel 1.5mm 10well (Life Technologies, NP0335BOX) and transferred to 

Immobilon-P Membrane, PVDF, 0.45 µm (Millipore, IPVH00010). Blots were probed with 

antibodies recognizing VHL (Santa Cruz Biotechnology, sc-5575, 1:200), HIF-1α (Novus 

Biologicals, NB100-105, 1:500), E-cadherin (BD Biosciences, 610182, 1:10,000) and β-actin 

(Santa Cruz Biotechnology, sc-47778 HRP, 1:5000).  

 

Immunofluorescence 

Cells were plated into a 12 well dish at 5x10^5 cells per well onto gelatin coated cover glasses. 

Cells were fixed and the stained with antibodies recognizing HIF-1α (Novus Biologicals, 

NB100-105, 1:100) and HIF-2α (Novus Biologicals, NB100-132, 1:100). Nuclei were stained 

with DAPI during mounting using Prolong Gold antifade mounting reagent (Life Technologies, 

P-36931). 
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RT-PCR 

Quantiative gene expression studies were conducted as previously described (56). 

 

Proliferation assay 

Cells were plated in 6 well dishes at 1x10^5 cells per well. Each day, on three consecutive days, 

cells were trypsinized and counted using a Vi-CELL counter (Beckman Coulter). 

 

Scratch assay 

Cells were plated in 6 well dishes at 1x10^5 cells per well. The following day, scratches were 

applied down the center of the well using a 10ul pipette tip. Images were taken using an Eclipse 

Ti (Nikon Instruments) on the day of the scratch and for two subsequent days. Scratch resolution 

was analyzed using Tscratch software developed by the Koumoutsakos group (CSE Lab) at ETH 

Zürich (57). 

 

Migration and invasion assays 

Cells were plated in a Boyden chamber transwell arrangement as previously described. 2.5x10^4 

cells were plated in the upper well in serum-free DMEM and 750ul complete DMEM was in the 

bottom well. The transwell insert had 8um pores (BD, 353097). For assessment of invasion, 

transwell inserts were coated with matrigel two hours prior to cell seeding. Cells were fixed and 

stained with crystal violet following 20 hours. 5 random 10X images were obtained from each 

well. The sum of the number of stained cells over these five images was used for quantification 

of cell migration and invasion. 
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Murine subcapsular model 

Female 6-8 week old Nu/J (Jackson Laboratory) were used in these studies. Animals were placed 

in the prone position and a small incision was made on the left flank through the skin and then 

the peritoneum (23). The left kidney was exposed and partially exteriorized. A Hamilton syringe 

(28 gauge) was used to inject 1x10^5 cells in 5ul of sterile PBS under the kidney capsule. The 

kidney was allowed to fall back into the abdominal cavity. The peritoneum was closed with 

absorbable sutures and the skin was closed with staples. Following tumor growth, animals were 

sacrificed and primary tumors and lungs were sent to the UCLA Pathology core for sectioning 

and H&E staining. For tumor nodule counting, two consecutive lung slides per animal were 

assessed for the number of visible tumor nodules. Peripheral blood was also collected at endpoint 

through eye bleeding and processed for subsequent quantitative PCR studies. Luciferase imaging 

was performed on an IVIS cooled CCD camera (Xenogen). 

Statistics 

Data is presented as mean +/- standard error mean (SEM). Comparisons between groups were 

analyzed by student’s t-test.  
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RESULTS 

Generation of VHL knockout RENCA cells using CRISPR 

A lentiviral approach was taken in order to generate a CRISPR-mediated knockout of VHL in 

the RENCA cell line. We obtained the lentiCRISPR plasmid developed by the Zhang lab. In 

order to allow for simultaneous transduction and differential selection using two separate 

gRNAs, we generated LCGFP, which has eGFP in place of the puromycin resistance gene in the 

standard lentiCRISPR. Using the CRISPR design tool (crispr.mit.edu), we found candidate 

gRNA sequences targeting murine VHL (Supplemental Figure 2.1A) and Renilla luciferase, to 

serve as a vector control. gRNAs for VHL targeted two locations in the middle of the VHL 

sequence. RENCA cells were transduced with either a single of these gRNAs or both together. 

Protein levels of HIF-1α and expression of its downstream target Glut-1 indicated that gRNA1 

(g1) was more potent than gRNA2 (g2), given equal expression of eGFP as a proxy for 

transduction delivery load (Supplemental Figure 2.1B-D). Notably, the maximum efficiency of 

VHL knockout was when both guides were used together. For this reason, we took a two target 

approach in the generation of the RC control and RVN VHL knockout cell lines. 

 

RC and RVN cells were assessed for protein levels of VHL to determine the effectiveness of 

VHL knockout. Western blot revealed a dramatic reduction in VHL upon CRISPR-mediated 

gene modification (Figure 2.1A). Levels of HIF-1α protein were greatly increased in the RVN 

cells, a change that is expected given the function of VHL in the degradation of HIF-1α. Since 

the HIFs are transcription factors, activation of these proteins would be expected to lead to 

nuclear localization. Immunofluorescent staining for HIF-1α and HIF-2α in RVN cells revealed 

increased punctate staining, suggestive of nuclear localization, compared to RC cells (Figure 
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2.1B). An increase in nuclear localization should drive expression of HIF target genes. Gene 

expression of Glut-1, phosphoglycerate kinase 1 (PGK1), lactate dehydrogenase A (LDHA) and 

N-myc downstream regulated gene 1 (NDRG1), all known targets of HIFs, was significantly 

increased in RVN compared to RC cells (Figure 2.1C-F). Taken together, these findings indicate 

that this CRISPR approach can effectively knock out VHL, and that its well-studied role in 

modulating the HIF pathways is intact in RENCA cells. 

