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ABSTRACT OF THE THESIS

The discovery of Sanguinarine as a dual-inhibitor of Androgen receptor and lysine-specific demethylase
1A for preventing or delaying lethal prostate cancer progression

by
Victor Pham
Ph.D. in Pharmaceutical Sciences
University of California, Irvine, 2020

Professor Xiaolin Zi

Castration-resistant prostate cancer (CRPC) is a lethal disease and its progression is primarily
driven by reactivation of androgen receptor (AR) signaling even after treatments with castration and
multiple AR pathway inhibitors [CHAPTER 1]. In addition, epigenetic mechanisms, including lysine-
specific demethylase 1A (LSD1) overexpression, have recently been appreciated as cell-fate determining
drivers of the heterogeneity of CRPC and the associated treatment resistances [CHAPTER 2]. Therefore,
we hypothesized that dual targeting of AR and LSD1 might be a more effective therapeutic approach in
preventing or delaying the progression of CRPC. Through a series of structural similarity search of flavin
adenine dinucleotide (FAD, a co-factor of LSD1) analogs, molecular docking studies and experimental
screenings of inhibitors for LSD1 enzymatic activity and AR transcriptional activity, we have discovered
for the first time that Sanguinarine, a naturally occurring compound from the root of Sanguinaria
canadensis as well as other Fumaria species, is a potent dual inhibitor of both LSD1 and AR [CHAPTER
4]. In vitro Surface Plasmon Resonance (SPR) and in vivo Cellular thermal shift assay (CETSA) assays
confirmed that Sanguinarine directly binds to both LSD1 and AR with equal or very close binding
affinities. In addition, the growth inhibitory and anti-AR signaling effects of Sanguinarine are partially
dependent on the expression levels of LSD1 as shown in LSD1 knockdown and overexpression

experiments. To assess the effect of Sanguinarine on CRPC progression, we found that Sanguinarine

Vii



inhibited the neuroendocrine trans-differentiation of prostate cancer cell lines induced by Dovitinib, a
pan—tyrosine Kinase inhibitor in prostate cancer clinical trials, both in vitro and in vivo in xenograft
models and significantly enhanced the anti-tumor efficacy of Dovitinib [CHAPTER 6]. Furthermore,
Sanguinarine more effectively reduce the growth and regeneration of spheroids from stem cell-like
prostate cancer cells or cancer initiation cells than bulk prostate cancer cells both in vitro and in an vivo
xenograft model and down-regulates the expression of cancer stem cell markers (i.e. .Nanog, Sox2 and
Oct4) [CHAPTER 7]. Overall, the results we have gathered demonstrate that Sanguinarine is a structural
model as a dual inhibitor of LSD1 and AR for preventing or delay CRPC progression through
mechanisms of down-regulation of AR signaling and inhibition of neuroendocrine differentiation and

cancer stem cells. Our studies have provided a new strategy for treatment of CRPC.
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CHAPTER 1
INTRODUCTION TO PROSTATE CANCER AND ANDROGEN RECEPTOR

Prostate cancer (PCa) is the second most lethal cancer in men in the United States [1]. In 2019,
174,650 new cases of PCa arose and 31,620 PCa-specific deaths occurred in the United States, accounting
for more than 13% of all new cancer cases and 5% of all cancer deaths. PCa is also the fourth most
diagnosed cancer worldwide, although the incidence for PCa varies by geographical region. The risk for
PCa in African American men is the highest among other ethnicity groups. Early diagnosis is the best
method to increase long-term survival for PCa patients since the 1990s and increased the 5-year survival
rate to nearly 98%. However, for patients who were diagnosed with metastatic PCa, their 5-year survival
rate dropped significantly to less than 28% [2]. In Chapter 1 of this dissertation, we provide an overview

and discussion of the anatomy, pathophysiology, and current treatment strategies against PCa.

Seminal
vesicle

Urethra

Penis

Prostate

Cancerous
tumor

Figure 1: The anatomy of the male human. Prostate can be found under the bladder.

NORMAL PROSTATE STRUCTURE AND FUNCTION

The prostate is a walnut-size glandular organ that can be found surrounding the urethra and below
the bladder (Figure 1). The prostate consists of (1) the inner transitional zone, (2) the central zone, and (3)
the outer peripheral zones, all surrounding the urethra in that order (Figure 2). The transitional zone
assists in maintaining the constriction of the natural passage or orifice of the urethra, whereas the central
zone and the peripheral zones are for the secretion of semen. If any functional problems with the
transitional zone exist, the benign prostatic hyperplasia (BPH) may develop and can cause urinary tract
disease that is commonly developed in older males. PCa is commonly developed from the peripheral zone

and the risk for PCa increases as age increases.



Zones of the Prostate
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Figure 2: Different zones of the prostate.

The prostate produces fluid for semen, which is a mixture of prostatic fluid, seminal vesicle fluid,
bulbourethral gland fluid, and sperms. Within the prostate gland, smooth muscle cells located at the
basement membrane help contract to expel semen during ejaculation. The prostate gland also contains
prostate-specific antigen (PSA), which is a serine protease that helps sperm move smoothly by liquidizing
the semen [3]. PSA is a common biomarker used to detect the presence of PCa activity. In addition to its
secretory function, the prostate can also aid in the transport of substances from the basal to the lumen side

of the prostate.

CHRONIC INFLAMMATION IN THE PROSTATE

There has been extensive research delving into the origin of PCa, each of which came to the same
consensus conclusion: that the manifestation of PCa is the result of the accumulation of both genetic and
environmental influences, primarily as men get older. Inflammation in the prostate may also result from
various other reasons, ranging from sexually and non-sexually transmitted infections to physical or
dietary factors. Some chronic inflammation conditions of the prostate can exhibit molecular alteration
similar to PCa, such as proliferative inflammatory atrophy, where cells proliferate at an increased rate
within the atrophic region of the prostatic intraepithelial neoplasia, peripheral zone, or transitional zone.
Due to its highly replicative nature, researchers believe this condition could possibly be the precursor to

PCa development [4].

It is difficult to predetermine the molecular or genetic predisposition that causes men to develop
PCa. There have been several genetic abnormalities identified to suggest an increased risk in

carcinogenesis development, including the loss of GSTP1, PTEN, and tumor suppressor p53 [5]. In



addition, the increase in AR activities, androgen-responsive TMPRESS? activities, or the expression of
genes encoding Sa-reductase, such as SRD52A, that converts testosterone into dihydrotestosterone may
all be indicators for a higher risk in developing PCa [6]. Other PCa abnormal indications include unusual
activity levels for genes involved in survival, proliferation, xenobiotic detoxification, and androgen

receptor (AR) activity.

PROSTATE CANCER DIAGNOSIS

Patients screened and diagnosed with PCa at an earlier stage have a higher likelihood for long-
term survival since early stage is still considered a curable stage. The most common PCa screening
method involves measuring the PSA levels collected in serum [7]. PSA is usually overexpressed in PCa
because of its excessive expression activities for androgen-responsive genes. Thus, PSA can be used to
track PCa progression and can be used to correlate with patients’ survival outcome. However, the
correlation between PSA and PCa is controversial. There may be risks of misdiagnosis that can lead to the
treatment of PCa for patients that have an inflamed prostate as a result of other factors. Moreover, there
are several factors that show PSA may not be an optimal indicator of PCa. First, an increase of PSA in the
serum can result from noncancerous conditions, such as BPH, trauma, or inflammation. Second, early
stage PCa are slow-growing cancers, so the level of PSA is not significant to indicate PCa. Therefore, it is
very important to search for other alternative biomarkers when monitoring PCa in conjunction with PSA
[8]. Some biomarkers may include PTEN loss, gene fusion, and increased in long non-coding RNAs, to

name a few [9].

Doctors may also diagnose PCa based on the histology features of the tissues after biopsy. There
are a few histology aspects that are seen as an indication of cancerous tissue: the breakdown of organ
structure that lead to gland infiltration, the increase in cell number, largened nuclei, mitotic figures,
absence of basal cells, and the upregulation of a-methylacyl-CaA racemase. Doctors will usually measure
the histology tissue biopsy using Gleason scoring, a method that determines a cancer's malignancy levels
through correlation of prognosis and guides treatment decisions. The scoring system is based from 1-5,

allowing for a grade to be submitted to the most prevalent and undifferentiated cells [10].

PROSTATE CANCER TREATMENT [12]

There are various treatment routine options for PCa, depending on the disease stage, age, and
overall health of the patients. A treatment center's location may also play a significant role because one

medical center may have historically different treatment methods.

For any PCa patient, it is important to watch and actively survey signs of health degradation. The

term active surveillance means the treatment and the delay of localized cancer until it begins to show



evidence of local progression and higher Gleason grade migration. The reason for not outright treating the
cancer disease is to spare the patients from treatment side effects. This is especially important for patients
who have two or more other chronic diseases or for elderly patients with low grade and low volume
cancer that may not show significant signs. In addition, treating these patients may be daunting as the
potential benefit may not outweigh the risk of treatment-associated side effects. Thus, treatment is not
given immediately after diagnosing these patients, but given only to alleviate and delay the progression of

cancer.

Nonetheless, some PCa patients may even take an extra step to avoid the risks of developing
progressive cancer entirely by going through surgery or radiation therapy. However, there are a few
drawbacks to this decision; their quality of life will be lowered, which may lead to unforeseen and

unnecessary suffering.
Radical prostatectomy

Radial prostate occurs when a patient gets their prostate removed. Prostatectomies are usually
performed on men with good health that can bear the trauma and after effect of the surgery and have an
organ-confined disease. Patients who undergo radical prostatectomy may have trouble with erections for

sexual activities and lose their ability to control their urine bowel motion.
Radiation therapy

Radiation therapy is the use of an external-radiation beam that focuses directly at the prostate and
surrounding tissues. Brachytherapy is often applied to seal the radiation to focus inside or next to the
affected area. Radiopharmaceutical therapy, which utilizes compounds with radioactive purposes, is

typically used for the treatment of bone metastasis.
Hormonal therapy

One of the most common therapeutic treatments for patients with PCa is hormonal therapy, or
androgen-deprivation therapy (ADT), which is administered to disrupt the androgen pathways that
promote the growth and progression of PCa. Hormone therapy helps reduce the level of androgen
available in the body that activates PCa growth and progression. The androgen receptor (AR) pathway is
the primary target for PCa patients, in which the goal of the initial hormone therapy is to reduce the
plasma testosterone levels. Certainly, castrations, which include surgical prostatectomy (bilateral
orchiectomy) or pharmacological castration (luteinizing hormone-releasing hormone, LHRH,
agonists/antagonists) can also achieve similar results. However, the side effects from these treatment

methods will lead to decreased libido, inability to erect, weight gain, brittle or weakened bones, and



fatigue. In addition to undergoing castration, patients may also be treated with AR antagonists or
inhibitors that directly block the AR enzymes, preventing the synthesis of adrenal or intratumoral
androgens.

ANDROGEN RECEPTOR
Structure and function

AR is a nuclear receptor and a member of the nuclear hormone receptor (NHR) family of
transcription factors. It is also a multidomain protein that contains three unique domains: (1) an N-
terminus domain (NTD) that plays a role in transactivation of AR downstream genes, (2) DNA-binding
domain (DBD) that is next to the NTD, (3) the hinge region, and (4) at the C-terminus domain (CTD)
contains the ligand-binding domain (LBD), which is encoded by 8 exons located on Xq11-12 [12]. In
order for AR to begin its activity, an agonist must bind onto the LBD. Hence, targeting and blocking the
LBD will deactivate the AR activities.

Typically, in the prostate, testosterone is converted by the prostate cells into a more potent form
of androgen, dihydrotestosterone (DHT), using a Sa-reductase enzyme. DHT is about 50 times more
potent than testosterone. When AR is in its inactive state, it resides in the cell cytoplasm bound to heat
shock protein-90 (HSP90) and heat shock protein-70 (HSP70). Once androgens bind to the LBD, AR
dissociates from the HSP90 and HSP70 and enters the nucleus where it dimerizes with another activated
AR [13]. Once in the nucleus, the dimerized AR can then interact with other cofactors or transcription
factors, such as lysine specific demethylase 1A (LSD1, which will be discussed later in this dissertation
paper) in order to regulate the expression of AR-specific genes, such as PSA and other metabolic,

survival, and proliferation pathways.

The DBD and the hinge region play an important role in the nuclear translocation function of AR.
These two regions of the AR contain two separate nuclear localization signals (NLS) that interact with the
a/P nuclear import complex. In addition, upon androgen binding to AR, several intermolecular and
intramolecular interactions induce conformational changes. These conformational changes allow the LBD
and the FxxFL-like motifs of the NTD to tightly bind to the androgen. The FxxLF or LxXLL on the LBD
in other nuclear hormone receptors mainly serves as a docking site for coactivator and corepressor
proteins. The AR contains the NTD that competes with potential coregulators at the FxxLF or LxxLL
regions for the binding to the LBD. This NTD-LBD binding stabilizes the ligand bound to the AR and
protects the AR from degradation or denaturation through destabilization [14]. The interactions between
AR to homodimerize with another AR are mediated by the DBD. In addition, the DBD also allows the

AR to interact with the androgen response elements (ARE), which are inverted hexameric repeats spaced



by three nucleotides, such as the sequence 5’- AGGTCANNNTGACCT - 3’ [15]. This ultimately allows
for downstream AR transcription to occur. The DBD contains two zinc-fingers, with one binding to the
ARE, and the other interacting with activated AR monomers. The way AR homodimerizes is the head-to-
head fashion, whereas the LBD containing the androgen is faced towards each other and dimerized
together [16].

When comparing AR to other members of the NHR family, such as glucocorticoid receptor (GR)
and estrogen receptor (ER), AR is the only one that uses NTD for its transactivation activities compared
to other NHR that use CTD instead. The NTD of the AR is composed of two transactivation units
(TAUS), the TAU-1 and TAU-5 (amino acids 360-528) [17]. TAU-5 is responsible for the ligand-
independent transactivation. TAUs are important as they bind to other coregulators, such as LSD1, that
help to modify the chromatin structure to increase or decrease the access to the transcriptional machinery.
There are over 170 AR coregulators identified, including LSD1 which can repress or activate
transcription; histone acetyltransferases (HATS), such as p300/CBP and p160/SRC that can increase
transcription of target genes by opening the chromatin structure; and histone deacetylases (HDACS) that
can repress transcription [18]. AR interacting with some of these coregulators, including LSD1, can target

its own gene to make more AR.
Growth and Development

During embryonic development, childhood development, and adulthood development, androgens
play a critical role in puberty, fertility, and homeostasis. The downstream function and action of androgen
is solely mediated through the AR. The development of being a male or a female can be determined by
the presence of the sex-determining region Y protein on the Y sex chromosome. This factor plays an
important role in testes development, which is responsible for the development for the prostate, seminal

vesicle, and other male reproductive organs [19].

For young males, before hitting puberty, rather than being driven by synthesized testosterone
from Leydig cells in the testes, their body is driven by adrenal androgens, such as DHEA and ACTH.
During maturation and puberty, males undergo changes, such as experiencing increased pubic and
underarm hair. In the process of puberty, males begin developing enlarged testes, penis, larynx, and bone
and muscle mass, and height. They also develop a deeper voice, behavior changes, and begin
spermatogenesis [20]. This is because during puberty, testosterone becomes the main mechanism of

action creating androgenic and anabolic actions.

In both adult male and females, the testosterone can be aromatized into estrogen that

subsequently activates the estrogen receptor, which plays an important role in bone mass during puberty



and the overall maintenance of bone health. Thus, testosterone can decrease bone resorption, increase
bone formation, and help maintain bone mass due to its ability to increase the survival and proliferation
level of cells that produce the bone matrix, such as osteoblasts [21].

Normal function of Androgen Receptor in the prostate

Although AR activity plays a role in the progression of PCa growth and survival, the AR in
normal prostate epithelium inhibits proliferation and promotes differentiation. In prostate, only the
luminal cells are AR-positive, highly differentiated, and androgen-dependent. These cells can go through
proliferation and apoptosis under controlled stimulus, and express differentiation markers, such as PSA
and prostatic acid phosphatase [22]. The prostate also has AR-negative cells, which are basal cells. Unlike
luminal cells, basal cells are androgen-independent and are less differentiated. Basal cells experience high
levels of proliferation and low levels of apoptosis. In addition, the prostate contains a small percentage of
neuroendocrine cells (which will be discussed in more detail later in this dissertation paper). The prostate
also contains prostate stem cells, which divide asymmetrically, with half of its division forming the
transient self-renewal stem cell population, and the other half forming luminal cells or neuroendocrine
cells [23].

Testosterone biosynthesis

To fully understand the mechanisms of action during ADT to prevent the activation of AR, or
castration, it is important to understand testosterone biosynthesis, which creates the androgens in the
male. Testosterone is derived and synthesized from cholesterol hormones. Testosterone biosynthesis
initially begins in the hypothalamus, which secretes gonadotropin-releasing hormone (GnRH) that
induces cells from the pituitary gland to produce gonadotropins luteinizing hormone (LH) and follicle
stimulating hormone (FSH). Both FSH and LH affect the testes, while only the LH influence Leydig cells

to begin testosterone production [24].

