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ABSTRACT OF THE DISSERTATION

Development of a Novel Animal Model and

Small Molecule Therapeutics for Metastatic Kidney Cancer

Moe Ishihara
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2023

Professor Lily Wu, Chair

Metastasis occurs in one-third of clear cell renal cell carcinoma (ccRCC) patients and accounts for the
majority of ccRCC-related deaths. Unfortunately, no therapy is available for this lethal disease because the
molecular mechanism of metastasis is not fully understood. Although it has been known for 25 years that
the loss of function of the VHL tumor suppressor gene is pathognomonic of RCC, its involvement in
malignant progression remains elusive. Using a CRISPR/ Cas9 gene editing system and a mouse orthotopic
implantation model, we previously found that the intratumoral heterogeneity of VHL expression is essential
in ccRCC metastasis. Specifically, the VHL(-) cell population serves as the metastatic driver. Therefore, in
this study, we sought to develop 1) a novel animal model of cooperative ccRCC metastasis and 2) small
molecules with selective toxicity against the VHL(-) cells. For the first aim, we have utilized the chicken
chorioallantoic membrane (CAM) model to establish a novel, cost- and labor-efficient animal model of

cooperative metastasis, which almost perfectly recapitulated the characteristic phenomena observed in the
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mouse orthotopic implantation model. Using this model, we have also further explored exosome’s
involvement in cooperative metastasis.

For the second part of the project, we hypothesize that targeting the metastatic driver population, VHL(-),
will effectively inhibit metastases. We have utilized high-throughput screening (HTS) for this purpose. A
ratiometric black-box approach was employed to identify selective modulators of cell growth and survival
of murine VHL(-) ccRCC cell lines with little to no effect on VHL(+) cells. Statins, the commonly used
cholesterol-lowering drugs, showed up as hits. Dosage curves confirmed this result, and animal studies
suggest its efficacy against ccCRCC metastasis. The mechanism of action (MOA) is currently under
investigation, but data implies that it may be distinct from statin's primary role as cholesterol-lowering.
Strikingly, other metastatic cancer subtypes, such as triple-negative breast cancer (TNBC) and
neuroendocrine prostate cancer (NEPC), were found to be more sensitive to statin treatment compared to
their less aggressive counterparts. By investigating this further, we can potentially develop a pan-cancer

small-molecule inhibitor of metastasis based on the FDA-approved, cheap, and widely available statins.
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Chapter 1. Introduction

1.1. c¢cRCC STATISTICS, BIOLOGY, AND CLINICAL OBSTACLES

The challenges of metastatic ccRCC: Renal cell carcinoma (RCC) is the 7th most common cancer

in the United States. There are an estimated 74,000 new cases every year, and more than 14,000 of those
patients succumb to the disease [1]. The clear-cell histological subtype (ccRCC) is the most common,
accounting for approximately 80% of RCC cases. Patients with localized malignancy are treated with
nephrectomy and have a favorable 5-year survival rate of 73% [2]. However, even after successful excision,
some patients experience a recurrence of the disease locally in the same kidney or nearby organs or
metastases in distant organs. 25-30% of patients presenting with localized tumors will eventually develop
metastasis, with the lungs being the most common site of metastatic dissemination [3-6]. Once metastases
develop, patient outcome worsens dramatically, with a median survival time of 13 months and a 5-year
survival rate of only 11% due to a lack of effective therapies [2]. Recent advances in checkpoint inhibitors
show some promise and have been FDA-approved for the treatment of metastatic RCC [7], but the complete
response rate is still below 10% with significant treatment-related side effects [8]. Therefore, a better
understanding of the metastatic mechanism is needed in order to improve patient outcomes.

The precise oncogenic role of VHL and HIFas in ccRCC remains elusive: A ground-breaking gene

mapping study in 1993 identified the culprit gene in the von Hippel-Lindau (VHL) disease, a rare autosomal
dominant cancer syndrome manifested by renal, CNS, adrenal, and pancreatic tumors [9]. Somatic
mutations or deletion of the VHL tumor suppressor gene are also present in over 70% of the sporadic, non-
familial ccRCC cases [10-13]. Seminal research in the following two decades has unraveled the VHL
protein’s essential function as an E3 ubiquitin ligase that targets the degradation of the alpha subunit of
hypoxia-inducible transcription factors (HIFas) in an oxygen-dependent manner [14,15]. Under hypoxia or
in ccRCC with the loss of VHL function, HIFas elude recognition by VHL, dimerize with HIFp, and
transcriptionally activate 100-200 hypoxia-responsive genes. The constitutive activation of the HIF

pathway through the loss of VHL function implicated this pathway as an oncogenic driver and therapeutic
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target [ 16]. However, despite intensive investigative efforts, the precise oncogenic mechanism of VHL loss
is not fully understood. The traditional transgenesis approach has also failed to clarify the oncogenic role
of VHL. Numerous mouse models of renal tubule targeted deletion of the VHL gene have failed to generate
renal lesions beyond preneoplastic cysts, even when combined with deletion of other tumor suppressor
genes such as PTEN or p53 [17,18].

EMT and cooperative model of metastasis: Recently, our group created a new VHL(-)cell line via

CRISPR/Cas9-mediated knockout of the VHL gene in a murine VHL(+) ccRCC cell line (RENCA) [19,
20]. As previously reported in VHL knock-down studies [21, 22], VHL-KO cells go through epithelial-
mesenchymal transition (EMT) indicated by morphological changes, slowed growth, enhanced migration,
and upregulated EMT markers. EMT is an embryonic program that allows polarized epithelial cells to
migrate during development. It has been identified as a process that carcinomas adapt in order to spread to
other parts of the body [23, 24]. However, the direct causal relationship between EMT and metastasis in
vivo has not been demonstrated. Two recent prominent studies suggested that EMT is not necessary for
metastatic spread but plays a role in chemoresistance [25, 26]. Our work also supports an alternative
conclusion on the relationship between EMT and metastasis. As shown in Fig. 1A, our murine model of
orthotopic implantation showed that EMT+ VHL(-) cells alone grew poorly in vivo and were incapable of
producing metastasis, whereas the non-EMT VHL(+) cells developed renal tumors readily but infrequently
metastasized to the lung. Strikingly, mice implanted with a 1:1 mixture of VHL(-) and VHL (+) cells rapidly
established a renal tumor and rampantly metastasized to the lungs [20]. More interestingly, the metastasized
lesions mainly comprised VHL(+) non-EMT cells (Fig. 1B). The same phenomenon of cell composition
shift was observed in a patient sample, where their primary tumor showed a high degree of VHL
heterogeneity, while the lung biopsy showed predominantly VHL(+) metastatic population (Fig. 1C). This
unexpected finding indicates a new paradigm-shifting cooperative metastatic mechanism is at play. In other
words, ccRCC relies on the metastatic crosstalk between the two distinct tumor cell populations [27], where
VHL (-) cells are the metastatic drivers as they induce the growth and aggression of VHL (+) cells through

intercellular communication (Fig. 1D).



1.2. DISSERTATION OVERVIEW

To further explore cooperative metastasis in clinical samples, we sought to establish ccRCC
patient-derived xenografts (PDXs). However, the low survival and growth rate made it difficult to establish
the ccRCC PDX model in mice subcutaneously or orthotopically. The chicken chorioallantoic membrane
(CAM) model is a time- and cost-efficient, sustainable alternative to the traditional mouse model [28].
CAM provides a rich nutrient supply for tumors to seed, grow, and disseminate fast. To use this alternative
animal model for PDXs, we showed it faithfully recapitulated our orthotopic implantation model and
retained the VHL heterogeneity of clinical samples in Chapter 2.

Chapter 3 demonstrates CAM’s many more applications beyond ¢ccRCC PDX. This chapter
explores the usage of CAM in non-RCC cancer engraftments and exosome studies. First, we have
successfully engrafted gynecological (ovarian) and urological cancers (prostate and bladder) of both mouse
and human origin in the CAM. Of those, the results of urological cancers are shown here, including gross
CAM pictures, bioluminescent imaging (BLI), and histological analyses. In the second part of the chapter,
we show how CAM has accelerated the mechanistic study of the RCC cooperative metastasis. We have
explored how exosomes, multifunctional extracellular cargos, are involved in the intratumoral pro-
metastatic crosstalk between VHL(+) and VHL(-) cells. The in ovo study using CAM is excerpted here,
showing how the model strongly supported their hypothesis by providing a rapid animal system. Some
unpublished imaging, immune incorporation, and PDX propagation data are also shown.

Chapter 4 aimed to develop a drug capable of selectively inhibiting VHL (-) metastatic driver cells,
representing a new class of therapeutic agents that could offer long-term survival for patients with
metastatic ¢ccRCC. A high-throughput screening (HTS) was conducted to find small molecules that
selectively inhibit the growth and survival of VHL (-) cells. Statins came out as the sole hits, but not all
statins had the same level of cytotoxicity. Dosage curves confirmed this result, and animal studies suggest
its efficacy against KC metastasis. The mechanism of action (MOA) is currently under investigation, but

data implies that it may be distinct from statin’s primary role as cholesterol-lowering. By investigating this



further, we could potentially develop a novel small-molecule inhibitor of ccRCC metastasis based on the

FDA-approved, cheap, and widely available statins.
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Fig. 1 ccRCC cooperative metastasis model mediated by VHL heterogeneity. (A) Bioluminescence imaging
(BLI) of the RENCA orthotopic implantation model four weeks after implantation (left) and quantification
of lung area luminescence count (right). (B) Lung sections of the mixed tumor. Top left: H&E; top right:
immunohistochemistry (IHC) against VHL; bottom: immunofluorescence with RFP (VHL+) and GFP
(VHL-). (C) A clinical sample from case #22, the most aggressive metastatic ccRCC, in which the patient
succumbed one year after diagnosis. IHC against VHL is shown with boxed areas magnified on the right.
Top: lung metastasis biopsy; bottom: primary kidney tumor. The human anatomy schematic was adapted

from https://projects.sfchronicle.com/2020/virus-organs-graphic/. (D) Schematic summary of our working

model, in which VHL heterogeneity in the primary tumor is essential, and VHL (-) is the metastatic driver.

Thus, disrupting VHL (-) could prevent metastasis.
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ABSTRACT

Renal cell carcinoma is the seventh most common cancer in the United States, and its metastatic
form has a very poor prognosis due to a lack of effective treatment and thorough understanding on
metastatic mechanism. This chapter will demonstrate a novel concept that intratumoral heterogeneity is
essential for metastasis in renal cell carcinoma. We will first introduce the in vitro system and the mouse
model that led to the finding of the cooperative mechanism for metastasis. Then, the results from the CAM
model illustrate the cooperative interactions that lead to metastasis also occur in this model. We believe
that the CAM model, as a unique and sustainable system, can open up new opportunities to study the

metastatic disease.

2.1. INTRODUCTION
Kidney cancer annually accounts for 74,000 newly diagnosed malignances and more than 14,000

deaths in the United States (http://seer.cancer.gov/statfacts/html/kidrp.html). Renal cell carcinoma (RCC),

a subtype of kidney cancer, is the 7" most common cancer in the United States, and makes up about >90%
of kidney cancers overall [1,2]. Amongst a large number of histological and molecular subtypes of RCC,
the clear cell subtype (ccRCC) is the most common, comprising of approximately 75-80% of RCC cases,

and accounts for most RCC-related deaths [2].



Diagnosis of RCC hinges upon the observation of gross or microscopic hematuria [1]. The
symptom of hematuria is usually further assessed by computed tomographic (CT) scan of the genitourinary
tract and/or cystoscopy, depending on the age of the patient. Typical radiological features of ccRCC include
exophytic growth, heterogeneous morphology caused by necrosis or hemorrhage, and high uptake of
contrast agents [3]. The prevalence of RCC has risen in previous decades, most likely due to the steady
improvement of radiological technology such as CT imaging or ultrasonography, which has increased
incidental findings of RCC in imaging analyses performed for another purpose. It is also possible that RCC
incidence is increasing due to environmental or carcinogens exposures, which are known risk factors for
this cancer [4,5].

RCC is derived from the renal tubular epithelium [6]. Thus, patients with localized malignancy
usually undergo primary treatment of nephrectomy (partial or radical) [7], ablation [§], or active
surveillance [9], with a favorable 5-year survival rate of 73% [1]. However, even after successful excision,
some patients could experience a recurrence of the disease locally in the same kidney or nearby organs, or
metastasize to distant organs. For 25-30% of patients presenting localized tumors will eventually develop
metastasis, with lungs being the most common site of metastatic dissemination [10-13]. RCC also spreads
to bone, liver and lymph nodes [14]. Once metastases develop, patient outcome worsens dramatically, with
a median survival time of 13 months and a 5-year survival rate of only 11% due to a lack of effective
therapy [1]. Recent advances in the checkpoint inhibitors show some promise and have been approved by
the FDA for treatment of metastatic RCC [15] with initially nivolumab [16], followed by a combination of
nivolumab and ipilimumab [17]. Nevertheless, further understanding of the metastatic mechanism is
necessary for an improved outcome.