 

Loss of VHL induces EMT with enhanced aggressive in vitro behavior 

CRISPR-mediated knockout of VHL induced a dramatic phenotypic change in the RVN cells 

that was readily observable when compared to the RC cells. While the RC cells demonstrated the 

typical cobblestone epithelial morphology like wild type RENCA cells (Figure 2.2A, top, 

Supplemental Video 2.1), the RVN cells adopted an elongated, fibroblastic morphology with 

reduced cell-cell contacts (Figure 2.2A, bottom, Supplemental Video 2.2). Interestingly, the 

RVN cells had a reduced proliferation when compared to the RC cells (Figure 2.2B). The 

morphology and proliferation changes were consistent with the RVN cells undergoing an EMT. 

For this reason, we chose to investigate molecular markers of EMT to see if these would also 

indicate that EMT is occurring as a result of VHL loss. Protein levels of E-cadherin, expected to 

be down as a result of EMT, were reduced in the RVN cells (Figure 2.2C). Gene expression 

analysis confirmed this reduction in E-cadherin (Figure 2.2D). Genes associated with the 

mesenchymal phenotype, such as N-cadherin, α-SMA and matrix metalloproteinase 9 (MMP-9), 

were significantly upregulated in RVN compared to RC cells (Figure 2.2E-G). 
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The nature of the CRISPR system allows for the potential for retention of gene function in a 

percentage of cells following CRISPR-mediated gene targeting. Additionally, a concern can be 

raised regarding our ability to attribute the molecular changes in our cells to loss of VHL and not 

some off-target effect caused by the specific gRNAs we used to generate our RVN cell line. For 

these reasons, we grew out clonal cell lines from RENCA cells transduced with RLuc g2, mVHL 

g1 and mVHL g3. Clonal cell lines demonstrated a much more complete elimination of VHL, as 

expected (Supplemental Figure 2.2A). The demonstration that both guides 1 and 3 targeting 

VHL led to efficient gene disruption, but that targeting Renilla luciferase failed to do so, confirm 

the specific knockout of VHL a result of specific CRISPR targeting. As expected, all clones 

showed molecular changes consistent with those described in the RVN cell line (Supplemental 

Figure 2.2B-E). 

 

Previous studies have demonstrated an EMT change in human VHL+  RCC cell lines upon VHL 

knockdown. gRNAs targeting the same regions in VHL as the ones used to create the RVN cell 

lines were used to generate ACHN and SN12C VHL KO cells. ACHN and SN12C controls were 

transduced with a gRNA targeting Renilla luciferase. As expected, CRISPR-mediated targeting 

of VHL led to a reduction in VHL protein levels and an increase in HIF-1α (Supplemental Figure 

2.2A). Notably, these cells exhibited low levels of initial VHL expression compared to the 

RENCA cell line (data not shown). Consistent with this observation, even control ACHN and 

SN12C cells showed some expression of HIF-1α. These levels were enhanced, as expected, upon 

VHL KO. Morphologic changes upon VHL knockout in these human cell lines were observed 

through increased frequency of cellular processes (Supplemental Figure 2.2B). Although these 
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morphologic changes were substantially more subtle in these human cell lines when compared to 

the RENCA cells, they suggest a conserved mechanism between murine and human RCC. 

 

Given that the morphological and molecular changes in RVN cells were consistent with an EMT, 

we set out to determine whether these translated to a more aggressive phenotype. We performed 

a scratch assay and observed the patterns of scratch resolution for the two cell types. While RC 

cells resolved the scratch as a connected sheet, RVN cells moved into the open area as single 

cells (Supplemental Videos 2.3 and 2.4). We quantified resolution of the scratch over two 

consecutive days (Figure 2.3A). At day 1, RC cells had resolved 26.34% (+/-2.619) of the 

scratch compared to 50.54% (+/-3.372) for the RVN cells. At day 2, RC cells had covered 

33.56% (+/-2.642), while RVN cells resolved 73.57% (+/-5.227). These findings suggested a 

dramatically increased migratory capacity for the RVN cells. A Boyden chamber transwell assay 

confirmed this increased aggressive phenotype (Figure 2.3B). RVN cell migration through the 

transwell was 4 times greater than RC cells. Additionally, invasion of RVN cells through a 

matrigel transwell was more than 1.5 times that of the RC cells (Figure 2.3C). These findings 

suggest that the RVN cells may have a greater metastatic potential. 

 

VHL knockout drives increased metastasis 

Following our demonstration of an increased in vitro aggressive phenotype in the RVN cells, we 

sought to evaluate their ability to metastasize from a primary orthotopic tumor. Attempts to 

establish our RC and RVN tumors in immunocompetent BALB/c mice yielded inconsistent 

results. In many cases, no tumor would form when implanted orthotopically. In a subsequent 

subcutaneous study, tumors were either never visible or initially present but regressed beyond 
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detection. For this reason, we decided to attempt to grow these cells in an immunocompromised 

mouse to see if we can study these tumors. RC and RVN cells were implanted orthtotopically 

under the kidney capsules of Nu/J mice. Following four weeks of growth, animals were imaged 

using bioluminescent imaging. Imaging revealed increased lung signal in the RVN mice (Figure 

2.4A). Primary tumors and lungs were weighed at endpoint (Figure 2.4B-C). While primary 

tumor size was similar in both groups, the lungs of mice implanted with the VHL knockout cells 

had a significantly higher weight. Tissues were processed and stained by hematoxylin and eosin 

(H&E). Stained tissues confirmed comparable primary tumor sizes, but increased lung metastasis 

(Figure 2.4D). Lung nodules on H&E slides were counted and revealed significantly more lung 

metastases in the RVN implanted mice compared to RC (Figure 2.4E). An assessment of 

circulating tumor cells (CTC) using RT-PCR for Cas9 and eGFP, two genes that should only be 

expressed by implanted cells, revealed significantly increased CTC signal in cells deficient in 

VHL (Figure 2.4F-G).   