The initial step of testosterone biosynthesis begins when the GnRH binds onto the GnRH receptor
on the gonadotrophs, which are dimeric hormones that contain a common o subunit and a unique f
subunit. Upon binding, the 7-transmembrane G-protein coupled receptor, or the GnRH receptor activate
phospholipase C, catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate at the inner leaflet of
the plasma membrane into two second messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol.
The 1P3 then moves to the endoplasmic reticulum (ER) and binds to the ligand-gated Ca?* channels in
order to release Ca?" into the cytoplasm and uprelate the cellular transcription as well as release FSH and

LH into the circulating environment [25].



Once LH is released into the environment, it can stimulate the Leydig cells by binding onto their LH
receptors, which are G protein-coupled receptors. The binding between the LH and its receptor stimulates
the exchange of GDP for GTP on the a-subunit of the heterotrimeric G-protein, which can then activate
the adenylate cyclase. The adenylate cyclase converts AMP to cAMP, which is important for the
activation protein kinase A to phosphorylate the CREB transcription factor and stimulate the production
of testosterone biosynthesis enzymes [26]. The cAMP production plays a critical role for the first step in
testosterone synthesis as it helps cholesterol transport from the outer to the inner mitochondrial membrane
[27].

LH stimulation may lead to either acute or chronic testosterone synthesis. Acute LH stimulation
can be characterized by the rapid transport of cholesterol into the inner mitochondrial membrane. Chronic
LH stimulation can be characterized by the upregulation of transcription of steroidogenic enzymes, one of
which is the steroidogenic acute regulatory protein (StAR) that helps transport cholesterol from the outer

to the inner mitochondrial membrane [28].

Now that the testosterone biosynthesis enzymes are created and cholesterols are in the inner
membrane of the mitochondria, the next step in testosterone synthesis is to carry out a reduction-oxidation
reaction. This is achieved by two classes of enzymes: the cytochrome p450s (CYP) and the
hydroxysteroid dehydrogenases (HSD). Within the inner mitochondrial membrane, the CYP250 side
chain cleavage (P450scc), which requires oxygen and NADPH to function, can cleave the C22-C20 of the
cholesterol to produce 21-carbon pregnenolone [29]. This reaction only takes place within the

mitochondrial environment.

After the cleavage, the 21-carbon pregnenolone leaves the mitochondria and diffuses to the ER to
begin the final step for testosterone biosynthesis. In the ER, f-HSD with NAD cofactor acting as an
electron acceptor, can convert the AS5-33 hydroxysteroid of the 21-carbon pregnenolone into a A4-3
ketosteroid to create the pregnenolone hormone. Pregnenolone is further converted by CYP17 (17a-
hydroxylase), using hydroxylation catalysis and requiring one molecule of oxygen and NADPH to cleave
pregnenolone at the C17-C20 bond, forming a 17a-hydroxyprogesterone, or androstenedione. This newly
formed 17a-hydroxyprogesterone hormone is then further converted by 17p-HSD that uses oxygen and an
NADPH-dependent reaction to reduce the C17 and form testosterone. Within the cytoplasm, the Sa-
reductase uses NADH as an electron donor to metabolize testosterone into a more potent and naturally
occurring androgen, dihydrotestosterone (DHT). Sa-reductase can also function to aromatize testosterone
into estrogen. Estrogen can then be metabolized even further by 3a-hydroxysteroid dehydrogenase into

3a-androstenediol, a weaker type of androgen [30].



Testosterone makes up about 90% of all circulating androgen, while the remaining 10% of circulation
androgen comes from the release of adrenocorticotropic hormone from the pituitary gland, which also
stimulates further androgen release from the adrenal gland [31].

ANDROGEN DEPRIVATION THERAPY

In 1941, Dr. Charles Huggins discovered the correlation between the hormones given to PCa and
their rate of activity, concluding that PCa is a hormonal-responsive disease. He observed that the activity
of serum acid phosphatase activity was strongly correlated with metastatic PCa. When castration was
done or estrogen was injected, he noticed that the activity of the acid phosphatase was decreased, whereas
when testosterone was injected, acid phosphatase activity increased. This finding laid out the fundamental
foundation for the widely used ADT [32]. The treatment methods of castration and estrogen injection for
men with advanced stage PCa was proven to be very effective. Thus, in 1966, Dr. Charles Huggins was
awarded the Nobel Prize in Physiology and Medicine for his findings and contribution in treating PCa
[33].

ADT is typically used when patients have recurrence after castration and develop a more
progressive castration-resistant prostate cancer (CRPC). There are a couple drugs approved as ADT
against CRPC, with LHRH (or GnRH) agonists. Patients initially experience tumor flare, as their level of
hormones goes up, resulting in the internalization of the LHRH receptor that eventually leads to
testosterone downregulation. Abiraterone, a CYP17 inhibitor, can also be used to achieve the total
androgen blockade by inhibiting the synthesis of adrenal and intratumoral androgens [34]. Other
commonly used drugs are AR antagonists, including enzalutamide which directly binds and competes
with androgen on the LBD of the AR [35].

Enzalutamide

There are many mechanisms that lead to AR signaling in CRPC, and more than 70% of these
CRPC are AR dependent and require AR for survival and progression [36]. Thus, it is critical to seek out

therapy that can target AR, and at the same time can overcome the CRPC resistance mechanism.

In 2009, Dr. Charles Sawyers discovered a novel compound, enzalutamide, which is an anti-
androgen that inhibits AR signaling. His discovery was very significant because during the time,
bicalutamide and flutamide were used as AR antagonists. However, AR overexpression or mutations in
the LBD of the AR rendered these drugs useless, whereas enzalutamide continued to reduce AR
signaling. In addition, unlike bicalutamide, enzalutamide did not contain any agonist activities on mutant
AR, but instead enzalutamide continued to reduce AR nuclear translocation, DNA-binding, and the

recruitment of coactivators [37].



During the clinical trial phase | and phase 11, enzalutamide had shown promising effect in PCa
patients in decreasing PSA levels indicated from the FDHT-PET scan. The effects of enzalutamide were
very effective in both patient groups: one without prior chemotherapy experience and one with
chemotherapy [38]. This led enzalutamide to hit phase 111 clinical trials where its effect was shown to
reduce death rates by 29-37% and increased overall survival by 2-5 months for chemotherapy-naive and
chemotherapy-treated patients, respectively, compared to the control group. Eventually, enzalutamide was
approved by FDA in 2012 to treat CRPC [39].

Resistance

It remains unclear how PCa developed resistance towards hormonal therapy, and there are
numerous research teams currently studying this mechanism. The development of CRPC includes AR
amplification, ligand-independent mutations, increased AR sensitivity to low levels of androgen, and the
bypassment of AR signaling with other survival pathways under AR loss conditions and the aberrant
splicing of the AR, resulting in truncated AR variants, such as ARV7 (or AR3), that have lost their
ligand-binding domain (LBD) [40]. This ARV7 isoform was discovered to have strong ties with
enzalutamide and abiraterone resistance. ARV7 is constitutively active, which allows for AR signaling to

resume, leading to cancer survival and proliferation even in the absence of androgens.

ANDROGEN RECEPTOR SPLICE VARIANT V7
Androgen Receptor V7

ARV7 was first discovered from two independent groups: one from John Hopkins University and
the other from the University of Maryland. The first group, Hu et al., discovered seven different AR
splice variants, all of which were truncated and missing the LBD after exon 3. Of the seven expressed
truncated forms of AR, only ARV7 predominantly showed correlation with increased PSA levels after
post-surgical and biochemical procedures [41]. ARV7 is a truncated form of AR, but its exon 3 is
modified and merged with part of intron 3 spliced to form the cryptic exon 3 (CE3). Since ARV7 is
truncated after the exon 3, it is missing the hinge region, which plays an important role with NLS
alongside with the DBD. Chan et al., demonstrated that the truncation of the ARV7 does not completely
exclude ARV7 from entering the nucleus. This is because the amino acid K629 and R631 in the CE3 of
the ARV7 align with the K629 and R631 of the hinge region of the AR full length (AR-FL). These two
residues at that position are partly necessary for ARV7 nuclear localization [42]. In addition, LBD
contains the nuclear export signal (NES) that helps export the proteins from the nucleus into the
cytoplasm [43]. Since ARV7 lacks the LBD, it also lacks the NES; and thus, it is possible that once

ARV7 is made, it remains in the nucleus.
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Unlike AR-FL, ARV7 is a ligand-independent nuclear receptor, which means that it is
constitutively active for nuclear localization and transcriptional activity even when there exists androgen
or lack of androgen. ARV?7 also regulates the expression normally expressed by AR, such as PSA.
However, ARV7 can regulate proliferation gene subsets, whereas the AR-FL regulates its proliferative
genes to be more associated with differentiation. For clarification, both AR-FL and ARV7 affect the same
genes, but the way the genes are regulated by the AR or ARV?7 is different as they may interact with
different coregulators and push the cells towards differentiation versus proliferation. In either case, the

expression of PSA increases; and hence, can be used as a cancer biomarker.

Interestingly, in several prostate cancer cell lines, the transcriptional expression level of ARV7
can be upregulated or downregulated by androgen or antiandrogen compounds, such as DHT or
enzalutamide, respectively. Liu et al., demonstrated that ARV7 splicing was dependent on the
transcriptional rate of AR. In other words, an increase in AR transcription rate led to an increase in
alteration in the loading of splicing factors leading to an increased expression in ARV7. Lui et al., also
showed that in enzalutamide treated VcaP cells, there was the same expression level of splicing factors,
but the activities and recruitment of the splicing factors to the AR transcripts were increased. Under
enzalutamide treated PCa, splicing factor was reported to be recruited at the exon-intron junction of exon
3, cryptic exon 3b, and exon 4. However, there was no observed recruitment of splicing factors at cryptic
exon 3b, consistent with their low ARV7 expression in LNCaP cells. In addition, mutations identified at
the intronic and exonic splicing enhancers around the cryptic exon 3b could lead to the decrease in ARV7
expression, not affecting the AR-FL. Although enzalutamide did not change the expression levels of
splicing factors, studies have shown that siRNA knockdown of splicing factors, hnRNP1/U2AF65 that
bound the intronic splicing enhancers, or ASF/SF2 that bound to the exonic splicing enhancers decreased
the ARV7 expression levels [44].

There are several types of PCa cell line models that express ARV7, such as 22RV1. Interestingly,
the expression of ARV7 in VVcaP and LNCaP95 cell lines are regulated by androgens, while the
expression of ARV7 in 22RV1 are not affected by hormonal changes but are more robust and are
expressed at nearly similar level to its AR-FL. These unique characteristics of 22RV1 are mainly due to
their repeated copies of their exon 3 region, which evolve from cancer relapsing. This duplication or
repeat occurs between exon 2b and exon 3 and between cryptic exon 3c and exon 4, which are common
sites where DNA is spliced [45]. This duplication phenomenon is mainly found in metastatic CRPC and

not in primary tumors.
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Clinical resistance

There existed a strong association between ARV7 expression and enzalutamide resistance in vitro
and in clinical. The knockdown of ARV7 by siRNA in the 22RV1 cell line resensitized the cells to
enzalutamide as well as to androgen depleted conditions. Also, the addition of androgens enhanced the
ARV7-knockdown 22RV1 sensitivity to growth and progression [46]. To determine how clinically
relevant ARV7 was, a study was done on 62 men with CRPC, receiving either enzalutamide or
abiraterone in addition to ADT. Of these 62 men, 30% were ARV7 positive. Men that had previous
treatment with enzalutamide were treated with abiraterone for this study, and vice versa. The mRNA level
of ARV7 from each patient was measured prior to their treatment. At the conclusion of the study, ARV7-
positive men had no responses to either enzalutamide or abiraterone treatment, while more than half of
the men that were ARV7 negative responded to their treatment. In addition, ARV7-positive men also had
lower progression-free survival. More than 50% of ARV7-negative men responded well to the treatment
[47]. However, the other half of the ARV 7-negative men might have other forms of resistance
mechanisms that caused androgen therapy resistance. In addition, the nonresponsive phenomenon from
both ARV7-positive and ARV7-negative men might be from their prior treatment with enzalutamide or
abiraterone, which had no statistical differences in their response rate to their received treatment.
However, there were significant differences in ARV7-positive versus ARV7-negative men who did not
previously receive these treatments. Overall, this finding suggested that the treatment from these drugs

could possibly stimulate other resistance mechanisms by the CRPC.

In another study, ARV7 expression was suggested to be the result of ADT. The authors wanted to
determine if ARV7-negative men could have the transition to ARV7-positive through the use of ADT. A
study was carried out with 42 ARV7-negative men, in which 6 patients developed ARV7. Although the
result was not clear, it raised the question of whether ADT could cause ARV7 expression, and whether

ARV7 expression could lead to resistance to enzalutamide and abiraterone.

Some studies hypothesized that ARV7 could also play a role in docetaxel resistance, which was a
microtubule inhibitor that impaired the depolymerization required for nuclear trafficking, preventing AR
nuclear translocation and AR transcription [48]. Since ARV7 was constitutively active and was primarily
located in the nucleus, it could help resist the effect from docetaxel especially since ARV7 did not require
microtubules to translocate to the nucleus. Although there were no direct and concrete studies on this
hypothesis, there were a few studies that gave subtle evidence to these phenomena. For example, men that
were previously treated with abiraterone or enzalutamide were less responsive to their current treatment

with docetaxel.
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CHAPTER 2
INTRODUCTION TO LYSINE-SPECIFIC DEMETHYLASE 1A

Lysine-specific Demethylase 1A (LSD1) is one candidate that may play a critical role in the
progression of CRPC by inducing androgen-independent transitions in PCa. LSD1, a flavin adenine
dinucleotide (FAD)-dependent histone-modifying enzyme responsible for demethylation of histone H3
lysine 4 (H3K4) and histone H3 lysine 9 (H3K9), plays a key role in the progression of CRPC by
interacting with AR and being involved in neural differentiation, in general. We suggest LSD1 may be a
promising target for developing new treatments against CRPC with either low or high AR activity. In this
chapter, we review pharmacological, biochemical, and the genetic evidence of LSD1 and how it may
mediate PCa neuroendocrine differentiation and regulate AR and ARV7.

EUKARYOTIC GENE REGULATION

Regulation of gene expression requires many complex activities to involve specific operation of
cells. Within prostate cancer and many other cancer types, the control over gene expression is disrupted
where gain-of-function or loss-of-function activities may dysregulate the normal process of the cells.
Here, we will review over some mechanisms for how such gene misregulation may arise within specific

cellular components.
The nucleosome

Within the nucleus of a cell, DNA can be found wrapped around a protein called histone, which
helps compact the DNA. The DNA-wrapped histones can also be called a nucleosome that have
approximately 146 DNA base pairs wrapped around. The histones are pairs of H2A, H2B, H3, and H4
subunits where the pair of H2A and H2B histone subunits join with the pair of H3 and H4 histones to
form an octamer core [1]. The histones contain some positively charged amino acids that interact with the
negatively charged phosphate group of the DNA backbone. These interactions allow the DNA to wrap

around the histones, and with multiple nucleosome interactions, they can appear like beads on a string
[2].

The strength of the DNA and histone can greatly vary. For example, when the DNA is wrapped
around the histone tightly, termed a heterochromatin, it prevents proteins and other regulatory proteins
from accessing the DNA; and thus, repressing transcription or replication [3]. On the other hand, when
the DNA is loosely wrapped around the histone, termed a euchromatin, it allows the opportunity for many

proteins and regulatory proteins to interact with the DNA promoting transcription or replication. The
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heterochromatin and euchromatin of the DNA can change throughout the cells if influenced by a series of

chromatin remodeling complexes [4].
Post-translational modification of histones

The histones contain multiple freely extended tails that can be altered to affect gene transcription
by interacting with proteins and transcription factors. The alteration induced by the tails can also be
referred to as epigenetic modification, which is the turning on or off genes [5]. The type of histone tail
alteration includes methylation, phosphorylation, acetylation, biotinylation, ubiquitination, and
SUMOylation. Depending on the modification and the site of the modification, the histone tails can be
induced to repress or activate gene expression. For example, once marked to become active, the histone
tails can recruit activator and polymerase proteins for transcription [6]. Whereas, when the histone tails
are negatively marked, they can recruit repressors that induce them into a heterochromatin state.

Histone acetylation is usually associated with active gene transcription, and so when there is
excessive acetylation of the tail, or hyperacetylation, gene transcription is active [7]. On the other hand,
when there is low level of acetylation of the tail, or hypoacetylation, gene transcripts are low or reduced.
Acetyl is a negatively charged molecule that works by interacting with positively charged amino acid
residues, such as lysine and arginine that enhance the binding interaction with the DNA phosphate
backbone. Thus, once these positively charged amino acids are acetylated, they become neutralized and
loosen their binding to DNA, allowing access and opportunity for transcription. Moreover, active gene
transcription may also be induced through histone phosphorylation where phosphate interacts with
threonine and serine to enhance its negative charge, which can repel against the negatively changed
phosphate backbone of the DNA. On the other hand, the methylation of the histone tails can either turn on

or turn off gene expression [8].