One of the pathological signatures of ccRCC is the loss of function of the von Hippel-Lindau (VHL)

protein, a tumor suppressor discovered in 1993 [18-22]. The VHL gene was identified through the study of

the VHL disease, which is a rare familial cancer syndrome consisting mainly of hemangioblastomas and
ccRCC. Remarkably, a majority of the sporadic ccRCC cases also contains defects within the VHL

gene [23]. However, the precise oncogenic mechanism of VHL loss remains elusive. Despite numerous
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attempts at VHL knockout targeting renal epithelia, researchers can only observe the preneoplastic cystic
lesions in mice [24,25], even when combining with the knockout of other tumor suppressors such as PTEN
and p53 [26]. Notably, VHL expression status cannot predict the outcome of ccRCC patients, neither [27].
These findings support the idea that VHL loss alone is insufficient for tumorigenesis or oncogenic
development leading to distant metastasis [28].

The downstream pathway of VHL has been studied extensively. VHL protein plays an essential
role in oxygen sensing by regulating the alpha subunit of the heterodimeric transcription factor hypoxia-
inducible factor, which includes HIF-1a and HIF-2a (referred here as HIFas) [29,30]. Under normoxia,
VHL protein directly binds to HIFas, leading to their ubiquitination and degradation via proteasome. The
loss of VHL results in the accumulation of HIFas and the upregulation of the overall hypoxia transcription
apparatus, which consists of more than 100 genes [31,32]. Some common HIF-regulated genes include
transforming growth factor a (TGF-a), vascular endothelial growth factor (VEGF), and glucose transporter
1 (Glut-1) [33]. Without VHL, RCC cells activate such genes even under normoxia, leading to heightened
angiogenesis. Both HIF-1a and HIF-2a are the direct downstream target of VHL, and thus they can serve a
causal role in ccRCC oncogenesis. These two HIFa isoforms appear to play different roles in ccRCC tumor
cells [34,35]. Current literature suggests HIF-2a as the oncogenic driver and HIF-1o, as the tumor
suppressor [36]. However, our work implicates that HIF-1a. is growth suppressive but promotes epithelial
to mesenchymal transition (EMT) and metastatic driving actions [37].

In this chapter, we will demonstrate a novel concept that heterogeneity in VHL status is essential
for ccRCC metastasis. Our group and others have observed that VHL loss leads to EMT [37-40], which has
been considered as a key indicator of metastasis. Surprisingly, our study later found that EMT cells
contribute to metastasis indirectly as a driver that assists the growth and migration of non-EMT VHL-
positive cells [37,41]. We will first introduce the in vitro system and the mouse model that led to the finding
of the VHL/HIF-mediated cooperative mechanism of metastatic ccRCC. Then, we will show how the CAM
model can accelerate and enrich the study by allowing further investigation on the cooperative interactions

in human ¢cRCC. Given the numerous advantages discussed in other chapters as well as in this chapter,
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CAM model is highly suited to create patient-derived xenografts (PDX) of ccRCC, enabling further

research on the metastatic mechanism and novel therapeutic strategies against it.

2.2. COOPERATIVE METASTATIC MODEL IN MURINE RCC

In this section, we will briefly go over the novel concept of the cooperative model in metastatic
ccRCC, where the two cell populations with distinct VHL status cooperate to cause distant metastasis to
the lung. It was first suggested in in vitro, strengthened in orthotopic implantation model in mouse, and

further analyzed in vitro and in the CAM system.

2.2.1. CRISPR-mediated VHL-KO RCC model

Recently, our group created a new VHL-knockout (VHL-KO) cell line using CRISPR/Cas9-
mediated deletion of VHL gene in murine VHL-positive ccRCC cell line (RENCA,; referred here as VHL-
WT) [37,41]. Lentiviral-delivered CRISPR effectively knocked out VHL and induced the expression of
HIF-1a in normoxia (Fig. 2.1A). VHL loss activated the hypoxia program and upregulated the HIF
responsive genes such as Glut-1, PGK1, LDHA and NDRG1 (Fig. 2.1B). VHL-KO cells significantly
slowed growth (Fig. 2.1C), but exhibited increased motility and invasion shown in scratch assay (Fig. 2.1D)
and transwell migration/invasion assay (Fig. 2.1E). In addition, those VHL-KO cells seemed to go through
EMT, as suggested by mesenchymal morphology (Fig. 2.1F) and molecular changes such as decreases in
E-cadherin and increases in N-cadherin, a-SMA and MMP-9 (Fig. 2.1G). Therefore, knockout of VHL

leads to high motility and EMT, but do these in vitro characteristics mean metastasis in vivo?

2.2.2. Metastatic model in the mouse Kidney

The answer was no. After clonally selecting VHL-WT and VHL-KO cells, we orthotopically
implanted either cell line into the renal capsule of 5-week-old female NU/J nude mice. Interestingly,
primary tumors from VHL-KO group grew very poorly compared to VHL-WT tumors with no increase in

lung metastasis, as monitored by firefly luciferase (FL)-based in vivo bioluminescence imaging (BLI) (Fig.
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2.2A). Next, we asked whether the mixed population of VHL-WT and VHL-KO cells had metastatic
potential by implanting VHL-WT cells alone or 1:4 mixtures of VHL-WT and VHL-KO cells into the
subcapsular space of the left kidney in 4-week-old female BALB/C mice. After 6 weeks of implantation,
primary tumors from both groups displayed robust growth, while only the mixed population showed
rampant metastasis to the lung, as observed with FL-BLI (Fig. 2.2B) and confirmed with
immunohistochemistry (IHC) (Fig. 2.2C). Surprisingly, the metastasized lesion was mainly composed of
VHL-WT, or more epithelial cells (data not shown).

In order to explain this phenomenon, we went back to the in vitro assay to study the cooperative
effect of VHL-WT and -KO cells. We observed that VHL-KO cells helped VHL-WT cells to grow and
migrate faster through both direct cell-cell communication and secreted factor (data not shown). The
knockout of HIF-1a, a direct downstream target of VHL, abrogated the assisted growth and migration,
further affirming the contribution of VHL loss in cooperative metastasis model (data not shown). As such,
our preclinical data using murine ccRCC cells suggest that (i) VHL-KO EMT cells are the metastatic drivers,
(i1) VHL-KO cells induce mobility of non-EMT VHL-WT cells through cell-cell interactions and soluble
factors, (iii) the cooperation can occur at primary tumors, in circulation and at the metastatic site. To validate
the cooperative model in clinical ccRCC, we need to study signal crosstalk in patient tumors by establishing
PDXs. This led us to utilize the chick CAM system due to its unique advantages discussed in the next

section.

2.3. CAM METASTATIC MODEL
2.3.1. CAM history and advantages over mouse model

The chicken embryo CAM is an in vivo model that has been used to study cancer biology and
progression through implantation of tumors and cancerous cell lines [42]. Before hatching, the CAM serves
as a highly vascularized gas-exchange organ due to its large surface area and close proximity to membranes
resting on the shell [43]. Overall, the development of the chick embryo lasts a total of 21 days, allowing a

maximum of 11 days for implanted tumor or cells to grow until the CAM is destroyed. Although the time

12



of growth seems short, tumors nourished with preexisting vessels grow quickly, achieving successful
engraftment [42].

Another important advantage of the CAM model is the innate immunodeficient state of the chicken
embryo during development. This lack of immune response allows successful transplantations of a number
of diverse species and tissues. The immune system consisting of B cells and T cells begins to form 2 weeks
into its development, as well as the presence of monocytes and macrophages [44-46]. By day 18, the
chicken embryo evolves to become immunocompetent [44]. Due to a little chance of rejection of
transplantations, the CAM has a long history of usage in the study of tumor growth and metastasis [42].

Metastasis is a series of temporally- and spatially-linked events. Tumor progression in the CAM
model has given great insights into all the metastatic steps including local dissociation, intravasation into
blood vessels, survival in the circulation, extravasation out of circulation, and seeding in distant organs [47-
50]. According to the experimental CAM model, tumor cells injected through the allantoic vein propagate
through the circulation with an 80% survival rate and successful extravasation, as shown by migration to
preexisting blood vessels [51]. Successful metastasis can be visualized by the formation of smaller tumors
spreading from the site of transplantation or injection to the lower CAM and other distant organs [52].

As such, the CAM system has great advantages in terms of time-, labor-, and cost-efficiency.
Compared to the traditional mouse model specifically, the visible engraftment of tumors in the CAM is far
more rapid (3-11 days vs. 3-6 weeks), and the cost of fertilized eggs is much less expensive (~$1 vs. over
$100 for a SCID mouse). It is important to note that the CAM model is not likely to replace the traditional
mouse model because of the significant physiological differences between birds and mammals. Nonetheless,
the CAM model could serve as a sustainable and accelerated animal model that can work in harmony with
the mouse model. Aiming for the long-term goal of establishing CAM PDX, the model was first evaluated
for its ability to retain the ccRCC biology observed in the mouse model such as growth and metastatic

behavior.

2.3.2. CAM metastatic model for murine RENCA cells
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After 7 days of pre-incubation at 37 °C and 55-65% humidity, the CAM of fertilized eggs was
dropped to open a window. On embryonic developmental day 10, the same groups of cells used in the
mouse orthotopic model were implanted on CAM (RENCA VHL-WT cells alone, VHL-KO cells alone, or
1:1 mix of the two; all at the concentration of 2 x 10° cells/egg). Tumor growth was recorded every other
day starting on tumor day 3 (or developmental day 13). On developmental day 19, tumors were harvested
for gross picture and histological analyses. Chicken blood was also collected to detect circulating tumor
cells (CTC) by flow cytometry as a measurement of metastasis. In concordance with the mouse model, the
CAM system successfully maintained the growth and metastatic behavior of the RENCA tumors. First,
primary tumors from both VHL-WT and mix tumor group grew well to a size of about 1 ¢cm, while VHL-
KO tumors grew poorly (Fig. 2.3A and B). The RENCA tumor growth characteristic of VHL-WT, mixed
and VHL-KO cells replicates that observed in mice. Furthermore, histology shows high degree of similarity
in cellular morphology and structure between the mouse and CAM tumor, except for the stroma and blood
components derived from the chicken (please see Figure 2.4B). Most importantly, the CTC counts were
significantly higher for the mix tumors than the VHL-WT (Fig. 2.3C and D). These results show that the
metastatic behavior we observed in the mouse model is recapitulated in the CAM model, further supporting

the contribution of VHL heterogeneity to the metastatic process.

2.3.3. Lung metastasis observed in hatched chicken

The later steps of metastasis such as extravasation and seeding in distant organs are harder to
observe in the CAM model due to the short growth period before hatching and the disparate physiology of
uninflated chicken embryo lung. To overcome these limitations, we obtained an approval from the
Institutional Animal Care and Use Committee (IACUC) to extend the analyses of distant metastases for 2
weeks in hatched chickens. As shown in Fig. 2.3E, this extension enabled the cancer cells to establish
micrometastatic nodules (pointed by arrowheads) near the pulmonary artery in the chicken lung (marked
with #), as visualized by H&E stains. A majority of the metastatic lesions consisted of HA-tagged VHL-

WT cells, whereas flag-tagged VHL-KO cells were difficult to locate. This finding was very consistent with
14



what we observed in the mouse model (data not shown). Thus, metastasis analyses in hatched chicken
provide unique histological information such as structural morphology, which cannot be assessed using

gPCR or flow cytometry.

24. TUMOR PASSAGING FROM CAM TO MOUSE

In order to overcome the short growth period of CAM, some researchers have passaged the CAM
tumor from one egg to another, for up to 3 successful serial passages [53,54]. As an alternative method to
extend the growth period, we transplanted the RENCA tumors formed in CAM to a nude mouse.

On day 20 of chicken embryonic development, we harvested the RENCA tumor from the CAM
and transplanted to the axilla subcutaneous tissue of a 1-year-old female nude mouse. One side received
the VHL-WT tumor and the other received the mixed tumor (Fig. 2.4A). After 3 weeks of transplantation,
the tumors were excised. As shown in Fig. 2.4B, the CAM tumors survived and engrafted to the mouse
tissue. The gross morphology shown by H&E and VHL stains shows high resemblance between the CAM
tumor before and after the transplantation, excluding the chicken stroma and blood components replaced
by the mouse counterparts (Fig. 2.4B, arrows). In fact, these tumors were comparable with those grown just
in the mouse (Fig. 2.2C, kidney H&E), showing that the CAM system does not alter the pathophysiology
of the tumor. These results demonstrated the usefulness of the CAM system as an intermediate model
between one animal to the other. Because the CAM has an abundant supply of blood and nutrient to support
the growth, it might be especially beneficial to support the initial growth of patient samples and relay them

to mouse PDXs.