 

HIF-1α mediates EMT induced by VHL loss 

After demonstrating that VHL loss induced an EMT in RENCA cells, we sought to elucidate the 

mechanism responsible for this transformation in these cells. Previous work has implicated HIF-

1α in mediating EMT in RCC cells. We generated control (Cn), VHL knockout (Vko), HIF-1α 

knockout (Hko) and VHL knockout HIF-1α knockout (VkoHko) cells using CRISPR. As 

expected, loss of VHL induced increased HIF-1α protein levels in the Vko cells, but levels of 

HIF-1α were reduced in the VkoHko cells (Figure 2.5A). Consistent with these results, Glut-1 

expression was significantly increased in Vko compared to Cn cells, and significantly reduced in 

VkoHko compared to Vko cells (Figure 2.5B). Morphologic changes indicating an EMT between 
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Cn and Vko cells were consistent with those previously observed in the RC and RVN cells 

(Figure 2.5C). However, while the Vko cells exhibited the mesenchymal morphology, VkoHko 

cells maintained cell-cell contact and had shapes more consistent with the wild type RENCA and 

Cn cells.   E-cadherin protein and gene expression was reduced in Vko compared to Cn cells, and 

restored in VkoHko cells (Figure 2.5D-E). N-cadherin expression levels were elevated in Vko 

cells, and these elevations were abrogated in the VkoHko cells (Figure 2.5F). These 

morphological and molecular changes are consistent with HIF-1α mediating the EMT that results 

from VHL knockout. Similar findings were obtained when we knocked out HIF-1α using 

CRISPR on one of our clonal VHL knockout cell lines (Supplemental Figure 2.4A-G). 

 

In order to validate that HIF-1α is the mediator of the EMT phenotype, we sought to upregulate 

this gene in a secondary manner to see if we can reproduce the morphological changes observed 

with VHL knockout. Cobalt (II) chloride (CoCl2) and Dimethyloxalylglycine, N-

(Methoxyoxoacetyl)-glycine methyl ester (DMOG) are two hypoxia mimetic chemicals that do 

not affect VHL but stabilize HIFs. Treatment with either of these chemicals induced 

morphologic changes indicative of EMT in RENCA cells following one week of treatment 

(Supplemental Figure 2.5A). In order to confirm that HIFs were responsible for these changes, 

we used CRISPR to knockout out HIF-1β, which is needed for nuclear localization and function 

of the HIF-α. CoCl2 treatment induced EMT in wild type cells but failed to do so in HIF-1β 

knockout cells (Supplemental Figure 2.5B). Taken together with our previous findings, we can 

conclude that the EMT observed in VHL knockout cells can be attributed to the action of HIF-

1α. 
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Generation of a Cas9 deficient VHL knockout cell line 

Our in vivo studies indicated a possible immune reaction to cells transduced with our 

lentiCRISPR constructs. In the pursuit of developing a VHL knockout immunocompetent model, 

we decided to attempt to use integrase deficient lentivirus. We generated lentivirus with our 

RLuc and VHL gRNAs using a packaging plasmid with an inactivating point mutation in the 

integrase gene. Following transduction, cells were selected with puromycin for a couple of days, 

then allowed to grow out. Initial studies with these cells indicated some level of integration. This 

can be explained by integrase independent mechanisms of integration. In an attempt to find cells 

that did not integrate, we performed clonal selection of these cells and grew up several clones. 

RT-PCR screening of these clones revealed differential expression (Supplemental Figure 2.6). 

Susceptibility to puromycin corresponded to low levels of Cas9 observed through RT-PCR (data 

not shown). We selected delta clone Rc1 and delta clone Vc5 for further studies. RT-PCR 

confirmed negligible levels of Cas9 expression in these cells (Figure 2.6A). Cell morphology of 

RLuc delta clonal cells was consistent with an epithelial phenotype, while that of the VHL delta 

clonal cells was consistent with a mesenchymal phenotype (Figure 2.6B). Western blot showed 

VHL knockout, HIF-1α upregulation and E-cadherin loss in VHL delta clonal cells consistent 

with our findings in RVN cells (Figure 2.6C). Expression studies for Glut-1, E-cadherin and N-

cadherin were also consistent with expectations for VHL knockout cells (Figure 2.6D-F). 
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DISCUSSION 

This study demonstrates the ability to use a lentiviral CRISPR approach to manipulate a murine 

cell line in vitro and generate an improved tumor model in vitro and in vivo. There are a number 

of noteworthy aspects of our generated RENCA VHL null model. First, since VHL loss is the 

central hallmark of ccRCC clinically, we have made the RENCA model genetically more similar 

to clinical disease. We see dramatic morphologic and molecular changes as a result of the loss of 

this single gene. One of the major molecular changes is E-cadherin loss, which is a common 

change found in clinical ccRCC. By generating a RENCA line with suppressed E-cadherin, we 

are again better modeling clinical ccRCC. We also submitted our cell lines for RNA-Seq, and 

preliminary analysis indicates that many genes that correspond with a poor clinical prognosis in 

ccRCC patients are upregulated in our RENCA VHL null cells. Characterizing the differences in 

the tumor progression between our RENCA VHL null cells and the RENCA control cells should 

be the focus of future studies. We expect that these differences will reveal insights into key 

aspects of ccRCC. 

