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The Opposing Effects of HDL Metabolism

on Prostate Cancer

Abstract

by

CYNTHIA ALICIA TRAUGHBER
Objective — Prostate cancer is the second leading cause of cancer-related deaths
among men in the US. Although some reports show high concentrations of HDL-
cholesterol increase risk for prostate cancer, this association has not been consistent.
High density lipoprotein (HDL) metabolism, is facilitated largely by scavenger receptor
class B, type 1 (SR-B1) that mediates its uptake into cells, and ABCA1 that mediates its
generation. SR-B1 is upregulated in prostate cancer tissue, whereas some evidence
suggests that ABCAL is downregulated in the disease. Our efforts were to determine if
SR-B1-dependent HDL uptake and/or HDL biogenesis by ABCAL export of lipids to
apoAl promotes prostate cancer cell proliferation and disease progression.
Hypothesis — HDL uptake by SR-B1 drives prostate cancer proliferation and disease
progression, whereas ABCA1 mediated lipid efflux decreases prostate cancer
proliferation and disease progression (Fig. Abstract)
Methods and Results — Here, we report that knockout (KO) of SR-B1 via CRISPR/Cas9
editing led to reduced HDL uptake into prostate cancer cells, and reduced their
proliferation in response to HDL. In vivo studies using syngeneic SR-B1 wildtype (SR-
B1**) and SR-B1 KO (SR-B17) prostate cancer cells in WT and apolipoprotein-Al KO
(apoA1-KO) C57BL/6J mice showed that WT hosts, containing higher levels of total and

HDL-cholesterol, grew larger tumors than apoA1-KO hosts with lower levels of total and



HDL-cholesterol. Furthermore, SR-B1” prostate cancer cells formed smaller tumors in WT
hosts, than SR-B1** cells in same host model. Tumor volume data was overall consisten
survival data.

Conclusion — The results suggest that HDL through tumoral SR-B1 significantly
influences the proliferation of prostate cancer cells and is a driver of the disease. Further
investigation is needed to conclusively determine how HDL metabolism by ABCAl

influences prostate cancer cells and its impact on disease progression.
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Figure Abstract. SR-B1 uptake of HDL provides lipids to support cell growth and tumor progression,
whereas ABCA1 export of lipids onto apoA1, generating HDL, will blunt processes that drive prostate
cancer cell growth and tumor progression



CHAPTER |

Introduction

1.1 Prostate Cancer

The prostate is the walnut sized organ that sits below the bladder to produce semen
that nourishes and protects sperm (1). Prostate cancer has been described as overgrowth
of epithelial cells (2). Prostate cancer is the most commonly diagnosed cancer and second
leading cause of cancer-related death among men in the US. In 2018 nearly 1.3 million
new cases of prostate cancer were reported worldwide, with and estimated ~192,000 new
cases and ~33,000 deaths in the US in 2020. Additionally it is estimated that 1 in 9 men
will develop prostate cancer in their lifetime.(3).

There are several risk factors for prostate cancer including age, ethnicity (4), family
history (5,6), and environmental factors such as diet (7-9). Lifetime risk of men developing
prostate cancer is 11.6%, whereas the median age of prostate cancer patients is 66, with
the age of death at 80 years of age. These ages are 63 and 76, respectively for the black
population, which is disproportionately affected by this disease. Here, prostate cancer risk,
incidence, and death are higher in African-American populations as opposed to other
ethnicities as seen in Table 1.1 (3,4,7,10).

Environmental factors have also been implicated in development of this disease. For
example, incidences of prostate cancer were shown to be more than 4-fold higher in
Japanese migrants in the Western world as opposed to those living in Japan (7,8).
Mortality rates for prostate cancer are 3-fold higher in the US, where there is up to 17
times more total fat consumption than in Asian countries (9). In addition to environment

factors several studies have confirmed that genetics play a major role in risk for the



disease. Studies in a Chinese population showed that a family history of prostate cancer
increased prostate cancer risk for those patients by 2.1-fold (5). These findings have

been recapitulated in a diverse ethnic cohorts (96-97% Caucasian; 3-4% African
American, Asian, and other race) in which men with a family history of prostate cancer
had 68% increased risk for the disease and a 72% increased risk for a lethal form of the

disease compared to groups that lacked a family history of prostate cancer (6).

PROSTATE CANCER STATISTICS

Ethnicity ALL | WHITE | BLACK | ASIAN [ HISPANIC
years of age
Median Age Diagnosis 66 66 64 NA NA
Median Age Death 80 80 76 NA NA
%

Lifetime Risk Diagnosis| 11.6 10.82 15.78 7.37 10.82
Lifetime Risk Dying 2.44 2.29 3.94 2.18 2.76
Risk of dying | Age % % % % %

40 2.57 24 4.25 2.23 2.87

50 2.65 2.48 4.44 2.26 2.93

60 2.79 2.62 4.8 2.32 3.05

70 2.95 2.77 5.27 2.39 3.18

80 3.03 2.86 5.59 2.46 3.19

incidence / 100,000 persons
Incidence 109.5 101.9 176.7 55.6 93.4
rate / 100,000 persons
Death Rate 7.8 7.4 14.3 35 6.4

Table 1.1 Prostate Cancer Statistics from NCI Surveillance, Epidemiology, and End Results (SEERS)
Program. Median ages at diagnosis and death (2012-2016), lifetime risk for prostate cancer diagnosis and
dying from prostate cancer (2014-2016), prostate cancer incidences (2012-2016), and prostate cancer death
rates (2012-2016) for All, White, Black, Asian, and Hispanic ethnicities. NA; not available

Prostate cancer is a disease typically driven by male hormones known as androgens
(2,11); however male development is dependent upon them. Testosterone (T) and
dihydrotestosterone (DHT) are the main androgens that activate the androgen receptor
(AR) needed for the development external male genitalia. The hypothalamus, pituitary,
adrenals, and testes are the major organs that are involved in androgen production (12).

In brief, the hypothalamus releases gonadotropin releasing hormone (GnRH) that
6



stimulates the pituitary to produce luteinizing hormone (LH), that prompt leydig cells of the
testes to produce the majority of testosterone needed to support the male reproductive
system and define male characteristics (13). A minor pathway for testosterone production
is by the hypothalamic-pituitary-adrenal axis. Here, the hypothalamus secretes
corticotropin-releasing hormone (CRH), which stimulates the pituitary to secrete
adrenocorticotropic hormone (ACTH) that then prompts the adrenals to produce
dehydroepiandrosterone (DHEA). DHEA can be converted to testosterone. This
testosterone can be converted to a more active form, DHT, by the enzyme 5-a-reductase.

Some of the earliest studies investigating prostate cancer and hormone were
performed by Huggins and Hodges. They demonstrated that serum levels of acid and
alkaline phosphatases were increased in men with prostate cancer. They additionally
demonstrated that castration ultimately reduced these levels of serum phosphatase (11),
and that castration also lead to regression of prostate cancer size in most of their subjects,
demonstrating for the first time that, androgens play a role in the disease (2). As seen in
the Huggins and Hodges study, prostate cancer usually responds to androgen deprivation
therapies such as castration, however some prostate cancers become resistant. Notable
mutations that promote resistance to therapies include, mutations and amplification of the
androgen receptor (AR) as well as PTEN mutations or deletions (14).

Androgen signaling is facilitated by the androgen receptor (AR), which has a higher
affinity for DHT than testosterone (15). When the AR is not binding its ligands, it is
sequestered in the cytoplasm by heat-shock proteins to prevent translocation to nucleus.
Binding of DHT or testosterone facilitates translocation to the nucleus and promote
proliferation (16). Some studies have shown that 25-51% of prostate cancer patients have
amplification of the AR, or patients have increased copy number of the AR gene and
increased expression of AR (17,18). In the cancer genome atlas (TCGA), of the 1,738

7



samples that have some form of AR alteration, 32% have amplification of the AR (19). In
spite of androgen deprivation therapies (ADT), which seek to lower androgens that
activate AR, it is known that serum and tissue hormones, like DHT are reduced, yet not
depleted (20). It is plausible that this residual androgen pool activates amplified AR to
drive the disease (14).

PTEN, the phosphatase and tensin homolog, is a phosphatase that remove the 3’
phosphate from phosphatidylinositol  3,4,5-trisphophate  (PIP3) to generate
phosphatidylinositol 4,5-bisphophosphate (PIP2). PIP2 is a phospholipid primarily
sequestered on the inner leaflet of the plasma membrane, where it can be converted to
PIP3 with subsequent recruitment and activation of AKT (21). PTEN mutations are
common in several human cancers including, but not limited to prostate cancer, breast
cancer, endometrial cancer (22). Loss of PTEN, leaves the PI3-kinase unchecked
(converting PIP2 to PIP3), resulting in accumulation of PIP3 and subsequent activation of
AKT driving processes such as cell proliferation, angiogenesis, and reduced apoptosis
(14,23). Knockout of Pten in mice results in upregulated Akt activation and metastatic
prostate cancer (24). Furthermore, In the transgenic adenocarcinoma of the mouse
prostate (TRAMP) mouse model, heterozygous and homozygous deletions of Pten results
in an increased rate of disease progression and reduced survival compared to Pten WT
TRAMP mice (25). In TCGA, of the 1,107 prostate cancer samples that have an alteration
in PTEN, 72% of the alterations were due to PTEN deletion (19). Another study showed
that 43% of the patients had PTEN loss (17) a meta-analysis of patients with prostate
cancer showed that patients with PTEN deletion has a higher risk for relapse after having
a radical prostatectomy (26).

Depending on ethnicity and family history, the earliest an individual should be tested
for prostate cancer is at age 40 (8,27). Prostate cancer greatly impacts the genitourinary
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and musculoskeletal systems with common issues such as erectile dysfunction, urination
dysfunction, as well as pain or stiffness in lower back and legs (28). Initial examination of
the prostate for cancer is performed by digital rectal exam (DRE) or trans-rectal ultrasound
(TRUS). Though Huggins et al. made initial breakthroughs in controlling androgens as a
form of countering prostate cancer progression, it was speculated that this form of
androgen deprivation may not be sustainable for decreasing disease burden (2). In
connection with their prior study with serum phosphatase, it was also shown that though
upon initial lowering of the phosphatases, at some time the serum phosphatases would
become elevated in spite of the castration (11). Since the serum phosphatase study in
which these phosphatases served as biomarkers of prostate cancer, better biomarkers
have been identified, such as prostate specific antigen (PSA) became a more reliable
biomarker based on patient status post radical prostatectomy (29).

Normal levels of PSA are considered to be less than 4 ng/ml blood, whereas
individuals with levels greater than the accepted standard are recommended to have
prostate biopsy performed (30). PSA levels have been correlated to prostate cancer onset
(31), however, other underlying conditions such as benign prostate hyperplasia and
prostatitis also promote elevated levels of PSA (27). Over screening with PSA tests
increases over diagnosis of prostate cancer by as much as 50%, with increasing lifetime
risk for the disease from 6.4% to 10.6% (32). Alternative approaches for screening and
treatment plans are thus recommended because it has been shown that most men
diagnosed with prostate cancer, will not die from the disease. More specifically, if an
individual has a Gleason 2-4 grade tumor, the chance of death as a result of prostate
cancer is 4-7% in within a 15 years of diagnosis (33).

Prostate cancer is characterized by its location and pathological grade. There are four
main stages of prostate cancer; T1 to T4. Stages T1 and T2 are stages in which the cancer

9



is localized only to the prostate, whereas in stage T3, the cancer has spread just outside
of the prostate, up to the seminal vesicles. Lastly, stage T4 indicates that prostate cancer
has metastasized to other organs (34). With respect to prostate cancer grade, there are
Gleason patterns 1 to 5, in which 1 denotes a least aggressive form in which cells are well
differentiated, whereas pattern 5 indicates a more aggressive cancer, corresponding to
cells being poorly differentiated. Two Gleason patterns are assigned to the tumor which
make up the Gleason score (2-10), an indicator of how advanced the tumor is (34,35).
There are several approaches to treating prostate cancer. Factors such as patient age,
prostate cancer stage, and risk for progression play important roles in the course of
treatment. Options include active surveillance (watchful waiting), prostatectomy, chemical

castration, chemo- and radiation therapy (30).
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.2 Cholesterol Regulation

The backbone of all steroid hormones, like testosterone and DHT, is cholesterol (36).
It is also the precursor to oxysterols, bile acids, and vitamin D (37). Cholesterol has four
hydrocarbon rings in which a hydroxyl group is linked to the third carbon in the ring
structures and an additional carbon chain is connected to 17" carbon of its ringed
structure. It is an essential lipid that plays a roles in many aspects of the cells including
membrane fluidity, signaling transduction, and membrane trafficking (36).

It is estimated that 20-25% of the lipid fraction in the plasma membrane is cholesterol,
in which lipids such as phospholipids, sphingolipids, and glycolipids make up the
remaining fraction (36,38). The term lipid rafts is designated to a clustering of cholesterol
and these lipids that function to support protein induced cell signaling kinases. Among
these include a host of receptor tyrosine kinases as well as g-protein coupled receptor
kinases, in which cholesterol depletion or supplementation can modulate their activation
(39). Therefore the cell must have a tightly regulated process for cholesterol sensing,
synthesis, and regulation.

Cholesterol can be synthesized by cells or it can be acquired by dietary intake. The
mevalonate pathway is responsible for producing cellular cholesterol and other sterols
from acetyl-CoA. This process primarily takes place in the endoplasmic reticulum (ER) in
which the rate-limiting enzyme of this pathway is hydroxymethylglutaryl CoA reductase
(HMGCR). HMGCR is the target of cholesterol lowering drugs known as statins (40,41).
HMGCR is an ER membrane protein that is transcriptionally controlled by sterol regulatory
element-binding protein 2 (SREBP2) (42). During times when cells do not need to
generate cholesterol, SREBP2 remains complexed to the SREBP cleavage activating
protein (Scap) and INSIG1/2 proteins in the ER. Scap and INSIG proteins are sterol

sensing proteins in which cholesterol and 25-hydroxycholesterol are sensed, respectively.
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When cholesterol levels are low, the Scap-SREBP2 complex dissociates from INSIG1/2
and is transported to the golgi by COPII vesicles (36,43,44). Subsequently, S1P and S2P
proteins cleave SREBP, in which its helix-loop-helix domain travels to the nucleus where
it acts a transcription factor to upregulate cholesterol synthesizing genes such as HMGCR
(36,43). Synthesized cholesterol and sterols are subsequently distributed through the cell
to the plasma membrane, endosomes, ER, or stored in lipid droplets (36).