2.5. CAM PDX
2.5.1. History of CAM PDX

PDXs have been primarily established in mice as a model that maintains the biological structure
and other characteristics of patient tumors. PDXs in mice have faithfully recapitulated pathophysiology,

intratumoral heterogeneity, and treatment response of patient tumors [55]. For ccRCC, a recent study
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documented successful establishment of PDX that recapitulated the patient’s reported clinical response to
targeted therapies [56-58]. This allows further investigation into the oncological mechanism and
development of precision medicine. Regardless of the establishment of PDXs in mouse models, the CAM
model offers new advantages such as lower cost and higher efficiency compared to the mouse model [42].
In the CAM PDX, studies reported successful engraftment of tumors with increased similarity to the patient
tumor, higher levels of vascularization, as well as successful metastasis in circulation [59,60]. Although
CAM PDXs have their own limitations such as short time frame and evolving chicken immune system, the

model has high potential of being an efficient, clinically relevant approach.

2.5.2. Successful establishment of CAM ccRCC PDX in our lab

There are some literature reporting successful establishment of CAM PDXs for ccRCC [57,58]. To
further characterize the VHL mutation status and molecular program involved, we also sought to establish
CAM PDXs from primary tumors collected at our urological surgery department. Over the past 3 years, 26
cases have been examined, with the first 16 cases being paraffin-embedded samples and the remaining 10
being freshly harvested tumor specimens collected from surgeries performed by a single surgeon. We
generated CAM PDXs from small chunks of those 10 cases with a very high success rate of 70% (data not
shown). The implanted chunks became embedded in the CAM with ample tumor vasculature (Fig. 2.5A),
and its morphology resembled well the original patient tumor (Fig. 2.5B). Importantly, we observed that
CAM PDXs were able to preserve the intratumoral VHL heterogeneity that exists in patients’ tumors (Fig.
2.5C). Thus, we believe that CAM PDXs can serve as a valuable tool to investigate the critical crosstalk on

growth and metastasis, and to test novel therapies. Currently, we are actively investigating these approaches.

2.6. COOPERATIVE METASTATIC MODEL IN HUMAN RCC
So far, we presented results from animal models that illustrate the relationship between intratumoral

heterogeneity and a cooperative mechanism of metastasis. In this last section of the chapter, we will briefly
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address the relevance of the new idea posed by our cooperative model to human disease, in human RCC
cell line and clinical cases.
2.6.1. CRISPR-mediated VHL-KO in human RCC cell line

The key findings of the cooperative metastasis model were demonstrated in the RENCA cell line,
a widely used RCC cell line derived from murine renal epithelium [61]. We asked whether VHL knockout
in human ¢ccRCC cell line would also exhibit the EMT phenotype of slowed growth, high motility and
increased mesenchymal morphology that were observed in the murine RENCA cells. To answer this
question, we applied the same CRISPR/Cas9 system used in RENCA cells to knockout the VHL gene in
the human ACHN cell line, which is widely used human RCC cell line with wild-type expression of VHL
protein [62]. Consistent with the findings in the RENCA model, VHL-KO in ACHN cells (AC-VHL-KO)
exhibited mesenchymal morphology (Fig. 2.6A, right) with lower E-cadherin and higher N-cadherin and
MMP-9 expression measured by RT-PCR (Fig. 2.6B). These cells had elevated levels of HIF 1a protein and
decreased proliferation compared to the AC-VHL-WT control line (data not shown). Remarkably, the in
vivo cooperative metastatic behavior was also recapitulated in this ACHN model. Tumors from AC-VHL-
WT alone and 1:1 mix of AC-VHL-WT and AC-VHL-KO groups both grew well after intrarenal
implantation. However, only the animal bearing 1:1 mixed tumor showed multiple small metastases in lung,
which was assessed by gross tissue inspection (Fig. 2.6C) and detailed histology (Fig. 2.6D). Thus, for both
murine and human cell lines, poorly proliferative VHL-KO cells drive metastasis by promoting the growth

and motility of VHL-WT cells.

2.6.2. Intratumoral heterogeneity of VHL expression in patient tumors

A number of previous literature has documented the heterogeneous genomic landscape of ccRCC [63-65].
This results in heterogeneity in gene expression, which can be further linked to disease progression and
metastasis [63,60,67]. Although the loss-of-function mutation of VHL protein has been reported to occur
in up to 90% of cases [19], thus making VHL loss a truncal mutation of ccRCC [63,68], it remains unclear

how uniformly VHL is deleted in individual cells throughout the entire tumor. In order for the cooperative
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mechanism to be operating in clinical disease, we would expect a heterogeneity of VHL expression to exist
within a single tumor. In other words, both VHL-positive and VHL-negative cancer cells will be present in
a tumor. To address this point, we studied expression of VHL protein in large tissue sections of 26 primary
tumors collected in the process previously mentioned in section 5.2. IHC analyses showed that all 26 cases
exhibited various levels of VHL protein, with VHL positive cells ranging from 10% to 90% in each tumor
(data not shown). In other words, none of the cases sustained a uniform loss of VHL protein throughout the
entire tumor. The VHL expression was highly heterogeneous, with VHL-positive cells immediately
juxtaposed with VHL-negative cells, as shown in a representative IHC stain (Fig. 2.6E). Collectively, the
histological analyses revealed that expression of VHL protein displays intercellular heterogeneity within
individual human ¢ccRCC tumors, creating a scenario where in vivo cooperative crosstalk can occur. Since
CAM PDXs can preserve the intratumoral heterogeneity of patients’ tumors (Fig. 2.5C), we believe that
they will provide a very valuable system to interrogate the cooperative metastatic crosstalk in clinical

ccRCC.

2.7.  DISCUSSION

Our preclinical data shown in this chapter strongly support that tumor heterogeneity contributes to
an aggressive phenotype. Specifically, interaction between cells with distinct VHL status might be an
essential promoter of metastasis. Thus, it is important to further verify this novel concept in clinical cases.
We have already achieved a critical objective in establishing CAM PDXs, which maintain the heterogeneity
and architecture observed in patient tumors. The next step would be to verify the new molecular mechanism
of metastasis in the CAM PDXs. Furthermore, we are attempting PET/CT imaging, PDX propagation in
CAM, and incorporation of autologous immune cells to build even more clinically relevant models (Fig.
2.7). If successful, these humanized CAM PDXs can serve as renewable sources of tumor specimen and as
an extremely valuable resource to test and personalize therapeutic strategy for ccRCC patients in the future.
This work was funded by the UCLA JCCC seed grant, UCLA 3R grant, UCLA CTSI and UC TRDRP

LW).
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Fig. 2.1 CRISPR-mediated knockout of VHL induces HIF pathways and EMT phenotype in RENCA cells.
(A) Western blot for murine VHL, HIF-1o and B-actin in VHL-WT and VHL-KO cells. (B) Gene
expression analyzed by RT-PCR for Glut-1, PGK1, LDHA and NDRG1. (C) Growth curve of VHL-WT
versus VHL-KO cells. (D) Representative images of VHL-WT (top) and VHL-KO (bottom) cells in a
scratch assay on Days 0, 1 and 2 after scratching. (E) Quantification and representative images of VHL-
WT and VHL-KO cells’ migration (top) and invasion (bottom). (F) Phase contrast 10X images of VHL-
WT and VHL-KO cells. (G) Gene expression analyzed by RT-PCR for E-cadherin, N-cadherin, a-SMA
and MMP-9. n =3 for RT-PCR and proliferation assay, *denotes P < 0.05, **denotes P < 0.01, ***denotes
P < 0.001. Adapted and modified from Schokrpur, S., et al. CRISPR-Mediated VHL Knockout Generates

an Improved Model for Metastatic Renal Cell Carcinoma. Sci. Rep. 6 (2016) 29032 [37].
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Fig. 2.2 VHL-loss-mediated metastatic RCC model in the mouse kidney. (A) FL-BLI were taken 2 and 4
weeks after the orthotopic implantation of either VHL-WT (left) or VHL-KO (right) cells in the renal
subcapsular space in nude mice. (B) FL-BLI were taken 6 weeks after the orthotopic implantation of either
VHL-WT cells alone (left) or 1:4 ratio of VHL-WT and VHL-KO cells (right) in the renal subcapsular
space of BALB/c mice. (C) H&E stain of harvested organs, including the primary kidney tumor and
contralateral normal kidney, as well as lung and heart from both groups, were shown. Adapted from Hu, J.,
et al. A Non-integrating Lentiviral Approach Overcomes Cas9-Induced Immune Rejection to Establish an

Immunocompetent Metastatic Renal Cancer Model. Mol. Ther. Methods Clin. Dev. 9 (2018) 203-210 [41].
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Fig. 2.3 CAM metastatic model for murine RCC. (A) Representative images of RENCA tumors implanted
and grown on CAM. There were 3 tumor groups: VHL-WT alone (top), VHL-KO alone (middle), and 1:1
mixture of VHL-WT and VHL-KO (bottom). Pictures were taken on developmental day 20 (10 days after
implantation) before and after the excision of the tumors (top and bottom, respectively, for each tumor
group). (B) Weight of each tumor was measured after excision. (C) Representative flow analysis for
detecting mStrawberry+ and EGFP+ cells circulating in blood for VHL-WT (left) and 1:1 mixed groups

(right). (D) Quantification of the flow analysis. (E) IHC stains of the lung from 2-week-old chick bearing
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metastatic tumor during its embryonic stage. From left, 20X images show H&E, HA, and flag stains. #:
chicken pulmonary artery; arrowhead: metastatic nodules. n =7 for tumor weight analysis and n = 3 for
CTC counts, **denotes P < 0.01, mStraw denotes mStrawberry. Adapted from Hu, J., et al. Establishment
of xenografts of urological cancers on chicken chorioallantoic membrane (CAM) to study metastasis.

Precis. Clin. Med. 2 (2019) 140-151 [69].
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Fig. 2.4 Tumor passaging from CAM to mouse. (A) Schematic representation and timeline of tumor

passaging from CAM to mouse. The image was created with BioRender. (B) Representative images of
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H&E and FLAG stains of a CAM RENCA tumor before the passaging (top; harvested from CAM) and
after the passaging (bottom; harvested from the axilla subcutaneous tissue of a nude mouse). All images
were taken at 4X and 20X magnification. Arrows point out the red blood cells of chicken (nucleated) and
mouse (non-nucleated), respectively. Panel A was adapted and modified from Hu, J., et al. Establishment

of xenografts of urological cancers on chicken chorioallantoic membrane (CAM) to study metastasis.