 

The role of HIF-1α in driving much of the aggressive phenotype in our RENCA VHL null cells 

is a noteworthy and intriguing finding of our studies. Though HIF-1α was originally thought to 

play a major part in ccRCC progression, recent studies have questioned this role (34,58). Current 

thinking suggests that HIF-1α acts as a tumor suppressor, slowing growth of ccRCC cells (59). 

Our findings showing a reduced growth in vitro of RENCA VHL knockout cells are in line with 

this view. However, our findings suggest that while HIF-1α may reduce proliferation, this may 

come at the cost of increased migratory and invasive capacity. This agrees with the “Grow” or 

“Go” hypothesis, which argues that cells must trade off (60). Based on our data, as well as the 
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literature, it is possible HIF-1α and HIF-2α act on opposing sides of this balance. If this holds 

true, ccRCC patients with VHL loss are playing a zero sum game, where preponderance of HIF-

1α expression drives tumor metastasis and HIF-2α drives tumor growth. There is evidence that 

HIF-1α expression correlates with worse prognosis for metastatic ccRCC patients (35). This 

interplay deserves increased scrutiny and should be the further explored. 

 

Our studies using the CRISPR system indicated the potential for an immune reaction against 

Cas9 in an immunocompetent murine host. We found sporadic tumor establishment of our 

integrated CRISPR-modified cell lines in the wild type BALB/c mice, but all Nu/J-implanted 

mice developed tumors. We are not aware of any reports describing this immunogenic potential 

for the Cas9. In order to generate cell lines without the Cas9 integration, we used non-integrating 

lentivirus. We still found some integration with this approach, most likely through NHEJ (61). 

Unfortunately, this mechanism is promoted by the Cas9 technology, and we did observe 

increased integration with our mVHL targeting guides compared to our nonspecific Renilla 

luciferase guide. However, clonal selection allowed us to demonstrate that this technique is 

viable for generating CRISPR modified murine cell lines without integrating the Cas9. 

 

A major question that arises as a result of our findings deals with the timing of when VHL is lost 

and how that may impact tumor behavior. The RENCA cell line represents an already 

transformed tumor. We find that disrupting VHL on this background creates a much more 

aggressive phenotype. One may wonder how well this sequence represents clinical disease. 

Patients are thought to lose VHL as an early event in the development of their disease (62). 

However, it is possible that for aggressive ccRCC, what matters is not the order in which VHL is 
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lost, but the pathways that are disrupted in addition to its loss. The transforming mutations that 

drive the RENCA cell line remain elusive. Determining the molecular changes responsible for 

RENCA tumorigenesis that interact aggressively with VHL loss should receive some attention in 

future studies. Once these are known, CRISPR technologies can be used to generate RCC tumors 

in vivo that will better model ccRCC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 

 

III. RNA SEQUENCING ANALYSIS 

 

Evaluating RNA-Seq data for potential HIF-1α driven factors that contribute to aggressive 

mRCC 

 

Abstract 

RNA sequencing (RNA-Seq) allows for an overview of the entire expression profile of a sample. 

We submitted our RC control, RVN VHL knockout and HV VHL knockout HIF-1α knockdown 

cell lines for RNA-Seq. Analysis revealed many differentially expressed genes. The top ten 

upregulated genes in our RVN cell lines corresponded to a poor clinical prognosis according to 

The Cancer Genome Atlas (TCGA) data. We identified stanniocalcin 1 (Stc1) as a candidate 

gene that was HIF-1α dependent, upregulated in our cell lines and predictive of poor survival. 

We generated a five gene signature based on upregulated genes that tend to be overexpressed 

together in the TCGA clinical samples. These were predictive of very poor survival. Cyotkines 

that promote myeloid cell recruitment were found to be significantly increased in our VHL 

knockout cells. We submitted our differential expression data for pathway analysis and 

determined many differences between RVN and RC cells that were reversed upon HIF-1α 

suppression. Teasing out which of these pathways are important for the aggressive phenotype 

and may be amenable to therapeutic intervention should be the subject of future studies. 
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INTRODUCTION 

Genome wide expression platforms have expanded our ability to interrogate biological systems 

and have served as an excellent discovery tool for understanding contributors to key pathways. 

RNA-Seq has been made widely available and relatively affordable in recent years (63). This 

gene expression system has several advantages over traditional microarray based methods. First, 

RNA-Seq can evaluate all expressed RNAs, not only the genes for which probes have been 

made. This allows for a true evaluation of the entire genome. Second, RNA-Seq accounts for not 

only expressed mRNAs, but can also detect other RNA products, such as micro-RNAs. Third, 

RNA-Seq methods provide a more dynamic quantitative assessment of gene expression. 