The study of epigenetics has been very complicated and has many contradictory observations [9].
For example, acetylation of histone 4 at lysine 12 (H4K12) is expected to lead to euchromatin and active
transcription, however, heterochromatin is formed instead [10]. Furthermore, the methylation of H3K4
can go either direction where it can recruit chromatin remodeler CDH1 and acetyltransferase to induce
gene transcription or recruit Sin3-HDACL1 deacetylase to repress gene transcription [11]. Due to these
contradictions and complexities, the turning off or on of a gene depends on the number and variety of

histone modifications [12].

Determining the role of proteins in post-translational modification can help us understand the
control processes of cellular proliferation and differentiation. Histone acetyltransferase (HAT) and histone

deacetylase (HDAC) are enzymes that counteract with one another in the control of histone acetylation to
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keep balance of our gene expression. Moreover, histone methylase transferase (HMT) and histone
demethylase (HDM) control the histone methylation balance for gene expression [13]. The function of
these enzymes typically depends on their complex with other proteins, such as binding to Androgen
Receptors (AR) to carry out gene transcription. HDM, such as Lysine-demethylase 1A (LSD1), has
function in cell-cycle regulation, cellular differentiation, and proliferation. Studies have shown that
inhibiting LSD1 as tumor treatment can suppress growth and induce apoptosis [14]. Thus, for the
remainder of this chapter, we focus on the types of HDM, including LSD1, which remove methyl groups

from amino acids.
HISTONE LYSINE METHYLATION AND DEMETHYLATION

The amino acids Arginine and Lysine on the histone tail can be epigenetically modified with the
addition of attached methyl groups, allowing them to be mono-, di-, or tri-methylated. Due to its small
chemical size and lack of charges, the methyl group does not directly affect the turning on and off of the
chromatin complex, but rather becomes a site for regulatory protein binding [15]. Having multiple methyl

groups at numerous sites on the histone tail gives out numerous functional possibilities.

Not all proteins can recognize the methylated tails, so there are limited regulatory proteins that
can bind to the methyl histone tails. For example, heterochromatin protein 1 (HP1) or chromodomain
helicase DNA-binding protein (CDH1) can bind to methylated H3K9 [16] while checkpoint protein p53-
binding protein 1 (P53BP1) and vertebrate transcriptional activator WDRS5 can bind to methylated H3K79

to either assist in the activation or repression of the gene [17].

It was once thought that the methylation of the histone tail was irreversible, but it was not until
the 2000s that the discovery of KDMs, such as LSD1, caused a paradigm shift in the study of epigenetics
[18]. The first class of KDMs discovered were LSD1 and LSD2, which used FAD as a cofactor to
demethylate specific sites on the histone tails or proteins. However, these amine oxidase enzymes could
only remove mono- and di-methylated proteins, and so they required additional enzymes involvement to
assist with the initial removal of tri-methylated proteins. On the other hand, the second class of KDM
were JmjC-domain containing proteins, including KDM2A, KDM4C, and KDM5A, which were
metalloenzymes that used iron and a-ketoglutarate as cofactors and could demethylate mono-, di-, and tri-

methylated sites on the histone tails.

The level of methylated lysine on the histone tail had a corresponding relationship with the
progression of various cancers, including prostate cancer. There was considerable evidence that indicated
HDMs, such as LSD1, play a direct interactive role with nuclear receptors, such as Androgen receptor

(AR) [19]. After AR was activated by binding with an agonist, the AR translocated into the nucleus. Once
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in a nucleus, HDMs, such as LSD1 and KDM4C bound onto the AR and acted as coactivators, guiding
AR to find a specific AR at the promoter region to induce the demethylation of H3K9 [20].

LYSINE DEMETHYLASE 1A
LSD1 mechanism and function

LSD1 is grouped into the class of KDMs that are FAD-dependent amine oxidase. LSD1 requires FAD as
its cofactor for it to function in lysine demethylation and can only demethylate the mono- and di-
methylated lysine. It is because LSD1 can only oxidize the carbon-nitrogen bond between the methyl
groups and the epsilon amine of the lysine residues to form an imine intermediate, which later gets
hydrolyzed through a non-enzymic hydrolysis reaction into formaldehyde with the removal of this methyl
group. Due to this mechanism, tri-methylated lysine residues cannot be oxidized and require a recruitment

with additional enzymes or factors to help if demethylation of tri-methylated lysine is to be achieved.

LSD1 can function as a gene repressor by demethylating H3K4, or it can function as a gene activator
demethylating H3K9, such as when it interacts with AR to upregulate AR-target genes [21-22].
Interestingly, it has been shown that LSD1 may occupy approximately 80% of the promoter regions to
recruit RNA polymerase Il for transcription, and so LSD1 may function more as an activator [23]. Some
cellular functions that LSD1 helps induce include cellular differentiation and proliferation, repression of
hTERT genes from making telomerases, and repression of metastasis genes by complexing with
Snaill[24,25]. LSD1 can also demethylate lysines from other enzymes or proteins besides the histone
tails. For example, LSD1 can remove the methyl group at K370 of the tumor suppressor p53, disrupting
its interaction with a DNA damage checkpoint 53BP1[26]. LSD1 expression is also shown to correlate

with the development of neuroblastoma and prostate cancer [27].
LSD1 structure

LSD1 contains three domains[28]; (1) The amine oxidase domain containing the FAD-binding
domain; (2) the tower domain that can interact with compressors proteins [29]; and (3) the SWIRM

domain that can bind to DNA or other factors such as AR.
LSD1 inhibitors

LSD1 is an important target as it has shown strong correlation with various disease
progression. For example, studies that used tranylcypromine and phenelzine, an inhibitor of MAO, were
shown to inhibit the demethylation of H3K4 leading to the differentiation induction of promyelocytic
leukemia and slowed prostate cancer progression [30-32]. Another inhibitor, pargyline, a MAO B

inhibitor was reported to inhibit the H3K9 demethylation activity of LSD1, which leads to decreased AR
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gene expression in prostate cancer. Aziridine and propargylamine peptides are competitive inhibitors that
can also be used to inhibit LSD1, while bisguinidine and and biguanide are noncompetitive inhibitors of
LSD1 that can lead to the reactivation of tumor suppressor genes in cancer cells [33].

LSD1 REGULATION OF NEURONAL DIFFERENTIATION AND DEVELOPMENT
LSD1 regulates neuronal gene expression programs

LSD1 was shown to play an important role in neuronal differentiation. RE1-silencing
transcription factor (REST) is an important factor that can recruit LSD1 to the neuronal gene promoter
site, which would repress neuron-specific genes, such as ion channels, synaptic vesicle proteins, and
neurotransmitter receptors as well as chromogranin A, synaptophysin, and y-enolase. In addition, other
factors, such as orphan nuclear hormone receptors (TLX) can recruit LSD1 to maintain neuronal stem cell
self-renewal, proliferative, and neurogenesis [34]. Moreover, knockdown of LSD1 via RNA. leads to a
delay in neuronal differentiation. This evidence suggests that LSD1 has a positive role in neurogenesis
regulation and stem cell maintenance, hinting that LSD1 may play an important role in neuroendocrine
differentiation in cancer and in cellular proliferation and self-renewal in cancer stem cells; and thus,
LSD1 may be a novel therapeutic target for both neuroendocrine prostate cancer and cancer stem cell
derived prostate cancer [35].
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CHAPTER 3
INTRODUCTION TO SANGUINARINE AND ITS ANTITUMOR EFFECTS

Sanguinarine (SNG) is a natural compound and a benzophenanthridine alkaloid that can be found
from the root of Sanguinaria canadensis as well as other Fumaria species. These plants are from the
poppy plant family. Throughout history, many anticancer agents have been found derived from plants,
and so SNG may be a potential natural molecule with anticancer activities. Evidence has shown that SNG
has anticancer and antiproliferative effects against tumor cells. The attenuation of tumors was shown to be
due to SNG’s pro-apoptotic and growth inhibitory effects. Other evidence has shown that SNG also has
antiangiogenic and anti-invasive properties. In our studies, we will look at some of the recent evidence

about the antitumor pathway by SNG, and then discuss its potential therapeutic applications.
Introduction

There are many different mechanisms that can result in tumor development, including
uncontrollable cellular proliferation, avoiding cellular apoptosis, and the induction of metastasis and
angiogenesis. Current treatment for these tumor phenomena includes surgery, radiation therapy,
immunotherapy, cryogenic therapy, and hormone therapy. However, many tumors typically relapse, and
these types of treatment have reduced efficacy, making it important to find more effective therapies. SNG
may be an alternative anticancer therapeutic approach due to its low toxicity, antitumor, anti-

inflammatory, and anti-angiogenesis activities [1].
Sanguinarine and its apoptotic activities

Typically, our body can induce cellular apoptosis to eliminate any damaged or mutant cells.
However, some cells may develop mechanisms to avoid apoptosis and experience unregulated
proliferation [2,3]. In cancer, pro-apoptotic factors, such as protease activating factor-1, Bax, caspases can
be downregulated or dysfunctioned, while anti-apoptotic factors, such as B cell lymphoma-2 (Bcl2) and
cytochrome ¢ may be upregulated. SNG has been shown to be able to inhibit the growth of several cancer
cells, including prostate, breast, neuroendocrine, neuroblastoma, osteosarcoma, and many more through
the induction of apoptosis at a micromolar concentration. However, there are not many studies that

display the efficacy of SNG in vivo animal models.

Studies have demonstrated that SNG can inhibit tumor growth of B16 melanoma 4AS in C57L
mice and of A375 human melanoma in athymic nude mice in vivo study [4]. In addition, we have shown
that SNG can also inhibit tumor xenograft growth of 22Rv1, C42B-MDVR, and Cancer stem cells

derived from 22Rv1 in nod scid balb/c mice. Although our studies did not focus on apoptotic
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mechanisms, there are many other studies that did focus on apoptosis. For example, studies showed that
SNG induced apoptosis through the activation of nuclear factor-kB (NF-kB), mitochondrial damage, and
cell cycle arrest [5]. SNG can induce apoptosis through the induction of caspase-9 or through caspase-8
via DR pathway [6]. In addition, SNG can also induce apoptosis in several cancer cell lines through the
cleavage of caspase-3 and PARP, which overall may downregulate pro-apoptotic genes such as Bcl2,
cFLIP, cLAP2, XIAP, NOL3, and HRK[7,8]. Further, SNG can also act as an intercalating agent to

induce DNA damage that can also induce apoptosis as shown in colon cancer and melanoma cells [9].

In normal cells, proliferation is very specific and requires the signaled activation of mitosis
growth factors like cyclins and cyclin-dependent kinases (CDK) as well as the deactivation of CDK-
inhibitor anti-growth signals like p21 and p27 [10]. SNG was shown to downregulate cyclin D1, D2, E,
and CDKZ2, 4, and 6 in prostate cancers. SNG was also shown to inhibit cell cycle and proliferation
progression at the GO/G1 phase though cyclin D1 and topoisomerase Il in MCF-2 breast cancer [11].

Interestingly, the induction of apoptosis by SNG also leads to the byproduct of reactive oxygen
species (ROS), which includes hydrogen peroxide, singlet oxygen, and superoxide anion radicals [12]. At
a high level, these ROS can cause DNA and protein damage and so they would cause apoptosis in
cells. A study was performed using antioxidants N-acetylcysteine or glutathione, which hindered cellular
apoptosis induced by SNG. In addition, when cyclooxygenase-2 (COX2) is upregulated in cells, it also
hinders cellular apoptosis induced by SNG. Thus, COX-2 inhibitors and SNG may have potential

synergistic effects to induce further apoptosis [13].

Inflammatory factors, such as NF-kB, play an important role to control tumor developments [14].
When activated, NF-kB interacts with p50, p65, and I1kBa, which later gets phosphorylated and
ubiquitinated for degradation [15]. This would allow p50 and p65 to enter the nucleus to promote their
gene transcription to promote cancer growth. SNG was shown to block the phosphorylation and the
ubiquitination of IkBa leading to the induction of tumor necrosis as shown in human myeloid ML-1a cells
[16].

The progression and growth of many solid tumors requires active angiogenesis, and SNG was
shown to be able to inhibit tumor growth and proliferation by blocking de novo blood vessel formation in
vivo, and repressing angiogenesis through the inhibition of VEGF, a known angiogenic growth factor
[17]. Other angiogenesis factors that are suppressed by SNG are Akt, p38, and VVE-cadherin [18]. There
exists a potential for a combination therapy using SNG and VEGF promoting chemotherapeutics, such as

dacarbazine [19].
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Cellular metastasis is the leading cause of many cancer-related deaths. Metastasis can result from
inflammation caused by the cancer to its environment where it induces proteases, such as matrix
metalloproteinases (MMPs) to degrade the extracellular matrix of the basement membrane, which then
allows the cancer to initiate cellular invasion [20]. SNG was shown to inhibit the expression of MMP-9,
NSF-kB, and AP-1 pathways hindering cancer migration and invasion in breast cancer [21]. In addition,
SNG can also inhibit STAT3, which is important for prostate cancer metastasis, migration, and invasion

[22]. Thus, SNG can promote cancer apoptosis and prevent cancer invasion.
Sanguinarine and Cancer stem cell and Neuroendocrine

SNG was found to significantly inhibit lung CSC growth and invasion [23]. This was possibly
achieved via downregulation of the Wnt/B-catenin signaling pathway. Stem cell recognized and
regulatory genes OCT4, Nanog, SOX2, and KIf4 were recognized during this process. Lung CSCs were
inhibited by more than 60%, showcasing its strong anti-cancer effects. Another study in which SNG is
shown to regulate CSC development, in this example pancreatic CSCs. Cell proliferation and colony
development capabilities decreased through apoptosis caused by oxidative stress, and a reduction of CSC
cell renewal properties from human and mouse isolated pancreatic CSC samples was also observed. The
Shh-Gli pathway was shown to be inhibited in this case. Cells with the CD133+CD44+CD24+ESA
phenotype represented the CSC population in this study. First, second, and third generation spheroids

were shown to decrease in viability as dosage was increased [24].

Sanguinarine has been found to induce apoptosis of neuroendocrine tumors through activation of
the extrinsic apoptosis pathway. Treatment with sanguinarine caused an increase in caspase-3 levels in as
little as 48 hours of incubation. This treatment also caused nuclear morphology changes to caspase 3. This
study also showed that induction of apoptosis was a result of caspase induction [25]. Neuroblastoma has
been found to exhibit properties that are like neuroendocrine tumors. CgA and NSE, which are found at
higher concentration in neuroendocrine tumors, were also found in neuroblastoma [26]. A separate study
also found that neuroblastoma tumors treated with sanguinarine showed similar results. The authors
suggested that sanguinarine induced apoptosis could be mediated by the caspase-9-dependent
mitochondrial pathways or the activation of caspase-3 and cleavage of PARP and the downregulation of
Bcl-2 and c-FLIP or through a combination of all of them [27]. Sanguinarine causes upregulation in
inhibition genes while also downregulating inhibition of apoptosis genes. Survivin is a gene involved in
the control of cell division as well as inhibition of apoptosis. Sanguinarine has been shown to
downregulate survivin and as a result can induce apoptosis and inhibit growth of human prostate cancer
cells [28].
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Synergistic therapies with Sanguinarine

Several naturally occurring products have been shown to resensitize multidrug resistance tumor,
and studies have shown that combining these natural products with chemotherapeutics may be an
effective means of treatment against various human diseases. A study has shown using SNG and digitonin
with doxorubicin synergistically reduce colorectal cancer, Caco-2, and leukemia cells [29]. The main
advantage of exploring the synergism of SNG with other chemotherapeutic agents is to reduce the dosage
and maintain its effectiveness. In our study, we studied SNG and its synergism with dovitinib, another
chemotherapeutic that is effective against cancer. Dovitinib was shown to induce neuroendocrine
differentiation, a deadlier outcome of cancer. We have provided evidence that SNG can prevent
neuroendocrine differentiation through the inhibition of LSD1, and that SNG and dovitinib may work
synergistically by downregulating cellular growth and progression without the induction of

neuroendocrine differentiation.
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CHAPTER 4

Sanguinarine (SNG) is a novel dual-inhibitor of Lysine-specific demethylase 1A (LSD1)
and androgen receptor (AR) against castration-resistant prostate cancer

Victor Pham, Vinh X. Le, Thanh NH Le, Dongjun Fu, Matthew Tippin, Marvin Miller, Erik D. Tran, Raymond Rendon, Liankun Song,and
Xiaolin Zi

ABSTRACT

Background: Lysine-specific demethylase 1A (LSD1) is considered as a promising target for treatments
of castration-resistant prostate cancer ascribed to its interaction with androgen receptor (AR) and critical
involvement in neuroendocrine differentiation. However, LSD1 inhibitors currently on clinical trials (i.e.
GSK2879552 and ORY-1001) are not highly potent and specific to prostate cancer. Subsequently, we are
seeking novel LSD1 inhibitors which can target specific molecular mechanisms that accelerate the
progression to castration-resistant prostate cancer and the resistance to anti-androgen therapies, such as
Enzalutamide.