Precis. Clin. Med. 2 (2019) 140-151 [69].

e T S

Human ccRCC tissue grafted CAM Human ccRCC tissue

Fig. 2.5 The CAM model successfully grafted patients’ tumors without altering morphology or
heterogeneity. (A) Two representative cases of patient’s ccRCC tumors were shown to grow well on CAM
with ample vascularization. Pictures were taken before (left) and after (right) the excision of the tumors.
(B) Representative images of H&E stain of a CAM PDX (left, 30X) and an original patient’s tumor (middle,
20X; right, 1.5X) showed that the CAM PDX maintained the original tumor morphology. (C)
Representative images of IHC staining against human VHL in a CAM PDX (left, 10X; middle 20X) and
another original patient’s tumor (right, 20X) showed that the CAM PDX maintained the VHL heterogeneity

of patient’s tumor. Panels A and B were adapted from Hu, J., et al. Establishment of xenografts of

23



urological cancers on chicken chorioallantoic membrane (CAM) to study metastasis Precis. Clin. Med. 2

(2019) 140-151 [69].
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Fig. 2.6 Cooperative metastatic model and VHL heterogeneity in human RCC. (A) Phase contrast 10X
images of AC-VHL-WT and AC-VHL-KO cells. (B) Gene expression analyzed by RT-PCR for E-cadherin,
N-cadherin and MMP-9. (C) Representative gross images of harvested organs, including the primary kidney
tumor and contralateral normal kidney, as well as lung and heart, from the two tumor groups established in
Nu mice: AC-VHL-WT alone (left) and 1:1 mix of AC-VHL-WT and AC-VHL-KO (right). (D) H&E stain
of harvested lung from the 1:1 mixed tumor group. Representative images at magnification of 4X (left) and

20X (middle and right) showed multiple small metastatic lesions. (E) IHC for human VHL in a
24



representative case of patient ccRCC showed an extensive intratumoral heterogeneity with interspersed

VHL-positive and VHL-negative areas throughout the tumor. Images were taken unmagnified (left) and at

20X (right; a-d). This is the same tumor section as Fig. 2.5B. n = 3 for RT-PCR, *denotes P < 0.05,

**denotes P < 0.01. Adapted from Hu, J., et al. Signal Transduct. Target Ther. 8 (1) (2023) 155 [70].
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Fig. 2.7 Preliminary data for more CAM PDX applications. (A) Representative images of bioluminescence

images (BLI), intravenous (i.v.) injection, and PET/CT scan of CAM, which can be beneficial for imaging

of PDX without luminescence of fluorescent labeling. (B) Schema of PDX propagation in CAM up to 3

generations, totaling 21 days in CAM. Two PDXs were tried both in the forms of chunks and/or digested

cells. After each generation, CAM PDXs were collected for IHC, then chopped or digested for the next

generation. Exosome sequencing was conducted for AC10062017 after the second generation to confirm
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that the genetic signature was unaltered from the original patient tumor by CAM propagations. (C) A
histological image of a CAM tumor injected with murine splenocytes is shown at 10x magnification. The
histological section was stained for murine CD3. Splenocytes were isolated from a BALB/c mouse and
injected i.v. to CAM as shown in panel (A) after tumor was established. Both tumor cells (blue staining
with enlarged nucleus) and injected CD?3 cells (small brown staining) can be observed, showing autologous

immune incorporation is possible in CAM model.
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ABSTRACT

CAM has many more applications beyond RCC PDX. This chapter explores the usage of CAM in
non-RCC cancer engraftments and exosome studies. First, we have successfully engrafted gynecological
(ovarian) and urological cancers (prostate and bladder) of both mouse and human origin in the CAM. Of
those, the results of urological cancers are shown here, including gross CAM pictures, bioluminescent
imaging (BLI), and histological analyses. In the second part of the chapter, we show how CAM has
accelerated the mechanistic study of the RCC cooperative metastasis. Flora and Ishihara et al. (under
revision) have explored how exosomes, multifunctional extracellular cargos, are involved in the
intratumoral pro-metastatic crosstalk between VHL(+) and VHL(-) cells. The in ovo study using CAM is
excerpted here, showing how the model strongly supported their hypothesis by providing a rapid animal

system.

3.1. INTRODUCTION
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Urological cancers (kidney, prostate, and bladder cancers) constitute 19% of all cancer cases in the
United States and 11% of cancer-related deaths [1]. Thus, a novel in vivo approach to study urological
cancers could save a laboratory considerable time, labor, and money, even if this model is only applied to
initial screening experiments. Additionally, the resulting acceleration of research findings could
significantly impact the 177,000 individuals diagnosed with these cancers annually. Therefore, we sought
to optimize the CAM model for the engraftment of urological cancers. Due to the immunocompromised
status of the early chicken embryo [2], both mouse and human cells can be readily implanted. As such, we
have successfully engrafted kidney, prostate, and bladder cancers. For each of these tumor types, the CAM
readily accepts established murine and/or human tumor cell lines. Each of these cancer types and cell
sources requires optimization, which we share here.

Exosomes are a type of extracellular vesicles secreted by a wide range of cell types that can act
locally or disperse via circulation and act at distant sites [3—5]. Exosomes can carry distinct cargos
containing cell- and environment-specific bioactive materials to transmit instructive signals between cells
[3], altering gene expression and cellular pathways and functions in recipient cells. A large amount of
evidence showed that exosomes produced by different cells in the tumor microenvironment, such as stroma,
macrophages, and cancer cells themselves, can facilitate metastasis [6—9]. One of the explanations is that,
in hypoxic environments like tumors, cells produce increased exosomes compared to cells in a normoxic
environment [10]. Hypoxia-derived exosomes regulate the expression of genes associated with
angiogenesis, epithelial-to-mesenchymal transition (EMT), and metastasis, adapting the cells to the hypoxic
environment by promoting their motility, escape and survival of the unfavorable condition [10—11]. Due to
the absence of a functioning pVHL to down-regulate the hypoxic response, VHL(-) cells are in a pseudo-
hypoxic state and produce more exosomes than their counterparts [25]. As a result, exosomes originating
from VHL(-) cells may act as a driver of metastasis in heterogeneous ccRCC tumors. Therefore, this study
assessed the functional capabilities of exosomes from VHL(+) and VHL(-) cells to understand their

contribution to the pro-metastatic cross communication in heterogeneous ccRCC tumors.
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All of the experiments presented herein were reviewed and approved by the appropriate ethical
committees at the University of California, Los Angeles (UCLA). The use of deidentified, primary human
tumors has been approved by the UCLA Institutional Review Board (Protocol numbers 17-000037, 17-
001169, and 11-001363). At UCLA, Animal Research Committee review is not required for experiments
using chicken embryos; protocol approval is only required when the eggs will be hatched. However, best
practices, such as the AVMA Guidelines for the Euthanasia of Animals, were used to handle chicken
embryos ethically and to avoid pain as much as possible. Researchers are urged to verify the oversight

requirements at their institution prior to initiating studies using CAM models.

3.2. NON-RCC UROLOGICAL CANCERS

Thus far, we have found this method of implantation to be successful for kidney, prostate, and
bladder cancers. Each was optimized to identify specific conditions for implantation, although there may
be flexibility. Multiple human and murine prostate cancer cell lines were tested for CAM engraftment (Fig.
3.1). Each grew well when 2 x 10° cells were implanted using the nonstick ring. Histological evaluation of
the resulting tumors was consistent with expectations for each cell line. Additionally, implantation of cells
stably marked with firefly luciferase permitted tumor identification with bioluminescence imaging (Fig.
3.1A).

Bladder cancer was established in the CAM model from established cell lines and pieces of primary
human tissue (Fig. 3.2). Cell lines grew well when implanted with 2 x 10° cells without the nonstick ring
(Fig. 3.2A, B), although implantation with the ring was successful. Primary human tumor may be implanted
from pieces of tissue (Fig. 3.2C). The presented case originated from a patient with high grade, non-muscle-
invasive, urothelial carcinoma. Implantation of digested cells has not yet been attempted due to ongoing
tumor digestion optimization. Cancer cells of the resulting CAM tumors retained the morphology of the
original tumor, but with an altered stromal component. Tumor growth was less than for renal cell carcinoma

and prostate cancer, though still readily visible.
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3.3. EXOSOME STUDY

Exosomes are extracellular vesicles that modulate essential physiological and pathological signals.
This study investigates whether exosomes mediate the metastatic crosstalk between VHL(+) and VHL(-).
Exosomes isolated from paired VHL(+) and VHL(-) cancer cell lines were assessed for physical,

biochemical, and biological characteristics.

3.3.1. Exosome Uptake

First, we assessed the physical uptake of VHL(-) exosomes into the VHL(+) cells that initiates the
pro-metastatic cross-communication. To ascertain the uptake process, VHL(-) exosomes were stained with
PKH67. After a 24-hour incubation with the exosomes, two-dimensional images show exosomes within the
boundary of the cell, as the green fluorescence (PKH67) is localized within the cytoplasm instead of at the
cell membrane where red fluorescence staining of fibrous actin in the cytoskeleton is prevalent (data not
shown). To confirm that exosomes are internalized and localized near the nucleus (DAPI, blue), three-
dimensional imaging was performed (Fig. 3.3). Separation of z-axis layers into upper, middle, and lower
x-y images show that the highest presence of green exosomes can be seen near the blue, DAPI-stained
nucleus as when the red, F-actin-stained cytoskeleton is in primary view in the lower layer, there is much
less green fluorescence than upper and middle layers (Fig. 3.3A). By selecting smaller sections of the
original images, a clearer view of exosome internalization can be observed (Fig. 3.3B). Within the upper,
middle, and lower x-y images through the z-dimension, one can see that peak green exosome fluorescence
appears with peak blue nucleus fluorescence. Additionally, when rotated about the x-axis to view the z-
dimension, this further corroborates that the exosome signal appears at the same dimension as the nucleus
and within the boundaries of the red cytoskeleton. These images suggest that 24 hours is sufficient for the

internalization of exosomes into the cell for both the RENCA and ACHN cell lines.

3.3.2. VHL(-) Exosomes Promote RCC Metastasis in Ovo
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Next, we assessed the impact of exosome treatment on in ovo tumor growth and metastasis in a
duck chorioallantoic membrane model (ACAM). The dCAM model has a short tumor growth window of
two weeks after implantation, an adequate time for aggressive tumor cells to escape form the primary tumor
and disseminate via circulation to distant organs and establish micro-metastases in the embryo (Fig. 3.4A).
RC-VHL(+) cells were treated with no exosomes, RC-VHL(+) exosomes, or RC-VHL(-) exosomes, given
three times throughout the remaining developmental window, from developmental day 14 to day 28. On
the day of euthanasia, after 14 days of tumor growth, the average size of primary tumors and liver metastases
were analyzed. Liver is the most vascularized organ of the embryo and have high potential as a metastatic
site. This differs from clinical RCC in humans, where lung metastasis is the most common metastatic site
[12,13]. This difference is because the embryonic lungs have not inflated and are less vascularized than the
liver prior to hatching, consequently less likely to be a metastatic site [14].

The average weights of RC-VHL(+) CAM tumor after a 14-day incubation were 0.6 g, 0.5 g, and
0.75 g for the PBS, RC-VHL(+)-exo0, and RC-VHL(-)-exo treatment groups, respectively, and did not reach
a statistical significance (Fig. 3.4B). This result was consistent with the findings of in vitro proliferation
assays (data not shown). The extent of murine RC cells metastasized to the liver was assessed by the ratio
of murine to avian DNA using quantitative PCR (Fig. 3.4C). Both the control RC-VHL(+) cell-only group
and the RC-VHL(+)-exo treatment group showed no detectable level of mouse -actin DNA. Only the RC-
VHL(-)-exo treated group showed a detectable level of mouse DNA in the duck embryo liver, significantly
higher than the other two treatment groups. These results corroborate the in vitro data where exosomes from
VHL(-) but not VHL(+) cells are able to induce more migratory and invasive behaviors of VHL(+) cells
(data not shown). Moreover, the in vitro phenotypic changes directly contribute to metastatic function in

vivo, leading to distant metastases and completing the full metastatic cascade in the animal model.

34. DISCUSSION
Tumor expansion and engraftment using the CAM model permits more rapid and directly

observable tumor growth than existing in vivo animal models. The initial, immunocompromised state of
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chicken embryos readily permits engraftment of human and murine tissue. Even with these strengths, the
CAM model does have limitations. Although all the tumor types we presented engraft into the CAM model,
they do so with varying degrees of growth. Tumor growth and speed would need to be assessed for a
particular tumor type to determine if the CAM would be a suitable experimental model.

This study is also a follow-up of our prior study to ask whether exosomes produced by VHL(-)
cells could also be driving metastatic progression in ccRCC. In summation, the answer to this inquiry is
clearly positive. the functional capabilities of the exosomes produced by each cell type are distinctly
different. Treating VHL(+) cells with VHL(-) exosomes leads to changes consistent with EMT, resulting
in increased EMT markers such as N-cadherin, a-SMA, and MMP-9, and increased migration and
invasiveness ability in vitro (data not shown) and metastasis to distant organs in vivo. This work clearly
supports that exosomes can serve as a means of pro-metastatic cross-communicator between different cell
populations to achieve cooperative metastasis in ccRCC.

Future applications of this model system depend on the hypothesis to be tested. For example, these
tumor grafts could be used to test novel therapeutic approaches to reduce tumor size or deplete a
subpopulation of the tumor. Co-implantation with cells from the host tumor microenvironment could permit
studies of the influence of these cells on a variety of parameters, including tumor growth and treatment
resistance. These applications have yet to be tested, but warrant further exploration.

The authors wish to thank Dr. Fuyuhiko Tamanoi and Binh Vu for the initial training on this method.
Discussions with Dr. Eva Koziolek have been instrumental in optimizing this approach and have been very
much appreciated. We also thank members from Dr. Hsian-Rong Tseng Lab (University of California, Los
Angeles, CA, UCLA), Jing Wang and Wenxi Xia, for providing much support in DLS analysis and TEM
imaging of exosomes. Additional TEM imaging was completed by Judith Su from Dr. Z Hong Zhou Lab
(University of California, Los Angeles, CA, UCLA). This work would not have been possible without
funding from the following sources: the Tobacco-Related Disease Research Program Postdoctoral
Fellowship (27FT-0023, to ACS), the Department of Defense (DoD) Ovarian Cancer Research Program

(W81XWH-17-1-0160), NCI/NIH (1R21CA216770), Tobacco-Related Disease Research Program High
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Impact Pilot Award (27IR-0016), DoD Kidney Cancer Research Program (grant number W81 XWH-20-1-
0918 and HT94252310858), UCLA institutional support, including a JCCC Seed Grant (NCI/NIH
P30CA016042) and a 3R Grant from Office of the Vice Chancellor for Research to LW, and the UCLA

Clinical and Translational Science Institute (grant number UL1TR001881) to ZHZ and LW.