Microarray data relies on comparative analysis, whereas RNA-Seq yields counts of sequences 

which are then mapped to specific genes. For these reasons, we chose to evaluate our cell lines 

using RNA-Seq as a discovery platform to understand the gene expression changes that were 

responsible for the dramatic changes in morphology, in vitro and in vivo behavior of our VHL 

knockout RENCA cells.  
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MATERIALS AND METHODS 

Cell culture 

Cells were maintained as previously described in this thesis. The HV cell line was generated by 

first transducing RENCA wild type cells with shRNA targeting HIF-1α followed by FACS for 

GFP expression. These cells were subsequently infected with mVHL LC1 and underwent 

puromycin selection. The resultant cell line is VHL knockout, HIF-1α knockdown. 

 

RNA-Seq 

RC, RVN and HV cells were cultured for two days and then processed using the RNeasy Mini 

Kit (Qiagen) according to manufacturer’s protocols. RNA was submitted to the UCLA Clinical 

Microarray Core which did the library preparation and ran the sequencing reaction. The 

sequencing was performed on the Illumina HiSeq 2000 and was single read 1x50. Raw data was 

delivered to us and sent to the UCLA Institute for Quantitative and Computational Biosciences 

for processing. The resulting data was normalized, mapped to the genome and compared 

between samples. The false discovery rate for our analyses was set at 0.1 for the cutoff. 

 

TCGA data 

Data from the TCGA was queried using cBioPortal (www.cbioportal.org) (64,65). All presented 

data utilized the Kidney Renal Clear Cell Carcinoma (TCGA, Provisional) data set. 

 

Pathway analysis 

Pathway analysis studies were done using Ingenuity Pathway Analysis (Qiagen) software. 
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Genome browsing 

Genome browsing of RNA-Seq data was achieved by using the Integrative Genomics Viewer 

(66,67). 
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RESULTS 

Top ten upregulated gene signature represents more aggressive clinical disease 

Since our in vitro and in vivo studies were indicative of a more aggressive phenotype in the RVN 

cells, we sought to determine whether their gene profile matched well with an aggressive form of 

ccRCC. To this end, we took the top ten genes in our differentially expressed list between the RC 

and RVN cell lines and queried the TCGA ccRCC data set. These genes were upregulated 

between 255 and 54 times, according to our RNA-Seq data (Figure 3.1A). We set our z value 

threshold at 2.0 for this query. As such, overexpressed cases have two standard deviations above 

the mean for the samples or higher expression for the specific gene. Of all samples, 29% had 

mRNA upregulation according to these criteria (Figure 3.1B). Notably, none of these genes were 

found to be upregulated at more than 6% of the population. Also, many were not upregulated 

together, as we observed in our RVN cell line. Patients that had one or more of these genes 

upregulated had a median overall survival of 62.81 months, compared to 85.45 months for 

patients without (Figure 3.1C). This difference was statistically significant, with a p value of 

0.03812. With regards to disease free survival, patients that had upregulation of one or more of 

these genes had a median of 84.49 months disease free, compared with 91.33 months, though 

this difference was not quite statistically significant, with a p value of 0.056862 (Figure 3.1D). 

 

Stc1 as a candidate gene for contributing to EMT and aggressiveness 

Following our initial assessment of our top ten gene signature, we set out to determine if any 

were viable candidates for playing a role in driving the EMT process and aggressive phenotype 

in our cells. Stc1 had been previously described as a HIF regulated gene that has been linked to 

metastatic spread of early stage ccRCC (68–70). We first set out to confirm its HIF dependence 
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in our RENCA model. Using the IGV, we were able to show that control RENCA cells express 

little to none of this gene (Figure 3.2A). In our RVN cell line, we can see many more reads 

corresponding to this gene, indicating that expression has been turned on in this cell type. In the 

HV cell line, which has diminished HIF-1α in combination with VHL knockout, the number of 

reads dropped compared to the RVN line. We wanted to validate this HIF dependent 

upregulation by RT-PCR. Stc1 is significantly upregulated in Vko cells compared to Cn cells 

(Figure 3.2B). HIF-1α knockout must be driving this upregulation, because VkoHko cells had 

Stc1 levels that were significantly reduced compared to Vko cells, with expression comparable to 

Cn cells. We next sought to determine the frequency of Stc1 upregulation in the TCGA ccRCC 

data set. Stc1 expression above two standard deviations was found in 5% of clinical samples 

(Figure 3.2C). The patients with Stc1 upregulation had a meadian of 37.22 months survival, 

compared to 80.62 months for the rest of the population (Figure 3.2D), though the p value was 

not quite significant at 0.065702. Disease free survival with Stc1 upregulating patients was 21.58 

months, with 89.82 months for the rest of the population (Figure 3.2E). This finding was 

statistically significant, with a p value of 0.001060.  

 

Generation of a five correlated gene signature 

Following our analysis of the top ten upregulated genes, we observed that many of the genes 

were not upregulated together, as we see in our VHL knockout cells. Because of this, we sought 

to find genes that were upregulated concurrently and indicative of aggressive clinical disease. 

We queried each of the top 65 genes in our upregulated list based on our RNA-Seq data with the 

TCGA data set. This led to a list of about ten genes that were individually indicative of a 

significantly poorer overall and/or disease free survival. We noticed that five of these genes 
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seemed to be correlated in expression. In order to increase the pool of patients with gene 

upregulation, we set our z to 1.0 for this analysis. As such, each patient with gene upregulation 

had to have expression one or more standard deviations above the mean for the population. For 

this five gene set, 32% percent of patients had upregulation of one or more of these genes (Figure 

3.3A). As mentioned, these genes showed a strong rate of co-occurrence (Figure 3.3B). Median 

overall survival for patients with upregulation of one or more of these genes was 55.72 months, 

compared to 90.8 months for the rest (Figure 3.3C). This difference was statistically significant 

with a p value of 0.000012. Similarly, median disease free survival for patients with gene 

upregulation was 61.79 months compared to 106.77 months (Figure 3.3D). Again this difference 

was statistically significant, with a p value of 0.000723. 