Methods: Structural similarity search was performed for a series of analogs of flavin adenine dinucleotide
(FAD), which is a cofactor of LSD1, and analogs of dihydrotestosterone (DHT), which is a cofactor of
AR. Molecular docking was used to predict the binding energy within the putative activity pocket of
LSD1 and AR. LSD1 enzyme activity was tested using H3K4Me and H3K9Me peptides as

substrates. AR transcriptional activity luciferase reporter assay was carried out for screening AR
inhibitors. Cellular thermal shift assay (CETSA) was performed to evaluate the target engagement in
prostate cancer cell lines. The in vitro Surface Plasmon Resonance (SPR) assay was set up for direct
binding affinity of inhibitors to LSD1. Western blotting analysis and quantitative PCR methods were used
to detect the substrate modification of LSD1 and the expression of AR target genes. Cell growth
inhibition was tested against androgen-sensitive, castration-resistant, and neuroendocrine/small cell
carcinoma cell lines. Stable LSD1 suppression by short-hairpin RNA (shRNA) and LSD1 overexpression
in prostate cancer cell lines were established to determine whether LSD1 is partially a required target for
the growth-inhibitory activity of SNG. Patient-derived organoids were used to test the activity of SNG
against the heterogeneity of prostate cancer.

Results: A series of naturally occurring polycyclic ammonium ions were identified to inhibit LSD1
enzyme, AR transcription, or both activities. Among the screened compounds, SNG is the most potent
compound that equally inhibits both LSD1 and AR activities with an 1Cso of about 2.13+£0.18uM and
2.07£0.45uM, respectively. SNG directly engages both LSD1 and AR protein complex, resulting in
downregulation of the expression of AR, AR variant 7 (ARV7), and AR target genes. The binding
affinities of SNG to LSD1 and AR are 1.10+0.42uM and 2.54+0.89 uM, respectively based on our SPR
results. These effects of SNG are partially dependent on the expression levels of LSD1 as shown in LSD1
knockdown (shRNA) and overexpression experiments.

Conclusion: We provide strong evidence that SNG can be a structural model as a dual inhibitor to both
LSD1 and AR in prostate cancer. SNG or its derivatives are the newly potential generation of LSD1
inhibitors particularly deserving further investigation for treatment of castration-resistant prostate cancer,
including its neuroendocrine subtype and cancer stem cell subtype.
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BACKGROUND

Prostate cancer (PCa) is the second most lethal cancer in men in the United States [1,2]. In 2019,
174,650 new cases of PCa arose and 31,620 PCa-specific deaths occurred. Androgen-Deprivation
Therapy (ADT), including the new generation of anti-androgen agents (i.e. Abiraterone Acetate,
Enzalutamide, and Apalutamide) known as the castration that deactivates the function of the AR, is the
principal treatment for metastatic PCa [3-5]. This therapy could temporarily suppress the level of
androgens at the early stage of treatments, but there are various factors and mechanisms involved in the
development into treatment-resistance in cancerous cells, named castration-resistant PCa (CRPC) [6]. The
mechanisms of the resistance are associated with an adaptive feedback enhancement of androgen receptor
(AR) signaling, appearance of PCa neuroendocrine (NE) phenotype, an increasingly prevalent histologic
subtype in CRPC with low AR activity in PCa tumors, and aberrant splicing of the AR which results in
truncated AR variants such as ARV7 which has lost the ligand-binding domain (LBD). ARV7 is
constitutively active, allowing AR signaling to be retrieved. Consequently, it leads to cancer survival and
proliferation even in the absence of androgens [7-9]. In general, there are at least two molecular subsets of
CRPC: AR gain, which exists in 50 to 75% of CRPC; and low AR activities in about 20% of CRPC,
which is commonly associated with the development of small cells/neuroendocrine-like differentiation
[20]. Thus, treatments that target only AR are not adequate; therefore, identifying a new target that is
involved in both molecular subtypes (i.e. AR gain and loss) of CRPC is a highly demanding therapeutic

approach.

Lysine-specific Demethylase 1A (LSD1) is one candidate that may play a critical role in the
progression of CRPC by inducing androgen-independent transitions in PCa [10-12]. LSD1, a flavin
adenine dinucleotide (FAD)-dependent histone-modifying enzyme responsible for demethylation of
histone H3 lysine 4 (H3K4) and histone H3 lysine 9 (H3K9), plays a key role in the progression of CRPC
by interacting with AR [21] and being involved in neural differentiation, in general [19]. Suggesting
LSD1 may be a promising target for developing new treatments against CRPC with either low or high AR
activity, we have screened a series of FAD (a co-factor for LSD1) analogs, including naturally occurring

polycyclic ammonium ions, for their inhibitory activities against both LSD1 and AR.

Sanguinarine (SNG) has been determined to be the best candidate that can reasonably inhibit
LSD1 enzymatic activity with an 1Csp of approximately 2.13+0.18uM concentrations (Supplemental
Table 1). SNG is an isoquinoline alkaloid with ammonium ions derived from the root of Sanguinaria
canadensis and other poppy fumaria species [14]. It exerts a broad spectrum of properties such as
antioxidant, anticancer, antiviral and anti-inflammatory activities [15,16]. Furthermore, it induces

apoptosis by inducing oxidative stress, damages mitochondria leading to activation of caspases and
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synergistically enhances the sensitivity of several chemotherapeutic agents [17]. However, the molecular

mechanisms by which it inhibits prostate cancer by targeting LSD1 and AR have never been reported.

In the present study, we have determined SNG to prevent CRPC progression through the dual-

target inhibition of LSD1 and AR/ARV7 mediated genomic reprogramming of gene expression networks.

Overall, our results demonstrate that SNG could be a structural model as a dual inhibitor of both LSD1

and AR in prostate cancer.
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Supplementary Table 1 - Classes of novel FAD analogs and their inhibitory activities against LSD1. Molecular docking via Pymol and
Autodocktools program were used to screen these molecular compounds onto LSD1 (2DW4). Compounds that had promising predicted binding or
potency, such as FAD overlay, or low predicted binding affinity were then screened for LSD1 activity using an LSD1 activity assay kit. Overall,
Sanguinarine ended up being the only LSD1 inhibitor with a reasonable IC50.

MATERIALS AND METHODS

Molecular docking

Visual demonstration of ligand-protein binding was illustrated using Pymol, while the binding
affinity values, and the predicted binding location were computationally predicted within the
Autodocktools program. Molecular docking is a computational method used to predict several protein-
binding mechanisms. We searched for a list of LSD1 and AR proteins from https://www.rcsb.org/. We
chose the pdb file 2DW4 with a resolution value of 2.3A as the molecular docking model for LSD1, and
2PV with a resolution value of 1.95A as the molecular docking model for AR. We added Gasteiger

charges from the PyMol program that adds partial changes to both our compound model and our protein
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models. In addition, we also applied the Larmakian output application found in the program, so that the
program does not randomly predict the ligand-binding, but rather predicts the binding through a unique
algorithm that follows a similar lamarckian-type evolution. We used the standard grid box size of 0.385
within the FAD-binding domain spacing site of the LSD1 protein or Ligand-binding domain of the AR
protein.
LSD1 inhibition assay

LSD1 inhibitor screening kits can be purchased from Cayman Chemicals with the catalog number
700120. The LSD1 activity assay is a method that determines whether a compound can reduce the
enzymatic activity using fluorescence measurements. Human recombinant LSD1 enzymes are incubated
with a selected concentration of compounds or with DMSO for 10 minutes. Then a premix of reaction
buffers solution that contains fluorescence substrate and Horseradish peroxide (HRP) are added to the
LSD1 solution. Finally, methylated peptides, which are first 21 amino acids of the N-terminal tail of
histone H3 with lysine 4 methylated (H3K4) or with lysine 9 methylated (H3K9), are added to the LSD1-
buffer solution to begin the enzymatic processing. This process takes place at 37°C for 60 minutes. In the
process of demethylation, hydrogen peroxide (H202) is formed as a byproduct. HRP then can use H202
to convert the non-fluorescence substrate resazurin into the fluorescence substrate resorufin, which can be
measured by a fluorescence spectrophotometer using the excitation value of 530nm and the emission
value of 585nm.
FAD competitive binding assay

LSD1 inhibitor screening kit was used following the similar protocol as mentioned above. Human
recombinant LSD1 enzymes are incubated with a selected concentration of compounds or with DMSO
within a dialysis membrane submerged in 500mL of LSD1 assay buffer for 10 minutes (pre-dialysis) or
24 hours (post-dialysis). The LSD1 assay buffer in our experiments contains proprietary concentration of
FAD with an additional 2uM FAD, additional 2uM SNG, or no additional substances. After dialysis, the
samples within the dialysis membrane are transferred to a 96-well plate, and then a premixture of reaction
buffers solution that contain fluorescence substrate and Horseradish peroxide (HRP) are added to the
dialyzed LSD1 samples. Finally, methylated peptides are added to the LSD1-buffer solution to begin the
enzymatic processing following the exact protocol as mentioned above.
Western Blotting Analysis

Western Blotting analysis (WB) is a method that combines the use of electrophoresis and
immunostaining techniques to separate and analyze or diagnose specific proteins for various processes.
Proteins can be extracted from the PCa cells that are treated or untreated. Protein extraction method is
then applied to collect all the proteins in the cell cytosol. This is done on ice with protease inhibitors

within the RIPA lysis buffer to prevent protein denaturation. After protein extraction, protein
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concentration is measured using a Lowry Assay method via spectrophotometer to ensure that the samples
are being compared on an equivalent basis. After the appropriate volume of samples is determined, the
proteins are diluted into a loading buffer, which will contain the Glycerol, Tracking dye (bromophenol
blue), SDS, and beta-mercaptoethanol. A positive control would be a non-treated lysate, and the negative
control would be staining for $-tubulin. The proteins are loaded onto an acrylamide gel and run using
electrophoresis method at 100 voltage for 1:30 hours. After the separation, the protein samples are
transferred into a PVDF membrane through electrophoretic transfer method at 100V for 45 minutes. After
transferring, blocking with 5% nonfat dried milk diluted in 1X TBST buffer was applied to prevent
antibodies from binding to nonspecific proteins in order to reduce background noise. Antibodies are
diluted in the blocking buffer. After probing overnight at 4°C, excess antibodies are washed out by 1X
TBST. The remaining bound antibodies can be detected using a horseradish peroxidase (HRP) labeled
antibody. The signal is captured on a developing film from the dark room.
AR-Luciferase reporter assay

AR is an important protein in the development and progression of PCa. When activated by
stimuli, such as DHT, the AR translocates from the cytoplasm into the nucleus to regulate any
downstream target genes. In this assay, we purchased an established AR-luciferase reporter stable cell
line, MDA-MB-453 (Signosis, SL-0008), which luciferase activity is associated with its AR activity.
Thus, we will use this cell to monitor for AR activities. MDA-MB-453 AR reporter cell lines were grown
in the DMEM medium containing 10% FBS, 1% Penicillin-streptomycin, and 75ug/mL G418 at 37°C
with a 5% CO2 incubator. These cells were split equally in a 24-well plate until they were approximately
70% confluent. Then the cells were treated with 1nM of DHT for 2 hours prior to 8 hours of drug
treatment. No DHT was used as negative control and no drug treatment was used as positive control.
After treatment, the cells were washed with PBS twice prior adding luciferase lysis buffer and shake at
room temperature for 20 minutes. The lysed solutions were transferred into a 96-well plate with the
additional luciferase substrate. The plate was read immediately with a luminometer.
RNA extraction

RNA extraction methods are powerful tools that use chaotropic salt solution to rapidly disrupt
cells without destroying their nucleic acid. RNA can be extracted by RNA-Bee reagent, which contains
phenol and guanidine thiocyanate to burst the cells. The reason RNA-Bee is used instead of other lysis
buffers like RIPA is because RNA-Bee contains phenol, which is nonpolar. Since RNA is highly polar, it
cannot dissolve in phenol, but in aqueous phase instead. The phenol will keep denatured proteins and
other cellular components, such as cell membranes at the bottom layer, while the top aqueous layer
contains nucleotides. The treated or 0.1% DMSO treated cells in a 10cm TC dish are washed twice in 1X

PBS, and then lysed in ImL of RNA-Bee for 5 minutes on ice. Afterwards, the lysates are transferred to a
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2-mL centrifuge tube with an additional 600uL of chloroform and vigorously mixed by inverting.
Chloroform is also nonpolar and denser than phenol, which can easily be mixed with phenol to create a
denser solution. Thus, the separation of organic and aqueous layers will be more obvious to ensure that
the RNA nucleotides are separated from the bottom layer. The chloroform-lysate solution is settled on ice
for 5 minutes, and then centrifuge at 6000rpm for 20 minutes at 40C. After the aqueous layer is
transferred to a new tube, 600uL of isopropanol is mixed to that aqueous layer and incubated overnight at
40C to precipitate the RNA and to wash out any contaminants and salts. The aqueous solution is then
removed after it is spun down at 6000rpm for 20 minutes at 40C. Absolute ethanol is then added to the
RNA precipitants to further reduce the RNA solubility in the aqueous solution, and then centrifuge at
6000rpm for 10 minutes at 40C. Ethanol is then removed, and the RNA precipitants are air-dried. RNA-
free water is added, and the RNA can be quantified via nanodrop, and then stored or used for other
experiments.
Reverse transcription Polymerase Chain Reaction

Reverse transcription PCR (RT-PCR) is a technique that reverse transcribes RNA into DNA
(cDNA) and also amplifies specific cDNA sequence. The 1-5 ug of the extracted RNAs were mixed with
500ng/ug oligo dT primers and random primers with the volume topped off to 10uL with nuclease-free
water. Afterwards, the RNA solutions were preheated at 700C for 5 minutes to anneal the primers, and
then cooled to 40C for 10 minutes. During the cooling, a mastermix of 1X reaction buffer, MgCI2, dNTP
mix, RNasin inhibitor, and reverse transcriptase are prepared. After the cooling, the master mix is added
to the RNA solution, and then reverse transcription PCR (RT-PCR) can be run. The condition was heated
at 420C for 1 hour, then 700C for 15 minutes, and then cooled at 40C. The newly synthesized cDNA can
now be stored or used for other experiments.
Quantitative Polymerase Chain Reaction

Quantitative polymerase chain reaction (qPCR) is a method to characterize and quantify gene
sequence. After cDNA is obtained, 50ng of cDNA is diluted in nuclease free water and aliquot in SYBR
green containing 50uM forward and reverse primers. The cDNA mixtures are then ran using a gPCR
machine that was preprogramed with the following setting: 950C for 10 seconds, 550C for 30 seconds,
720C for 30 seconds, and read. After repeating this step 39 more times, the melting curve is measured by
incrementally increasing the temperature by 0.50C every 5 seconds from 550C to 950C. The data can be
visualized and converted into a bar graph.
Cellular MTT viability assay

It is also important to validate the compounds inhibitory activities with their selectiveness
towards cells overexpressing the targeted proteins. The MTT cellular viability assay is a colorimetric

assay that indicates the levels of cellular metabolic activities. In our studies, PCa cell lines at 30-40%
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confluence will be incubated with specific concentrations of drugs at 37°C for approximately 72 hours.
Prior to performing the MTT assay on the treated cells, MTT solution is made by dissolving MTT powder
in 1X PBS at a concentration of 3mg/mL. Afterwards, MTT solution can be directly added to the treated
cells, which the final concentration of MTT solution should be 0.5mg/mL. After 50 minutes of incubation
at 37°C, cells that are healthy will be noticeably purple in color as only living cells are able to uptake and
reduce MTT into formazan from their mitochondria. After the cells are stained for MTT, we can then
wash and remove all the media. Then MTT dissolving solution containing 4% 1N HCI in 100%
isopropanol can be added so that the formazan can dissociate into the solution, which can be used for
colorimetric measurement by a spectrophotometer using the absorbance value of 570nm.
Immunoprecipitation

Immunoprecipitation is a method that determines protein-protein interaction by pulling down
specific protein targets via agarose beads and antibodies. Proteins were extracted from treated and non-
treated PCa cells via RIPA lysis method as described previously. Approximately 500ug/uL of lysates
were obtained from each condition and their volumes were topped off to 2mL with a RIPA buffer
containing protease inhibitors. Then the lysates were pre-cleared by adding 40uL of agarose beads and
10ug/mL of normal mouse or normal rabbit antibody of the same species of the antibody used to later pull
down the specific protein target. Pre-clearing is important as it helps reduce non-specific binding and
reduce background. After 2 hours of inverting at 40C, the lysates were spun down at 5k rpm at 40C for 10
minutes, and the supernatants were transferred to a newly labeled centrifuge tube. Specific antibodies
(10ug/mL) were added to each tube, while 10ug/mL of normal mouse or normal rabbit antibodies were
added to an additional lysate as the 1gG control. The lysates were incubated and inverted at 40C for 1
hour before adding 40uL of agarose beads to then incubate and invert overnight at 40C. After incubation,
the centrifuge tubes were spun down at 5k rpm for 1 minute each, and then the supernatants were
discarded. RIPA buffers were added to wash the beads. The centrifugation and washing continues 3 more
times. After the final centrifugation, supernatants were removed and 20uL of 2X loading buffer,
containing the same ingredient as described previously, were added to the beads to elute the protein
complex. The samples were then incubated for 10 minutes at 750C and then the supernatants were
transferred to the Western Blot gel to follow the Western Blotting analysis method as described
previously.
Transfection