When cellular cholesterol levels are elevated the cell must remove or store the excess
cholesterol. The liver x receptors (LXR) and retinoid x receptors (RXR) can act as
transcription factors to upregulation several proteins that aid in cholesterol removal and
storage. Among these includes a group of proteins known as the ATP-binding cassette
(ABC) transporters (45,46). ABCALl and ABCG1 are heavily involved in cholesterol and
phospholipid efflux from cell to high-density lipoprotein (HDL) (46). During this process
lipid-poor apolipoprotein-Al (apoAl) accepts cholesterol and phospholipids effluxed by
ABCA1 generating nascent HDL particles. Maturation of the HDL is dependent upon
further cellular cholesterol efflux mediated by ABCG1 and upon esterification of
cholesterol by the enzyme lethicin:cholesterol acyltransferase (LCAT) that produces the
hydrophobic core and spherical form of HDL (47). Within cells, the enzyme known as acyl
CoA cholesterol acyltransferase (ACAT), aids in esterifying cholesterol so that it may be
stored inside cells as harmless lipid droplets when there is excess cholesterol. This stored
cholesterol ester (CE) can be hydrolyzed by cholesterol ester hydrolases (CEH) or
lysosomal acid lipases to convert cellular CE back into free cholesterol that can be
distributed through the cells or effluxed from cells through the ABC transporters (36,47).
Alternative to cellular biogenesis of cholesterol, cholesterol can be acquired from
lipoproteins such as low-density lipoprotein (LDL) and high-density lipoprotein (HDL).
Lipoproteins are characterized by their major protein components (apolipoprotein(s)), the

12



type of lipid(s) they carry, and the density of their particle as a whole. The types of
lipoproteins that exist, ranging from the least to most dense, include: chylomicrons, very
low-density lipoprotein (VLDL), low-density lipoprotein (LDL), and high-density lipoprotein
(HDL) (48). Due to being water-insoluble, cholesterol can only circulate through the body
in the form of lipoproteins. Cell acquisition of LDL cholesterol, involves the LDL particle
being endocytosed by cells. Subsequently the particle is taken through a series of
endocytic compartments in where its receptor (LDLR) is recycled or degraded, and then
the cholesterol is hydrolyzed so that proteins (Neimann-Pick 1 and Neimann-Pick2) can
move the cholesterol out of endosomes so that it can be distributed throughout or exported
from the cell (36).

Similar to LDL uptake, there is holo-particle uptake of HDL by pinocytosis(49) and through
SR-Bl-mediated endocytosis (50). Additionally, HDL lipids can be delivered to cells
independent of whole these processes by using selective cholesterol uptake (51,52).
Here, SR-B1 facilitates uptake of HDL without internalization of the whole particle, but
through uptake of its lipids including free cholesterol (53-57), cholesterol ester (51,52,55),
and phospholipids (58,59).

1.3 High-density Lipoprotein (HDL)

HDL is the smallest and densest lipoprotein, ranging from 5-12 nm in size and
densities from 1.063 to 1.21 g/ml. Although apolipoprotein-Al (apoAl) is the largest
protein component of HDL, apolipoproteins A2, C, and E (apoA2, apoC, and apoE) are
also associated with HDL in smaller quantities(48). ApoAl is synthesized by the liver and
the intestine(60), in its lipid-poor form where it can travel through the blood to peripheral
tissues to generate HDL and facilitate reverse cholesterol transport (RCT). In this process
apoAl interact with ABCA1 on peripheral cells to extract cholesterol and phospholipids.

These nascent HDL particles can then move back into circulation in which the cholesterol
13



can become esterified through the enzyme Lecithin cholesterol acyltransferase (LCAT),
which helps the HDL mature and further be lipidated by ABCG1. While HDL is in circulation
it can transport some of its cholesterol ester to other lipoproteins such as VLDL and LDL,
through the cholesterol ester transfer protein (CETP). HDL, via its receptor SR-B1, and
LDL/VLD, via LDLR and related receptors, can then deliver their cholesterol and lipids to
the liver where the cholesterol can be processed and secreted into the bile via ABCG5
and ABCGS8, and subsequently transported to the small intestine where it is ultimately
removed from the body in through fecal matter(61).

HDL-cholesterol levels differ between men and women. Epidemiologic studies of men
and women from ages 45-54 across multiple countries consistently revealed that women
have higher levels of HDL-cholesterol compared to men(62). This difference is close to 10
mg/dL (63), and is thought to be due to changes in hormone levels. It has been
demonstrated that prior to puberty females and males have similar levels of HDL. However
at puberty female HDL levels do not change, but males HDL levels drop and are lower
than female HDL levels (64). It has been reported that as males advance towards puberty
that not only do HDL levels decrease, but testosterone levels increase. With males that
had delayed puberty, testosterone injections were given that also led to lower HDL and
apoAl levels (65). Thus, it is androgens that regulates HDL physiologically, not estrogens.

Cholesterol has been a topic for interest in prostate cancer for several years. Many
studies have been performed to assess the cholesterol and risk for prostate cancer,
showing that total cholesterol is positively associated with increased risk for prostate
cancer (66-69). Thus the idea of lowering cholesterol to reduce risk is plausible. Therefore
statins, which lower cholesterol by inhibiting the mevalonate pathway and subsequent
upregulation of hepatic LDLR, have been studied to evaluate influence in prostate cancer.
A number of studies showed that statin usage decreased risk for prostate cancer (70-78).
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However, there were a similar number of studies that conclude that statin use is not
associated with risk for prostate cancer (79-86).

To examine HDL effects on prostate cancer, nearly 5,000 men were analyzed from
the REDUCE Trial that were select by excluding individuals with missing baseline
cholesterol levels or having used statins. Comparing baseline HDL levels to 2-year post
treatment (placebo vs. dutasteride). It was shown that increased HDL, regardless of
treatment, tracked with overall prostate cancer as well as with advanced prostate cancer
(66). A similar study was performed with roughly half as many subjects as in the previous
study, and without the use of dutasteride. This study confirmed increased HDL was
associated with increased risk for low-grade prostate cancer (87). In contrast to these
studies, the AMORIS study found that low HDL was associated with increased risk for the
disease. However, some patients had used statins, and the study could not discriminate
between high- or low-grad prostate cancer with respect to HDL and prostate cancer risk.
Additionally, in the REDUCE trial, men enrolled were greater than 50 years of age,
whereas in the AMORIS study, individuals younger than 20 were also included and the
study did not control for individuals who previously used statins (88). Some studies
showed that higher HDL levels were associated with increased risk for prostate cancer
(66,69) while others suggested that lower levels of HDL or apoAl were associated with
increased risk for prostate cancer (67,68,88). Conflicts such as these has led to
assessments of HDL and prostate cancer risk across multiple studies. Yupeng, et al,
performed a meta-analysis on 14 studies looking at the relationship between total and/or
sub fractions of cholesterol and prostate cancer risk. Here, six studies combined showed
that HDL did not have a significant association with the risk of developing prostate cancer.
However, analysis of three studies that looked at prostate cancer progression revealed
that higher HDL was associated with 21% increased risk for progression to high-grade
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prostate cancer; but, this result failed to reach statistical significance, due in part to the
small sample size (89). In addition, factors such as statin use and duration of statin use
could possibly influence the inconsistencies between these studies.

Pre-clinical studies in mice have demonstrated that higher apoA1/HDL levels decrease
lung cancer and melanoma burden (90). However, in the TRAMP mouse model, that
spontaneously forms prostatic tumors, it was observed that a western type diet, which
increased HDL levels also correlated with more prostate tumors and metastasis. Though
total cholesterol levels were elevated in mice on western type diet, TRAMP mice vs non-
TRAMP mice had significantly lower total cholesterol on the western type diet (91). These
studies show conflicting roles of HDL levels on cancer. We have proposed that within
prostate cancer, alone, the discrepancies may be linked to HDL, but more specifically to
metabolism of HDL through scavenger receptor class B, type | (SR-B1) and ATP-binding

cassette transporter A1 (ABCA1).

.4  Scavenger Receptor class B type 1

The SCARBL1 gene encodes scavenger receptor class B, type 1 (SR-B1), which is a
509 amino acid, two transmembrane domain protein. The estimated molecular weight of
SR-B1 is 57 kilo Daltons (kDa), however, due to glycosylation, it is usually observed in
Western blot as roughly an 82 kDa protein (92,93). The majority of the protein structure
exists as an extracellular loop, whereas it's N- and C-terminal domains of 10 and 40
residues, respectively, are intracellular (94). SR-B1 binds HDL (51,95,96), however it is a
multi-ligand receptor and has been shown to bind other lipoproteins including LDL and its
modified forms (96,97) as well as VLDL (96). SR-B1 is expressed by several tissues

including the liver and steroidogenic tissues such as the adrenals, testes, and ovaries
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where it mediates cholesterol uptake, to promote cholesterol ester (CE) storage used for
steroid hormone synthesis (51,94,95,98).

SR-B1 expression is regulated pre- and post- transcriptionally by many hormones and
regulatory factors. Expression of SR-B1 has been shown to regulate protein kinases such
as ERK and PI3K/AKT. For example, SR-B1 expressing breast cancer cells have
increased activation of ERK and/or AKT when treated with HDL, whereas SR-Bl
knockdown attenuated the signaling (99). Additionally, SR-B1 has been implicated as anti-
atherogenic due to its ability to activate the endothelial nitric oxide synthase (eNOS) and
subsequent production of nitric oxide (NO) (100). ApoE KO mice that expressed SR-B1,
formed smaller aortic lesions compared to double ApoE/SR-B1 KO mice (101).

Hormonal regulation is highly similar in steroidogenic tissue. In adrenal cells, SR-B1
expression has been shown to be regulated steroidogenic factor 1 (SF-1) that binds to the
SR-B1 promoter to induce its transcription(102) as well as by the adrenocorticotropic
hormone (ACTH), naturally produced the pituitary gland, demonstrated in both human and
mice induces adrenal SR-B1 expression (98,103,104). ACTH is likely facilitated through
the activation and signaling of cAMP/protein kinase A transduction (103). In the rat liver,
activation of peroxisome proliferation-activation receptor gamma (PPARy) promoted
expression of SR-B1 due to binding of SR-B1 promoter (105). Furthermore, human and
mouse SR-B1 is inducible by oxysterol activated nuclear receptors such as liver x receptor
alpha LXRa, LXRf, and retinoic x receptor (RXR) (106).

Unlike the LXR and RXR, the nuclear receptors, DAX-1 (dosage-sensitive sex adrenal
hypoplasia congenital critical region on the X chromosome, gene-1) and pregnane X
receptor (PXR) are suppressors of SR-B1. DAX-1 negative regulates SR-B1 in mouse
adrenal cells and human hepatocytes by prevent SREBP from binding to response
elements on SR-B1 (107). PXR also effected promoter activity of SR-B1 in human and rat
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hepatocytes decreasing SR-B1 expression (108). In addition to transcriptional regulation
of SR-B1, microRNAs (miRs) suppress rat and human SR-B1 by binding to the 3’
untranslated regions (UTR) of SR-B1 (109,110). These studies demonstrated that miR-
96, miR-185, and miR-223 repressed SR-Bl leading to reduce HDL uptake by
hepatocytes (110). Additionally, miR125a and miR-455 reduced HDL uptake by rat and
mouse Leydig tumor cells (109), where it led to decreased steroidogenesis (109). Due to
the impact of SR-B1 expression on signal transduction, HDL uptake, and steroidogenesis
in cancer cells and steroidogenic tissues, it is not surprising to delve into how SR-B1
impacts prostate cancer. Recent studies have indicated that SR-B1 is upregulated in
prostate cancer tissue (111,112), which has also been seen in clear cell renal cell
carcinoma (113,114).

In prostate cancer, Schorghofer et al. showed that SR-B1 was elevated in high-grade
and metastatic prostate cancer compared to low-grade and localized prostate cancer.
Additionally, this upregulated SR-B1 correlated with decreases in disease free survival
compared to lower SR-Blexpressing tumors. LDLR expression was unchanged for these
same parameters and did not influence disease free survival (112). Similar finding were
found by Gordon et al. who showed that SR-B1 was upregulated in prostate cancer tissue
and more so in metastatic prostate cancer. Surprisingly, LDLR express was decreased in
their study (111). Upregulation of SR-B1 is not exclusive in prostate cancer but has been
demonstrated in clear cell renal cell carcinoma (115) and breast cancer (116). In addition
to decreasing disease free survival, additional consequences of upregulated SR-B1
include increased uptake of HDL, increase in testosterone and DHT synthesis (111),
reducing progression-free survival (114), and increasing cellular proliferation

(111,114,116).
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These functions of SR-B1 in the context of prostate are important because an earlier
study attributed that progression of this disease is heavily driven by accumulation of lipids
due to uptake of LDL via the LDLR (117). This lipid accumulation was also demonstrated
in breast cancer cells, which had upregulation of both SR-B1 and LDLR (116). Thus it is
plausible that the upregulated SR-B1 functions to drive or progress prostate cancer.

Studies have investigated the role of SR-B1 in prostate cancer progression by
using RNA interference or chemical inhibition of the receptor. In the Gordon study, RNA
interference or chemical inhibition of SR-B1 resulted in reduced HDL uptake and cell
growth, increased cell death, and reduced testosterone, DHT, and PSA secretion of C4-2
cells. Most of these finding were mirrored in the human PC3 prostate cancer cell line, in
which xenograft tumors grew slower in response to SR-B1 inhibition by BLT-1 (111).
Some of the effects were shown in an additional study in which SR-B1 was inhibited by
the drug ITX5061. Here SR-B1 reduced HDL uptake in prostate cancer cells. They further
demonstrated that resistance to androgen deprivation therapy was overcome by inhibiting
SR-B1. This resulted not only smaller tumors, but also in tumor regression, decreased
tumoral testosterone, and decreased metastasis of the disease (118).

.5 ATP-binding cassette, subfamily A, member 1 (ABCA1)

ABCAL1l is a 2,261 amino acid protein that has twelve transmembrane domains. It has
a major role in efflux cholesterol from cells to apoAl to generate nascent HDL particles.
ABCAL has been demonstrated to transport not only cholesterol out of the cell, but other
primary roles include transport of phospholipids such as phosphatidylserine,
phosphatidylcholine, phosphatidylethanolamine, and sphingomyelin, across the lipid
bilayer (47). More recently, ABCAl1 was identified as a phosphatidylinositol 4,5-

bishphophate (PIP2) transporter, in which assists in apoAl binding to cells to facilitate
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cholesterol efflux. The transport of PIP2 has also been demonstrated to be carried on HDL
in circulation and has the capacity to be delivered to cells via SR-B1 (58).

Similar to SR-B1, ABCAL is also regulated by LXR activation by compound T0901317
and hydroxycholesterols in both macrophages and prostate cancer cell lines (119,120).
Studies have confirmed the significance of this pathway in not only cellular proliferation
but tumor progression as well. For example, Dufour et al, demonstrated that the prostate
epithelial cells from Lxr-deleted mice have increased cellular proliferation compared to WT
prostate epithelial cells (121). With respect to tumor progression, mice treated T0901317
had delayed LNCaP prostate cancer cell tumor progression over non-treated wildtype
mice after castration (122). This is interesting because in another xenograft model, these
castration resistant prostate cancer cells not only had an increase in ABCAL, but also
increased SR-B1 expression. This event corresponded with increased tumoral cholesterol
and DHT synthesis, suggesting a profound role in balancing cholesterol (HDL) in this
disease (123).