 

VHL knockout leads to upregulation of myeloid-recruiting cytokines 

Many studies done by our lab and others have shown that myeloid cells can have a profound 

impact on cancer growth and metastasis (71–75). We noted that myeloid recruiting ligands were 

some of the most upregulated genes in our RNA-Seq data. CXCR2 ligands CXCL1, CXCL2 and 

CXCL5 were all shown to be upregulated. These cytokines are important for the recruitment for 

granulocytic cells that can drive angiogenesis, promote EMT and confer drug resistance. CSF-1 

and CCL2 were also shown to be upregulated by the RNA-Seq data. These cytokines draw 

macrophages into tumors where they can suppress immune responses and promote vascular 

deregulation. In order to confirm the upregulation of these cytokines, we did gene expression 

studies comparing RC and RVN cells. These studies recapitulated the findings of the RNA-Seq 

data. CXCL1, CXCL2, CXCL5 and CSF-1 were all significantly more expressed in RVN cells 

compared to RC (Figure 3.4A-D). 



33 

 

Pathway analysis of RNA-Seq data 

We utilized the Ingenuity Pathway Analysis platform to get an overview of the differential gene 

expression in our cell lines. We compared the RC and RVN cell lines in one column and the 

RVN and HV cell lines in the other. In this way, we are able to see changes that occur as a result 

of VHL loss and get an understanding of which of those are controlled by HIF-1α. In terms of 

biological functions, we see upregulation of many pathways associated with cell movement and 

morphology (Figure 3.5A). These findings are consistent with the phenotypic and molecular 

changes we observed in our VHL knockout cells. Notably, all of these processes are reduced 

with the HIF-1α knockdown. This confirms our belief that HIF-1α is the critical major driver of 

the aggressive phenotype we see in this model. The upstream regulators that we observe 

increased upon VHL loss mostly fall in inflammatory pathways (Figure 3.5B). Again, these are 

reversed upon HIF-1α depletion. Finally, canonical pathway analysis demonstrated a number of 

key enhanced or downregulated pathways upon VHL loss (Figure 3.5C). 
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DISCUSSION 

An RNA-Seq approach has the potential to lead to discovery of new connections between genes 

and pathways. One of the challenging aspects, however, is sorting through the abundant data 

attempting to find something meaningful. In order to maximize the chance of discovering 

something with clinical relevance, we utilized the TCGA database. Our initial determination that 

the top ten upregulated genes in our RVN cell lines corresponded with a significantly worse 

clinical prognosis encourages us that our model is relevant when compared to human disease. 

However, one of the most surprising aspects of this group of genes was that their upregulation 

tended to be independent of each other. Since we see all of the genes upregulated together, we 

were hoping to find a similar phenotype with which to compare in the clinical data. For this 

reason, we came up with our five gene signature that tends to have a lot more co-occurrence. The 

fact that this signature led to a very significant determination of poor patient prognosis suggests 

that it bears further study. Additionally, the fact that these genes correlate so well hints that there 

might be some general mechanism or pathway regulating some or all of these genes. Further 

studies should focus on trying to find this pathway and develop potential interventions. 

Presumably, if these genes are causing the poor prognosis, then inhibiting them should be 

beneficial for patients. Interestingly, some of these genes have been tied to tumor progression in 

other models already (76,77). 

 

Myeloid contributions to tumor growth and resistance to therapy is an ongoing area of study in 

our lab, but their role in RCC metastasis has not been extensively examined. Our model shows 

increased expression of myeloid-recruiting cytokines. This enhancement of myeloid recruitment 

and dramatic metastatic phenotype makes our model an attractive one for studying the potential 
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of these cells. Future studies should begin by confirming and phenotypically characterizing the 

myeloid cells that infiltrate the RVN tumors. Subsequently, inhibition of these cells will reveal 

their contributions to tumor progression in this model. 

 

The heat maps generated through our pathway analysis indicate abundant HIF-1α-dependent 

changes in our cells. Many intriguing biologic functions, upstream regulators and pathways were 

identified as changing in the VHL knockout cells. More sophisticated bioinformatics analysis 

may yield important insights into the functions of VHL, HIF-1α and clinical ccRCC. 
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IV. Conclusion 

 

In this thesis, we have described the limitations of current murine models of ccRCC. We have 

demonstrated our ability to improve on those models using the new CRISPR technology for gene 

modification. For the first time, we show that CRISPR can be used to alter the RENCA cell line 

to knock out VHL. This model is more similar to clinical ccRCC due to its VHL loss and 

downregulation of E-cadherin. We go on to show that this newly generated cell line has elements 

of enhanced in vitro and in vivo aggressiveness. While others have described these phenomena in 

vitro in other RCC cell lines, we are the first to demonstrate an increased metastasis to the lungs 

upon loss of VHL in a murine RCC model. We mechanistically interrogated the VHL knockout 

cell line by taking a “double” CRISPR approach to knock out HIF-1α on the VHL knockout 

background. This is the first example of targeting two genes in the same pathway using CRISPR 

in an implantable murine tumor model to our knowledge. Our in vivo studies indicated the 

potential immunogenicity of the Cas9 protein, which we addressed by developing an integrase 

deficient lentiviral approach for CRISPR modification of our RENCA cells. Our RNA-seq data 

allowed us to determine novel 10 and 5 gene sets that show upregulation in our cell lines and 

correlate with poor clinical prognosis for ccRCC patients. We demonstrated dramatically 

increased expression of myeloid-recruiting cytokines as a result of VHL knockout. Taken 

together, the work presented in this thesis demonstrates the development of a new murine model 

of aggressive RCC. Future studies using this model should lead to insights into the molecular 

mechanisms driving aggressive RCC, biomarkers that may be used to stratify ccRCC patients 

and novel targets for treatment of ccRCC. 
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APPENDIX A: FIGURE LEGENDS 