C42B cell lines were seeded on a 24-well plate in complete RPMI medium incubating at 370C
and 5% CO2 until they reached 50% confluent. Lipofectamine LTX (Thermo Fisher Scientific) were
added into a centrifuge tube containing 50uL of Opti-MEM medium. In another centrifuge tube

containing 50uL of Opti-MEM medium, 2ug of plasmid DNA and 2uL of Plus Reagent were added. The
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two tubes were mixed together and incubated for 5 minutes at room temperature. The plasmid mixtures
were then added into the cells and incubated for at least 48 hours. Afterwards, the cells were treated with
2ug/mL of G418 antibiotics.
Transduction

22RV1 cell lines were seeded in a 6-well plate in complete RPMI medium incubating at 370C
and 5% CO2. Once the cells reach 50% confluent, the cells were media changed with polybrene (5ug/mL,
Santa Cruz Biotechnology). Lentivirus were added to the cells and incubated for 24 hours at 370C with
5% CO2. Afterwards, the media were changed to complete medium containing 8ug/mL puromycin
Cellular thermal shift assay

PCa cells were trypsinized and aliquoted evenly into two 15-mL tubes. One tube was treated with
compounds, while the second tube was treated with 0.1% DMSO as control. After 2 hours of incubation
at 370C, the cells were washed in cold 1X PBS twice, and resuspended in 800uL of 1X PBS containing
protease inhibitor. Each tube was equally aliquoted into 8 centrifuge tubes (each containing 100uL of
treated cells). The one aliquoted tube from the from each condition were heat shocked for 3 minutes at
400C, 430C, 460C, 490C, 520C, 550C, 580C, and 610C, and then cooled at room temperature for 3
minutes before flash freeze in liquid nitrogen. The samples were then lysed via three cycles of thawing-
flash freezing. The lysates were then spun down at 13k rpm in a 40C centrifuge, and then the supernatants
were transferred to a newly labeled centrifuge tube. The samples were incubated with 5X loading dye and
heated for 5 minutes at 990C prior to Western Blotting analysis method as described previously.
Cellular isothermal dose response

A single optimal temperature where most of the targeted proteins were insoluble were used for
this experiment. PCa cells were trypsinized and aliquoted evenly into 8 centrifuge tubes. Each tube was
incubated with different concentrations of drugs for 2 hours at 370C. Afterwards, the cells were washed
three times with cold 1X PBS. The cells were then resuspended in 100uL of cold 1X PBS containing
protease inhibitors. Then the cells were heat shocked at a single optimal temperature for 3 minutes, cooled
at room temperature for 3 minutes, and finally flash frozen. The samples can then be lysed and analyzed
via Western Blotting as described previously.
Surface plasmon Resonance

Surface Plasmon Resonance (SPR) is a label-free method that can study the interaction between
protein and ligand binding. Thus, we performed SPR to determine if SNG can bind directly onto LSD1 or
AR proteins in vitro. Synthesized recombinant LSD1 and recombinant AR proteins with six histidine-tag
were purchased from GenScript and diluted to 25ug/mL in 10 mM HEPES, pH 7.4, 150 mM NacCl,
0.005% Tween-20 in RNA-free water. The SPR machine (Biacore S200, GE Healthcare) was used at

Chapman University in the Harry and Diane Rinker Health Science Campus, Irvine. To initiate SPR, the
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NTA sensor Chip (GE Healthcare) was inserted into the SPR machine, 350 mM EDTA is injected at a
flow rate of 30uL/min, and then 0.5mM of NiCI2 were injected at 10uL/min for a minute through the
sensor chip. This will allow the histidine-tagged recombinant proteins to bind to the sensor ship.
Afterwards, 25ug/mL of recombinant protein were injected into the sensor chip at the rate of 10uL/min
for a minute, followed by indicated concentrations (0.0625uM to 16uM) of SNG injected into the NTA
sensor Chip at a flow rate of 30uL/min for 2 minutes. Finally, 350 mM EDTA can be injected at a flow
rate of 30uL/min for one minute to reset the sensor chip back to the baseline to repeat this experiment in
triplication.
Recombinant AR protein sequence:
MHHHHHHTSPTEETTQKLTVSHIEGYECQPIFLNVLEAIEPGVVCAGHDNNQPDSFAALLSSLNE
LGERQLVHVVKWAKALPGFRNLHVDDQMAVIQYSWMGLMVFAMGWRSFTNVNSRMLYFAP
DLVFNEYRMHKSRMY SQCVRMRHLSQEFGWLQITPQEFLCMKALLLFSIIPVDGLKNQKFFDEL
RMNYIKELDRIIACKRKNPTSCSRRFYQLTKLLDSVQPIARELHQFTFDLLIKSHMVSVDFPEMMA
ElIISVQVPKILSGKVKPIYFH
Recombinant LSD1 protein sequence:
MHHHHHHGPLGSPEFAPPEEENESEPEEPSGVEGAAFQSRLPHDRMTSQEAACFPDIISGPQQTQK
VFLFIRNRTLQLWLDNPKIQLTFEATLQQLEAPYNSDTVLVHRVHSYLERHGLINFGIYKRIKPLP
TKKTGKVIIIGSGVSGLAAARQLQSFGMDVTLLEARDRVGGRVATFRKGNYVADLGAMVVTGL
GGNPMAVVSKQVNMELAKIKQKCPLYEANGQAVPKEKDEMVEQEFNRLLEATSYLSHQLDFN
VLNNKPVSLGQALEVVIQLQEKHVKDEQIEHWKKIVKTQEELKELLNKMVNLKEKIKELHQQY
KEASEVKPPRDITAEFLVKSKHRDLTALCKEYDELAETQGKLEEKLQELEANPPSDVYLSSRDRQ
ILDWHFANLEFANATPLSTLSLKHWDQDDDFEFTGSHLTVRNGYSCVPVALAEGLDIKLNTAVR
QVRYTASGCEVIAVNTRSTSQTFIYKCDAVLCTLPLGVLKQQPPAVQFVPPLPEWKTSAVQRMG
FGNLNKVVLCFDRVFWDPSVNLFGHVGSTTASRGELFLFWNLYKAPILLALVAGEAAGIMENIS
DDVIVGRCLAILKGIFGSSAVPQPKETVVSRWRADPWARGSYSYVAAGSSGNDYDLMAQPITPG
PSIPGAPQPIPRLFFAGEHTIRNYPATVHGALLSGLREAGRIADQFLGAMYTLPRSGNDYDLMAQP
ITPGPSIPGAPQPIPRLFFAGEHTIRNYPATVHGALLSGLREAGRIADQFLGAMYTLPRQATPGVPA
QQSPSM
Cryogenic Electron microscopy

Recombinant AR and recombinant LSD1 were diluted in pH 7 Tris(20mM)-NaCl(100mM) buffer
to 13ug/mL and 11.4ug/mL, respectively. Negative staining was first performed where the carbon mesh
(Electron Microscopy Sciences) were coated in plasma using the CTEM sputter coater 200. Then 2%
uranyl acetate were added onto the carbon side of the mesh for 10 second before washing in

water. Afterwards, SuL of the diluted recombinant proteins were added to the mesh and ready for
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imaging via CryoEM (JEOL1200). After confirming the right condition for viewable imaging, we next
prepare another set of carbon mesh coated in plasma with 5uL of diluted recombinant proteins. The
proteins are then frozen in liquid nitrogen, and then imaged via the CryoEM. The imaged photos are
analyzed using software and 3D rendering of the recombinant proteins were reconstructed.

RESULTS

Sanguinarine inhibits both LSD1 and AR activities

FAD is the only cofactor for LSD1 demethylase activities. Therefore, we have searched for a
series of structurally diversified FAD binders or analogs for their potential inhibitory activity on LSD1
enzymatic activity. Supplementary Table 1 showed a list of potential FAD analogs, but only SNG and
pacritinib decreased LSD1 mediated demethylation of H3K4 enzymatic activity at 1Cso of 2.13uM and
5.45uM, respectively. The ICso of other screened compounds against LSD1 enzymatic activity were more
than 16UM. In addition, the molecular docking analysis revealed that SNG superimposes FAD and binds
to the FAD-binding domain of LSD1 (Figure 1A) and interacts with several important amino acids,
including tyrosine 761, valine 811, and valine 333 (Figure 1B). Tyrosine 761 is important for LSD1
demethylation activities, while valine 811 and valine 333 are important for substrate binding [29].
Interestingly, through our LSD1 inhibition assay, SNG was more effective to inhibit LSD1 mediated
demethylation of H3K9me2 (1Cso = 1.43+0.39uM) than H3K4me2 (ICso = 2.13+0.18M) (Figure
1C). Further, SNG increased cellular levels of In H3K4me2 and H3K9me2 in both CRPC cell lines
22RV1 and LNCaP95 cells (Figure 1D). These results suggested that SNG was a potent cell active LSD1

inhibitor.

In addition, we wanted to determine whether the binding of SNG onto LSD1 would be
competitive or covalent. This effort would enable both prospective and retrospective matching of future
synthesized compounds with LSD1 targets with enhanced understanding of their mechanism of
action. We measured the activities of LSD1 proteins after SNG induction prior to dialysis and 24 hours
after dialysis in surrounding LSD1 assay buffer, which contained proprietary concentration (Cayman
Chemicals) of noncovalently bound flavin adenine dinucleotide (FAD) cofactor. This method would
determine whether SNG can strongly bind to LSD1 and be able to dilute out the bound FAD ligand. As a
result, there was a further decrease in LSD1 activities 24-hour post-dialysis after treatment with SNG
(Figure 1E), suggesting a strong binding interaction between SNG and LSD1 proteins. We next wanted to
determine if SNG can competitively compete with excessive FAD in the dialysis buffer and whether FAD
can reverse the binding of excessive SNG within the dialysis buffer. Thus, we treated LSD1 proteins with

2uM of FAD or 2uM of SNG within the dialysis membrane, and then incubated the membrane for 24
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hours with surrounding LSD1 assay buffers containing 2uM SNG or 2uM FAD, respectively. As a result,
SNG was able to reduce LSD1 activities by competing with the excessive FAD in the surrounding
solution (Figure 1F, left). In addition, FAD showed to reactivate LSD1 activities even with excessive
SNG in the surrounding solution (Figure 1F, right). Overall, these results suggested that SNG is a FAD
competitive inhibitor against LSD1.
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Figure 1: The inhibitory effect of Sanguinarine against LSD1 activities. (A) Surface diagram of the active site of the LSD1 protein (Grey,
2DW4, 2.3 A) in complex with its ligand FAD (red) and superimposed SNG ligand (Green). (B) 2D representative image of the molecular
interaction between SNG within the FAD-binding domain of LSD1. (C) Inhibition of LSD1 demethylase activity. Increasing concentrations of
SNG were pre-incubated for 10 minutes with enzymes prior to initiating the demethylase reaction with peptide substrates, H3K4me2 (blue) and
H3K9me2 (red), for 60 minutes. Data represent means = SD (n=6). (D) H3K9me2 and H3K4me2 protein expressions were analyzed via WB in
22RV1 and LNCaP95 cells after 24 hours of treatment with indicated concentration of SNG. Histone H3 was used as the loading control. (E) LSD1
Competitive binding experiment uses the same LSD1 demethylase activity assay kit. The level of LSD1 demethylation activity under concentration
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We next determined whether SNG could inhibit AR signaling by reducing its transcriptional
activity and expression of AR target genes. Molecular docking analysis revealed that SNG superimposes
DHT and binds to the ligand-binding domain (LBD) of AR (Figure 2A), suggesting SNG to be a dual-
inhibitor against both LSD1 and AR. In an AR-luciferase reporter cell line, SNG decreased AR
transcriptional activities with an 1Cso value of 2.07+0.45uM (Figure 2B). Additionally, WB and real-time
gPCR analysis demonstrated that 22Rv1 and LNCaP95 cell lines treated with SNG had significantly
reduced expression of AR and ARV7 and their target genes (i.e. PSA, UBE2C) at both the protein levels
(Figure 2C) and mRNA levels (Figure 2D), respectively. We also looked at the mRNA expression of
other AR variants and AR downstream targets, such as AR4, AR5, HSD3B1, HSD3B2, HSD17B6, and
AKRIC3 (Supplementary Figures 1A and 1B). These other AR variants and downstream targets were also
all downregulated in 22RV1 cells when treated with SNG, although HSD3B1 and AKRIC3 were not
significantly downregulated in LNCaP95 cells when treated with SNG. Overall, these results suggested
that SNG could inhibit the expression and activities of AR and other AR variants, which is clinically

relevant for emerging CRPC therapy.
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Sanguinarine selectively induces the cytotoxicity of LSD1, AR, and ARV7 expressing
prostate cancer cells

SNG was shown to have relatively low toxicity to human umbilical vein endothelial cells with an
I1Cs0 of 23uM [25] and to normal prostate epithelial cells and normal epidermal keratinocytes with an ICsg
of more than 10uM [26,27]. Whereas, the ICso against prostate cancer cells were between 300nM to 2uM
as shown from previous research [27] and our study. Although SNG cytotoxicity against PCa has a
relatively small therapeutic window, its ability to inhibit LSD1 becomes very important because prostate
cancers overexpress LSD1, having a LSD1 increase of 5 to 15-folds compared to normal tissue
[22,23]. In addition, because more than 50% to 75% of CRPC uses AR as the primary driving force for
progression [24], the ability that SNG was able to dual-target both LSD1 and AR activities was critical for

clinical relevance.

Thus, we wanted to examine whether LSD1 and AR targets were at least in part responsible for
the biological consequences of SNG in PCa cell lines. Firstly, protein levels of LSD1, AR, and ARV7
were compared among different PCa cell lines via WB method (Figure 3A), and then the cytotoxicities of
2uM of SNG to different PCa cell lines along with normal prostate epithelial and human mesenchymal
stem cells were measured via MTT assay (Figure 3B). As a result, we observed that PCa cell lines with
LSD1 overexpression, including CRPC cell lines 22Rv1 and LNCaP95 were more sensitive to SNG’s

cytotoxic effects compared to those with less LSD1 expression or lack of AR or ARV7 expression.
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Interestingly, we observed that PCa neuroendocrine cell line NCI-H6880 were also highly sensitive to
SNG-induced cytotoxicity, suggesting that LSD1 alone may be an important target. Furthermore, our
observation on normal Prostate Epithelial cells RWPE1 cell lines had an 1Cso of 5uM to SNG, and at
higher concentrations, RWPEL1 cells were relatively less sensitive to SNG compared to the other
CRPCs. The lower sensitivity of RWPEL cells may be due to their low LSD1 expressions or through
other unknown mechanisms. Human prostate epithelial cells (PREC) were also observed to have less
cytotoxic sensitivity to SNG with an 1C50 of 5uM.

We also observed a similar cytotoxic trend with other natural occurring dual inhibitors of similar
structure to SNG listed from Figure 4 (Supplementary Figure 3A-D). We next determined the ICs values
for each PCa cell (Figure 3C), and then compared it to the expression of the targeted proteins to obtain the
correlation coefficient (Figure 3D). As a result, our results showed strong correlation between PCa cell
lines with LSD1 overexpression to be more sensitive to SNG’s cytotoxic effects compared to those with

less LSD1 expression or lack of AR or ARV7 expression.
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Figure 3: Sanguinarine targets LSD1 and AR/ARV7 to induce cytotoxicity in Prostate Cancer cells. (A) 22RV1, LNCAP95, C42B, LNCAP,
PC3, DU145, NCI-H660, RWPE-1, and MSC cells were lysed and LSD1, AR, and ARV7 were observed via WB analysis. B-tubulin was used as
loading control. (B) MTT assay was also performed on 22RV1, NCI-H660, LNCaP95, C42B, C42B-MDVR, LNCaP, PC3, and DU145 PCa,
RWPE1, and MSC cell lines under 24 hours treatment with 2uM of SNG induction. (C) MTT assay was also performed on these cell lines indicating
concentration of SNG for 72 hours. (D) C42B-LSD1 (blue) and C42B-pcDNA (orange) cells or (E) 22RV1-shLSD1 (blue) and 22RV1-shLuc
(orange) cells were treated with SNG for 72 hours prior to MTT assay. Each data point for all MTT assays represents the mean of three experiments
performed in triplicate. Error bars show the standard error of mean (SD) for the 6 experiments.
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Next, we want to determine whether LSD1 directly plays an important role in the cytotoxic
sensitivity of SNG. We stably transfected C42B cells to overexpress LSD1 (C42B-LSD1)
(Supplementary Figure 2a) or stably transduced 22RV1 cells to suppress LSD1 expression by shRNA
knockdown (22RV1-shLSD1) (Supplementary Figure 2b), and then examined the cytotoxic effects of
SNG on these LSD1 overexpression or LSD1 knockdown cell lines in comparison with vector control
(i.e. pcDNA or shLuc) PCa counterpart cell lines. As a result, C42B-LSD1 cells were more sensitive to
the cytotoxic effect of SNG with an estimated ICso value of 0.67+£0.14uM compared to C42B-vector
control cells with an estimated 1Cso value of 1.71+0.19uM (Figure 3E). In addition, 22RV1-shLSD1 cells
were less sensitive to SNG with an estimated 1Cso value of 2.24+0.23uM compared to 22RV1-shLuc cells
with an estimated 1Cso value of 1.08+0.13uM (Figure 3F). Similarly, other dual-inhibitor compounds
similar structured to SNG listed from Figure 4, 6-methoxydihydrosanguinarine, 6-
ethoxydihydrosanguinarine, Oxychelerythrine, and Chelerythrine chloride also showed similar increasing
cytotoxic potency trend against LSD1-overexpressing PCa cells compared to non-LSD1-overexpressing
PCa cells (Supplementary Figure 3 and Supplementary Figure 4). Overall, we have shown that LSD1 and
AR expression could at least in part be required to be responsible for the biological consequences of SNG
in PCa cell lines.