In contrast to SR-B1, ABCAL is suppressed by androgens (124) as well as by statins
(125) and by hypermethylation of its promoter (126). Lee et al demonstrated that ABCAL
is decreased, as prostate cancer advances. Furthermore, suppression was linked to
hypermethylation showing that LNCaP prostate cancer cells were not expressing ABCA1
as in DU145 cells. Upon using a demethylating agent (5-aza-2’-deoxycytidine) and
T0901317, LNCaP cells expressed ABCA1. ABCAL induction in both cell lines promoted
cholesterol efflux to apoAl and HDL. In addition, induced ABCAL expression also resulted
in decrease in total cellular cholesterol levels in both lines (126). The ability of DU145,
LNCaP, and even PC3 prostate cancer cell to promote an increase in cholesterol efflux
was recapitulated by Sekine et al. However, treatment with HDL in the cells promoted
increase in cell numbers, but did not ultimately impact cellular cholesterol levels.
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Interestingly, HDL mediated impacts on cell number were not due to SR-B1 expression
as determined by knockdown. However, knockdown of ABCA1 reduced proliferation as
well as ERK and Akt signaling in PC3 cells. Overexpression of ABCAL however, induced
the processes in LNCaP cells (125).

Taking into account work on correlative studies on HDL and prostate cancer risk as
well as differential regulation of HDL receptors SR-B1 and ABCAL, we decided to
investigate the roles of HDL and its receptor, SR-B1, in prostate cancer proliferation and
disease progression. Here we will take advantage of the widely used human DU145
prostate cancer cell line and the mouse TRAMP-C2 cell line as wells as WT and apoAl
KO mice with significant difference in HDL levels to address the hypothesis that SR-B1

mediated HDL uptake drives prostate cancer proliferation.
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CHAPTER Il

CRISPR/Cas9

1.1 Genome Editing

Over the past several decades, attempts to understand how genetic alterations
influence disease has been of interest. Techniques have been developed to challenge
multiple aspects of the central dogma of biology in order to understand more about
genomes and the consequences thereof. Since the early 2000s, attention has been
focused on nucleases to aid in genome editing (127). Included in this group are zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), and clustered
regulatory interspaced short palindromic repeats (CRISPR)/Cas9 nuclease. The most
basic function of each of these systems is inducing breaks at a specified sequence in
genomic DNA and relying on cellular machinery to repair the break, known as non-
homologous end joining (NHEJ) or donating exogenous genetic material in a process
known as homology directed repair (HDR), ultimately leading to alteration in a targeted
gene.

Zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases
(TALENS) both operate by the proteins binding to a specific sequence in the genome and
using a fusion to a bacterial type Il restriction enzyme, fok1, that must dimerize to induce
double strand DNA breaks in a DNA-sequence-independent manner (128,129). ZNFs and
TALENSs both have a DNA binding element; however, the major difference between their
mechanisms is that the DNA binding domain must recognize 3 base pairs (bp) at time,
whereas in the TALENs system, one TALE specifically binds to only 1 bp (Figure 2.1).

Multiple ZFN proteins or TALEs can be combined to increase specificity of the editing
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system. The advantages of using ZFNs and TALENSs is that they are able to target multiple
genes in many widely used model organisms. However, their benefits do not outweigh
those of the CRISPR/Cas9 system due to being less efficient, less specific, more

expensive, harder to engineer, and extended time to edit (128,129).
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Figure 2.1 DNA Binding and Editing Strategy by ZFNs and TALENs. ZFN and TALEN proteins contain
DNA binding domains that recognize specific base pair(s). One ZFN protein recognizes 3 base pairs. Up to 6
zinc-finger proteins can be combined with the fokl nuclease to create a ZFNs system. TALEs (transcription
activator-like effectors) recognizes only one base pair. As many as 20 TALEs can be combined with fok1 to
create a TALENs system. Fokl nuclease in each system must homodimerize to induce double-strand DNA
breaks. Repairs can be made by NHEJ or HDR.

The clustered regulated interspaced palindromic repeats (CRISPR) / CRISPR
associated (Cas) 9 protein has been widely used as a research tool since 2013 (130). The
CRISPR/Cas system was first identified as a natural process that occurs in bacteria as an
adaptive host-defense immune mechanism to remove viral (phage) DNA that had
integrated into their genome (131). CRISPRs were first identified just over 30 years ago
in the iap gene in E. coli (132). These short interspaced fragments of DNA (protospacers)
between the palindromic repeat is DNA that has been acquired from viral infection and are
subsequently used to counter further infection. Palindromic sequences are DNA or RNA
that reads identically in both 5-3’ (forward sense) and 3’-5’ (reverse sense) directions.
There are CRISPR associated (Cas) proteins that are involved in this editing system.

CRISPR/Cas systems have been categorized into as many as 6 systems, with 3 systems
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that are widely studied (133-135). Categorization of CRISPR/Cas systems are defined by
their target molecules (DNA, RNA, both), the processing of their CRISPR RNA (crRNA),
transcripts derived from viral DNA incorporated into bacterial DNA protospacer regions,
and how many and which Cas proteins are needed to facilitate the editing. Within each
system exists one of two classes of Cas proteins. These Cas proteins function as
integrases, RNA processors, or excisors. In Class I, Cas protein types |, lll, and IV must
multiplex with other Cas proteins to carry out editing, whereas Class Il Cas proteins (types
I, V, VI), only need 1 Cas protein to facilitate the “effector” function of the CRISPR/Cas
System(133). Most CRISPR/Cas systems function in the same way. There are two classes
of CRISPR associated (Cas) proteins that are involved processing viral DNA to develop
this immunity. Upon viral introduction into the bacterial cells, Cas proteins will scan the
viral DNA for a nucleotide sequence (2-5bp) adjacent to the protospacer (136-138) which
is called the protospacer adjacent motif (PAM). Other Cas proteins will excise these
nucleotides from the viral genome and then integrate them into the CRISPR regions of the
bacterial genetic code. The DNA will be processed to RNA known as pre-crRNA (CRISPR
RNA), this will further be processed to mature crRNA which will then have the capacity to
complex with Cas protein(s) to form this effector complex. When the bacteria is challenged
again with viral DNA that was previously acquired and processed, the crRNA containing
a protospacer motif complementary to the viral PAM site, form an effector complex with
Cas protein, which then cleave the viral DNA leading to the degradation of the foreign

material (Fig. 2.2) (133).
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CRISPR/Cas9, a type Il CRISPR/Cas system, differs from the other bacterial
CRISPR/Cas systems for a number of reasons. Unlike some systems, the CRISPR/Cas9
system requires transcription of not only crRNA, but a trans-activating crRNA (tracrRNA).
This tracrRNA is produced from transcribed repeat sequences in between integrated viral
sequences. The tracrRNA will hybridize to transcribed CRISPR repeats of the crRNA that
will facilitate its recruitment of Cas9, the sole Cas protein (a Class Il Cas protein) leading
to the effector function of this system, whereas other systems may require multiple Cas

proteins or a different sole effector Cas protein (Fig. 2.2) (133-135,139).
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Figure 2.2 Bacterial CRISPR/Cas System A) Representation of CRISPR/Cas systems in bacteria. B) varying
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The feasibility of using the CRISPR/Cas as a research tool was introduced in 2012 by
Jinek et al, who developed an RNA guided system using Cas protein 9 (Cas9) derived
from Streptococcus pyogenes (SpCas9) and a single-strand guide RNA, which is
composed of a crRNA joined to a trans- activating crRNA (tracrRNA) (140). This differs
slightly from bacterial CRISPR/Cas9 in that the single guide RNA is transcribed as a single
unit, whereas in bacteria the crRNA and tracrRNA are transcribed separately (141). Cas9
is guided to the gene of interest, then scans the DNA for the PAM which has a sequence
5-NGG-3’ (142). PAM sequence and length are different for various Cas protein (136-
138). Once there, the HNH domain facilitates the break in the DNA strand complimentary
to guide RNA, whereas the RuvC domain, facilitates the non-complementary strand DNA
cleavage, 3-4 base pairs (143) upstream of the PAM. The double strand breaks can be
addressed by two main repair mechanisms; Non-homologous end joining (NHEJ) or
Homology directed repair (HDR) (Fig 2.3).

In NHEJ, a protein complex coordinates to repair the break. In brief, DNA-PKc proteins
are recruited to quickly stabilize the DNA by allow short stretches of DNA to bind, while
also recruiting and activating Artemis which helps in snipping away nucleotides that were
not quickly paired. The XRCC4 dimer complexes with KU70/80 heterodimer to further
stabilize the DNA and recruit DNA ligase IV and XLF proteins to facilitate joining of DNA
by phosphodiester bonding (As reviewed in (144)). Due to re-sectioning of the DNA in
NHEJ, it is likely to lead to small insertions and deletions (indels), which can cause
frameshift mutations that lead to truncated, non-functional proteins or premature stop
codons in which nonsense mediate decay proteins are recruited to degrade the mRNA
before being translated into protein (145). These processes makes the CRISPR/Cas9

system advantageous for creating functional gene knockouts.

26



Homology directed repair (HDR) is another DNA repair mechanism that is facilitated
by protein multiplexes. In contrast to NHEJ, HDR is used to foster precise genome edits
to derive knock-ins or specific genomic edits. Efficiency of this system is generally low
ranging from 1-50% efficiency, due low recombination and competing with the NHEJ repair
process (141). However, it can be improved by enhancing HDR or inhibiting NHEJ through
different small molecules including, RS-1 (146), SCRY, resveratrol (147), L755507

(147,148), and Brefeldin A (148).
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Figure 2.3 CRISPR/Cas9 editing of DNA. The guide RNA, which is composed of crRNA and tracrRNA (or
synthetically determined scaffold repeat), guides Cas9 to a place in the genome. Cas9 recognized PAM in
the genome and induces blunt double stand breaks in the DNA using its HNH and RuvC domain. The double
strand break is unstable, and repair processes can occur. Non-homologous end joining (NHEJ) can be used
in which a repair complex of proteins facilitates insertions and deletions (indels) into the break area. Improper
number of nucleotides or improper synthesized nucleotide can result in downstream stop codons or nonsense
mediated decay (NMD). Homology directed repair is another repair mechanism in which supplement DNA
can be integrated in the break to edit the genome. Permission for adaptation and usage from company
Diagenode, Inc.
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After the introduction of CRISPR/Cas9 by Jinek et al, CRISPR/Cas9 was then utilized
to edit mouse and human cell line genomes. This study confirmed the importance of the
guide RNA to the target a specific genomic locus for assembly and recruitment of Cas9 to
makeDNA breaks, and demonstrated the potential for this system as an easy to use
research tool (130). In addition to Cas9 being directed towards genes for editing,
CRISPR/Cas9 has also been utilized for other reasons such as to enhance or repress
gene expression. Jinek et al, in their landmark paper, revealed that introducing point
mutation in the HNH and RuvC nuclease domains, prevented the ability of Cas9 to make
cut DNA (140). Mutations in one or both domains has dubbed this type of cas9 as a
nuclease deficient or “dead” Cas9 (dCas9). These dCas9s have been fused to different
effector proteins such as transcriptional activators to enhance transcription, and thus
subsequent gene expression. These CRISPR/dCas9 activators range in variety due to
type of scaffolding of guide RNA as well as the number, type, and place of the
transcriptional activators fused to dCas9(149). | have employed both CRISPR/Cas9 and
CRISPR/dCas9 activation (CRISPRa) for gene alteration in mouse and human cell lines

on multiple projects.
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CHAPTER Il

SR-B1 uptake of HDL promotes prostate cancer

proliferation and tumor progression

This research was originally published in the Journal of Biological Chemistry. C. Alicia Traughber,
Emmanuel Opoku, Gregory Brubaker, Jennifer Major, Hanxu Lu, Shuhui Wang Lorkowski, Chase
Neumann, Aimalie Hardaway, Yoon-Mi Chung, Kailash Gulshan, Nima Sharifi, J. Mark Brown,
Jonathan D. Smith. Uptake of High-Density Lipoprotein by Scavenger Receptor Class B Type 1 Is
Associated With Prostate Cancer Proliferation and Tumor Progression in Mice. [published online
ahead of print, 2020 May 1]. J Biol Chem. 2020;jbc.RA120.013694. doi:10.1074/jbc.RA120.013694

I11.1 Introduction

Prostate cancer is the most common malignancy and second leading cause of cancer-
related deaths among men in the United States (3). The association of HDL levels with
prostate cancer risk has been inconsistent, with some studies showing a positive
association (66,87) some showing an inverse association (88,150), and others showing
no association (151,152). HDL biogenesis is mediated by ATP-binding cassette
transporter A1 (ABCA1), which assembles cellular lipids with exogenous lipid-poor
apolipoprotein Al (apoAl) to generate nascent HDL (47). HDL uptake in tissues is
facilitated by SR-B1 (94), which can also mediate bidirectional cholesterol transport
between cells and HDL (51,153-155). SR-B1, encoded by the SCARB1 gene, is highly
expressed in the liver, and even more so in steroidogenic tissues, such as the adrenals,
testes, and ovaries where it mediates cholesterol uptake, to promote cholesterol ester
(CE) storage used for steroid hormone synthesis (95,98).

It has been reported that prostate cancer accumulates CE in lipid droplets that
correlates with prostate cancer aggressiveness (117). This phenotype was attributed to

PTEN deletion that ultimately resulted in upregulation of the LDL receptor (LDLR) and
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subsequent uptake of LDL cholesterol (117). SR-B1 is inducible by androgens in human
hepatoma cells and primary monocyte macrophage (156). Moreover, reports suggest that
androgens during puberty are responsible for lower HDL levels in men vs. women, most
likely due to higher hepatic SR-B1 levels (64,65,157,158). A prior study found that SR-B1
is upregulated in high grade vs. low grade prostate cancer, and in metastatic vs. primary
prostate cancer, while the LDLR was not altered in high grade or metastatic prostate
cancer (112). Furthermore it was shown that that high vs. low SR-B1 expression in
prostatectomy specimens was associated with decreased progression-free survival (112).
In a small study, SR-B1 mRNA levels were significantly higher in prostate cancer tissue
vs. matched normal prostate tissue (111). In our study, we examined the effect of HDL on
prostate cancer cell growth, proliferation, and tumor progression. We found that HDL, in
an SR-B1-dependent manner, promoted increased prostate cancer cell growth in vitro. In
a syngeneic mouse model, a high HDL environment promoted tumor progression in an
SR-B1-dependent manner. These results suggest that SR-B1 and HDL uptake promote
prostate cancer progression and that inhibiting HDL uptake may be a viable target for

decreasing disease burden.