A. Flrefly Luciferase-Marked CWR Human Cell Line

Figure 3.1 Representative tumor development from prostate cancer cell lines. Representative tumors and
hematoxylin and eosin staining resulting from the implantation of the human prostate cancer cell lines (A)
CWR and (B) C4-2 along with the murine cell line (C) MyC-CaP. Bioluminescence imaging of the resulting
tumors from firefly luciferase marked CWR cells is shown in (A). The measurement scale adjacent to the

excised tumors shows 1 mm markings.
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A. HT-1376 Human Cell Line
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Fig. 3.2 Representative tumor development from bladder cancer. Representative tumors resulting from the
implantation of the established human bladder cancer cell lines (A) HT-1376, (B) T24, and (C) primary
human bladder tumor. In (C), hematoxylin and eosin staining of the resulting CAM tumor and the primary

tumor are shown. The measurement scale adjacent to the excised tumors shows 1 mm markings.
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Fig. 3.3 VHL(-) exosomes are internalized into VHL(+) cells. Three-dimensional confocal imaging of (A)
RC-VHL(#) cells with RC-VHL(-) exosomes and AC-VHL(+) cells with AC-VHL(-) exosomes shown as
layers moving through z plane from upper to lower view. White boxes are used for closeups of small cell

clusters in (B), in 1 and iii, layers of the z plane, and ii and iv, rotation about the x-axis. Confocal imaging

was completed at 10x magnification.
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Fig. 3.4 VHL(+)-exo induces distant metastases of VHL(+) tumors in an animal model. (A) Schema of the
dCAM model. (B) Gross pictures of RC-VHL(+) tumors formed in dCAM and their weight analysis. (C)
gPCR analysis of dCAM livers measuring mouse to avian [-actin ratio, indicative of distant metastases.
Statistical analysis was completed using (A) ordinary one-way ANOVA and (Dunnett’s test (**p < 0.01,

ns: not significant).
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Chapter 4. Small Molecule Approach to Find Novel Therapeutics against Metastatic RCC

ABSTRACT

Loss of VHL is the unique hallmark of ccRCC, and our previous studies suggest that the VHL (-)
cells induce metastasis-driving effects on VHL(+) cells. A high-throughput screening (HTS) was conducted
to find small molecules that selectively inhibit the growth and survival of VHL (-) cells. Statins came out
as the sole hits, but not all statins had the same level of cytotoxicity. Therefore, the first aim of this chapter
is to discover the mechanism of action (MOA) that explains the VHL(+) vs. VHL(-) sensitivity difference,
as well as the intra-statin efficacy difference. Among the components of the mevalonate pathway, the
HMGCR/cholesterol arm was dispensable, whereas mevalonate and GGPP were not. HIF or EMT may
explain the differential sensitivity of VHL(+) vs. VHL(-) RCC, TNBC vs. non-TNBC breast cancer, and
NEPC vs. adenocarcinoma prostate cancer, suggesting statin’s potential as the pan-cancer anti-metastatic
reagent. Further validation is necessary, but sequencing suggested MY C targets, DNA repair, or E2F targets
were upregulated in the statin-sensitive lines and may be crucial in MOA. From the medicinal chemistry
perspective, the 3,5-dihydroxyheptenoic acid part of statins and stereochemistry were essential. Completion
of this project will lead to the development of a novel, pan-cancer anti-metastatic reagent, which will

tremendously improve the current poor prognosis of deadly tumors.

4.1. INTRODUCTION

High-throughput screening (HTS) is a common approach to finding new small-molecule
therapeutics in the pharmaceutical industry. It was not common in the academic setting due to lack of
resources, but institutions like Molecular Screening Shared Resources (MSSR) at UCLA introduced the
approach and produced fruitful results [1]. Drug libraries can be divided into two categories: approved
drugs with known pathways (“repurposing libraries”) and novel compounds without established knowledge
about their pathway. Each has pros and cons. The repurposing library is much smaller than the latter and

thus limits the usefulness of HTS, but its known MOA helps investigate more about biology, while the hits
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found through the novel compound library may take longer to find out the drug target and MOA. Therefore,
the repurposing library was used to find small molecules that could specifically inhibit the metastatic driver,
VHL(-) RCC cells, and thus suppress metastasis.

Transdifferentiation is a concept where tumors originating from different organ sites possessing
various genomic or cellular characteristics diverge into a common type as they progress into more
aggressive types. RCC is a relatively uncommon disease, but its metastatic mechanism (pseudo-hypoxia,
EMT) could be shared across different cancer types. To test this and increase the potential clinical impact
of this project, the HTS hits were tested in two other aggressive tumor types: triple-negative breast cancer
(TNBC) and neuroendocrine prostate cancer (NEPC). Statins were most studied in breast cancer, including
clinical trials, or it will produce more insight. TNBC is a genetic characteristic like VHL, while NEPC is
mainly caused by treatment. Still, they shared the same phenotype, indicating the wide usage of statins in

aggressive tumors caused by genetics or therapy.

4.2. MATERIALS AND METHODS
4.2.1. Cell line

VHL(+) and VHL(-) cells were generated previously [2,3]. Briefly, the original RENCA cell line
was obtained from ATCC. Retroviral transfection was conducted to create RENCA-FL (firefly luciferase)
[4,5]. Then, non-integrating CRISPR-Cas9 was employed to create RC (NIC1) = VHL-WT and RVN (NIC5)
= VHL-KO lines using gRNA RLuc2 (Renilla luciferase, neg-control) and mVHL1 (mouse VHL plasmid
1), respectively. Cells underwent puromycin and clonal selection [3,6] (Suppl. Fig. S1A). VHL-WT and
VHL-KO cells underwent another lentiviral transfection to be tagged with FLAG and RFP or GFP,
respectively. These tags were connected to the N-terminus of the CMV promoter, making these tags
ubiquitously expressed in the cells. Flow cytometry was used to sort RFP+ or GFP+ cells, establishing
VHL(+) and VHL(-) cells, respectively (Suppl. Fig. S1B). The plasmids used for these transfections were
obtained from Addgene (Suppl. Fig. S1C, D). The resulting cells have low expression of Cas9, allowing

stable growth of these cells in immunocompetent mice, and sequencing results confirmed VHL knockout
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in RVN(NICS) = VHL(-) cells [3] (Suppl. Fig. S1E, F). A summary table of cell line information is available
in [6]. HIF1, 2, and 1/2 CRISPR knockout on VHL(-) were done like above, except that only selection
clonal selection was done but not antibiotic selection.

Three human RCC lines were from the following sources: RCC4 was a generous gift from Dr.
Brian Shuch; 7860 was obtained from ATCC; and #18 was from a patient tumor. All the prostate and breast

cancer lines were a generous gift from Drs. Tanya Stoyanova and Dennis Slamon.

4.2.2. High-throughput screening (HTS) setup

The seeding cell number, DMSO concentration, and 2-DG (positive control) concentration were
optimized via gradient testing (Suppl. Fig. S2). Total cell number of 3000/well mix population VHL(-):
VHL(+) = 2:1, DMSO concentration of 0.5% (v/v), and 2-DG concentration of 1% (v/v) were used. To
prepare the screening plates, 25uL. of appropriate complete media was first distributed in columns 1-22 of
11 black-lid 384-well plates (Greiner Bio-One, #781091) using a MultiFlo Fx (BioTek). Using the same
machine, columns 23-24 filled 25uL of complete media with 1% (v/v) 2-DG. These plates were next pinned
by BioMek FX (Beckman Coulter) with 250 nL of the MSSR Repurposing Libraries containing 2,530 FDA-
approved small molecules (LOPAC 1-4, NIHII 1-3, NPW 1-4; final concentration of drug = SpM). 25L of
cell-containing complete media was added to each well using MultiFlo Fx; then, cells were incubated for
48h at the normal cell culturing condition. On the day of imaging, the stock Hoechst 33342 at 1.25ug/mL
(1000x) concentration was diluted to 7.5 ng/mL (6x) and added 10uL to each well containing 50uL cells +
complete media + drug. After a 45-minute incubation, an automated imaging system (ImageXpress
Confocal, Molecular Devices) was used to image for three fluorescent colors: TexasRed (VHL(+)), GFP

(VHL(-)), and Hoechst (nucleus).

4.2.3. HTS validation and ICsy determination
HTS results were validated with MTS and hit-pick assays. MTS was done in 96-well plates with

4000 VHL(+) and 3000 VHL(-) cells plated separately with four doses of each drug (1.25,2.5, 5, and 10uM)
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for 48h. Hit-pick assays were done at MSSR using the same setting as described above for the HTS setup,
except for each drug having triplicates instead of a single well and the cell number adjusted to 1500/well
from 3000/well. ICso determination followed hit-pick assays. 20-step titration ranging from 95.4pM to
50uM (each step = 1:1 dilution) was used for each hit validated in the above assays. In addition to MultiFlo
Fx, Multidrop384 (Thermo LabSystems) was used as a liquid handler. Human cell lines were incubated

between 72h and 6 days, depending on the cell line.

43. RESULTS
4.3.1. Statins are the only hits in the HTS

A ratiometric black-box approach was used to identify selective modulators of cell growth and
survival of murine VHL(-) RCC cell lines without affecting VHL(+) cells (Fig. 3.1A). 2DG is used as the
positive control because VHL(-) cells are more glycolytic and thus more sensitive to 2DG than VHL(+)
counterparts. (Suppl. Fig. S2B) [7]. Out of 2,530 small molecules tested, the initial HTS data mining with
CDD Vault revealed 33 compounds that selectively decreased %GFP, indicative of VHL(-)-specific
inhibitors (Suppl. Fig. S3A; bottom black box). Of note, although this HTS assay was designed to find
VHL(-)-specific inhibitors, the analysis parameters can be adjusted to discover other interesting compounds
that can, for example, increase %GFP, promote the growth of either cell line, or show cytotoxicity for both
cell lines (Suppl. Fig. S3A; top green, right blue, and left red boxes, respectively). Compounds that
increased %GFP (Suppl. Fig. S3A; top green) were especially interesting, as they either showed either
VHL(+)-specific toxicity or the “yellow dots” phenomenon represented in Suppl. Fig. S3 A, sunitinib. These
compounds were elaborated further in the Discussion section.

Of the 33 compounds found in CDD Vault, the majority were false positives that didn’t satisfy the
visual criteria of VHL(-)-specific toxicity (Suppl. Fig. S3B and Fig. 3.1B-D). Only nine compounds
proceeded with hit picks (repeat of SuM, 48hr incubation) (Suppl. Fig. S3C, Fig. 3.1C simvastatin, and Fig.
3.1D fluvastatin). Then, only seven proceeded with ICsy validation, where three of them were excluded due

to no efficacy (tolazoline), general toxicity (cladribine), or compound unavailability (thimerosal) (Suppl.
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Fig. S3D, E). Interestingly, STITCH pathway analyses predicted stronger connections among the seven hits
that proceeded to ICsy validation than talampicillin or olopatadine, which were excluded before this step
(Suppl. Fig. S3F). Four compounds left at the end were compactin (mevastatin), simvastatin, lovastatin,
and fluvastatin, and their pathways are strongly interconnected (Suppl. Fig. S3F; green area), as they belong

to the same drug family and target the same molecule, HMG-CoA reductase (HMGCR).

4.3.2. Not all statins work the same way

Statins are very common and affordable cholesterol-lowering drugs prescribed worldwide to
prevent cardiovascular diseases in high-risk patients [§—10]. Binding to HMGCR, the rate-limiting step of
cholesterol synthesis through the mevalonate pathway, statins can induce cholesterol uptake in cells,
especially in hepatic cells, and help decrease blood cholesterol. There are two major classes of statins:
fungal-derived and synthetic. Older statins (mevastatin, lovastatin, and pravastatin) are fungal-derived
natural statins, simvastatin is semi-synthetic derived from lovastatin, and anything newer is fully synthetic
(fluvastatin, cerivastatin, atorvastatin, rosuvastatin, and pitavastatin) [11]. Their chemical structures are
quite variable, but due to their shared HMG-CoA-like structure first discovered in mevastatin, they’re
classified as one family. Out of all statins, everything except for mevastatin has been used in the clinic, but
cerivastatin was voluntarily withdrawn in the 2000s due to severe side effects [12]. The most commonly
used statins were atorvastatin (Lipitor from Pfizer) before the end of their market exclusivity [13], and in
general, newer statins have better cholesterol-lowering ability [14].