A B
C42B LSD1 pcDNA
29
SNG [uM] 0 2 0 2 22RV1 shLuc shL.SD1

SNG[UM] 0 1 2 0 1 2

LSD1 b e -
H3K9me? "‘“

p-tubulin _ Histone H3 _
p-tubulin |

Supplementary Figure 2: LSD1 Transduction and Transfection verification. Verification of LSD1 overexpression under indicated
concentration of SNG treatment between (A) transfected C42B-LSD1 and C42B-pcDNA cell lines and (B) transduced 22RV1-shLuc and 22RV1-
shLSD1 cell lines by Western blotting analysis.
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Supplementary Figure 3: Sanguinarine-related dual-inhibitors structures show specificity against LSD1-expressing prostate cancer cell
lines. MTT assay was performed on 22RV1, PC3, C42B, LNCAP95, DU145, and LNCAP PCa cell lines treated with indicated concentration of
(A) 6-Methoxydihydrosanguinarine, (B) 6-ethoxydihydrosanguinarine, (C) Oxychelerythrine, and (D) Chelerythrine chloride ligand for 72 hours.
(E) C42B-LSD1 (blue) and C42B-pcDNA (orange) cells or (F) 22RV1-shLSD1 (blue) and 22RV1-shLuc (orange) cells were treated with SNG,
6-methoxydihydrosanguinarine (6-Meth), 6-ethoxydihydrosanguinarine (6-Etho), Oxychelerythrine (Oxy), and Chelerythrine chloride (Chel) for
72 hours prior to MTT assay. Each data point for all MTT assays represents the mean of three experiments performed in triplicate. Error bars show
the standard error of mean (SD) for the 3 experiments.
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Supplementary Figure 4: LSD1 expression is required at least in part for LSD1 and AR dual inhibitors to induce cytotoxicity. [Top] C42B-
LSD1 (blue) and C42B-pcDNA (orange) cells or [Bottom] 22RV1-shLSD1 (blue) and 22RV1-shLuc (orange) cells were treated with (A,E) 6-
Methoxydihydrosanguinarine, (B,F) 6-ethoxydihydrosanguinarine, (C,G) Oxychelerythrine, and (D,H) Chelerythrine chloride for 72 hours prior
to MTT assay. Each data point for all MTT assays represents the mean of three experiments performed in triplicate. Error bars show the standard
error of mean (SD) for the 3 experiments.
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Sanguinarine and its structure activity relationship against LSD1 and AR activities

SNG itself is a novel structure derived from nature. Investigating the binding potential of SNG to
LSD1 and AR is very crucial, as SNG could be developed as a template for future synthesis of potent
LSD1 and AR dual-inhibitors with larger therapeutic indexes for specificity. Further structure activity
comparison analysis of more than 32 naturally occurring SNG analogs indicates that SNG is the most
potent dual inhibitor of LSD1 and AR (Figure 4). The antiproliferative activity against 22Rv1, LNCaP,
and PC3 cell lines for 72 hours are tested by the MTT method. In addition, as shown from Figure 3A,
22Rv1 cells are very important in this study for their expression of LSD1, AR, and ARV7, while LNCaP
cells express only AR and LSD1, and PC-3 cells express relatively low level of LSD1, AR, and ARV7.

; © 2 —\O Yo o\ cl o o o” :
E \N \N o \Ne/ : O~ \N oO—
(e : IO I O 7 ) 4
! H
i 2 o o o :
. . ~ . H y
Sanguinarine Chloride 1 6-Ethoxydihydrosanguinarine 6-Methoxydihydrosanguinarine Chelerythrine Chloride Oxychelerythrine i
22RV1 =0.68 5 22RV1 =091 22RVI1 =0.89 22RV1 =334 22RV1=1.73
LNCAP= 142 t LNCAP=1.12 LNCAP =144 LNCAP = 6.66 LNCAP=1.89
IC§() vs PC3=1.72 1 IC50 vs PC3 = 1.08 IC50 vs PC3 = 1.62 1C50 vs PC3 = 3.36 IC50 vs PC3 =3.16
l(:.‘() Vs AR =207 £0.45 + IC50 vs AR = 1.42£045 IC50 vs AR =2.15 +0.30 IC50 vs AR = 1355 +0.12 IC50 vs AR =4.55 £0.78
IC50 vs LSD1 =213 £0.18 + IC50 vs LSD1 =3.69 +0.89 IC50 vs LSD1 =2.13 £0.66 IC50 vs LSD1 =6.97 + 1.78 IC50 vs LSDI =5.57 £ 0.30

Supplementary Table 2: Sanguinarine vs. dual inhibitors. Sanguinarine vs. 6-methoxydihydrosanguinarine, 6-ethoxydihydrosanguinarine,
Oxychelerythrine, and Chelerythrine.

Among all the 32 natural products, 6-methoxydihydrosanguinarine, 6-ethoxydihydrosanguinarine,
Oxychelerythrine, and Chelerythrine chloride display similar, but slightly lower dual inhibitory activity
against AR and LSD1 activities compared to that of SNG (Supplementary Table 2). Against 22Rv1 cells,
SNG displays an ICs value of 0.68uM, while 6-methoxydihydrosanguinarine, 6-
ethoxydihydrosanguinarine, Oxychelerythrine, and Chelerythrine chloride display the 1Cso value of
0.89uM, 0.91uM, 1.73uM, and 3.34uM, respectively. In addition, against LNCaP cells, SNG displays an
ICso value of 1.42uM, while 6-methoxydihydrosanguinarine, 6-ethoxydihydrosanguinarine,
Oxychelerythrine, and Chelerythrine chloride display the ICso value of 1.44uM, 1.12uM, 1.89uM, and
6.66M, respectively. Also, SNG displays an 1Cso of 2.07+£0.45uM against AR protein activities, and
2.13+0.18uM against LSD1 activities, whereas 6-methoxydihydrosanguinarine, 6-
ethoxydihydrosanguinarine, Oxychelerythrine, and Chelerythrine chloride displays an 1Cso of
2.15+0.30uM, 1.42+0.45uM, 4.55+0.78uM, and 13.55+0.12uM against AR protein activities,
respectively, and 2.13+0.66M, 3.69+0.89uM, 5.57+£0.30uM, 6.97+1.78uM against LSD1 protein

activities, respectively. Furthermore, molecular docking analysis revealed that these dual-inhibitors also
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superimpose FAD and bind to the FAD-binding domain of LSD1 (Supplementary Figure 5A) as well as
superimpose DHT and bind to the ligand-binding domain of AR (Supplementary Figure 5B).
Additionally, WB analysis demonstrates that 22Rv1 and LNCaP95 cell lines treated with these dual
inhibitors had significantly reduced the protein expression of AR, ARV7, and PSA (Supplementary
Figure 5C). Further, these dual inhibitors increase cellular levels of In H3K4me2 and H3K9me2 in 22Rv1
cells (Supplementary Figure 5D). These results suggest the structure of SNG plays a relevant role in the
dual inhibition of both LSD1 and AR activities.

M oxydihydg
A 6-Mefhoxydihy

B-tubulin
LSD1

LNCAP9S
ARCL W - e DD W 0D ew

Supplementary Figure 5: Dual-inhibitors binding and inhibiting LSD1 and AR activities. Surface diagram of the active site of the (A) LSD1
protein (Grey, 2DW4, 2.3 A) in complex with its ligand FAD (red) and superimposed 6-methoxydihydrosanguinarine (Top left), 6-
ethoxydihydrosanguinarine (Top right), Oxychelerythrine (Bottom left), or Chelerythrine ligand (Bottom right) (Green). (B) Surface diagram of
the active site AR proteins (Grey, 2P1V, 1.95A) in complex with its ligand DHT (red) and superimposed with 6-methoxydihydrosanguinarine, 6-
ethoxydihydrosanguinarine, Oxychelerythrine, and Chelerythrine ligand altogether. (C) AR, ARV7, UBE2C, and PSA protein expression were
analyzed via WB in 22RV1 and LNCaP95 cells after 24 hours of treatment with indicated concentration of SNG. B-tubulin was used as the loading
control. (D) H3K9me2 and H3K4me2 protein expressions were analyzed via WB in 22RV1 and LNCaP95 cells after 24 hours of treatment with
indicated concentration of SNG. Histone H3 was used as the loading control.

Next, we compare the chemical structures of SNG to that of 6-methoxydihydrosanguinarine, 6-
ethoxydihydrosanguinarine, Oxychelerythrine, and Chelerythrine chloride. These structures have a similar
orientation of the 4 aromatic rings and 1 methylenedioxy group. Both SNG and Chelerythrine chloride
have the 5-methylbenzo[c]phenanthridine moiety, Chelerythrine chloride has one of the methylenedioxy
groups changed to dimethoxy group (Supplementary Table 2, B region). This alteration reduces the
cytotoxic sensitivity of Chelerythrine chloride against 22Rv1 cells and against LNCaP cells down by 5-
fold, and reduces the inhibition efficacy against AR protein activities by 10-fold and against LSD1 protein
activities by 3-fold. This suggests that the methylenedioxy group in the B region is required for the dual
inhibitory activity. Additionally, although Oxychelerythrine also has the methylenedioxy group replaced
with dimethoxy group, it has the amide bond (Supplementary Table 2, A region) compared to SNG’s
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structure. This only brings its cytotoxic sensitivity down by 2-fold against 22Rv1 and LNCaP cells, and
its activities down by 2.5-fold against AR and LSD1 protein compared to those of SNG. Moreover, both
6-methoxydihydrosanguinarine and 6-ethoxydihydrosanguinarine’s chemical structures are different with
that of SNG in which they have the nitrogen atom in sp3 hybridized orbital while SNG has a nitrogen
atom in sp2 hybridized orbital. This change slightly decreases the cytotoxic sensitivity of 6-
methoxydihydrosanguinarine against 22Rv1 and LNCaP cells and decrease those of 6-
ethoxydihydrosanguinarine against 22Rv1 cells and the inhibitory activities against LSD1 protein. In fact,
those ICsp of 6-ethoxydihydrosanguinarine against LNCAP cells and AR protein activities showed better
cytotoxic and inhibitory activity compared to SNG. These results suggest that the changing of sp2-
hybridized nitrogen to sp3-hybridized nitrogen together with having a methoxy group or an ethoxy group
as the substituent is not required for the dual inhibitory activity.
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Sanguinarine Chloride E Oxysanguinarine Norsanguinarine 8-Acetonyldihydrosanguinarine Dihydrosanguinarine E
22RV1 = 0.68 | 22RVI>S0 22RVI >50 22RV1 >50 22RVI = 42.76
LNCAP = 1 42 1 LNCAP>50 LNCAP>50 LNCAP>50 LNCAP>50
IC50 vs PC3 = 1.72 v IC50 vs PC3>50 IC50 vs PC3 = 2491 1C50 vs PC3 >50 IC50 vs PC3 >50
IC50 vs AR =2.07 + 0.45 1 IC50vsAR>16 IC50 vs AR >16 IC50 vs AR >16 IC50 vs AR >16
IC50 vs LSD1=2.13£0.18 1 ICS0vsLSDI1>16 IC50 vs LSD1>16 IC50 vs LSD1 >16 IC50 vs LSD1 =4.36
Supplementary Table 3: Sanguinarine vs. A motif changes. Sanguinarine vs. Oxysanguinarine, Norsanguinarine, 8-

acetonyldihydrosanguinarine, and Dihydrosanguinarine.

The other 28 natural products show either very low inhibitory activity or not show the dual
inhibitory effect. For example, as in Supplementary Table 3, Oxysanguinarine, Norsanguinarine, 8-
acetonyldihydrosanguinarine, and Dihydrosanguinarine have similar orientation of the 4 aromatic rings
and 1 methylenedioxy group but have alternatives in A region compared to the chemical structure of
SNG. The ICso of Oxysanguinarine, Norsanguinarine, and 8-acetonyldihydrosanguinarine show low
inhibitory activity on all the cell lines and AR/LSD1 proteins, and the I1Cso of Dihydrosanguinarine shows
inhibitory activity only against LSD1 proteins. The chemical structure of Oxysanguinarine is similar to
that of Oxychelerythrine in which they both have the amide bond. However, in region B,
Oxysanguinarine has the methylenedioxy group while Oxychelerythrine has dimethoxy group. This
change is perhaps the reason for the decrease in activity of Oxysanguinarine against all cell lines and AR
protein compared to that of Oxychelerythrine. Similarly, 8-acetonyldihydrosanguinarine has similar
chemical structure with 6-methoxydihydrosanguinarine and 6-ethoxydihydrosanguinarine. However, in
the A region, 8-acetonyldihydrosanguinarine has an acetyl group, while 6-methoxydihydrosanguinarine
and 6-ethoxydihydrosanguinarine have the methoxy and ethoxy group, respectively. The significant
decrease in activity against all cell lines and AR/LSD1 proteins of 8-acetonyldihydrosanguinarine

presumably is a result of the bulkiness of the substituent group. In addition, in the A region, although both
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Norsanguinarine and SNG have the nitrogen atom in sp2-hybridized orbital, the absence of a methyl
group to the nitrogen atom of Norsanguinarine is probably the reason for its inactive effect on all the cell
lines and AR/LSD1 proteins. Additionally, the 1Cso of Dihydrosanguinarine shows inhibitory activity only
against LSD1 proteins but goes down by 2-fold compared to that of SNG. This presumably is a result of
the change from sp2-hybridized nitrogen of sanguinarine to the sp3-hybridized nitrogen of
Dihydrosanguinarine. In summary, these results suggest that the sp2-hybridized orbital of nitrogen atom

and the methyl group to the nitrogen atom are required for the dual inhibitory activity.

Supplementary Table 4 shows that Dihydrochelerythrine, 6-acetonyldihydrochelerythrine,
Decarine, 6-acetonyl-N-methyl-dihydrodecarine, and Norchelerythrine have similar orientation of the 4
aromatic rings and 1 methylenedioxy group, but have alternatives in the A and B regions compared to the
chemical structure of SNG. The ICso of Dihydrochelerythrine, 6-acetonyldihydrochelerythrine, Decarine,
and 6-acetonyl-N-methyl-dihydrodecarine show very low inhibitory activity on all the cell lines and
AR/LSD1 proteins, and the 1Cso of Norchelerythrine shows inhibitory activity only against LSD1.
Besides the alternatives in region A that can significantly decrease their inhibitory activities as we
discussed above, changes in region B can also alter their inhibitory effect. For example, Norchelerythrine
has similar chemical structure to that of Norsanguinarine, but having the methylenedioxy group replaced
with dimethoxy group. This change is probably the reason Norchelerythrine has its inhibitory activity
against LSD1 (although 7-fold lower than that of SNG), while Norsanguinarine is almost inactive against
LSD1. Moreover, 6-acetonyldihydrochelerythrine, Decarine, and 6-acetonyl-N-methyl-dihydrodecarine
have similar chemical structures and show low inhibitory activity against AR/LSD1. However, while 6-
acetonyldihydrochelerythrine and Decarine also show very low inhibitory activity against all cell lines, 6-
acetonyl-N-methyl-dihydrodecarine has high potency against 22RV1, LNCAP, and PC3 cells. This
suggests that the acetonyl substituent (A region) and the change from methylenedioxy group to a methoxy
group and a hydroxyl group (B region) can potentially inhibit one or more enzyme(s) in these cell lines,

and can become a potential subject for future study against PCa cells.
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Sanguinarine Chloride

22RVI1 =0.68

LNCAP =142

IC50 vs PC3 =172

IC50 vs AR =207 £ 045
IC50 vs LSD1 =2.13 £0.18

Dihydrochelerythrine

22RV1 >50
LNCAP>50

IC50 vs PC3 >50
IC50 vs AR >16
IC50 vs LSD1 >16
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Decarine

22RV1 =9.88
LNCAP >50

IC50 vs PC3 >50
IC50 vs AR >16
IC50 vs LSD1 >16

6-Acetonyldihydrochelerythrine

22RVI =788
LNCAP=6.20

IC50 vs PC3 = 34.60
IC50 vs AR >16
IC50 vs LSD1 >16
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Norchelerythrine

22RVI =46.79
LNCAP >50

IC50 vs PC3=29.53
IC50 vs AR >16

IC50 vs LSDI = 15.73

6-Acetonyl-N-methyl-
dihydrodecarine

22RV1 = 0.0003
LNCAP =0.006
1C50 vs PC3 = 0.006
IC50 vs AR >16
IC50 vs LSD1 >16

Supplementary Table 4: Sanguinarine vs. A/B motif changes. Sanguinarine vs. Dihydrochelerythrine, 6-acetonyldihydrochelerythrine,
Decarine, 6-acetonyl-N-methyl-dihydrodecarine, and Norchelerythrine.