1.2 Materials and Methods

l11.2.1 Cells and Chemicals

The human prostate cancer cell line DU145 and mouse prostate cancer cell line
TRAMP-C2 were purchased from American Type Culture Collection (Manassas, VA).
DU145 cell line was authenticated by Genetica cell line testing. DU145 was cultured in
RPMI1640 (supplemented with 10 % FBS (Sigma) and TRAMP-C2 was cultured in DMEM
supplemented with 10% FBS (Sigma) and 10 nM dihydrotestosterone (Sigma) at 37 °C in

5 % CO:.. Both cell lines were grown and treated with low-dose mycoplasma removal agent
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(MP Biomedicals) as a preventative measure. Mycoplasma testing was performed
regularly to confirm absence of mycoplasma contamination. SR-B1 rabbit polyclonal
antibody (NB400-104) was purchased from Novus Biologicals. GAPDH rabbit polyclonal
antibody (sc-25778) was purchased from Santa Cruz. Lipoprotein deficient serum (LPDS)
was prepared as previously described (159). In brief, FBS was adjusted to 1.21 g/ml, then
centrifuged to separate lipoprotein from sera. LPDS was collected and dialyzed against
PBS (pH 7.4), and then sterilized using a 0.22 pym filter. LPDS was adjusted to 30 mg/ml|
protein using PBS.
[11.2.2 Isolation and labeling of lipoproteins

For lipoprotein isolation and labeling expired de-identified human plasma was
collected from normal healthy volunteers was acquired from the Cleveland Clinic blood
bank under an exempt Institutional Review Board protocol. LDL (1.019-1.063 g/mL) and
HDL (1.063-1.21 g/mL) were isolated by potassium bromide density gradient
centrifugation as described (159). Lipoproteins were dialyzed against PBS (pH 7.4),
sterilized using a 0.22 um filter, and then protein concentration was determined by the
Alkaline-Lowry method (160). HDL was labeled with Alexa568 by incubating 4.5 mg
Human HDL in 90 pyl 1 M sodium bicarbonate with Alexa Fluor 568 succinimidyl ester
(A20003, Thermo Fisher) for 1 hr at room temperature (8:1 dye:estimated apoAl mole
ratio). The reaction was stopped by incubating the conjugate with 0.1 ml of 1.5 M
hydroxylamine (pH 8.5) for 1 hr at room temperature. The conjugate was purified by
extensive dialysis with PBS. For murine lipoprotein isolation and quantification, blood from
the retro-orbital venous sinus was collected and centrifuged at 12,000xg for 30 minutes.

[11.2.3 Cell accumulation, proliferation, and cell cycle analysis of prostate

cancer cells.
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For cell accumulation, proliferation and cell cycle analysis, cells were seeded into a
24-well at densities of 10,000 and 20,000 cells/well for TRAMP-C2 and DU145 cells,
respectively in 10% FBS containing media overnight, then incubated with serum free
media for 30 minutes. Cells were then incubated in 10% LPDS with or without 300 pg/mi
HDL in the absence or presence of 1 uM Lovastatin for 4 days. Thereafter, cells were lifted
by trypsin and counted using the automated cell counter (Z series) by Beckman Coulter.
For cell proliferation analysis, cells were labeled with 2 x 10® M PKH26 (Sigma) for 5
minutes, then plated in 10% FBS media overnight and subsequently treated with 300
pg/ml HDL in 10% LPDS media for 5 days and quantified by flow cytometry. For cell cycle
analysis, cells were treated with or without 300 pug/ml HDL in 2% LPDS media for 1 day,
ethanol fixed, stained with 50 pg/ml propidium iodide, and then subjected to flow
cytometry.
l11.2.4 Generation of SR-B1 KO cells.

In order to generate SR-B1 KO cell lines, TRAMP-C2 cells were transfected with the
Cas9 expression plasmid, pSpCas9(BB)-2A-Puro (Addgene #48139) using Lipofectamine
LTX & Plus Reagent (Invitrogen) according to manufacturer instructions, then treated with
5 ug/ml puromycin for 2 days to clonally select for Cas9 stably transfected TRAMP-C2
cells. Nucleofection (Amaxa), according to manufacturer, was used to transfect 1x10°
Cas9 stable TRAMP-C2 cells with 0.6 nM mouse SR-B1 sgRNA targeting exon 4. Human
DU145 cells (1x10°) were co-transfected with 0.6 nM human SR-B1 sgRNA targeting exon
4 complexed with 0.07 nM Cas9 protein (Synthego) by nucleofection. Both sgRNAs were
designed using CRISPOR online software (161) and synthesized by Synthego. sgRNA
sequences can be found in Table 3.1. Transfected cells were plated in 96-well dishes to

approximately 1 cell/well then clonally expanded and screened via PCR-Sanger
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sequencing to detect targeted sequence disruptions, and then by Western blot for SR-B1.

PCR screening primers are in Table 3.1

sgRNAs Sequence
musgSCARB1 UGCGGUUCAUAAAAGCACGC
husgSCARB1 CAUGAAGGCACGUUCGCCGA
PCR Screening Primers Sequence
musgSCARB1-Fwd GGTTCCATTTAGGCCTCAGGT
musgSCARB1-Rev CTCTCTGAAGGGACAGAAGACAC
husgSCARB1-Fwd CCAGTGGGTTCTGAGTTTCCCA
husgSCARB1-Rev GATCCCCAGCCAGCTACAAAGC

Table 3.1 sgRNAs and screening primers for mouse and human SCARB1

[11.2.5 HDL uptake assay.

For HDL uptake assays, approximately 100,000 cells/well were seeded onto a 24-well
plate and incubated overnight in 10% FBS containing media. Cells were then incubated
with serum free media for 30 minutes and then treated with 20 pg/ml Alexa568-HDL, as
described above, for 90 minutes. Cells were fixed, then counterstained with DAPI for
microscopy, or stained first, then formalin fixed for flow cytometry.

[11.2.6 Cholesterol Mass Assay

To evaluate cholesterol mass, cells were plated on a 6-well plate and incubated
overnight in the medium, 10% FBS containing media. Cells were incubated in serum free
media for 30 minutes and treated with or 200 pug/ml HDL for 2 days. Cholesterol
concentrations were measured by an enzymatic fluorescent assay and normalized to
protein as described by (162).

[11.2.7 Western blot assay
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For protein expression via Western blot, cell lysates were prepared in RIPA buffer
(Pierce), containing 1 mM phenylmethylsulfonyl fluoride and 10% protease inhibitor
cocktail (Sigma). Equal amounts of proteins were electrophoresed on 4-20 % SDS—-PAGE
and transferred to polyvinylidene difluoride membranes. Each membrane was incubated
with a 1:2000 dilution of primary antibodies described above. Blots were developed with
a 1:5000 dilution of the HRP-conjugated secondary antibody (BioRad). Proteins were
visualized, using Amersham Hyperfilm ECL (GE Healthcare).

[11.2.8 Syngeneic in vivo studies

Our in vivo studies used 20-22-Week-old, age-matched, apoAl-KO on and WT
C57BL/6J male mice were subcutaneously injected in both flanks with 2x10® SR-B1 KO
or WT TRAMP-C2 (syngeneic) prostate cancer tumor cells per site. Tumor progression
and body weights were assessed three times per week for eight weeks or until reaching
an experimental endpoint of tumor reaching 15 mm in diameter, tumor ulcerations,
impaired mobility, or 20% loss in body weight. Tumor volume, based on caliper
measurements, was calculated according to the ellipsoid volume formula, tumor volume
= (the shortest diameter)? x the largest diameter x 0.525. After a mouse reached its
endpoint, its final tumor volumes were included in the analysis up to the day that all mice
from that group reached its endpoint, after which data were no longer plotted. All
experiments and procedures were approved by Institutional Animal Care and Use
Committee (IACUC) of the Cleveland Clinic, Cleveland, OH, USA (Protocol No. 2016-
1722).

[11.2.9 Bioinformatics
Bioinformatic information was acquired and viewed by The UCSC Xena browser (163) to
visualize and extract expression data for SCARB1, LDLR, ABCA1, and ABCG1 in normal

and prostate cancer tissue from the TCGA PRAD dataset. The Genotype-Tissue
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Expression (GTEX) Project (19) was supported by the Common Fund of the Office of the
Director of the National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and
NINDS. The data used for the analyses described in this manuscript were obtained from
the following independent searches [SCARBL1], [rs4765623], [rs12582221], on the GTEX
Portal on 01/08/2020; dbGaP accession number phs000424.v8.p2. LDIink (164) was used
to evaluate the linkage disequilibrium of SCARB1 SNPs [rs12582221] and [rs4765623] in
the CEU population of the 1000 Genomes Project, with reference genome GRCh37/gh19
on 01/08/2020; LDlink phase 3, version 5.
[11.2.10 Statistical Analysis

Statistical analysis of TGCA PRAD gene expression data from matched pairs of
prostate cancer and normal adjacent tissue was analyzed by the Wilcoxon paired non-
parametric signed rank test, and % changes were calculated from the antilog 2 of the
median values. All in vitro data are expressed as the mean + SD of at least triplicates.
Differences between the values were evaluated by either the Student T-test, with
Bonferroni correction for multiple tests when appropriate, or one-way analysis of variance
(one-way ANOVA) with Tukey’s or Dunnett’s post-hoc analysis, with p <0.05 considered
statistically significant. ANOVA annotation uses lettering (a, b, c, etc.), where groups not
sharing the same letter indicates p<0.05. All in vivo tumor volume data is expressed as
mean + SEM Differences between the tumor volumes during the time course were
evaluated two-way analysis of variance (two-way ANOVA). Survival curve data was
evaluated by Mantel-Cox Log Rank analysis. Statistics were performed using GraphPad

Prism V.8.1.1 software.
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1.3 Results

[11.3.1 SCARBL1 is upregulated in human prostate cancer

Previous studies have focused on lipoprotein receptors in prostate cancer, and how
their changes may influence cholesterol transport in prostate cancer (111,112,117,126).
Therefore, we evaluated expression of SR-B1, LDLR, ABCA1L, and ABCG1 in RNA-seq
data from a total of 52 normal prostate and 498 prostate cancer tumor tissues from the
TCGA PRAD dataset (19). Since the LDLR expression levels in normal prostates were not
normally distributed, non-parametric statistics were used for all gene expression data. The
median log2 expression levels of SCARB1 mRNA in normal prostate and prostate cancer
were 9.82 and 10.48, respectively, representing a 58% increase in SR-B1 mRNA in
prostate cancer (p<0.0001, Fig. 3.1). In contrast, LDLR mRNA was 31.5% lower
(p=0.0006; Fig. 1) in prostate cancer tissue, congruent with a previous report (111). The
MRNA for the cholesterol efflux protein ABCA1 was unchanged between normal and
prostate cancer tissue, whereas ABCG1 expression was 77% higher in prostate cancer

(p<0.0001; Fig. 3.1).
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Figure 3.1. Expression of lipoprotein metabolism genes in normal prostate and prostate tumor tissue.
MRNA expression of SCARB1, LDLR, ABCAL1, and ABCG1 analyzed from TCGA PRAD RNA sequencing
data (N=52 normal samples and N=498 tumor samples; median values shown (black line) and interquartiles
(white lines); Mann-Whitney non-paired, non-parametric test p-values displayed).
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[11.3.2 HDL increased cell proliferation and cholesterol levels in prostate
cancer cells

Since other studies (111,112) and our analysis of the TCGA data set showed
upregulation of SR-B1 in prostate cancer (Fig. 3.1), we hypothesized that HDL may drive
an increase of total cholesterol levels, similarly to what was previously illustrated for LDL
(117). WT Human DU145 and mouse TRAMP-C2, expressing SR-B1 (SR-B1**), prostate
cancer cells were incubated with 200 pg/ml HDL for 2 days leading to 48% (p<0.01) and
15% (p<0.05) increases in total cellular cholesterol levels (Fig. 3.2), similar to that of LDL
cholesterol (Supplemental Figure 3.7). We next determined if HDL could promote
proliferation of prostate cancer cells by evaluating the impact on cell number. DU145 and
TRAMP-C2 cells were treated with or without 300 pug/ml HDL in LPDS for 4 days. HDL
induced 29% (p=0.0061) and 68% (p<0.0001) increases in cell number in DU145 and
TRAMP-C2 cells, respectively (Fig. 3.3). To determine if this increase in cell number was
due to increased cell proliferation, we performed a PKH26 dye-dilution assay in absence
or presence of 300 pug/ml HDL. Flow cytometry analysis demonstrated that median
fluorescence intensity (MFI) were significantly lower in HDL treated vs. untreated cells
indicating more rounds of proliferation in both DU145 (26% decrease, p<0.001) and

TRAMP-C2 (17% decrease, p<0.001) prostate cancer cells (Fig. 3.3).
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Figure 3.2. HDL effects on total cholesterol levels in prostate cancer cells. A) human DU145 and B)
mouse TRAMP-C2 cells were incubated with + 200 pg/ml HDL for 2 days in LPDS and total cholesterol levels
normalized to cell protein determined (N=3; mean * SD; *, p<0.05; **, p<0.01, by t-test).
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Figure 3.3. HDL effects on cell accumulation and proliferation of prostate cancer cells. A) human DU145
(N= 5 over 2 independent experiments) and B) mouse TRAMP-C2 (N=6 over 3 independent experiments)
cells were treated + 300 pg/ml HDL in LPDS media for 4 days and the final cell counts were normalized to the
LPDS control. C, D) human DU145 and mouse TRAMP-C2 cells were labeled with the dye PKH26 and treated
with £ 300 pg/ml HDL in LPDS media for 5 days and final dye dilution was analyzed by flow cytometry. Values
are expressed as the mean + SD; **p<0.01; ***, p<0.001. ****p<0.0001 by t-test.