Our HTS revealed that all hits were statins (mevastatin, lovastatin, simvastatin, and fluvastatin).
Among the 2,530 compounds tested were also pravastatin and atorvastatin; however, these two statins did
not suppress VHL(-) or VHL(+) cells (Fig. 3.1D). To determine the ICsy of all statins, 20-step titration
ranging from 95.4pM to 50uM (each step = double concentration) was applied to the same well setting as
the HTS. Remarkably, compared to the most potent fluvastatin (ICso = 0.61uM), atorvastatin was about five
times less effective (ICso = 3.2uM), while rosuvastatin was 28 times less effective (ICso = 17uM),

respectively, against VHL(-) cells (Fig. 3.1E). Pravastatin was the least effective and didn’t even reach 50%
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inhibition within the tested range. Though VHL(+) cells were 3-4 times more resistant than VHL(-), the
general rank order of statins was preserved, where fluvastatin and simvastatin were most effective (ICso =
1.9 and 2.5uM), while atorvastatin, rosuvastatin, and pravastatin were least effective (ICso = 12uM, 79uM,
and not reached) (Suppl. Fig. S3G). This variation can be observed as early as at 24h using MTS assay
(Suppl. Fig. S3H). This rank order was observed in three human cell lines: 7860, RCC4, and #18 (patient-
derived primary cells), all lacking functional VHL (Fig. 3.1F). Thus, newer statins, such as atorvastatin and
rosuvastatin, had less efficacy in VHL(-) inhibition despite improved cholesterol-lowering ability. This
result suggests that statins’ VHL(-) inhibition may be through a distinct pathway from their primary

cholesterol-lowering mechanism, as the preceding literature implies [15].

4.3.3. MOA study reveals cholesterol is not relevant, but other mevalonate pathway arms may be
To elucidate the mechanism of action (MOA) of statins’ cytotoxicity against VHL(-), we first asked
if the HMGCR expression level is heightened in VHL(-) cells, thus making them more sensitive to HMGCR
inhibition by statins. Both at protein and mRNA levels, however, HMGCR expression was lower in VHL(-)
than in VHL(+) cells (Fig. 3.2A). In concert with this, HMGCR knockdown in VHL(-) didn’t affect cell
growth or statin sensitivity (Fig. 3.2B-D and Suppl. Fig. S4A). Of note, complete knockout of HMGCR
was lethal, so a doxycycline-inducible HMGCR-knockdown line was generated from VHL (-) cells and
used. Next, we asked if VHL (+)’s resistance to statins and the ineffectiveness of some statins was due to
drug uptake. If that’s the case, the synthetic cholesterol level would be stable upon statin treatment.
Lipidomics data revealed a contradictory result where all statin treatments in VHL(+) cells significantly
lowered synthetic cholesterol levels. On the other hand, VHL(-) showed unaltered or even higher
cholesterol synthesis upon stain treatments, depending on which statin (Fig. 3.2E). This discrepancy was
also overserved at the total cholesterol level, where VHL(+) was unaltered, whereas VHL(-) treated with
fluvastatin and simvastatin had a higher total cholesterol (Suppl. Fig. S4B). Statin concentration may need
to be adjusted because the cell number measurement suggested that the used concentration was already

toxic to VHL(-) (Suppl. Fig. S4C).
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Next, several rescue and synergy experiments were conducted. Squalene, the precursor of
cholesterol in the mevalonate pathway, was added to VHL(-) treated with fluvastatin but did not rescue
(Fig. 3.2F). The squalene concentration used here was much lower than those reported previously due to its
toxicity to our cells [15] (Suppl. Fig. S4D). Similarly, adding rosuvastatin to fluvastatin treatment did not
rescue VHL (-) cells from dying (Fig. 3.2G). Because rosuvastatin’s affinity to HMGCR is 8-fold higher
than fluvastatin [16], co-treatment with these two statins should prevent fluvastatin from binding HMGCR
and thus save cells if HMGCR is the sole binding target. Rather, the two statins showed synergy and
enhanced cytotoxicity against VHL(-), again suggesting the existence of a novel target of fluvastatin. The
same observation was made with co-treatment with fluvastatin, atorvastatin, and rosuvastatin in VHL(-) but
not in VHL(+), most likely because the drug concentration was too low (Suppl. Fig. S4E).

As the literature suggests, the mevalonate pathway has arms other than cholesterol [17]. Even
though HMGCR and cholesterol were inferred dispensable above, other intermediates, such as mevalonate
and GGPP, were not (Fig. 3.2H) as the preceding literature suggested [15]. Additionally, a clinically
approved antiplatelet medicine, dipyridamole (DP), has been shown to synergize with statin by inhibiting
the SREBP-mediated feedback loop of the mevalonate pathway [18]. In concordance with this, DP
potentiates fluvastatin against VHL (+) cells, originally resistant to statins, to the same level as VHL(-),
which also showed DP and fluvastatin synergy (Fig. 3.21). Atorvastatin was also potentiated against VHL
(-) cells, which were not very sensitive to atorvastatin treatment alone (Suppl. Fig. S4F compared to Fig.
3.1D, E atorvastatin). Therefore, the mevalonate/GGPP axis may mediate statins' cytotoxicity, where the
SREBP feedback loop can also be involved, according to the DP synergy experiment. On the other hand,
the HMGCR/cholesterol arm is most likely dispensable, and so are the other intermediates of the

mevalonate pathway, except for the GGPP/RAS axis (Suppl. Table).

4.3.4. HIF or EMT may be the biomarker of statin sensitivity across different tumor types
In the previous section, the main focus was on the mevalonate pathway and intra-statin difference.

In this section, we asked if and how the VHL pathway was related to statin sensitivity. The most prevalent
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downstream molecules of VHL are HIF1 and HIF2. VHL (-) cells were utilized to generate HIF1, HIF2, or
HIF1/2 knockout lines and tested for ICso. The morphology of HIF1 and HIF1/2 knockout lines were
distinctively epithelial compared to its parental line, VHL(-), which has the characteristic spindle shape of
mesenchymal cells (Fig. 3.3A and Suppl. Fig. S1A, B). On the other hand, the HIF2 knockout retained the
mesenchymal morphology, and the western blot showed a HIF1 level comparable to VHL(-) (Fig. 3.3A).
Strikingly, these morphological changes corresponded to their statin sensitivity. HIF1 and HIF1/2 with
epithelial look were much more resistant to statins than its parental VHL(-), just like VHL(+) with epithelial
look were resistant to statins; in contrast, HIF2 knockout stayed statin-sensitive (Fig. 3.3B). These results
suggest the involvement of either HIF1 or EMT.

Warita et al. examined the relationship between EMT and statin sensitivity and found mesenchymal
cells with high vimentin and low E-cadherin expression were more sensitive to atorvastatin [19]. EMT and
hypoxia are some of the hallmarks of aggressive transformation in solid tumors [20]. Combining with the
HIF-knockout results above, we hypothesized that the idea of more aggressive, metastatic subtypes being
statin-sensitive could be applied to cancer types other than kidney cancer. Both triple-negative breast cancer
(TNBC) and neuroendocrine prostate cancer (NEPC) are known as the aggressive subtypes of breast cancer
and prostate cancer, respectively, due to their high metastatic rate and drug resistance [21,22]. Although
TNBC and NEPC were reported to be more sensitive to statins than their less aggressive counterparts,
statins or cell lines used in these studies were not comprehensive or at a very high concentration [23-26].
The 8-statin library used for RCC was applied to eight breast cancer lines (5 TNBC vs. 3 non-TNBC) and
seven prostate cancer lines (2 NEPC vs. 2 castrate-resistant prostate cancer CRPC vs. 3 adenocarcinomas)
(Fig. 3.3C, D and Suppl. Fig. S5A, B). Both TNBC and NEPC were sensitive to statins with varying degrees
depending on each statin, while non-TNBC and prostate adenocarcinoma were almost completely resistant
regardless of statin type. The most effective statin in TNBC and NEPC was pitavastatin, followed by
fluvastatin and simvastatin. CRPC’s sensitivity was in between NEPC and adenocarcinoma, just like its

clinical behavior [26].
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To see if MOA is the same, TNBC’s morphology and HMGCR/HIF expression was checked.
TNBC had slightly more mesenchymal morphology than non-TNBC, but the difference was not as clear as
VHL(-) vs. VHL(+) (Suppl. Fig. S5C and Suppl. Fig. S1A). HMGCR or HIF expression was not the
determinate of statin sensitivity, except that MDA-MB-231, the most sensitive TNBC, had dramatically
upregulated HIF1 at 1h timepoint in hypoxia (Suppl. Fig. S5D, E). Though preliminarily, on the other hand,
both TNBC and RCC showed suppressed HMGCR mRNA expression in hypoxia for short-term (Suppl.

Fig. S5F). This may explain the connection between HIF/EMT and statin sensitivity.

4.3.5. Bioinformatical analysis revealed several key pathways and genes

Among the TNBC and NEPC panels tested for statin sensitivity above, the LnCaP and LnCaP-
trop2 pair was most relevant to the RCC result, as one genetic change (trop2 overexpression) transformed
LnCaP2 from adenocarcinoma to NEPC (Fig. 3.3D, left column). To reveal if any pathways are shared
among statin-sensitive cell lines, sequencing was conducted on RCC lines and the LnCaP and LnCaP-trop2
pairs. RNA sequencing was done on five RENCA lines: VHL(+), VHL(-), HIF1-KO VHL(-), HIF2-KO
VHL(-), and HIF1/2-KO VHL(-). Proteomics was run on the LnCaP and LnCaP-trop2 pair and was
compared to the RNA sequencing results of the RENCA lines. Appropriate normalizations were used to
overcome RNA vs. protein sequencing and mouse vs. human comparisons. GSEA with Hallmark gene sets,
which has 50 pathways in total, revealed four pathways commonly upregulated in the sensitive lines (Fig.
3.4A). Commonly upregulated genes within these pathways were also looked up: MYC _targets V2 (nolcl),
MYC targets V1 (nolcl, pcna, uba2, rrml, dek), DNA repair (alyref, pcna), and E2F targets (nolcl,
mcm3, pena, dek, and mecmo6). There were more shared pathways downregulated in the sensitive lines
(xenobiotic_metabolism,  oxidative phosphorylation, adiogenesis, fatty acid metabolism, and
mTORCI _signaling), but the number of shared genes within these pathways was less than the upregulated
ones (Fig. 3.4B). GSEA with the Reactome gene sets, which has 1,615 pathways in total, revealed 25
upregulated and 16 downregulated pathways (Suppl. Fig. S6A, B). Genes found in both Hallmark and

Reactome results were mcm3, alyref, rrml for the upregulated genes, and maoa and cat for the
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downregulated genes. Volcano plots were also created to find shared upregulated or downregulated genes
between the LnCap vs. LnCap-trop2 pair and the VHL(+) vs. VHL(-) pair without running GSEA first.
Only one gene was shared between these comparisons for upregulated and downregulated category each:
Gss and cct3. These two genes appeared in the GSEA analyses above, demonstrating the integrity and

different strengths of various bioinformatical methods.

4.3.6. SAR-based approach to improve fluvastatin I1Cs

Statin compounds all share two chemical components (Fig. 3.5A): the indole ring (blue) and the
3,5-dihydroxyheptenoic acid chain (red). Since statins were reported to bind the B2 integrin leukocyte
function antigen-1 (LFA-1) through the indole ring and induce immune suppression [27], an LFA-1
inhibitor BMS-688521 was obtained and tested for its cytotoxicity against VHL(+) and VHL(-) RCC cells
(Fig. 3.5B). Within the usual concentration range used for MTS (0 to 10uM), BMS-688521 did not affect
either cell line. Because LFA-1’s main functions in the immune system include adhesion and migration
[28], BMS-688521 was tested to inhibit VHL(-)’s upregulating migration of VHL(+) [6] but did not produce
a significant difference (Fig. 3.5C). Determining that the statin’s indole ring/LFA-1 interaction was not
involved in cytotoxicity or even the pro-metastatic intratumor communication, the 3,5-dihydroxyheptenoic
acid chain was focused next.