Supplementary Table 5 shows that both 8-Acetonyldihydroavicine and 8-Acetonyldihydronitidine
have very low inhibitory activity against all cell lines and AR/LSD1 proteins. They both have the addition
of acetonyl substituent (A region), and 8-Acetonyldihydroavicine has the methylenedioxy group changed
in orientation, and 8-Acetonyldihydronitidine has the methylenedioxy group changed in orientation as
well as changed to dimethoxy groups. These changes are presumably the reason for the decreases in their
inhibitory activities. Additionally, Nitidine chloride has the same 5-methylbenzo[c]phenanthridine moiety
with SNG but having the methylenedioxy group changed in orientation as well as changed to dimethoxy
group. These alternatives significantly decrease the inhibitory of Nitidine chloride against LSD1, but still
keep its inhibitory potency against AR protein, and cytotoxic potency against 22Rv1, LNCaP, PC3 cells.
Nitidine chloride also has the same 5-methylbenzo[c]phenanthridine moiety with Chelerythrine chloride
but having the dimethoxy group changed in orientation (Supplementary Table 2 and 5). This change
brings the 1Cso of Nitidine chloride against AR up by nearly 6-fold compared to that of Chelerythrine
chloride, but significantly decreases the inhibitory of Nitidine chloride against LSD1. These results

suggest that the orientation of the B region is critical to the dual inhibitory activity.
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Sanguinarine Chloride E Nitidine Chloride 8-Acetonyldihydroavicine 8-Acetonyldihydronitidine

22RVI1 = 0.68 + 22RV1=033 22RV1 =5.09 22RVI =46.79
LNCAP= 142 i LNCAP=023 LNCAP =231 LNCAP >50

IC50 vs PC3 =172 i IC50 vs PC3 =429 IC50 vs PC3 =31.97 IC50 vs PC3 >50
IC50 vs AR =2.07 £ 045 ¢\ IC50 vs AR =235 + 0.94 IC50 vs AR >16 IC50 vs AR >16
IC50 vs LSD1=2.13+0.18 i IC50 vs LSD1 >16 IC50 vs LSD1 >16 IC50 vs LSD1 >16

Supplementary Table 5: Sanguinarine vs. A/B motif changes. Sanguinarine vs. Nitidine chloride, 8-Acetonyldihydroavicine, and 8-
Acetonyldihydronitidine

Supplementary Table 6 shows all compounds that have alternatives in B and/or C regions as well
as in the orientation of the aromatic rings and the position of the nitrogen atom. The nitrogen atoms are
shared between different rings and might cause the chemical structure of the compounds to bend and not
planar, which affects the aromaticity and the binding of the compounds to the active sites of AR/LSD1
enzymes. The I1Cso of Berberine chloride, Palmatine chloride, Epiberberine chloride, and Coptisine
chloride show high inhibitory activity against AR proteins, but weak inhibitory activity against LSD1
proteins and all cell lines. Demethyleneberberine shows high inhibitory activity against LSD1 proteins,
but weak inhibitory activity against AR proteins and all cell lines. Dihydropalmatine, 1-
Methoxyberberine, Corydaline, Tetrahydropalmatine, Jatrorrhizine, Groenlandicine, and Columbamine
show low inhibitory activity against all cell lines and AR/LSD1 proteins. The decreases in their inhibitory
activities suggest that the orientation of the aromatic rings and the position of the nitrogen atom in region

A are important for the dual inhibitory activity.

Acetylcorynoline, Chelidonine, and Phellodendrine have the 4-ring structure similar to SNG and
have various substituents. Bis[6-(5,6-dihydrochelerythrinyl)] amine is a dimer (Supplementary Table 7).

Overall, this structural comparison analysis shows the fundamental changes to SNG in effect to

its activities against PCa cells and against AR and LSD1 proteins.
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Berberine Chloride Palmatine Chloride Epiberberine Chloride

Sanguinarine Chloride

22RVI =829
LNCAP=3.12

IC50 vs PC3 =26 82
IC50 vs AR = 9.35 £ 6.63
IC50 vs LSD1 >16

22RVI = 1197

LNCAP = 1994

IC50 vs PC3 > 50

IC50 vs AR=237 2 L.11
IC50 vs LSD1 >16

22RVI1 =2259
LNCAP =370

1C50 vs PC3 > 50
IC50 vs AR = 13.12 ¢
IC50 vs LSD1 >16

22RV1 =068

LNCAP= 142

IC50 vs PC3=1.72

IC50 vs AR = 2.07 £ 0.45
IC50 vsLSD1 =2.13+0.18

Coptisine Chloride

22RVI = 5.66

LNCAP= 1444

IC50 vs PC3 = 21.11
IC50vs AR =7.29£093
IC50 vs LSD1 >16

097

22RV1 >50

22RVI =2482

22RV1 >50

LNCAP >50 LNCAP=26.79 LNCAP>50
IC50 vs PC3 >50 IC50 vs PC3 >50 IC50 vs PC3 >50
IC50 vs AR >16 IC50 vs AR >16 IC50 vs AR >16

1C50 vs LSD1 >16

IC50 vs LSD1 >16

IC50 vs LSD1 >16
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Demethylencberberine Dihydropalmatine 1-Methoxyberberine Corydaline
22RVI =3444 22RV1 =30.24 22RVI =44 82 22RV1>50
LNCAP>50 LNCAP = 4202 LNCAP> 50 LNCAP>50
1C50 vs PC3 >50 1C50 vs PC3 >50 1C50 vs PC3 >50 IC50 vs PC3 >50
IC50 vs AR >16 1C50 vs AR >16 1IC50 vs AR >16 IC50 vs AR >16
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Tetrahydropalmatine Jatrorrhizine Groenlandicine Columbamine

22RVI =29.39

IC50 vs PC3 >50
IC50 vs AR >16
IC50 vs LSD1 >16

Supplementary Table 6: Sanguinarine vs.
Demethyleneberberine,
Columbamine.

Berberine chloride, Palmatine chloride,

Dihydropalmatine, Corydaline, Tetrahydropalmatine,

1-Methoxyberberine,

Sanguinarine Chloride

22RVI =0.68
LNCAP = 1.42

IC50 vs PC3 = 1.72 Acetylcorynoline Chelidonine Phellodendrine

IC30 vs AR =2.07 £ 045 22RV1 =34.26 22RVI =427 22RVI >50

IC50 vs LSD1 =2.13+0.18 LNCAP = 3327 LNCAP =3.18 LNCAP >50
IC50 vs PC3 >50 IC50 vs PC3 =421 1C50 vs PC3 50
IC50 vs AR >16 IC50 vs AR >16 IC50 vs AR >16

IC50 vs LSD1 >16 IC50 vs LSDI >16 IC50 vs LSD1 >16

50

Epiberberine chloride,
Jatrorrhizine,

Coptisine chlor
Groenlandicine,

Bis[6-(5,6-dihydrochelerythrinyl) Jamine

22RV1 =12.39
LNCAP=6.85
ICS50 vs PC3 =4.56
IC50 vs AR >16
IC50 vs LSD1 >16

Supplementary Table 7: Sanguinarine vs. Acetylcorynoline, Chelindonine, Phellodendrine, and Bis[6-(5,6-dihydrochelerythrinyl)Jamine.
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Figure 5: Sanguinarine downregulates AR and ARV7 through in an LSD1 dependent manner. (A) 22RV1 cells were treated with or without
SNG for 24 hours. LSD1 (left) and AR (right) were observed after immunoprecipitation WB, pulling down with LSD1 (top) or AR (bottom). (B)
WB and (C) gPCR was performed to evaluate the expression levels of AR, ARV7, and their activities in 22RV1- shLuc and 22RV1-shLSD1 cells

after 24 hours treatment with SNG.

Sanguinarine inhibits AR and ARV7 through the LSD1-dependent manner

Previous research suggests that LSD1 regulates AR transcriptional activity through direct LSD1
to AR interaction [6]. To determine whether SNG can disrupt the LSD1-AR interaction, we performed
immunoprecipitation with anti-LSD1 or anti-AR antibodies, and then WB analysis of their binding
partners using corresponding antibodies. Figure 5A upper right panel and lower left panel showed that
SNG reduced the complex formation of LSD1 with AR and ARV7 after pulling down LSD1 and staining
for AR and vice versa. This result indicated that the interaction between LSD1 and AR or ARV7 was
disrupted by SNG. To determine whether the effect of SNG on AR signaling was mediated through LSD1
inhibition, we performed real-time gPCR and WB analysis and looked at the expression of AR, ARV7
and their target genes (i.e. PSA) in 22Rv1 cells with and without LSD1 suppression by shLSD1
transduction. We observed significantly attenuated effects on the inhibition of AR and ARV?7 signaling at
both protein (Figure 5B) and mMRNA (Figure 5C) levels regardless of SNG induction in the 22Rv1-
shLSD1 knockdown cells compared to shluc knockdown control cells. This suggests that LSD1
knockdown alone downregulates AR and ARV7 signaling in 22Rv1 cells. Similarly, treatment with 6-
methoxydihydrosanguinarine, 6-ethoxydihydrosanguinarine, and Oxychelerythrine also did not further
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attenuated the mRNA level of AR, ARV7, and PSA in the 22Rv1-shLSD1 knockdown cells
(Supplementary Figure 6A), but did continue to affect AR, ARV7, and PSA at the protein levels similar
to SNG (Supplementary Figure 6B and 6C), suggesting another enzymatic or protein pathway to decrease
AR/ARVT protein expression level. Overall, these results suggest SNG reduced the complex formation of
LSD1 with AR and ARV7, and that SNG reduced AR and ARV7 signaling partly through LSD1-

dependent inhibition.

A ECONTROL
1.5 B 6-meth 2uM
B = 6-Etho 2uM
e Oxy 3uM
2 1.0 -
=
5]
-
2% 1
I
: - ﬁ -l
% 0.0 -
o - - - - ++ + + - - - + + + + + + + + shLSD1
AR ARV7 PSA
B 22RV1 shLuc C 22RV1 shLSD1
Si 6 metll 6 etllo Oxv San 6-meth 6-etho _Oxy
(uM) C (uM) CT 2 1 2 1 215 3
AR-FL AR-FL
AR-V7 AR-V7
PSA PSA
UBEzc— UBE2C

Supplementary Figure 6: Natural LSD1 and AR dual-inhibitors inhibit AR and ARV7 through an LSD1-dependent manner (A) gPCR was
performed to evaluate the expression levels of AR, ARV7, and their activities in 22RV1- shLuc and 22RV1-shLSD1 cells after 24 hours treatment
with 6-methoxydihydrosanguinarine (6-Meth), 6-ethoxydihydrosanguinarine (6-Etho), or Oxychelerythrine (Oxy). WB was performed to evaluate
the protein levels of AR, ARV7, and their activities in (B) 22RV1- shLuc and (C) 22RV1-shLSD1 cells after 24 hours treatment with 6-Meth, 6-

Etho, or Oxy.

Sanguinarine competitively and directly interact with LSD1 and AR

To determine whether SNG could directly interact with LSD1 and AR proteins, we conducted
two novel binding-assays: Cellular thermal shift assay (CETSA) and surface plasmon resonance (SPR).
LSD1 (Figure 6A) and AR (Figure 6B) protein remained stable as temperatures were increased by
increments of 3°C under SNG treatment in 22Rv1 cells compared to those treated with vehicle control
(0.1% DMSO). Furthermore, we performed a CETSA isothermal dose response (ITDRcersa), where the
cells were treated under increasing increment concentrations of SNG under single high temperature that

targeted protein were degraded under no treatment conditions. The lower panels of the ITDRcersa curves
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for LSD1 proteins at 50°C (Figure 6C) and AR proteins at 52°C (Figure 6D) showed that SNG binding at
an estimated K, values of 520 nM and 400 nM, respectively. These results suggested SNG might interact
with both complexes of LSD1 and AR proteins to increase their thermal stabilities. In addition, 6-
methoxydihydrosanguinarine, 6-ethoxydihydrosanguinarine, and Oxychelerythrine was shown to stabilize
both the LSD1 and AR complex compared to 0.1% DMSO control (Supplementary Figure 7A-C),

whereas Chelerythrine did not show any changes (Data not shown).

Both CESTA and ITDRcersa could only suggest that SNG binds to the LSD1 and AR complex,
but does not indicate whether SNG could directly bind to them individually. Thus, to determine whether
SNG could directly bind to LSD1 and AR proteins, SPR assay was performed using recombinant His-
tagged containing LSD1 or AR proteins. The recombinant LSD1 or AR proteins were fixed on a NTA-
containing gold film layer with SNG ligands being injected to flow over proteins. Any binding of the
protein and ligand would result in a signal, measured as a response unit (RU). As a result, the Kp and kgq
values of SNG binding was measured to be 1.10+0.42uM and 0.0086 1/s on LSD1 proteins (Figure 6E
and 6G) and 2.54+0.89 uM and 0.0075 1/s on AR proteins (Figure 6F and 6H). Overall, these results
demonstrated that SNG could directly bind to LSD1 and AR proteins individually to inhibit their

enzymatic activities.
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Figure 6: Sanguinarine directly interacts with LSD1 and AR proteins. CESTA was performed using (A) 22RV1 cells treated with 4uM SANG
looking at LSD1 and (B) C42B cells treated with 1uM SNG looking at AR under a range of temperatures from 400C to 610C. B-tubulin antibody
was used as loading control, and 0.1% DMSO was used as treatment control. ImageJ program was used to measure the density of bands between
control and SANG treatment. CITDR CESTA experiment was performed to determine the potency of SNG engagement to (C) LSD1 at 50 o C and
to (D) AR at 500C. SNG K m to LSD1 =520nM and K m Sensorgrams of SPR analysis of (E) LSD1 recombinant protein and (F) AR recombinant
protein at different concentrations of SANG. 8uM (purple), 4uM (orange), 2uM (baby blue), 1uM (pink), 0.5uM (blue), 0.25uM (Green), and
0.125pM (red). to AR =400 nM. Data is the mean + SD of one replicate, n=3. Binding curves of SNG conjugated to the immobilized (G) LSD1
and (H) AR and results of one-site binding fitting. The calculated dissociation constant and the maximum RU value that was reached and
theoretically possible can be found within the individual graphs.
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conjugated to the immobilized (D) LSD1 and (E) AR.

(=]

The correlation of LSD1 and AR under Sanguinarine treatment shown by RNA-sequencing
analysis.

To further investigate the correlation and the overall effect of SNG on LSD1 and AR, we
analyzed the RNA-sequencing data from 22Rv1-shLuc and 22Rv1-shLSD1 cell lines. Unfortunately, we
were not able to complete this last experiment by the time this dissertation was submitted.
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DISCUSSION

Castration-resistant prostate cancer (CRPC) has still been immensely lethal up to the present
despite many newly developed therapies such as chemotherapy, hormone therapy, and immunotherapy
[30-37]. The CRPC mechanism underlying AR signaling, includes mutation, amplification and
diminishment in activity, and truncating splice variants such as ARV7. Therefore, targeting AR and its

abnormal forms such as ARV7 is a strategic approach as therapy for CRPC.

Studies have shown many epigenetic mechanisms involved in the development of prostate cancer,
leading to the CRPC progression. In prostate cancer, tumor suppressor genes are silenced through hyper-
methylation of promoter and DNA hypo-methylation that leads to epigenetic aberrations [38]. Similarly,
genes resulting in aggressive PCa can be epigenetically modified through histone methylation and altered
gene expression. LSD1, a histone demethylase that interacts with AR in prostate cancer, could promote
AR-dependent gene expression and progress the disease into more advanced levels [39-41]. Therefore,

suppressing both LSD1 and AR is our new approach to establish further advanced treatments.

We examined whether SNG, which is our molecule candidate, could play a role in dual inhibition
of LSD1 and AR. Through LSD1 inhibition assay and dialysis assay, SNG was shown to potentially bind
to LSD1 and inhibit LSD1-mediated demethylation by competing with FAD, an only cofactor for LSD1
methylase activities. In addition, we determined that SNG would reduce the expression and
transcriptional activities of AR and its variants and downstream genes. By examining the effects of SNG
in LSD1-overexpressed, LSD1-suppressed, AR-lacked PCa cell lines, we explored that SNG would be
more sensitive to cells that have moderate-to-strong LSD1 and AR expressions. This would imply that
LSD1 and AR are partially responsible for the biological consequences of SNG. We further investigated
into the mechanism of inhibition, and evidence has shown that SNG might potentially induce the LSD1-
mediated suppression on AR and its variant (AR-V7) signaling. Overall, our results suggest that SNG
could play a dual-inhibitory role against LSD1 and AR and be a potential compound for further

therapeutic development.