 

Figure 2.1. CRISPR-mediated VHL knockout upregulates HIF pathways 

A) Western blot for murine VHL, HIF-1α and β-actin in RC and RVN cells. B) 

Immunofluorescent staining for HIF-1α (left) and HIF-2α (right) in RC (top) and RVN (bot.) 

cells. Nuclei are stained blue with DAPI. Gene expression was analyzed by RT-PCR for  C) 

Glut-1, D) PGK1, E) LDHA and F) NDRG1. n=3 for RT-PCR studies *denotes p<0.05, 

**denotes p<0.01, ***denotes p<0.001  

 

Figure 2.2. VHL loss induces morphologic and molecular changes indicative of EMT 

A) Phase contrast 10X images of RC and RVN cells at low (left) and high (right) densities. B) 

Growth chart of RC versus RVN cells. C) Western blot for murine E-cadherin and β-actin in RC 

and RVN cells. Gene expression was analyzed by RT-PCR for D) E-cadherin, E) N-cadherin, F) 

α-SMA and G) MMP-9. n=3 for proliferation assay and RT-PCR *denotes p<0.05, **denotes 

p<0.01, ***denotes p<0.001  

 

Figure 2.3. VHL knockout induces increased RENCA cell migration and invasion in vitro 

A) Images of a scratch assay were taken at the same location one and two days after scratching. 

Representative images of each cell type are shown (left) and quantification of scratch filling is 

shown to the right. B) Quantification (left) and representative images (right) of RC and RVN 

migration are shown. C) Quantification (left) and representative images (right) of RC and RVN 

invasion are shown. n=7 for scratch assay, n=3 for migration and invasion assays, *denotes 

p<0.05, ***denotes p<0.001 
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Figure 2.4. Metastasis from orthotopic site is enhanced by VHL knockout 

RC and RVN cells were implanted under the kidney capsule of Nu/J mice. Animals were 

sacrificed at four weeks following implantation. A) Representative bioluminescent images at day 

of endpoint are shown. Primary tumors (B) and lungs (C) were weighed and quantified for the 

two groups. D) H&E stains are shown from primary tumor and whole lung. E) Lung nodules 

were counted and quantified. Gene expression of Cas9 (F) and eGFP (G) in the peripheral blood 

was assessed as a measure of CTC. n=3-4 animals per group for weights and RT-PCR, n=6-8 per 

group for lung nodule counts *denotes p<0.05 

 

Figure 2.5. Mesenchymal phenotype induced by VHL knockout is mediated by HIF-1α 

A) Western blot for murine VHL, HIF-1α and β-actin in Cn, Vko, Hko and VkoHko cells. B) 

Gene expression was analyzed by RT-PCR for Glut-1. C) Phase contrast 10X images of Cn, 

Vko, Hko and VkoHko cells. D) Western blot for murine E-cadherin and β-actin. Gene 

expression was analyzed by RT-PCR for E) E-cadherin and F) N-cadherin. n=3 for RT-PCR 

studies **denotes p<0.01, ***denotes p<0.001 

 

Figure 2.6. Generation of VHL knockout Cas9 deficient RENCA cell line using integrase 

deficient lentivirus 

Cells were transduced with integrase deficient lentivirus and then underwent clonal selection. 

One promising clone each from the RLuc g2-infected and mVHL g1-infected cells was selected 

for further analysis. A) Gene expression levels of Cas9 from the Cn, Vko, Hko, VkoHko, RLuc 

delta clonal and VHL delta clonal cell lines were analyzed by RT-PCR. B) Phase contrast 10X 

images of RLuc delta clonal and VHL delta clonal cell lines. C) Western blot for murine VHL , 
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HIF-1α, E-cadherin and β-actin. D) Gene expression was analyzed by RT-PCR for D) Glut-1, E) 

E-cadherin and F) N-cadherin. n=3 for RT-PCR studies *denotes p<0.05, **denotes p<0.01, 

***denotes p<0.001 

 

Supplemental Figure 2.1. Guide RNA efficiency varies between different guides and 

number of guides 

A) Amino acid alignment between human (top) and murine (bot.) VHL is shown with locations 

of gRNA targets indicated by arrows. B) RENCA cells were infected with lentivirus carrying 

gRNAs targeting location one, location two or both location one and two on murine VHL. 