40



[11.3.3 SR-Blis required for HDL-mediated prostate cancer growth in vitro
Due to the response of prostate cancer cells to HDL, we next determined if these HDL
effects were mediated by SR-B1. BLT-1 inhibition of SR-B1 blunted HDL mediated effects
on cell number (Supplemental Fig. 3.8) and reduced uptake of HDL-cholesterol
(Supplemental Fig 3.8). To evaluate effects without off target effects by chemical
inhibition, we knocked out SR-B1 in both the human and mouse prostate cancer cell lines
using CRISPR/Cas9 targeting exon 4, an early coding exon of the SCARB1 gene, to
generate cell lines with complete knockout of SR-B1l expression. Western blot
demonstrated successful SR-B1 KO clones (SR-B17) for both DU145 and TRAMP-C2
(Fig. 3.4A). Although HDL increased the relative cell number for both DU145 SR-B1**
(59.3% increase, p<0.0003) and SR-B1™ cells (23.4% increase, p=0.011), the increase in
cell accumulation in response to a 4-day 200 pg/ml HDL treatment was significantly
attenuated upon knockout of SR-B1 (Fig. 3.4B, p<0.0003, % control cell number in HDL-
treated SR-B1** vs. SR-B17). KO of SR-B1 in DU145 cells resulted in decreased HDL-
cholesterol and HDL-cholesterol ester uptake (Supplemental Fig. 3.9). For the TRAMP-
C2 line we isolated three independent SR-B1™ clonally-derived cell lines from edited
TRAMP-C2 cells, and their cell accumulation in LPDS was evaluated, showing that the
SR-B17 #5 line accumulated the least cells (p=0.02 vs. TRAMP-C2 SR-B1**), the SR-B1-
#10 line accumulated the most cells (NS vs. TRAMP-C2 SR-B1**), and the SR-B1" #17
line was most similar in cell number to SR-B1** TRAMP-C2 cells (NS, Fig. 3.4C). The
response of these cell lines to HDL was evaluated, normalized to the LPDS control for
each of these lines. HDL significantly increased cell accumulation in WT cells (98%
increase p=0.011), but not in any of the three SR-B1™ lines (Fig. 3.4D). Thus, we chose

to further utilize and characterize HDL treatment on cellular processes in the SR-B17 #17
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cell line, as its basal growth levels in LPDS were the most similar to that of the TRAMP-
C2 SR-B1*"* cells (Fig. 3.4C).

We next investigated if absence of SR-B1 impacts cell cycling upon HDL treatment by
treating TRAMP-C2 SR-B1** and SR-B1™ cells with or without 300 pug/ml HDL in LPDS
for 1 day, then assessing the fraction of cycling cells in G,+S phase via propidium iodide
content. We demonstrated that HDL increased the proportion of SR-B1*"* cells cycling by
38% vs. the LPDS control (p=0.002), whereas in SR-B1™ cells there was only a 17.5%
increase cycling cells in response to HDL (p=0.012, Fig. 3.4E). The HDL effect on cell

cycling was significantly greater in SR-B1*"* vs. SR-B1” cells (p=0.001, Fig. 3.4E).
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Figure 3.4. HDL effects in WT and SR-B1 KO cells. A) Western blot for SR-B1 in WT and SR-B1 KO DU145
and TRAMP-C2 cells. B) Cell accumulation assay for DU145 WT and SR-B1 KO cells incubated + 300 pg/ml
HDL in LPDS for 3 days (N=3-4; mean * SD; t-test with Bonferroni correction for 3 tests; p-values displayed).
C) Cell number of SR-B1** TRAMP-C2 cells and three independent SR-B1” clonally derived cell lines after
incubation in 10% LPDS for 3 days (N=3; mean + SD; ANOVA with Dunnett’s post-test comparing to SR-B1**
cells; p-value displayed). D) Cell accumulation in TRAMP-C2 SR-B1** and three SR-B1” clones incubated *
200 pg/ml HDL for 3 days normalized to each cell lines LPDS control (N=3; mean + SD; t-test with Bonferroni
correction for 7 tests (4 tests + HDL for each line and 3 tests of HDL treated SR-B1** vs. SR-B1” clones),
significant p-values displayed). E) Cell cycle analysis in TRAMP-C2 SR-B1** and SR-B1"- cells treated + 300
pg/ml HDL in LPDS media for 1 day (% of cells in S+G2 phases; N=3; mean + SD; t-test with Bonferroni
correction for 3 tests, p-values displayed).
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To confirm that HDL-uptake was impacted upon KO of SR-B1, we incubated TRAMP-
C2 SR-B1** and SR-B1" cells with Alexa568-HDL. Fluorescent microscopy showed that
SR-B1*"* cells took up more Alexa568-HDL as compared to SR-B17 cells (Fig. 3.5A). This
was further confirmed by flow cytometry, where the cells were treated with 20 pg/ml
Alexa568-HDL with or without 2 mg/ml unlabeled-HDL competitor. The cellular uptake of
Alexa568-HDL was determined by median fluorescence intensity (MFI) showing that the
SR-B1" cells had reduced total and specific Alexa568-HDL uptake compared to the SR-
B1** cells by 44.1% (p=0.002) and 59.6%(p=0.007), respectively (Fig. 3.5B). To
investigate if cholesterol is involved in the HDL effect on cell accumulation, we treated SR-
B1** or SR-B1™" cells with or without 1 uM lovastatin to reduce endogenous cholesterol
biosynthesis, which significantly decreased cell accumulation in both cell lines (p<0.05,
Fig. 3.5C). HDL treatment for 4 days added to the lovastatin significantly rescued the cell
accumulation only in the SR-B1** cells (p<0.05 vs. lovastatin alone, Fig. 3.5C). These
findings were patrtially recapitulated in the DU145 WT and KO lines (Supplemental Fig.
3.10). This suggests that HDL provides cholesterol, in an SR-B1-dependent manner, to

help cells grow when de novo cholesterol was reduced by statin treatment (Fig 3.5C).
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Figure 3.5. HDL uptake and impact on statin treated cells. TRAMP-C2 SR-B1** or SR-B1” cells were
incubated with 20 pg/ml Alexa568-HDL for 90 minutes, then counter stained with DAPI. A) Epifluorescent
microscopy. B) Total and specific uptake analysis by flow cytometry with TRAMP-C2 SR-B1** and SR-B17
cells treated with 20 pug/ml Alexa568-HDL and + 2mg/ml unlabeled HDL for 90 minutes in serum free media
(n=3, mean * SD; t-test p-values displayed). C) Cell accumulation of TRAMP-C2 SR-B1** and SR-B1* in
LPDS treated with + 1 uM lovastatin and 100 pug/ml HDL for 4 days normalized to untreated cells (n=3, mean
+ SD; different letters represent p<0.05 by ANOVA with Tukey posttest within each cell type).
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[11.3.1 HDL and SR-B1 effects on prostate cancer progression in vivo

We hypothesized that elevated HDL levels may promote tumor progression in an SR-
B1-dependent manner. To test our hypothesis, we utilized C57BL/6J WT and apoA1-KO
mice as high and low HDL models. WT mice had fasting total and HDL cholesterol levels
of 97+£15 mg/dL and 6317 mg/dL, respectively. apoAl-KO mice had significantly lower
levels of total and HDL-cholesterol (32+8.mg/dL and 18+9 mg/dL, respectively) vs. WT
hosts (p<0.0001 for both, Supplemental Fig 3.11A). WT mice weighed more than apoAl-
KO mice (p<0.0001, Supplemental Fig 3.11B); however, there were no differences in
testes weights (Fig. Supplemental Fig 3.11C). We measured plasma testosterone, and
the data was not normally distributed with several outliers. Nonparametric T-tests found
no effect on testosterone levels between WT and apoA1-KO mice (Supplemental Fig.
3.11D); however, removal of the two outliers in each group, resulted in normally distributed
data showing 42% reduced testosterone levels in apoAl-KO mice (p=0.009,
Supplemental Fig. 3.11E). Dihydrotestosterone levels were undetectable in most mice
(not shown).

To test our central hypothesis of the effects of host HDL and tumoral SR-B1 status on
tumor progression, we performed a four-arm study using 2x10° syngeneic TRAMP-C2 SR-
B1** or SR-B1™ cells that were subcutaneously injected into WT or apoA1-KO mice on
the C57BL/6J background. Over an 8-week time course SR-B1** and SR-B1™ cells
formed solid tumors in WT and apoA1-KO mice. Histology of H&E stained tumors from all
study arms showed unorganized sheets of cells with irregular shaped nuclei
(Supplemental Fig. 3.12). Tumors from all group were characterized as aggressive by a
clinical pathologist. Tumor volume (p<0.0001, Fig. 3.6A) and survival (p=0.0016, Fig.

3.6B) were significantly different in the treatment arms.
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First examining the host mouse effects (shown in the rows in Fig. 3.6C) using SR-
B1** cells, WT mice injected with SR-B1** cells (WT/SR-B1*"*) had significantly larger
tumors vs. apoA1-KO mice injected with SR-B1** cells (apoA1-KO/SR-B1**) (p<0.0001,
Fig. 3.6A, C). Additionally, the WT/SR-B1** group all reached their human endpoint by
day 33 with median survival of 26 days, and their log-rank survival was significantly shorter
vs. the apoA1-KO/SR-B1*"* group (median survival of 33 days, p=0.049, Fig. 3.6B,C).
Examining the host effects using SR-B17 cells, WT mice injected with KO cells (WT/SR-
B17) had significantly larger tumors vs. apoA1-KO mice injected with SR-B1” cells
(apoA1-KO/SR-B17) (p<0.0001, Fig. 3.6A, C). The WT/ SR-B1" group (median survival
of 40 days) trended towards shorter log-rank survival vs. the apoA1-KO/SR-B17 group
(median survival of 49 days, p=0.13, Fig. 3.6B, C). Thus the host effect was clear, mice
with higher HDL levels promoted more rapid tumor progression, with shorter survival.

Next examining the SR-B1 receptor effects in WT hosts (shown in the columns in Fig.
3.6C), the WT/SR-B1*"* group had significantly larger tumors vs. WT mice injected with
SR-B1™ cells (WT/SR-B17) (p<0.0001, Fig. 3.6A, C). Log-rank survival for the WT/SR-
B1** group was significantly shorter vs. the WT/SR-B1” group (p=0.004, Fig. 3.6B,C).
Examining the SR-B1 receptor effects in apoAl-KO mice, apoAl-KO mice injected with
SR-B1** cells (apoA1-KO/SR-B1**) had similar rates of tumor progression and survival
compared to the apoA1-KO mice injected with SR-B17 cells (apoA1l-KO/SR-B17) (NS,
Fig. 3.6). Thus the SR-B1 receptor effect was only evident in WT mice, where receptor

expression promoted more rapid tumor progression and shorter survival.
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Figure 3.6. Tumor progression
study in vivo. A) Tumor volumes of
mice injected with 2x106 cells in left
and right flanks, then followed for 8
weeks. Tumor volume is expressed
as mean = SEM; WT mice SR-B1+/+
cells (WT/SR-B1+/+, blue) n=5; WT
mice SR-B1-/- cells (WT/SR-B1-/-,
red) n=14; apoA1-KO mice SR-B1+/+
cells (apoAl-KO/SR-B1+/+, green)
n=5; apoA1l-KO mice SR-B1-/-cells
(apoA1-KO/SR-B1-/-, purple) n=15.
Two-way ANOVA up to day 33 when
all groups survived demonstrated
group effects, time effects, and
interaction effects all with p<0.0001.
B) Kaplan Meier survival plot
(p=0.0016 by Mantel Cox Log Rank
Sum test for all four groups). C)
L/Summary of study design and
pairwise statistical analysis of host
mouse genotype and injected cell
genotype effects tumor progression
and survival. Tumor volume analyses
involving WT/SR-B1+/+ group, only
used data up to day 33. Pairwise two-
way ANOVA group effect on tumor
volumes p-values are displayed.
Pairwise survival Mantel Cox Log
Rank Sum group effect p-values are
displayed.

-



1.4 Discussion

The effects of HDL are mixed on the prevalence of many cancers including, prostate,
breast, endometrial, gynecologic, colorectal, biliary tract, lung, and hematological cancers
(reviewed in (165)). Prostate cancer is a disease typically driven by androgens in which
surgical and chemical castration have proven to slow progression of the disease (2,11).
However, prostate cancer often becomes resistant to such treatments (14). The effects of
HDL on prostate cancer development and progression are controversial, with both positive
and inverse associations found in various studies (66,87,88,150). A meta-analysis of 14
large prospective studies found no significant effect of HDL-cholesterol on the risk of
prostate cancer (89). Additionally, a Mendelian randomization study showed that the 35
SNPs associated with HDL-cholesterol did not generate a genetic risk score for prostate
cancer (166). Thus, HDL levels may not affect the development of prostate cancer, but
may still influence its progression.

HDL-cholesterol is sexually dimorphic, being ~10 mg/dl higher in adult women vs. men
(62). However, before puberty, boys and girls have similar (high) HDL, which drop as boys
go through puberty and stay unchanged as girls go through puberty (64,65). Androgens
lower HDL in humans, and this is thought to be mediated by androgen induction of hepatic
SR-B1(158). Thus, the effect of androgens on lowering HDL-cholesterol may partially
obscure a potential positive association between HDL and prostate cancer, as androgens
drive the early stages of prostate cancer.

HDL is synthesized from lipid-poor apoAl by ABCAL; and, HDL cellular uptake is
mediated by SR-B1 (47,94). Lee et al. found that ABCA1l expression was lower and
ABCAL promoter had higher DNA methylation in more vs. less advanced prostate cancer,
and that ABCAL gene expression was epigenetically silenced by DNA methylation in the

LNCaP cell line (126). Schorghofer et al. demonstrated that SR-B1 mRNA expression was
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higher in high grade vs. low grade prostate cancer biopsies, and also higher in metastatic
vs. primary prostate cancer (112). In contrast, this study reported no difference in LDLR
expression in these tissues (112). Gordon et al. also reported increased SR-B1 mRNA
expression, but lower LDLR mRNA expression, in prostate cancer vs. hormal prostatic
tissue (111). Our TCGA data analysis showed that SR-B1 and ABCG1 mRNAs were
upregulated, LDLR mRNA was decreased, and ABCA1 mRNA was unchanged in prostate
cancer vs. normal tissue.

We found that HDL treatment of cells cultured in LPDS led to an increase in cell
number and proliferation in both a human and a mouse prostate cancer cell line. A similar
growth promoting effect of HDL was observed by Sekine et al., using prostate cancer cell
lines cultured in 1% FBS This HDL effect was associated with increased phospho-ERK1
and phospho-AKT after 30 minutes of HDL incubation (125). In both TRAMP-C2 and
DU145 cells, we found that SR-B1 knockout abolished the growth promoting effects of
HDL. However, Sekine et al. showed that sSiRNA-mediated knockdown of SR-B1 in PC3
cells did not abolish the growth promoting effects of HDL, which they attributed to ABCA1
expression (125). Gordon et al. reported that the growth of C4-2 human prostate cancer
cell line in 10% FBS is inhibited by SR-B1 siRNA or by the anti-SR-B1 drug BLT-1,
agreeing with our finding that SR-B1 is growth promoting in the presence of HDL.