Eight novel molecules were generated from fluvastatin as the scaffold (Fig. 3.5D). When their
cytotoxicity was tested against VHL(-) and VHL(+) cells, only GB-407, 412, and 413 maintained it but to
a lesser extent than fluvastatin (Fig. 3.5E and Suppl. Fig. S7A). Moreover, GB-412 and 413 were more
toxic to VHL(+) than VHL(-), the opposite of fluvastatin. Therefore, the 3,5-dihydroxyheptenoic acid part
of statins was shown to be essential, but how it should be modified to increase the efficacy needs to be
elucidated. Another consideration is stereochemistry. So far, all fluvastatin experiments were done with a
1:1 racemate of (3R, 5S)- and (3S, 5R)-fluvastatin, of which (3R, 5S)-fluvastatin exerts pharmacological
activities at the liver [29,30]. In concert with this report, (3R, 5S)-fluvastatin was about two times more

cytotoxic than racemic fluvastatin in both VHL(-) and VHL(+) (Suppl. Fig. S7B). (3S, 5R)-fluvastatin
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couldn’t be obtained due to a manufacturing issue, but it will be tested and expected to be less cytotoxic

than the racemate or (3R, 5S)-fluvastatin.

4.3.7. Animal studies showed statin’s promising efficacy against metastases

Statins’ efficacy against metastasis was tested using two animal models. The first system was the
avian CAM model. Within ten days, simvastatin suppressed primary tumor growth dose-dependently (Fig.
3.6A). Specifically, the ratio of VHL (-) GFP" cells to VHL (+) RFP" dropped significantly according to
flow cytometry, confirming statins’ selective inhibition of VHL (-) (Fig. 3.6B). Most importantly,
metastasis to distant organs was almost completely diminished in the treatment group that received SuM
simvastatin (Fig. 3.6C). This remarkable therapeutic result was confirmed in a mouse orthotopic
implantation model injected with #18 patient-derived primary cells within four weeks (Fig. 3.6D). The nude
mice treated with 15 mg/kg, 6 days/week fluvastatin for two weeks had significantly smaller primary tumors
and little metastasis than the DMSO control group (Fig. 3.6E, F). Whether fluvastatin shrank or delayed the
tumor has to be investigated, but altogether, these results strongly suggest that statins can inhibit RCC

metastasis by disrupting VHL (-) metastatic driver.

44. DISCUSSION

Statins have a long history as drugs for hypercholesterolemia and have recently also been found to
have anti-neoplastic ability. As millions of people take statins, multiple retrospective analyses have been
conducted to see the association between statin use and cancer patient outcomes. However, except for a few
statins that showed statins improving cancer death rate [31,32], none of these retrospective analyses
produced positive correlations [8—10]. Currently, the only clinical trials running are combination studies of
statin and immunotherapy, focusing on the immunosuppressive role of statins through LFA-1/ICAM
binding on regulatory T cells. For RCC, detailed analyses were done on statins and VHL [15]. Interestingly,
they first found the Rho/Rock pathway through HTS to find a synergistic molecule with VHL(-) [33].

However, the MOA was unclear, except that VHL and HIF were relevant.
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According to the findings in this chapter, dosage, statin type, and cancer type must be carefully
considered when assessing statin’s anti-neoplastic efficacy (Fig. 7A). First, the working dosage of statins
against cancers is much higher than its cholesterol-lowering dose (0.61uM = 610nM vs. 3.78nM) (Fig. 3.1)
[14]. Dosages used in clinical trials are in the cholesterol-lowering range, not reaching the cytotoxic range.
Second, older statins with less cholesterol-lowering ability are more efficacious in anti-neoplasia.
Fluvastatin was more effective than atorvastatin or rosuvastatin in suppressing VHL(-), though their
HMGCR or cholesterol inhibition abilities are completely the opposite (Fig. 3.1, 3.2) [14]. Many trials were
done with atorvastatin because it’s the most used statin, but it might not be the best choice, considering the
potential novel target of statins, to which fluvastatin may bind most (Fig. 3.2). Finally, patients should be
stratified based on which type of treatments they had, or which stage their cancers were in. Statins work for
more aggressive tumors, at least for renal, breast, prostate, lung, and brain cancers (Fig. 3.3) [19]. This
makes sense, considering the recent reports about transdifferentiation, where different tumors diverged into
a common type as they prolonged to metastatic transformation (Fig. 3.4) [34,35].

Continuing this project using both medicinal chemistry and in vivo approaches will produce
interesting and impactful findings about statins’ anti-neoplastic ability. Below are some considerations to
corroborate the current study.

- Fig. 3.1F: tested human RCC lines lack VHL naturally, and wildtype VHL was overexpressed to
produce the VHL(-) and VHL(+) pairs like RENCA, but VHL-overexpressed lines remained
sensitive to statins. This contradicts the results reported in the literature [ 15]. The reason is currently
being investigated, but it’s probably due to the different methods used (MTS for up to six days vs.
colony formation assays for up to two weeks). Nonetheless, the same rank order of statins was
observed in VHL(-) human RCC lines.

- Fig. 3.2C: complete knockout of HMGCR was lethal in VHL(-). This indicates the necessity of the
mevalonate pathway in VHL(-), although the level of HMGCR expression didn’t correspond with
statin sensitivity. Also, HMGCR knockdown or knockout should be tested in VHL(+), which has

a higher basal HMGCR level and thus may be affected by HMGCR depletion, unlike VHL(-).
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Fig. 3.2E: Statins usually only affect synthetic cholesterol but not total cholesterol, whose main
source is cholesterol uptake from the environment rather than synthesis. Therefore, VHL(+)’s
behaviors were physiologically expected for both synthetic and total cholesterol, whereas VHL(-)’s
were not, especially when treated with fluvastatin and simvastatin. This may be due to fluvastatin
& simvastatin being too toxic at the concentration used here (0.7uM), and the cell measurement
was not accurate due to the altered morphology of dying cells. 0.7uM was chosen because it’s
fluvastatin’s IC50, and the question asked was if statins have different cholesterol-lowering abilities
at the same concentration. However, since cholesterol lowering concentration is at a low nM range,
fewer statins should have been used to prevent any obvious cell death. Nonetheless, cholesterol is
most likely not relevant because 1) complete media is cholesterol-rich due to FBS and 2) squalene
didn’t rescue VHL(-) from statin killing (Fig. 3.2F).

Fig. 3.2G-I: The level of each intermediate of the mevalonate pathway should be tested upon
treatment with different statins in VHL(-) vs VHL(+) cells, in addition to the rescue experiments.
Kaplan-Meier curves indicate the majority of the mevalonate pathway enzymes show the same
trend as HMGCR in patient survival, where a lower protein expression was associated with a worse
prognosis (Fig. 7B). On the other hand, enzymes in the GGPP arm, farnesyl diphosphate synthase
(FDPS1) and geranylgeranyl diphosphate synthase 1 (GGPS1), show a flipped trend, suggesting a
separate regulation mechanism might be at a play (Fig. 7C).

Fig. 3.4: Among all pathways revealed, those upregulated in statin-sensitive lines are most
interesting and will be followed through. KEGG and GO gene sets were also used in GSEA but are
currently being analyzed. Sequencing results comparing VHL(-) treated with fluvastatin vs.
atorvastatin would be interesting and was run already but didn’t produce significant results. The
experiment will be repeated with proper controls and more sample numbers.

Suppl. Fig. S7B: Once the other enantiomer arrives, its ICso will be confirmed. One stereochemistry

study reported an interesting finding where (3R, 5S)-fluvastatin was most efficacious in binding
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against glucocorticoid receptor (GR) [29]. This is worth following because GR is associated with
aggressive tumors of various tissues [36—40].

- Fig. 3.6D: Oral administration of statins by gavage should have been employed instead of i.p.
injection, as it’s more physiologically relevant. Tumor composition, death/proliferation marker,
and cholesterol/health markers in blood/normal tissue should be assessed when repeating in vivo
experiments with fluvastatin or, even better, with a synthesized molecule that works better in vitro.

Despite all these shortcomings, this study sheds light on an interesting biology of statins in metastatic cancer.
Thanks to a strong collaboration with medicinal chemists, the next aims of this project include synthesizing
novel compounds in addition to repositioning statins. Successful execution of this research will allow the

development of novel anti-metastatic reagents either way and will have a huge tangible impact in the clinic.
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Fig. 4.1 HTP setup and results. (A) Schematic of HTS setup for our ratiometric black box approach. Created
with BioRender.com. (B) Summary of the HTS. Green - no effect, red - unspecific toxicity, yellow - green-
specific toxicity = hits. (C) Representative pictures of each of the categories shown in (B). Confocal
microscopic pictures at 10x magnification and 3-channel fluorescence (GFP, RFP, Hoechst). (D)
Representative pictures of statin wells in the HTS. Confocal microscopic pictures at 10x magnification and
3-channel fluorescence (GFP, RFP, Hoechst). (E) Dose titration curves with 8 statins on VHL(-) cells at
48h. (F) MTS results showing the rank order of statin cytotoxicity against VHL(-) cells from mouse and

human origins.
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Fig. 4.2 MOA of statins’ cytotoxicity. (A) Protein and mRNA expression of HMGCR were measured for

VHL(+) and VHL(-) cells. (B) HMGCR expression was measured to confirm the knockdown upon

treatment with doxycycline 100uM in the VHL(-)HMGCR(-) line. (C) Cell growth was measured for the

VHL(-)HMGCR(-) line with or without 100puM doxycycline. (D) Fluvastatin sensitivity measured by MTS.

(E) Synthesized cholesterol level was measured upon treatment with different statins. (F) Rescue
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experiment of VHL(-) with co-treatment of fluvastatin and squalene, cholesterol precursor. (G) VHL (-)
cell survival was measured with MTS upon co-treatment with fluvastatin and rosuvastatin. 0.2uM
fluvastatin and SuM rosuvastatin were used to assess a synergistic effect (left). Each drug was titrated and
tested as well (middle, right). (H) Rescue experiment of VHL(-) with co-treatment of fluvastatin and
mevalonate or GGPP, intermediates of the mevalonate pathway. (I) Cell survival assays with MTS upon
co-treatment of dipyridamole and fluvastatin to assess the interplay between the mevalonate pathway and

dipyridamole.
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Fig. 4.3 HIF, EMT, and statin sensitivity in pan-tissue metastatic cancer. (A) (top) 10x images of VHL (-)

lines with an additional knockout of HIF1, HIF2, or both, taken with a fluorescent microscope. (bottom)
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Western blot assessing HIF 1A expression in VHL (+), (), and the 3 HIF-knockout lines. (B) Dose-response
curve of the above 5 cell lines with fluvastatin in 20-step titration from 95.4pM to S0uM. (C) Cell survival
assays were assessed with MTS in 3 TNBC (top) and 3 non-TNBC lines (bottom) with statin treatment. (D)
Cell survival assays were assessed with MTS in 3 NEPC or CRPC (top) and 3 adenocarcinoma prostate

cancer lines (bottom) with statin treatment.
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Fig. 4.4 Bioinformatical analyses to find common genes in statin-sensitive lines. (A) (left) The summary

table of GSEA results for four comparisons to find common pathways upregulated in the statin-sensitive

lines. (right) Common genes upregulated in the sensitive lines in each pathway are listed. Individual gene
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expression was extracted and plotted. (B) Same as above, except for looking for downregulated pathways
and genes. (C) Volcano plots comparing LnCaP vs. LnCaP-trop 2 and VHL(+) vs. VHL(-). The only

common genes between these comparisons were GSS (down in sensitive lines) and CCT3 (up in sensitive).
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Fig. 4.5 SAR-based analyses of statins’ cytotoxicity. (A) Chemical structures of statins adapted from [41].

Blue — the indole ring; Red — the 3,5-dihydroxyheptenoic acid chain; Black circle — the structural similarity
of fluvastatin and pitavastatin, which may explain their efficacy higher than other statins. (B) Chemical
structure of the LFA-1 inhibitor, BMS-688521, and its cytotoxicity assay measured by MTS at 48h. (C) 2D
migration assays were measured with a fluorescent microscope. Migration of VHL(+) (RFP) was plotted
for no drug vs. 10uM BMS-688521 treatment. (D) Chemical structure of the eight fluvastatin derivatives.
(E) 20-step dose titration ranging from 95.4pM to S0uM was used to determine the ICso of the fluvastatin
derivatives compared to fluvastatin. Top vs. bottom: VHL(-) vs. VHL(+). Left: fluvastatin & GB404 — 407.