Lysates were collected and blotted for HIF-1α (top) and β-actin (bot.). Gene expression was 

analyzed by RT-PCR for C) Glut-1 and D) eGFP. n=3 for RT-PCR studies 

 

Supplemental Figure 2.2. Clonal cell lines confirm molecular changes consistent with EMT 

upon VHL knockout 

Cells transduced with guides RLuc LC2, mVHL LC1 and mVHL LC3 underwent clonal 

selection following puromycin treatment. One clone from the RLuc LC2 cell line (Rc1) and two 

clones each from the mVHL LC1 (V1c1, V1c2) and mVHL LC3 (V3c1, V3c2) were analyzed 

further. A) Western blot for murine VHL , HIF-1α, E-cadherin and β-actin. Gene expression was 

analyzed by RT-PCR for B) Glut-1, C) E-cadherin D) N-cadherin and E) MMP-9. n=3 for RT-

PCR studies *denotes p<0.05, **denotes p<0.01, ***denotes p<0.001 

 

Supplemental Figure 2.3. Human RCC lines show less dramatic mesenchymal response to 

CRISPR-mediated VHL knockout 
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ACHN and SN12C human RCC cell lines were treated with either RLuc gRNA or two gRNAs 

targeting human VHL. A) Western blot for human VHL, HIF-1α and β-actin. B) Phase contrast 

10X images of (RLuc targeting) control and VHL knockout ACHN and SN12C cells.  

 

Supplemental Figure 2.4. CRISPR-mediated knockout of HIF-1α in VHL knockout clonal 

cell line shows morphological and molecular reversion of EMT 

The V1c1 RENCA clonal cell line was transduced with LCGFP RLuc g1 (VHL KO) or LCGFP 

mHIF-1α g1 (VHL KO HIF-1α KO). Ctrl cells are the Rc1 clonal cell line. A) Western blot for 

murine VHL, HIF-1α, E-cadherin and β-actin. B) Phase contrast 10X images of VHL KO and 

VHL KO HIF-1α KO cells. Gene expression was analyzed by RT-PCR for C) Glut-1, D) PGK1, 

E) E-cadherin, F) N-cadherin and G) MMP-9. n=3 for RT-PCR studies *denotes p<0.05, 

**denotes p<0.01, ***denotes p<0.001, NS denotes no significance 

 

Supplemental Figure 2.5. Hypoxia mimetics recapitulate morphological changes seen upon 

VHL knockout 

A) Phase contrast 10X images of wild type RENCA cells treated with 100uM CoCl2 or 1mM 

DMOG for one week. B) Phase contrast 10X images of V1c1 control cells (left) and cells 

transduced with mHIF-1β LCGFP (right). 

 

Supplemental Figure 2.6. Cas9 expression varies among integrase deficient transduced 

clones 

Gene expression of Cas9 was assessed in RLuc g2 and mVHL g1 transduced clones. V1c1 cell 

line is included as a control for Cas9 levels in an integrase competent cell line. 
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Supplemental Table 2.1. List of cell lines and CRISPR constructs used to generate them 

LC represents the lentiCRISPR plasmid with puromycin selection. LCGFP represents the 

lentiCRISPR-eGFP plasmid in which we cloned out puromycin resistance and instead put in 

eGFP. 

 

Supplemental Table 2.2. gRNA sequences targeting indicated genes 

Forward strand oligos used for cloning into our lentiCRISPR constructs are shown. 

 

Supplemental Video 2.1. RC cell video 

A phase contrast image of RC cells was taken at 10X every 15 minutes for 18hr and merged into 

a video. 

 

Supplemental Video 2.2. RVN cell video 

A phase contrast image of RVN cells was taken at 10X every 15 minutes for 18hr and merged 

into a video. 

 

Supplemental Video 2.3. RC scratch assay video 

A phase contrast image of an RC cell scratch assay was taken at 10X every 15 minutes for 18hr 

and merged into a video. 

 

Supplemental Video 2.4. RVN scratch assay video 
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A phase contrast image of an RVN cell scratch assay was taken at 10X every 15 minutes for 18hr 

and merged into a video. 

 

Figure 3.1. Top ten upregulated gene signature corresponds to aggressive ccRCC 

A) The top ten upregulated genes in the RNA-Seq analysis between RC and RVN cells are 

shown. B) Frequency of having upregulation two standard deviations higher than the mean for 

each gene in the TCGA ccRCC database is given. (C) Overall survival and (D) disease free 

survival for these patients on Kaplan-Meier curves.  

 

Figure 3.2. Stc1 is upregulated in VHL knockout cells and correlates with poor clinical 

prognosis 

A) IGV comparison of RC, RVN and HV expression of Stc1. B) Gene expression study 

comparing Stc1 expression in Cn, Vko, Hko and VkoHko cell lines. C) Frequency of having 

upregulation two standard deviations higher than the mean for Stc1 in the TCGA ccRCC 

database is given. (C) Overall survival and (D) disease free survival for these patients on Kaplan-

Meier curves. ***denotes p<0.001 

 

Figure 3.3. Five gene signature shows frequent co-occurence and poor prognosis 

A) Frequency of having upregulation one standard deviation higher than the mean for the five 

genes in the TCGA ccRCC database is given. B) Table of co-occurrence analysis for the five 

genes. (C) Overall survival and (D) disease free survival for these patients on Kaplan-Meier 

curves. *denotes p<0.05 ***denotes p<0.001 
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Figure 3.4. VHL knockout enhances expression of cytokines involved in myeloid cell 

recruitment 

Gene expression of A) CXCL1, B) CXCL2, C) CXCL5 and D) CSF-1 was assessed for RC and 

RVN cells. *denotes p<0.05, **denotes p<0.01 

 

Figure 3.5. Pathway analysis reveals changes upon VHL knockout 

RNA-Seq differential expression data was loaded into Ingenuity Pathway Analysis. Column 1 

compares RVN cells to RC. Column 2 compares HV cells to RVN. Heat maps for the most 

changed A) diseases and biological functions, B) upstream regulators and C) canonical pathways 

are shown. 
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APPENDIX B: FIGURES 
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