Sekine et al. demonstrated that HDL promotes cholesterol uptake by PC3 prostate
cancer cells, yet 100 pg/ml HDL in 1% FBS for 24h it did not promote an increase in total
cholesterol levels in PC3, DU145, or LNCaP cell lines (125). However, we demonstrated
that 200 pg/ml HDL in LPDS for 48h increased total cholesterol in DU145 and TRAMP-C2
cells (Fig. 3.2A, B). Furthermore, we showed that Alexa568-HDL uptake by TRAMP-C2
cells was in part mediated by SR-B1 (Fig. 3.5A, B), a finding that was demonstrated by
Gordon et al., in C4-2 prostate cancer cells in which Dil-HDL uptake was partially reduced
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upon SR-B1 knock down or chemical inhibition by BLT-1 (111). We found that inhibiting
de novo cholesterol synthesis in TRAMP-C2 cells by lovastatin led to reduced cell
accumulation, which was rescued by HDL treatment in an SR-B1 dependent fashion,
suggesting that the cholesterol content of HDL may play a role in the recovery of cell
accumulation (Fig. 3.5C). Additionally, various statins were found to promote cell cycle
arrest of PC3 cells, also indicating the need for de novo cholesterol biosynthesis to drive
prostate cancer cell proliferation (167). Four meta-analyses of human observational
studies on statin use and prostate cancer incidence, progression, and mortality have been
published in 2016 or later, with three finding beneficial effects of statins (168-171). For
example, prostate cancer specific mortality was significantly reduced in statin users pre-
and post-diagnosis with prostate cancer (HR =0.53 and 0.64, respectively) (168). Thus,
cholesterol metabolism may play an important role in prostate cancer therapeutics.

A large meta-analysis demonstrated that increased HDL-cholesterol was associated
with lower incidence of cancer; although this study did not examine different types of
cancer (172). This finding was corroborated in C57BL/6J mice using syngeneic B16F10
melanoma and Lewis Lung carcinoma cells injected into (going from low to high HDL-
cholesterol levels) apoA1-KO, WT, and human apoAl transgenic mice; and, for both of
these cancer types higher HDL leads to smaller tumors (90). The protective effect of HDL
was associated with increased tumor associated macrophages, cytotoxic CD8 T-cells, and
decreased recruitment of myeloid derived suppressor cells (90,173). In addition, B16F10
melanoma tumor progression was slower in Scarbl KO mice, another model of high
plasma HDL (173). In C57BL/6J WT and apoAl1-KO mice, we found an opposite effect of
host HDL on syngeneic TRAMP-C2 prostate cancer cells, where higher HDL led to larger

tumors, and decreased survival.
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Why do the TRAMP-C2 cells respond differently than the B16F10 and Lewis Lung
cells? Perhaps it is due to the relative expression levels of SR-B1 and the role of HDL in
providing lipids required for cell cycling. Llaverias et al., reported that feeding a western-
type vs. chow diet to C57BL/6J TRAMP transgenic mice, which are prone to
spontaneously develop prostate tumors, results in increased total and HDL-cholesterol,
and a higher prostatic tumor incidence with larger tumors (91). The tumors from western
type vs. chow diet-fed fed TRAMP mice also have higher levels of SR-B1 expression (91).
The SNP rs4765623, intronic in the SCARBL1 gene, is associated with clear cell renal cell
carcinoma (ccRCC), a cancer characterized by excessive lipid loading (115). This same
SNP is associated with SCARB1 expression levels in human left ventricle, with the T allele
associated with increased expression (19). rs4765623 is in linkage disequilibrium with
rs12582221(d’=1, r2=0.39) (164), and this SNP is highly associated with SR-B1
expression in testes (19). SR-B1 expression is increased in ccRCC tissue vs normal
kidney tissue (114,174), similar to what we and others observed in prostate cancer vs.
normal prostate. Also in alignment with our SR-B1 KO findings in prostate cancer cells,
Velagapudi et al., showed that antibodies against SR-B1 reduce cellular uptake of 12°|-
HDL into, and HDL-induced proliferation of, a ccRCC cells line (113). Thus, SR-B1 and
HDL may drive proliferation of other lipid accumulating cancers. Whether HDL promotes
or inhibits tumor progression may depend on tumor lipid delivery vs. host immune effects.

Our analysis and two other studies found higher SR-B1 mRNA levels in prostate
cancer vs. normal prostate tissue, in high grade vs. low grade prostate cancer, and in
metastatic vs. primary prostate cancer (111,112). Some prostate cancer cells may be able
take up HDL-cholesterol via SR-B1 to synthesize de novo androgens (111,175). In
general, SR-B1 expression is highest in the major HDL metabolizing organ, the liver, and
in steroidogenic tissues. In humans SR-B1 expression is highest in adrenals, liver, and
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ovary (19). In 9 tested tissues of C57BL/6J mice, the liver and testes had the highest
expression of SR-B1 (176). The role of HDL uptake to support CE storage for
steroidogenic tissue was demonstrated in apoA1-KO mice, where adrenal and ovarian CE
stores, as wells as stress-induced plasma corticosteroid levels, are significantly reduced
(177). Although total testes CE storage was not different between WT and apoA1-KO
mice, histological analysis showed markedly reduced neutral lipid loading in the leydig
cells, the site of de novo androgen biosynthesis (177). We measured plasma testosterone
levels in 2 cages each of WT and apoA1-KO mice, and in each cage, there was one high
outlier, which may be due to the well-known effect of higher testosterone levels in the
socially dominant male of group-housed mice (178,179). Excluding these outliers, we
found 42% higher plasma testosterone in the WT vs. apoAl-KO mice, which is a
confounder for the pro-tumor effect of HDL in our study.

We found that SR-B1” vs. SR-B1** TRAMP-C2 cells injected into WT hosts with high
HDL-cholesterol led to reduced tumor progression and increased survival, without the
caveat of decreased androgen levels observed in apoA1-KO mice. Thus, SR-B1 promotes
prostate cancer tumor growth in vivo, similar to SR-B1’s growth-promoting effects we
observed in cell culture. However, SR-B1 is a multi-ligand receptor that can also mediate
uptake of non-HDL ligands such as LDL and fat-soluble vitamins (96,97,180). Thus, it is
possible that the loss of SR-B1 in TRAMP-C2 cells reduced tumor progression due to
decreased uptake of these other ligands. It appears that the growth promoting effects of
SR-B1 in TRAMP-C2 cells may be primarily mediated by its ligand HDL, as SR-B1 status
(KO vs. WT) has no effect on tumor progression in apoAl-KO mice; but, we cannot
exclude the role of other SR-B1 ligands that may play a role in tumor progression in WT
mice. Our findings on the role of SR-B1 in prostate cancer are similar to the findings of
Gordon et al. who showed that treatment of mice with the SR-B1 inhibitor BLT-1 led to
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reduced human PC3 cell xenograft progression (111). These findings also align well with
our TGCA analysis and prior analyses showing that SR-B1 expression is higher in prostate
cancer vs. controls, higher in high grade vs lo.w-grade prostate cancer, and higher in
metastatic vs. localized prostate cancer (111,112).

In conclusion, our findings are in alignment in with Llaverias et al. where a high fat diet
increased autochthonous tumor prevalence and burden in the TRAMP transgenic mouse
model, associated with increased HDL levels (91). Additionally, our findings corroborated
the in vivo findings of Gordon et al. who demonstrated that treatment with an SR-B1
inhibitor decreased prostate cancer progression (111). Our study was more specific and
could differentiate cancer cell vs. host effects due to genetic ablation of SR-B1 in the
cancer cells, whereas Gordon et al. used a chemical inhibitor of SR-B1, having specific
and non-specific effects on the host as well as the xenograft cancer cells. Our study
employed immunocompetent mice, which may be a better model to study HDL effects on

prostate cancer since HDL has been shown to modulate tumor infiltrating leukocytes (90)

1.5 Supplemental

[11.5.1 Experimental Procedures
[11.5.1.1 Cholesterol Mass

To evaluate cholesterol mass, prostate cancer cells were plated on a 6-well plate and
incubated overnight in the medium, 10% FBS containing media. Cells were incubated in
serum free media for 30 minutes and treated with or 200 pug/ml HDL or 50 pg/ml HDL for
2 days. Cholesterol concentrations were measured through by an enzymatic fluorescent
assay and normalized to protein as described by (162).
111.5.1.2 Cell Accumulation

For cell accumulation cells were seeded into a 24-well at densities of 10,000 cells/well

for PC3 and DU145 and 20,000 cells/well for TRAMP-C2 in 10% FBS containing media
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overnight, then incubated with serum free media for 30 minutes. Cells were then incubated
in 10% LPDS or treated with 200pg/ml HDL with or without 0.5uM BLT-4 for 4 days.
Thereafter, cells were lifted by trypsin and counted using the automated cell counter (Z
series) by Beckman Coulter
111.5.1.3 HDL lipid uptake

For HDL uptake assays, approximately 100,000 cells/well were seeded onto a 24-well
plate and incubated overnight in 10% FBS containing media. Cells were then incubated
with serum free media for 30 minutes and then treated DU145 cells were treated with HDL
labeled with 3[H]-Cholesterol Ester, 3[H]-cholesterol or dual-labeled with 3[H]-PIP2 and
14[C]-cholesterol in the absence or presence of SR-B1 inhibitor, BLT-1 (1 uM), for 4 hours.
Extracted cellular radiolabeled lipids were counted in scintillation and normalized total cell
protein.
[11.5.1.4 Mouse Cohort

12 and 18-week age-matched, male, WT and apoA1-KO mice that were not subjected
to subcutaneous prostate cancer cells injections were assessed for plasma total and HDL
cholesterol levels, body weight, testes weight, and plasma testosterone levels.
111.5.1.5 Quantification of mouse serum total and HDL cholesterol

Total and HDL cholesterol from the plasma fraction was then quantified using the
Stanbio Cholesterol LiquiColor (Cat. No. 1010) enzymatic-colorimetric assay according to
manufacturer’s instructions and adapted to a 96-well plate format. In brief, plasma treated
with or without the Stanbio precipitating reagent for HDL assay (Cat. No. 0599) was
combined with Stanbio liquicolor reagent (1011) for 10 minutes at room temperature, then
absorbance at 500 nm was acquired and cholesterol levels calculated versus a standard

curve.
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111.5.1.6 Quantification of mouse plasma testosterone

Freshly collected plasma was stored at -80°C until LC/MS/MS analysis. 60 pl of plasma
was spiked with 10 pl of internal standard [25ng/ml, Androstene-3, 17-dione-2, 3, 4-13C3].
Samples were extracted twice with 2 mL of methyl-tert-butyl ether (MTBE, Across). MTBE
extracts were dried under nitrogen gas and then reconstituted in 120ul of 50%
methanol/water (v/v). The extracted testosterone was quantified using liquid
chromatography tandem mass spectrometry (LC/ MS/MS). Briefly, the extracted steroids
were injected onto a Shimadzu UHPLC system (Shimadzu Corporation), and separated
on a C18 column (Zorbax Eclipse Plus C18 column, 150 mm x 2.1 mm, 3.5 ym, Agilent)
using a gradient starting from 20% solvent B [ acetonitrile/methanol (90/10, v/v) containing
0.2% formic acid] for 4 min and then to 75% solvent B for 10 min, followed by 95% solvent
B for 3 min. Testosterone was quantified on a Qtrap 5500 mass Spectrometer (AB Sciex)
using ESI in positive ion mode and multiple reaction monitoring using characteristic parent
— daughter ion transitions for the specific molecular species monitored. Data acquisition
and processing were performed using MultiQuant software (AB Sciex; version 3.0.1). The
peak area ratio of the analyte over the internal standard was used for quantification. Each
sample run included a calibration curve with standards for data quantification using the
analyte/internal standard peak area ratio.
111.5.1.7 H&E Staining of tumors

Formalin fixed tumors were paraffin embedded and sectioned. Sections were
deparaffinized and stained with hematoxylin and eosin.
IV.5.1.8 Statistical Analysis

Cholesterol levels, body weight, and testes weight data are expressed as the mean +
SD. Differences between the values were evaluated by either the Student T-test. Hormone
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levels were not normally distributed and a non-parametric t-test was performed for the
testosterone and dihydrotestoterone levels. An additional parametric Student T-test
analysis was performed after removing outliers greater than 2 standard deviations from
the mean, normalizing the distribution of the data. Statistics were performed using

GraphPad Prism V.8.1.1 software.
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[11.5.2 Results
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Figure 3.7. HDL and LDL effects on total cholesterol levels in prostate cancer cells. A) human DU145
and B) human PC3, and C) mouse TRAMP-C2 cells were incubated with = 200 pg/ml HDL or + 50ug/ml LDL
for 2 days in LPDS and total cholesterol levels normalized to cell protein determined (N=3; mean = SD;
significant difference determined by ANOVA p<0.05. between groups with different lettering.
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Figure 3.8 Prostate cancer cell number and lipid uptake upon SR-B1 inhibition. (A) DU145 and (B) PC3
cell growth in LPDS over 4 days. (C) DU145 cells were treated with HDL labeled with 14[C]-cholesterol in the
absence or presence of SR-B1 inhibitor, BLT-1 (1 pM), for 4 hours. Extracted cellular radiolabeled lipids were
counted in scintillation and normalized total cell protein. N=3, T-test; ***p<0.001. (D) DU145, (E) PC3, and (F)
TRAMP-C2 Prostate cancer cells were treated with 200 ug/ml HDL protein and/or 0.5 uM BLT-1 for 4d, N=3.
T-test; **p<0.01, ***p<0.001.
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Figure 3.9. HDL lipid uptake upon with SR-B1 KO. DU145 SR-B1** and SR-B17 cells were treated with
HDL labeled with (A) 3[H]-Cholesterol or (B) 3[H]-Cholesterol ester Extracted cellular radiolabeled lipids were
counted in scintillation and normalized total cell protein. N=3, T-test; *p<0.05, ***p<0.001.
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Figure 3.10 .Cell accumulation assay for DU145 WT and SR-B1 KO. Cells incubated + 300 pg/ml HDL and
+ lovastatin in LPDS for 3 days (N=3; mean + SD; ANOVA p<0.05 for analyses in each cell line.
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Figure 3.11. Characterization of WT and apoA1-KO mice. Total- and HDL-cholesterol levels (A), body
weight (B), and testes weight (C) in 12 and 18 week old aged matched WT (n=9) and apoA1-KO (n=8) mice
(mean * SD; t-test p-values displayed). D) Serum testosterone levels were not normally distributed (median
values; not significant by non-parametric Mann-Whitney t-test). E) Serum testosterone levels after removal of
outlier value from each cage were normally distributed (mean + SD; t-test p=0.0087).
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Figure 3.12. Histology of subcutaneous tumors from study arms. Hematoxylin and Eosin stained tumors
from WT/SR-B1**, WT/SR-B17-, apoA1-KO/SR-B1+/+, and apoA1-KO/SR-B1" at 20x magnification.
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CHAPTER IV

CRISPR use for additional projects

IV.1 CRISPR/Cas9 Gene Editing Work Flow and example of
Generation of SR-B1 KO in clear cell renal cell carcinoma cell

lines.