Right: fluvastatin & the rest of the derivatives.
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Fig. 4.6 Therapeutic studies in two animal models. (A) CAM tumors from 1:2 mix implantation with
different doses of simvastatin after 10 days. Gross view, timeline, and weight measurement are shown. (B)
Cell composition analysis of CAM tumors using flow cytometry. Visualization of GFP/RFP cells after
gating out dead or doublet cells (left) and quantification of GFP (VHL-): RFP (VHL+) ratio (right) is shown.
(C) IHC pictures of chick embryo lungs on day 10 stained for FLAG, which indicates the presence of the
implanted VHL(-) or VHL(+) cells. (D) Schematic of mouse orthotopic implantation model in Nu mice. (E)
BLI images for firefly luciferase in mice on day 26 post-implantation for dorsal and anterior views. (F)

Lung & heart weight was measured at dissection (left). Goss view and H&E staining of a representative

lung + heart from each group are shown (right).
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Fig. 4.7 Schematic of working hypothesis about MOA. (A) Our hypothesis is that effective statins bind to
a novel, unknown target distinctive from HMGCR. According to the rescue experiments, the mevalonate
pathway is involved in cytotoxicity, but the relationship between the pathway and the novel target remains
elusive. The common vulnerability of these metastatic tumors, which makes them sensitive to statins, will
be investigated with a focus on hypoxia, EMT, and pathways related to VHL and trop2. (B-C) Survival

curves of RCC patients stratified by HMGCR protein expression and liver cancer patients stratified by
FDPS1 or GGPS1 protein expressions [42,43].
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4.5. SUPPORTING MATERIALS
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Suppl. Fig. S1 Detailed cell line information. (A, B) Schematic of how VHL(+) & VHL(-) cell lines were
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generated from RENCA, murine RCC line. See Materials & Methods for description. (C) CRISPR plasmid

map used for panel A. https://www.addgene.org/98290/ (D) Lentiviral plasmid map used for panel B.

https://www.addgene.org/11579/ (E) The resulting cells have low expression of Cas9, allowing stable

growth of these cells in immunocompetent mice. Adapted from [3]. (F) The sequencing result confirms the

knockout of VHL in RVN(NIC5)=VHL-KO cells. Also adapted from [3].
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Suppl. Fig. S2 HTS optimization. (A) DMSO dose-response curve to determine the DMSO concentration

to be used in HTS as negative control. (B) Images of 2DG dose titration to determine the 2DG concentration
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to be used in the HTS as the positive control. (C) Optimization of cell number, DMSO concentration, and
analysis module conducted for two days with two plates /day, totaling four plates. (top) total cell number
measured by Hoechst count. (2™ and 3™ rows) RFP VHL(+) and GFP VHL(-) measured with module 1,

respectively. (4™ and 5™ rows) RFP VHL(+) and GFP VHL(-) measured with module 2, respectively.
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Suppl. Fig. S3 Detailed HTS analyses. (A) Visualization of HTS (11 plates x 384 wells: LOPAC 1-4,
NIHII1-3, NPW1-4) on CDD Vault. Each dot represents one of the 2530 compounds screened for their total
remaining cell number (x-axis, nuclei count) and % VHL(-) cells (y-axis, GFP count). The dot color
represents the Z-score of % VHL(+) cells measured by RFP. Initial hits were defined by “total cell number
between 600 &1200” & “%green between 25% and 50%” (bottom, black square). 33 compounds satisfying
these criteria were identified as initial hits. Other categories that might be interesting in future research are
also highlighted but will not be discussed further in this manuscript. Top (green) = VHL(+)-specific
toxicities, 14 compounds, “total cell number between 600 & 1200” & “%green more than 76.5%.” Left
(red) = non-specific toxicities, 82 compounds, “total cell number under 590” & “%green between 45% and
76%.” Right (blue) = non-specific growing, 71 compounds, “total cell number over 1320” & “%green
between 50% and 76%.” The top (green) groups include VHL (+) specific toxicity, as well as the “dots”
group, including sunitinib, which later turned out to be auto-fluorescent. (B) Representative images of the
ideal and ok hits. A few characteristics of each are denoted in the figure. (C) 7 out of the 9 hits that were
confirmed by eyes and moved onto hit picks are shown. The other two (fluvastatin and simvastatin) are
shown in Fig. 3.1C and D. (D) 20-step dose-titration and MTS results are shown for the two compounds
(tolazoline and cladribine) that failed at the final validation stage. (E) Summary of the HTS analysis. Out
of the 2,530 FDA-approved compounds, 33 were determined hits by CDD Vault, 9 by eyes, 7 by hit picks
(talampicillin and olopatadine failed), and 4 by dosage titration (tolazoline and cladribine failed, whereas
thimerosal was not available from the vendor for bigger vials). All 4 final hits were statins. (F) STITCH
analysis of the 9 hits confirmed by eyes and shown in panel C. STITCH is a database of known and predicted
interactions between chemicals and proteins. The interactions include direct (physical) and indirect
(functional) associations stemming from computational prediction, knowledge transfer between organisms,

and interactions aggregated from other primary databases (http:/stitch.embl.de). Statins and related

pathways are highlighted in green. Non-statin hits that didn’t fail at the next step are circled, showing
stronger connections to statins than those that failed at hit-picks (talampicillin and olopatadine). (G) 20-

step dose titration of statins on VHL(+) cells. (H) Cell survival assays by MTS at 24h.
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Suppl. Fig. S4 Optimization and validation of MOA of statins’ cytotoxicity. (A) Simvastatin sensitivity
was measured by MTS for the VHL(-)HMGCR(-) line with or without 100uM doxycycline treatment and
compared to VHL(-) and VHL(+) cells. (B, C) The total cholesterol level was measured upon treatment
with different statins. Total cholesterol was normalized to 10° cells and plotted along with the cell numbers
for reference. (D) MTS measured squalene toxicity to determine the amount to be used in the rescue
experiments. (E) VHL (-) cell survival was measured with MTS upon different combinations of co-
treatment of 0.2uM fluvastatin, 2.5uM atorvastatin, and 5uM rosuvastatin. (F) Cell survival assays with

MTS upon co-treatment of dipyridamole and different statins in VHL(+) and VHL(-) cells.
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Suppl. Fig. S5 Additional TNBC/NEPC data and preliminary results on the relationship between HMGCR
and hypoxia. (A) Cell survival assays were assessed with MTS for two additional breast cancer lines: 1
TNBC and 1 non-TNBC. (B) Cell survival assays were assessed with MTS in one additional CRPC line.
(C) Morphology of the breast cancer lines used in this study. All were taken with 20x magnification. Top:
TNBC (MDA-MB-231, MDA-MB-468, HCC1806, BT549, HCC1395). Bottom: non-TNBC (MCF-7, ZR
75-1, CAMA-1, BT474). BT474’s MTS data is excluded because more optimization is needed to

accommodate its slow growth. (D) Western blot of basal HMGCR expression in four breast cancer lines.
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(E, F) Western blot and gPCR of HMGCR expression in breast cancer and RCC lines under normoxia (basal
expression) and various lengths of hypoxia (1h, 5h, 24h) or 0.7uM statin treatment (RCC only). GAPDH

was used for gPCR normalization. Protein expression is depicted relative to B-actin as a positive control.
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Suppl. Fig. S6 GSEA analyses with Reactome gene sets. (A) The summary table of GSEA results for four
comparisons to find common pathways upregulated in the statin-sensitive lines. Genes that showed up

multiple times are in blue. (B) Same as above, except for looking for downregulated pathways and genes.
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Suppl. Fig. S7 Additional cytotoxicity data of fluvastatin derivatives and enantiomers. (A) Cell survival
was measured with MTS to assess the cytotoxicity of the eight fluvastatin derivatives in VHL(+) and
VHL(-) cells. The boxes show the compounds with any toxicity. (B) Chemical structures of fluvastatin
enantiomers (3R, 5S) and (3S, SR) are shown. Of those, (3R, 5S)-fluvastatin was tested for its cytotoxicity

against VHL(+) and VHL(-) cells by MTS at 48h and compared to racemic fluvastatin.
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Suppl. Table: The HTS had dozens of compounds targeting the mevalonate pathway. Their name, target,

plate & well info, and the resulting well pictures are summarized below. Green indicates potential hits.

Well Picture Toxicity

Alendronate

sodium FPP NPW-2 P04
Ibandronate
sodium FPP synthetase NPW-3 G19
Ibandronate
sodium FPP synthetase LOPAC-4 MO8

Zoledronic acid
monohydrate FPP synthetase LOPAC-3 (C12

Atorvastatin HMG-CoA reductase NPW-4 LO5

Atorvastatin HMG-CoAreductase LOPAC-1 009

Lesinopril(?) HMG-CoAreductase NPW-1 NO04

Pravastatin HMG-CoA reductase NPW-4 P11
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Chapter 5.  Conclusion and Future Prospects

A lucid unmet need in the clinic is the lack of an effective treatment for metastatic ccRCC, primarily
due to a poor understanding of the mechanism of metastasis and a lack of suitable animal models. Recently,
our lab published a groundbreaking work characterizing a novel, VHL heterogeneity-mediated cooperative
metastasis, where VHL(-) cancer cells are the metastatic driver and induce aggressive transformation of the
VHL(+) counterparts [1]. Based on this work, this dissertation aimed to 1) establish a sustainable in vivo
model alternative to the mouse orthotopic implantation model and 2) develop a novel small-molecule
inhibitor of metastasis by targeting the metastatic driver, VHL(-) cancer cells.

For the first aim, Chapter 2 showed the usefulness of the CAM model in further verifying the novel
concept of cooperative metastasis in clinical cases. We have achieved a critical objective in establishing
CAM PDXs, maintaining the heterogeneity and architecture observed in patient tumors. Some preliminary
results show promises in PET/CT imaging, PDX propagation in CAM, and incorporation of autologous
immune cells to build even more clinically relevant models (Fig. 2.7). If successful, these humanized CAM
PDXs can serve as renewable sources of tumor specimen and as an extremely valuable resource to test and
personalize therapeutic strategy for ccRCC patients in the.

Chapter 3 continued to show the usefulness of CAM as a tumor model applicable to pan-tissue
urological cancers. Though not included here, CAM was able to establish ovarian cancers from mouse and
human origins as well [2]. An extremely interesting path to follow would be whether cooperative metastasis
occurs in other tumor types. For that, CAM assays using the mixed population of LnCaP and LnCaP-trop2
are being conducted and will answer the question fairly soon. Exosomes were also shown to be an integral
part of pro-metastatic intratumoral communication (Fig. 3.3). CAM helped us quickly test the hypothesis
that exosomes derived from VHL(-) were enough to promote metastasis of VHL(+), even when VHL(-)
cells were not present (Fig. 3.4). These findings about exosomes are all useful to deepen our understanding

about cooperative metastasis and expand novel therapeutic avenues.
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For the second aim (small-molecule inhibitor of metastasis), Chapter 4 illustrated many preliminary
yet interesting data about statins’ specific cytotoxicity against VHL(-). Fluvastatin and other effective
statins were suggested to bind to a novel target that still works through the GGPP arm of the mevalonate
pathway. RAS may be the key (Suppl. Table), so the geranylation of RAS in VHL(-) and VHL(+) cells
with or without statin treatment would be interesting to check. MOA determination was originally planned
with high-throughput cDNA library screening, which can efficiently and comprehensively accelerate the
determination process. However, VHL(-) cells were unsuitable for transfection with extremely low
efficiency (Fig. SA). This caused extra labor and time to create new cell lines from human kidney cancer
cell lines. #18 patient line had a little better transfection efficiency, but it was still low at 3%, far below
sufficient for the cDNA screening requiring at least 60% (Fig. 5B, C). We are currently investigating ways
to improve the transfection efficiency, but meanwhile, we took a low throughput but more targeted approach.

Though out of the scope of this dissertation, the HTS revealed compounds with interesting
characteristics other than green-killing, such as red-killing, yellow dots, general toxicity, and general
growth (Suppl. Fig. S3A). STITCH analyses of these compounds may suggest important pathways to follow
up (Fig. 5D). In addition to the FDA-approved drug library of 2,530 compounds, HTS was also run on a
much bigger library of 185,571 compounds, including lead-like and unique UCLA libraries. Data has not
been mined yet, except for the NKIL (kinase) libraries, due to the data size and a lack of a comprehensive
image analysis scheme (Fig. SE). Optimization of image analysis will take place soon to utilize the unused
screening results.

One thing to highlight from both aims is that our approach can be applied to multiple cancer types.
As our colleagues recently suggested, tumors develop from normal cells to early-, transitional-, and
eventually late-stage along a shared lineage trajectory, termed transdifferentiation [3—5]. Fluvastatin,
simvastatin, and pitavastatin work on VHL(-) RCC, TNBC, and NEPC, all highly aggressive and difficult
to treat tumors. Therefore, finding a common, targetable vulnerability of these tumors through the MOA
study will have an even bigger impact and imply the possibility of a metastasis inhibitor effective across

different aggressive tumor types.
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Fig. 5 Future directions. (A-C) Transfection efficiency was tested using luciferase assay (A), flow
cytometry (B), and fluorescent microscope (C). (D-E) STITCH pathway analysis and representative images
of VHL(+)-specific inhibitors from the repurposing libraries (D) and VHL(-)/VHL(+) inhibitors from NKIL

libraries included in the expanded screening (E).
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