IV.1.1 Introduction

Renal disease ranks as the sixth and eighth most frequently diagnosed cancer in men
and women, respectively, in the United States (181). Of the subtypes of kidney cancers,
clear cell renal cell carcinoma (ccRCC) is the dominant form, accounting for as much as
75% of all kidney cancer cases. Histologically, ccRCC is characterized by its large clear
cytoplasm, due to accumulation of lipids (182), mainly cholesterol ester (CE). This lipid
accumulation was reduced by knocking down upregulated HIF-1a and the very-low
density lipoprotein receptor (VLDL-R) (183). Recently, genome-wide association studies
have discovered single-nucleotide polymorphism (SNP) rs4765623 in ccRCC, which
increases susceptibility to the disease(115). This SNP maps to the SCARB1 gene that
encodes for the high-density lipoprotein receptor SR-B1 (115). Studies have reported that
SR-B1 is upregulated in ccRCC tissue compared to controls. Furthermore upregulated
expression correlates with decreases survival, increased HDL uptake, with subsequent
increases in cellular cholesterol ester (113,114,174). Though VLDLR is upregulated in
ccRCC and its knockdown decreased lipid accumulation (183), another study showed that
knockdown of VLDL-R and LDLR did not influence lipid accumulation in ccRCC cells.
However, knockdown of SR-B1 did influence lipid accumulation in ccRCC lines (113). Due

to the SCARB1 SNP, we hypothesized that lipid accumulation could be a result of HDL
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uptake through SR-B1, and that knockout of the receptor could reduce lipid accumulation
and proliferation of these cells. To evaluate the role of SR-B1 in this disease, we were
tasked to knockout SR-B1 in ccRCC line Caki-1 and papillary renal cell carcinoma line
Caki-2. | performed this project along with Chase Neumann in the lab of J. Mark Brown.
IV.1.2 Materials and Methods

Bioinformatics of SCARB1 expression in 73 paired normal adjacent and ccRCC tumor
tissue from the TCGA KIRC dataset (19) was viewed by The UCSC Xena browser (163).
For gPRC of SCARBL1 in normal adjacent versus different grades of ccRCC, ccRCC
patient biopsy samples were acquired from Cleveland Clinic. Samples were stratified
based on histological severity compared to a normal adjacent tissue (NAT). RNA was
isolated by RNeasy kit according to manufacturer’s instruction (Qiagen and Thermo
Fisher). qPCR was performed using the Applied Biosystems 7500 Real-Time PCR System
on RNA with SR-B1 specific primers. mRNA expression levels were calculated based on

the AA-CT method.

Caki-1 and Caki-2 renal cell lines were acquired from American Type Culture
Collection (ATCC). Cells were cultured in McCoy’s 5A medium with 10% FBS and 1%
Penicillin/Streptomycin. In order to generate SR-B1 KO cell lines, 1x10° cells were co-
transfected via nucleofection (Amaxa) with 0.6 nM human SR-B1 sgRNA (Table 4.1)
complexed with 0.07nM Cas9 protein (Synthego) targeting exon 4. Transfected cells were
plated in 96-well dishes to approximately 1 cell/well then clonally expanded and screened
via PCR-Sanger sequencing to detect targeted sequence disruptions using PCR
screening primers (Table 4.1). SR-B1 status of individual clones was determined by

Western blot using SR-B1 rabbit polyclonal antibody (NB400-104) by Novus Biologicals.
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Loading control GAPDH rabbit polyclonal antibody (sc-25778) was purchased from Santa

Cruz.

SgRNAs Sequence
husgSCARB1 CAUGAAGGCACGUUCGCCGA
PCR Screening Primers Sequence
husgSCARB1-Fwd CCAGTGGGTTCTGAGTTTCCCA
husgSCARB1-Rev GATCCCCAGCCAGCTACAAAGC

Table 4.1 sgRNA and screening primers for human SCARB1

To assess cell growth, we performed cell accumulation assays in which cells were seeded
into a 24-well plate at 20,000 cells/well in 10% FBS containing media overnight, then
incubated with serum free media for 30 minutes. Cells were then incubated in 10%
lipoprotein deficient serum (LPDS ) media with or without 100 pg/ml HDL for 3 days.
Thereafter, cells were lifted by trypsin and counted using the automated cell counter (Z
series) by Beckman Coulter. Statistical analyses were performed using GraphPad Prism
V.8.1.1 software: T-test for bioinformatics and One-Way ANOVA for cell accumulation
study.
IV.1.3 Results

Our analysis of independent normal kidney tissue and ccRCC tissue samples
showed SR-B1 was upregulated in various grades of ccRCC (Fig. 4.1A, unpublished).
We validated SR-B1 upregulation using the paired normal and ccRCC tissue SR-B1l
MRNA expression data from TCGA kidney clear cell carcinoma (KIRC) dataset (Fig. 4.1B,

unpublished).

66



SCARB1 SCARB1
C 100+ c 209
° o
n *kkk ‘» <0.0001
3 801 . 2 P
E_ — 15_
o
% 2 o
60 L
<Z( *3:** g 104
T 401 *hkk 9 a‘o
— . v o
Q504 ) 8 51
x T EA / <
?): = k fm !;v 3
(9] O- n 0 T T
% N\ N Q NORMAL TUMOR
VR N ,
N O K Renal Tissue

Figure 4.1 SCARB1 Expression in Renal Tissue A) SCARB1 mRNA expression from normal kidney
(n=15) and grade Il (n=14), grade Il (n=12), and grade IV (n=11) ccRCC tissue. Statistical analysis by
ANOVA with Dunnett’s post- test; ****p<0.0001. B) SCARB1 mRNA expression data from TCGA KIRC data
set (n=73 paired tumor and normal adjacent tissue). Significance determine via T-test; p-value displayed.
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We next utilized CRISPR/Cas9 system to knockout SR-B1 in renal cell carcinoma
lines. To begin, an appropriate guide RNA was determined using open source software
CRISPOR, in which coding exon nucleotides are input, a species genome is selected, in
addition to PAM type of choice (dependent upon Cas protein; Cas9 is NGG).
Computational analysis is performed in which guide RNAs are produced against the gene
input. Guides are ranked based on specificity to the genome(184). Selected guide
sequences can be synthesized by companies such as Synthego, in which the guide
without can be attached to an 80-mer specific scaffold to create a single guide RNA

(sgRNA).
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Figure 4.2 CRISPR design and editing of human SCARB1 gene exon 4. The human SCARB1 gene
contains 13 exons. Highlighted in yellow is exon 4. This sequence was analyzed in the CRISPOR software to
generate the SCARB1 sgRNA sequence. The sgRNA will complementarily bind to the DNA target sequence
highlighted in blue. Next to the target site, in pink, is the sequence 5’-CCC-3’. Thus, the reverse DNA strand
possesses the PAM site of 3'-GGG-5’ (not depicted). The sgRNA directed Cas9 will recognize the PAM on
the reverse strand (not depicted) and induce a double strand break. Screening primers in green will amplify
exon 4 and small portions of intronic DNA sequences flanking it (white) in PCR. Below are histograms of the
Sanger sequenced DNA PCR products in the forward sense from Caki-1 and Caki-2 cells co-transfected with
sgSCARB1 and Cas9. We see that 3 base pairs away from the PAM, our sequence becomes degenerate,
indicative of edited genomes of cells in the transfected cell pool. Thus, single-cell derived colonies can be
screened via Western blot to find SR-B1 KO clones.
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The sgRNA, along with spCas9, were transfected into cells, which were subsequently
screened for edits. Fig 4.2 shows a schematic of a portion of Exon 4 of the human
SCARBL1 gene, which we targeted with a specific SgRNA. DNA from a pool of sgRNA/Cas9
transfected Caki-1 and Caki-2 cells reveals editing of the gene. In which editing occurs 3
base pairs upstream of the PAM. Single-cell dilution was performed on the pool of cells to
isolate individual colonies of SR-B1 KO cells as seen in the western blot below (Fig. 4.3A).

Knock out of SR-B1 in the Caki-1 results in inhibition of HDL-mediated cell growth
of Caki-1 cells (Fig 4.3B). Future work could be performed to evaluate lipid accumulation

of these SR-B1 KO cells.
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Figure 4.3 SR-B1 KO in Caki-1 Cell Accumulation. A) Western blot of SR-B1 in WT and SR-B1 KO Caki-1

and Caki-2 renal cell carcinoma line. B) Cell accumulation assay in which 20K cells/well were treated with
HDL over 4 days.
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IV.2 Generation of Gpnmb KO for manuscript: QTL analysis of
macrophages from an AKR/JXDBA/2J intercross identified the Gpnmb

gene as the modifier of lysosome function (185).

IV.2.1 Introduction

Atherosclerosis is the leading cause of death worldwide (186). It is characterized by
plague buildup as a result of lipid laden macrophages known as foam cells. During the
process, a host of receptors including LDLR, macrophage scavenger receptor A (MRS1
gene) and CD36 ingest low-density lipoproteins (LDL) in its oxidized (oxLDL) and
acetylated (AcLDL) forms. Accumulation and storage of these lipids in lipid droplets
promotes an inflammatory response that leads to further macrophage recruitment and
dysfunction, thus progressing the disease (187). The way in which macrophages attempt
to clear lipid abundance is through a process known as autophagy. Here,
autophagosomes ingest accumulated lipids (188), then fuse to lysosomes in which the
cholesterol ester (CE) is hydrolyzed to free cholesterol by lysosomal acid lipase, which is
subsequently exported out of the cell via ABCAL (189).

The apoE KO mice has been used as a model to study atherosclerosis. In particular,
the DBA/2J and AKR/J mice both develop atherosclerotic plagues. However, the plaque
lesion in DBA/2J mice are roughly 11-fold greater than those in the AKR/J mice (190).
Subsequent studies have demonstrated that macrophages of DBA/2J mice have lower
free cholesterol and greater cholesterol ester storage (191), due to full-length ACAT
(enzyme to esterify free cholesterol) as opposed to truncated ACAT in AKR/J mice due to
exon deletion in soatl gene (192). Additionally, DBA/2J macrophages have reduced
cholesterol efflux capacity and delayed autophagolysosome formation compared to AKR/J
mice (191). Robinet et al, subsequently demonstrated that DBA/2J mice have reduced

lysosomal activity due to differential expression of lysosomal genes Mflm1 and Gpnmb,
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identified by quantitative trait locus (QTL) mapping; , however, Gpnmb does not appear to
regulate cholesterol ester storage or efflux capacity of macrophages based on
experiments with siRNA knock down of Gpnmb (185).
IV.2.2 Materials and Methods

RAW 264.7 cells were cultured in DMEM supplemented with 10% FBS. In order to
generate GPNMB KO cell lines, 1x10° cell lines per cell line were co-transfected via
nucleofection (Amaxa) with 0.6 nM mouse Gpnmb sgRNAs (Table 4.2) complexed with
0.07nM Cas9 protein (Synthego). Transfected cells were plated in 96-well dishes to
approximately 1 cell/well then clonally expanded and screened Western blot using Gpnmb
antibody (R&D Systems). To measure lysosome function WT and Gpnmb edited RAW
cells were incubated with 2pug/mL alexa647- labeled DQ-ovalbumin-bodipy (A-DQ-ova) for
1h. Function was evaluated by lysosomal pH as determined by the ratio of Bodipy to
Alexa647 fluorescence in flow cytometry. In all experiments, 10,000 cells were analyzed
by flow cytometry with a LSRII device (BD) using the following lasers and filters: 488nm

excitation and 515/20nm for Bodipy and 639nm excitation and 660/20nm emission for

Alexa647.
SgRNA Seguence
musgGPNMB #1 ACCAACGACCAGGUUUCGUU
musgGPNMB#2 GUGCATCGCCUUCAAACUAU

Table 4.2 sgRNA for mouse Gpnmb
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IV.2.3 Results

Though siRNA significantly reduced AKR Gpnmb expression via PCR and WB
compared to control siRNA treated cells, there was residual Gpnmb expression in the
knockdown. To confirm that Gpnmb does not regulate efflux and cholesterol ester storage,
we were tasked to generate a Gpnmb KO RAW 264.7 macrophage cell line so studies
could validate the findings of this paper. Below is a western blot depicting unedited and
Gpnmb edited by CRISPR/Cas9 in RAW 264.7 cells (Fig 4.4A). Editing of the complete
Gpnmb KO clone #24 has recapitulated reduced lysosome function in RAW macrophages,
whereas partial Gpnmb KO clones 8 and 13 resembled WT lysosomal function (Fig. 4.4B).
Though expression of Gpnmb was reduced with CRISPR knockdown, the residual
presence may contribute to being enough to effect the cells as seen with incomplete siRNA
knockdown in AKR macrophages, thus no differences in efflux or CE levels. Additional

testing on Gpnmb KO line is underway.
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Figure 4.4 Editing of GPNMB and Use in Lysosomal Function Assay A) Western blot of Gpnmb in WT

and Gpnmb edited cells using B) Lysosomal function assay of WT and Gpnmb edited RAW cells. ANOVA with
Dunnett’s post-hoc analysis; ****p<0.0001.

75



IV.3 Preliminary work on the anti-proliferative effects of ABCA1

in prostate cancer using CRISPR/dCas9 activation.

IV.3.1 Introduction

Prostate cancer is the second leading cause of cancer-related death among men in
the United States (3). It has been reported that elevated levels of high-density lipoprotein
(HDL)-cholesterol, the “good” cholesterol, protect against diseases such as
atherosclerosis as well as many types of human cancers (172). The protective effect of
HDL on cancer has been confirmed using mouse models with low and elevated levels of
HDL (90). An inverse association between HDL in prostate cancer has been observed
(88,150), but not in all studies (151,152). HDL biogenesis is mediated by ATP-binding
cassette transporter A1 (ABCA1), which assembles cellular lipids with exogenous lipid-
poor apoAl to generate nascent HDL (47). ABCAL, expressed in almost all tissues, is
necessary for HDL formation. In cells, upregulation of ABCA1 promotes translocation of
phosphatidylserine (PS) from the inner to outer leaflet of the plasma membrane and HDL
formation (193) by effluxing phospholipids and cholesterol to apoAl. Additionally, ABCA1
effluxes phosphatidylinositol 4,5-bisphosphate (PIP2) to HDL, and the majority of plasma
PIP2 is carried on HDL(58).

It has been demonstrated that ABCA1 mutations and hypermethylation of ABCAl
promoter decreases these activities and leads to cholesterol accumulation (47,126) and
ultimately cardiovascular disease. Lee et al, demonstrated that ABCAL1 expression is
suppressed in prostate cancer, reducing tumor cholesterol efflux capacity (126).

We hypothesize that ABCAL induction can promote removal of cholesterol and PIP2
that will decrease prostate cancer growth pathways. Preliminarily, we have demonstrated

that chemical induction of ABCA1 coincides with reducing some of these processes.
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IV.3.2 Materials and Methods

The human prostate cancer cell lines DU145 and PC3 and mouse prostate cancer cell
line TRAMP-C2 were used. DU145 and PC3 lines were cultured in RPMI1640
(supplemented with 10 % FBS (Sigma) and TRAMP-C2 was cultured in DMEM
supplemented with 10% FBS (Sigma) and 10 nM dihydrotestosterone (Sigma) at 37 °C in
5 % CO,. AC10 ABCAL1 antibodies was from Novus. pan-AKT was fromr Cell Signaling
Technologies.

For cell accumulation, proliferation and cell cycle analysis, cells were seeded into a
24-well at densities of 10,000 and 20,000 cells/well respectively in 10% FBS containing
medium. Cells were then incubated in 10% FBS with or without 10 uM of the LXR agonist
T0901317 (Sigma) for 4 days to induce ABCAL expression. Thereafter, cells were lifted
by trypsin and counted using the automated cell counter (Z series) by Beckman Coulter.

To evaluate cholesterol efflux from prostate cancer cells. Cells were plated in 10%
FBS containing serum overnight. Following adherence, cells were rinsed with serum free
media, then labeled with 3[H]-cholesterol. Next, cells were treated with or without 10 uM
T0901317 in serum free media overnight. The following day cells were treated with or
without 10 pM T0901317 and chased with or without 5 pg/ml apoAl in absence or
presence of T0901317 for 6 hours in serum free media.

To determine changes in AKT activation, adherent cells were serum starved overnight
in the absence or presence of 10 pM T0901317, then treated with full serum for 2 hours.

Cells were harvested for protein then subjected to SDS-PAGE and Western blot.
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To generate ABCAL over expressing DU145 cells (DU145 ABCAL) we used the
deadCas9-transcriptional activator (CRISPRa) method. DU145 cells were transfected with
addgene plasmid SP-dCas9-VPR (#63798) and selected for with G418 to express dCas9.
dCas9 expressing DU145 cells were then transfected addgene plasmid pGL3-U6-sgRNA-
PGK-puromycin(#51133), in which ABCAL oligos (Table 4.3) were annealed and then

ligated into Bsal cut sites.

Cloning Primers Sequence
huABCA1-Fwd AAACAGGCAGTAGGTCGCCTATCA
huABCA1-Rev TAGGTGATAGGCGACCTACTGCCT

Table 4.3 cloning primers for human ABCA1l
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IV.3.3 Results

Lipoprotein receptors in prostate cancers have been widely studied and may serve as
targetable entities to counter prostate cancer (111,112,117,126). We decided to evaluate
how ABCA1 induction influence prostate cancer cell number. We hypothesize that
induction of ABCA1 expression will promote efflux of cellular lipids, thus reducing
proliferation and progression of prostate cancer. T0901317 is a liver x receptor (LXR)
agonist that can promote induction of ABCAL expression, which is shown for 3 prostate
cancer cell lines. T0901317 induces ABCAL1 expression in both human prostate cancer
cell line DU145 and PC3, but ABCAL is expression is nearly negligible in the mouse
TRAMP-C2 cell line (Fig 4.5 A-C). However, treatment with the LXR agonist was able to

reduce cell number compared to non-treated cells (Fig. 4.5 D-F).
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Figure 4.5 LXR effects on ABCAL1 expression and cell number in prostate cancer cells. A) human DU145
and B) human PC3 and C) mouse TRAMP-C2 cells were incubated with + 10 uM T0901317 overnight and
then lysates were run in SDS-PAGE and probed for ABCA1. D,E,F) human and mouse prostate cancer cell
were treated with 10 uM T0901317 in FBS media for 4 days (N=3; mean = SD; **, p<0.01; ***, p<0.001,

***xn<0.0001 by t-test).
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Next, we evaluated if LXR treatment promoted increased cholesterol efflux to apoAl.
We hypothesized that if LXR-induced ABCA1 expression would promote efflux of
cholesterol from prostate cancer cells. As expected induction of ABCAL via LXR increased
cholesterol efflux by 1.9-fold for both DU145 and PC3 lines and by 1.6-fold in the TRAMP-
C2 (Fig 4.6 A-C). It is known that ABCAL has the capacity to promote efflux of PIP2 from
BHK cells. PIP2, a precursor lipid to the PI3K/AKT activation pathway. We hypothesize
that LXR treatment, promoting ABCAL1 could efflux PIP2 from prostate cancer cells limiting
AKT activation. Western blot analysis of PC3 cells treated with LXR agonist revealed

reduced AKT activation, but did not reach significant (Fig. 4.7).
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Figure 4.6 Cholesterol efflux to apoAl in LXR treated prostate cancer cells. A) human DU145 and B)
human PC3 and C) mouse TRAMP-C2 cells were labeled with 3[H]-cholesterol, incubated with + 10 uM
T0901317, and chased to 5pg/ml apoAl in absence or presence of 10uM T0901317. (N=3; mean + SD; p<0.05

by ANOVA).
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Figure 4.7 LXR activation reduces AKT activity in prostate cancer cells. A) Western blot phosphor-AKT
and total AKT in PC3 cells treated with or without 10 uM T0901317. B) Quantification of western blot. T-test
with p-value displayed N= 2 to 3 sample.
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We believe it is ABCAL induction that is mediating these effects. In order to evaluate
if the T0O901317 effects are due to induction of ABCAL, we attempted to utilize the
CRISRP/dCas9-transcritional activation (CRISPRa) method to promote ABCALl
expression. We engineered DU145 to stably express dCas9 using addgene plasmid SP-
dCas9-VPR as well as to introduce human-specific ABCA1 targeted guide RNA that would
be expressed by addgene plasmid, pGL3-U6-sgRNA-PGK-puromycin, in which ABCA1
oligos were annealed and then ligated into Bsal cut sites. A PCR assay on cDNA revealed
generation of ABCA1 upregulation in some clones (Fig. 4.8). However, further testing is
needed to evaluate if CRISPRa of ABCAL in DU145 cells can recapitulate the same effects

as LXR agonist T0901317.
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Figure 4.8 CRISPRa of ABCA1 in DU145 cells. A) PCR of DU145 ABCAL1 clones generated with SP-VPR-
dCas9 and pGL3-U-sgABCA1-PGK-puromycin.

84



CHAPTER V

General discussion and future directions

Our data demonstrate the pro-proliferative effects of HDL by SR-B1, suggesting that
anti-SR-B1 therapies could be beneficial due HDL uptake. Studies by Gordon
demonstrating reduced tumor rate in response to BLT-1 (111) and regression of tumors in
response to ITX5061 in the Patel study (118) affirm the relevance of the bulk of this work.
Our dual hypothesis focused on HDL driving proliferation and progression through SR-B1,
whereas ABCA1 mediated HDL generation reduces proliferation and progress. However

it is of interest of us to integrate knowledge of SR-

DU145 _ o _
B1 knockout with the preliminary evidence of
2.5x10%59 a
2x1054 b b ABCAL induction mediating decreases in prostate
% 1.5x10°7 c cancer cells. Continuing work on generating stable
% 1x105- d L
@) ABCAL expression in TRAMP-C2 cells would be
5x1044 e
o of interest to test our hypothesis of its anti-
NS TP RS NN . . . . L .
qu@?*‘”@é @C\ Q\"’iq\’b‘b proliferative of and anti-tumorigenic in vitro and in
< A N
" A
qu\?“ e vivo similar to our study design for SR-B1 KO.
< &
>
,\&& We have preliminary evidence that inhibition of

Figure 5.1 Combinatorial treatment for

ABCAL1 induction, SR-B1 inhibition,and SR-B1 ~ and  T0901317-induced  ABCAl
PI3K inhibition additively decrease

prostate cancer cell growth. Cells were  gynergistically reduce growth of DU145 cells
treated with 10 uM T0901317,

1 uM BLT-1, and/or 1 pM ZSTK474 for 4d . . .

inulo% FBS media.” Beckman Coulter (Fig.5.1). Since, we have established SR-B1 KO

Counter was used to quantify cell
proliferation.  Significance by ANOVA;  cells for both DU145 and TRAMP-C2 cells it
p<0.05 between groups with different

letters. . . .
would be interesting to see if we could
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recapitulate the finding in the cells with the SR-B1 and T0901317 or with cell additionally
engineered to overexpress ABCAL.

Additionally, It is known that PIP2 is a phospholipid primarily sequestered on the
inner leaflet of the plasma membrane, where it can be converted to PIP3 via PI-3
kinase with subsequent recruitment and activation of AKT (Reviewed in (21)).
Semenas et al. showed that inhibition of Pl-4-phosphate 5 kinase 1 alpha
(PIP5K1a), which produces PIP2, reduced prostate cancer tumor growth,
androgen receptor (AR) expression, and prostate specific antigen (PSA) levels
(194). Our lab has previously shown that phosphatidylinositol 4,5-bisphosphate
(PIP2) can be trafficked in and out of cells via SR-B1 and ABCA1 and that the
majority of circulating PIP2 is carried on HDL (58). Thus, HDL-PIP2 uptake via SR-
B1 into prostate cancer cells may also promote cell proliferation. Our preliminary
results demonstrate that this is a plausible event in that could occur in prostate

cancer cells. In DU145 cells we

demonstrated that HDL-PIP2 uptake
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Figure 5.2 HDL-PIP2 in DU145 cells. DU145 cells C(PI-PLC)’ which  cleaves PIPs,

were treated with HDL labeled with 3[H]-PIP2 in the
absence or presence of SR-B1 inhibitor, BLT-1 (1 uM), ~ Proved to moderately decrease
for 4 hours. Extracted cellular radiolabeled lipids were
counted in scintillation and normalized total cell HDL-mediated cell accumulation of
protein. N=3, T-test; **p<0.001. B) DU145 cells

treated HDL or PI-PLC pre-treated HDL for 4 days. .
P Y DU145 cells (Fig.5.2B).
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This could potentially complement the preliminary finding that combined therapy of SR-B1
inhibition, ABCA1 induction, and PI3K inhibition work together to diminish prostate cancer
cell growth as observed in (Fig 5.1) However, we have not demonstrated ABCAl
mediated removal of PIP2 from prostate cancer cells as demonstrated by Gulshan
et al. (58).

Moreover, several studies have conferred its anti-cancer activity of ABCAL in glioblastoma
(195), breast cancer (196), and colon cancer (197) cells. In these studies LXR treatment,
which mediates ABCAL transcriptional activation, has shown to promote cell death, reduce
PIP3 accumulation, and/or lower AKT activation, and in in vivo models cause smaller
tumors (195). Again this highlights the potential role that PIP2 may play in the cancer,
along with a potential role to regulate PIP2 levels being transported into cells by SR-B1 or
exported by ABCAL.

There is much literature that has looked at statins or cholesterol levels with respect to
prostate cancer risk. As with HDL and prostate cancer risk, the data on statin use and
prostate cancer risk is inconsistent. Several studies supporting statins and reducing risk
(53,70,73,75,77,78,168,169), whereas, other did not (82-85). However a more recent
meta-analysis of multiple statins overall did not show that statins reduced risk of prostate
cancer (171). With this in mind, it would be of interest to look at multiple statins on HDL
transporters like SR-B1 and ABCAL to evaluate if this statin association is due the effects
on these receptors. Statins have been shown to decrease macrophage ABCA1 expression
(198) and increase SR-B1 expression in both macrophages and endothelial cells
(199,200). This is of interest since it has also been demonstrated that ABCA1 expression
is reduced in prostate cancer as it advances due to hypermethylation (126), even though

TCGA analysis was not stratified by severity to observe a similar finding (Fig 3.1).
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Lastly, if therapies to promote ABCALl expression and inhibit SR-B1 are to be
developed, it is necessary to consider what impacts this will have in increasing risks for
other morbidities, hamely cardiovascular disease. As androgens are a primary driver of
prostate cancer (2,11), it is only natural to treat patients with androgen deprivation
therapies ADT. It is known that, ABCA1 is suppressed by androgens (124,125), whereas
in human hepatic cells SR-B1 is induced by androgens, which most likely is the reason
that men have lower HDL levels than women (94,98,156). However, it has not been well
characterized as to how ADT influences both SR-B1 as well as ABCA1 with respect to
prostate cancer or cardiovascular disease. However one study demonstrated
downregulation of ABCAL in response to ADT with Enzalutamide in LAPC-4 prostate
cancer cells, but not LNCaP, VCaP, or CWR-R1 cell lines. Additionally SR-B1 expression
was not demonstrated to be altered in micro array analysis in response to this treatment
(201). What was interesting about the Patel et al, study was that use of SR-B1
inhibitor sensitized cancer to androgen deprivation therapy and statins.

However it has been consistently demonstrated that ADT with standard of care drugs
such as Enzalutamide, Abiraterone, or gonadotropin-releasing hormone (GnRH)
analogues, increases risk or worsening of a cardiovascular disease (202-205), worsening
of diabetes (205) and/or development of a new comorbidity, such as obesity and
hypertension (205). Therefore, it would be interesting to evaluate how these drugs, which
lower androgens, by multiple pathways, impact cholesterol transporters like SR-B1 and
ABCAL, to gain a greater understanding of prostate cancer progression and treatment in
addition to evaluating the consequences toward development of other comorbidities, that

also might involve HDL metabolizing receptors SR-B1 and ABCA1.
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CHAPTER VI

Appendix

Permission of use: DIAGENODE, Inc
(,:ASE

\ EETERN Cynthia Traughber =cat/3@case.edu>
IVERSITY
Cas9 antibody image use request, services info
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David Greenberg <david.greenberg@diagenode.com=> Tue, Apr 7, 2020 at 4:23 PM

To: "cat73@case edu” <cat?3@case edu>
Cc: "michelle fosler@diagenode.com” <michelle fosler@diagenode.com=,
"bindu_sundaresan{@diagenode.com” <bindu.sundaresan@diagenode_com:

Hi Michelle and Bindu-
| spoke with Cynthia on Chat today. She is interested in using our Cas9 webpage art in her dissertation.

They need permission to include it. | am checking with our team on this.
hitps:/iwww.diagenode.com/en/categories/crispr-cas9-genome-editing

She will be continuing research and is considering services for big data and seq approaches to compliment
her own experiments. Would you mind connecting with her about any relevant services? She's busy for the
next few weeks writing, but | sent her the link to our data mining webinar in the event that it is a welcome
distraction to thesis writingl

| think for her samples, Cas9 edited prostate samples could benefit from scATACseq, RNA_seq, and ChIP-
seq for Cas9 potentially.

I will let you know if | hear anything about how to go about using the artwork for your thesis. In my opinion if
you cite the source, it should be fine, but her committee requires getting permission.

Thanks,

David Greenberg, Ph.D

Inside Sales and Technical Support Specialist

Diagenode, Inc.

Cell: (213) 929-0337
hitps:/lwww.diagenode.com/en/p/single-cell-atac-seq-service

David Greenberg <david greenberg@diagenode.com> Wed, Apr 8, 2020 at 10:41 AM
To: Michelle Fosler <michelle fosler@diagenode.com>, cat73@case edu, c.alicia1208@gmail. com
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Hi Cynthia,
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“Cynthia is more than welcome to use our graphics if she cites the name of our company in the source. *

Best,

David
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