The proposed dual-inhibitory function of SNG against LSD1 and AR was not only crucial to its
clinical relevance for treatment of CRPC but also as a scaffold for future derivative synthesis. According
to our molecular modeling results, SNG’s ability of targeting LSD1 and AR relied on its relatively planar
structure as an analog of the cofactor FAD. As verified by CESTA and SPR, SNG could be a good
candidate for future investment on research regarding the synthesis of isoquinoline derivatives with high
clinical value. FAD-analog inhibitors presented the possibility of off-target effects onto other FAD-
dependent enzymes. Consequently, developing next-generation derivatives of SNG while retaining and
magnifying its dual inhibition of both LSD1 and AR is crucial. Whether SNG-derived inhibitors bind
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only to either LSD1 or AR, future experiments need focus on elucidating how the singular binding results
in the dual inhibition. Clinical relevance of SNG for treatments of CRPC was also dependent on its
pharmacokinetics and pharmacodynamics properties, as well as the abilities to prevent the progression of
CRPC. Overall, the significance of this study demonstrated that SNG was a novel structure that could
hinder CRPC progression through a dual-target inhibition of LSD1 and AR.
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CHAPTER 5

Nitidine induces toxicity to Castration-resistant prostate cancer (CRPC) by degrading
AR/AR-V7 mediated by Hsp70/STUB1 pathway

Victor Phamt and Vinh X. Let, Erik D. Tran, Thanh NH Le, Matthew Tippin, and Xiaolin Zi

ABSTRACT

Castration-resistant prostate cancer (CRPC) is a lethal type of late-stage prostate cancer (PCa)
due to developing resistance to androgen deprivation therapy (ADT) and treatments with the second-
generation of anti-androgen medications (i.e. Enzalutamide, Abiraterone). Androgen receptor (AR) has
been a main driver and therapeutic target, which has been established from various studies on ADT
resistance whose mechanisms include androgen-independent AR activation, AR mutation, and AR
variants (i.e. AR-V7). Hence, suppressing AR and its variants (AR-V7) is one of new potential
approaches to inhibit PCa progression. Previously, we discovered that Sanguinarine had inhibitory
activities in AR and AR-V7. For further investigation on the mechanism of degrading AR and AR-V7
proteins, here we show Nitidine (Ni), an analog of Sanguinarine, suppresses AR and AR-V7 protein
expression through the machinery of the Hsp70/STUB1 pathway, which could potentially be the novel
template for therapeutic drugs treating CPRC.

BACKGROUND

Proteostasis is modulated through an extensive network which includes molecular chaperone
proteins, ubiquitin—proteasome system, and autophagy system. Recently, target protein degradation via
ubiquitin-proteasome pathway has been considered as the new approach for CRPC []. The
Ubiquitin/Proteasome System (UPS) is a highly regulated mechanism of intracellular protein degradation
and turnover. Through the concerted actions of a series of enzymes, proteins are marked for proteasomal
degradation by being linked to the polypeptide co-factor, ubiquitin. Several studies demonstrated AR
degradation could be mediated by this pathway with some typical E3 enzymes (MDM2, SKP2, CHIP).

Heat shock proteins are the members of the chaperone protein family which regulates the activity
and stability of many oncogenes that control cancer cell survival and progression3,13,14,15. The HSP70s
family, including stress inducible member HSP70 (HSPA1A/HSPA1B) and constitutively expressed
member HSC70 (HSPAS), plays important roles for protein maturation and correct folding in cancer cell

signal transduction and regulation16,17,18. STUBL1 is a co-chaperone protein and functional E3 ubiquitin
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ligase that links HSP70’s polypeptide-binding activity to the ubiquitin proteasome system. HSP70
interacts with STUB1 and controls protein stabilization. Binding of STUB1 to HSP70 can halt the proper
folding of HSP70 substrate proteins and concomitantly facilitate the U-box-dependent ubiquitination of
HSP70-bound substrates19,20,21. As AR’s co-chaperone protein, HSP70 assists the folding and
maturation of AR protein22,23,24. However, understanding of the interaction among AR-V7, HSP70, and

STUBL in next generation anti-androgen resistance remains elusive.
RESULTS
Nitidine (Ni) attenuates androgen receptor (AR) activities

This study was initiated with the screening of 32 natural compounds which are analogous to
Sanguinarine (Pham et al., 2020) in respect to their influences on Lysine-specific Demethylase 1A
(LSD1) and androgen receptor (AR) activity. To further discover the pathway of Sanguinarine on down-
regulating AR, we selected compounds analogous to the screened Sanguinarine-related analogs from
Pham et al., 2020 that were only targeting AR. Among the selected molecules, we observed that Nitidine,
a structural analog of Sanguinarine, was shown to have the highest potential of AR inhibitory activities.
Then, we compared the chemical structure, cytotoxicity, and AR activities of Nitidine to Berberrubine,
Dihydropalmatine, 13-methylberberine, Palmatrubine, and Pseudopalmatine (Figure 1A). Using AR-
Luciferase Reporter Assay, among these compounds, only Nitidine was shown to considerably attenuate
the activities of androgen receptor (AR) with an approximate ICso value of 5.65 uM, whereas the other
five compounds insignificantly affected AR activity at very high dosages with the approximate 1Csp
values > 16 uM (Figure 1B). In addition, Nitidine is the only compound that possesses the strong
antiproliferative activity on prostate cancer cell 22Rv1, PC3, and C4-2B (Figure 1C-E). Based on these
observations, we detected that Nitidine has a unique 5-methylbenzo[c]phenanthridine moiety, which
contains the 4 aromatic rings in a different orientation from the 4 aromatic rings of the other five
compounds. The low inhibitory activity of the five compounds against AR suggested that the 5-
methylbenzo[c]phenanthridine moiety is required for the inhibitory activity against AR. Therefore,
Nitidine could potentially be the only hit molecule in the screened compound library since it would

contain high potency against AR activity in prostate cancer.
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Figure 1. Structure-related analogs and their influences on AR activities. (A) These structure-related analogs were chosen based on our previous
publication for their relative inhibition of AR activities, Pham et al., 2020. These structures include Nitidine, Berberrubine, Dihydropalmatine, 13-
Methylberberine, Palmatrubine, and Pseudopalmatine (B) The influence of these analogs on AR activities was detected by AR-Luciferase Reporter
Assay, where DHT-pretreated MDA-MB-453 cells were treated for 8 hours with indicated concentration of each compound. MTT assay was
performed on (C) 22Rv1, (D) PC3, and (E) C4-2B under 72 hours treatment with indicated concentration of the analogs.

Nitidine (Ni) induces cytotoxicity and apoptosis in CRPC cells

Several studies demonstrated that 22Rv1, C4-2B MDVR, C4-2B, and LNCaP are AR-positive
with the respectively decreasing level, while PC3 and DU145 are considered as AR-negative cell lines [2-
7]. Following the identification of Nitidine (Ni) as our candidate molecule, we next examined and
compared the potential cytotoxicity of Nitidine on the normal prostate epithelial RWPE-1 cell line to
various PCa cell lines using MTT Assay. Our MTT results showed that Nidine was more cytotoxic to
these PCa cells such as 22Rv1, C4-2B MDVR, LNCaP, C4-2B, PC3, DU145 with an ICs value of 0.2333
+0.0696 uM, 2.4352 + 0.3118 uM, 0.4802 + 0.1621 uM, 0.7917 + 0.1434 uM, 1.1496 + 0.1385 uM and
0.5615 + 0.0759 uM, respectively, than the normal prostate epithelial RWPE-1 cell line with the
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estimated ICso value > 20 uM (Figure 2A). This outcome suggests that AR and its variants (e.g. AR-V7)
could be the potential therapeutic targets of Nitidine, as 22Rv1 was most influenced by the cytotoxicity of
Nitidine than all of the other PCa cell lines. Besides, even though C4-2B MDVR has high expression of
AR and its variant (AR-V7), it was surprisingly more resistant to Nitidine among those cell lines above,
suggesting that C4-2B MDVR growth and progression could be through different mechanisms, for
example, the neuroendocrine-like pathway as suggested in Pham et al., 2020. Altogether, Nitidine may
potentially be a novel structure for developing new therapeutic drugs with low side effects against
CRPCs, as its cytotoxicity was relatively low against the normal prostate epithelial cell and high against
CRPCs.

Thereafter, we examined whether the cytotoxicity of Nitidine was potentially induced through the
apoptosis of PCa cell lines such as 22Rv1 and C4-2B MDVR. The cleavages of Caspase 3 (Casp3) and
PARP are the important markers indicating the apoptosis. Through Western Blotting analysis, both 22Rv1
and C42B-MDVR achieved the increase in cleaved-PARP and cleaved-Casp3 levels and the decrease in
full-length PARP and full-length Casp3 levels, as the concentration of Ni was enhanced (Figure 2B). For
more detailed verification, flow cytometry (FACS) was applied to investigate the potential apoptosis in
22Rv1 cells by staining the apoptotic markers using Propidium iodide and Annexin V-FITC. Damaged
plasma membranes of apoptotic cells allow Propidium iodide to easily pass through, intercalate into the
nucleic acids, and exhibit red fluorescence [23-25]. Annexin V-FITC is the protein that binds to
phosphatidylserine, an apoptotic marker which has been translocated to the outer leaflet of the plasma
membrane, in a calcium-dependent manner to produce green fluorescence. As a result, an increasing level
of apoptotic cells was shown after 4-hour treatment with increasing concentration of Ni (Figure 2C).
These results suggested that apoptosis can be triggered in the presence of Ni, which potentially could be a

structural model to induce cytotoxicity and apoptosis in CRPC cells.
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Figure 2. Nitidine induces cytotoxicity and apoptosis in CRPC cells. (A) MTT assay was performed to determine the cell viability of the normal
prostate epithelial cell and CRPC cells, including C4-2B, DU145, PC3, LNCaP, 22Rv1, C4-2V MDVR, and RWPE-1 under 72-hour treatment of
indicated concentration of Ni. (B) 22Rv1 and C42B-MDVR cells were treated with 0.1% DMSO or with indicated concentration of Ni for 24 hours.
Apoptotic markers PARP and Casp3 were detected by WB analysis. 3-tubulin was used as loading control. (C) 22Rv1 cells were treated with 0.1%
DMSO as control or with indicated concentration of Ni for 4 hours. The cells were stained for 30 minutes with propidium iodide and annexin V-
FITC, and then detected by flow cytometry (FACS).

Nitidine (Ni) inhibits AR and AR-V7 expressions and activities in CRPC cells

In addition to the cytotoxicity of Nitidine, we next wanted to discover the inhibitory mechanism
of Nitidine starting with examination how Nitidine played a role in affecting AR and AR-V7 expression
and activities. Through Western Blotting and real-time gPCR, we detected the protein and mRNA levels
of AR, AR-V7, and their downstreams in 22Rv1 and C4-2B MDVR under various-dose treatment of
Nitidine. As a result, AR, AR-V7, and their downstream (PSA, UBE2C) expressions in both cell lines
were significantly suppressed at protein level as Nitidine concentration increased (Figure 3A-B).
Furthermore, Nitidine was shown to attenuate the mRNA expression of AR, AR-V7, and their
downstream in both cell lines (Figure 3C-D). Overall, Nitidine could potentially downregulate and

suppress AR, AR-V7, and their downstream expressions and activities.
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Figure 3. Nitidine inhibits AR and AR-V7 expressions and activities in CRPC cells. Western Blotting analysis
was performed on (A) 22Rv1 and (B) C42B-MDVR cell lines, and AR and AR-V7 protein levels were detected after
24-hour treatment with 0.1% DMSO or with indicated concentration of Nitidine. -tubulin was used as loading control.
Real-time qPCR was performed on (C) 22Rv1 and (D) C42B-MDVR to detect AR and AR-V7 mRNA levels under
the 24-hour treatment of 0.1% DMSO or indicated concentration of Nitidine. Actin was used as loading control.

Nitidine (Ni) induces AR and AR-V7 degradation through ubiquitin-proteasome pathway

According to Pham et al., 2020, when LSD1 was knockdowned in 22Rv1, Sanguinarine was
shown to further downregulate AR and AR-V7 at the protein level, whereas the mRNA level of AR and
AR-V7 stayed unaffected. This would suggest that along with the LSD1-dependent pathway,
Sanguinarine may downregulate AR and AR-V7 at their protein level in a different pathway. Hence, as a
structural comparison, we wanted to discover the inhibitory mechanism of both Nitidine and Sanguinarine
towards AR and AR-V7 proteins. To investigate whether both molecules could induce AR and AR-V7
protein degradation, we pretreated 22Rv1 with 10 pg/mL cycloheximide (a protein-synthesis inhibitor)
for 4 hours, followed by 2 uM of Nitidine or 2 uM of Sanguinarine treatment. Through Western Blotting
analysis, AR and ARV7 proteins were further downregulated under the treatment of Nitidine and
Sanguinarine than the correspondingly untreated groups, (Figure 4A and Supplementary Figure 1A,
respectively), suggesting that these compounds may induce AR and AR-V7 protein degradation. Several
studies revealed through specific molecules, the ubiquitin-proteasome system could significantly induce
AR protein degradation as the more highly potential alternative therapeutic approach for CRPC [A-G].

Hence, we further investigated whether Nitidine and Sanguinarine could induce AR and AR-V7 protein
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degradation through the ubiquitin-proteasome pathway. Firstly, we pretreated 22Rv1 with a proteasome
inhibitor MG132 followed by Nitidine treatment. As a result, AR and AR-V7 expressions were
unaffected in the presence of MG132, whereas their expressions were downregulated in the absence of
MG132 (Figure 4B). Next, since Sanguinarine was shown to influence mRNA level of AR and AR-V7
through LSD1-dependent pathway (Pham et al., 2020), we pretreated normal 22Rv1 with 10 pg/mL
cycloheximide (CHX) to see the potential direct effect of Sanguinarine at protein level, followed by the
treatment of proteasome inhibitors and lastly Sanguinarine. As a result, the inhibitors (MG132 and
Bortizamib) alleviated the AR and AR-V7 degradation induced by Sanguinarine (Supplementary Figure
1B). These results demonstrated that Nitidine and Sanguinarine could induce AR and AR-V7 proteasomal
degradation. To determine whether AR and AR-V7 proteasomal degradation was mediated by
ubiquitination, immunoprecipitation (IP) was performed and analyzed by Western Blotting. We pulled
down AR/AR-V7 and stained for ubiquitin (Ub) and vice versa. The results showed an increasing level of
ubiquitin binding to AR/AR-V7 under the treatment of Nitidine (Figure 4C-D) or Sanguinarine
(Supplementary Figure 1C), suggesting that Nitidine and Sanguinarine could induce AR and AR-V7
degradation through the ubiquitin-proteasome pathway.

Ubiquitin-proteasome pathway (UPP) is a sequence of enzymatic actions that couple Ub chains
onto the protein designated for proteasomal degradation. Three enzymes are involved in the pathway. E1
enzyme activates ubiquitin molecules through ATP-requiring reaction, then passes them to E2 enzyme
which later complexes with E3 enzyme. The E3 enzyme is the key enzyme in the process, which binds to
and transfers ubiquitin chain from E2 enzyme to the target protein [H-J]. MDM2, FBXW2 and STUB1
are reported to be typical E3 enzymes interacting with AR, according to several studies [K-O]. In
addition, some UPP-implicated factors would also be taken into consideration. For example, CDHL1 is an
co-activator protein that regulates the activities of APC/c - an ubiquitin E3 ligase which induces
proteasomal degradation of the targets in a cell cycle regulated manner [O-Q]. CDT1, a licensing factor
which regulates and restricts DNA from replicating more than one time per cell cycle, is reported to
interact with Skp2 - an E3 ubiquitin ligase [R-T]. Since both Sanguinarine and Nitidine were shown to
induce AR and AR-V7 degradation through the UPP, we next screened those E3 enzymes and cell cycle
regulation factors under the various-dosed treatment of both compounds to determine the potential
machinery for the ubiquitination. We observed that FBXW2 and STUB1 were the only proteins that
increased under the treatment of Nitidine (Figure 4E-F). Sanguinarine showed STUB1 to remain the same
(Supplementary Figure 1D). These results suggested that STUB1 may potentially be the crucial E3

enzyme that regulates AR degradation by the induction of Nitidine and Sanguinarine.
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Nitidine (Ni) induces AR degradation through a potential binding to AR and Hsp70

Heat-shock protein 70 (Hsp70) has been known as one of the key components that stabilize the
inactive conformation of steroid hormone receptors including AR [a-c]. Hsp70 was shown to bind to and
interact with AR protein, thus, it could play a significant role in AR expression and activities [9]. So, we
then investigated whether Nitidine may influence the Hsp70 binding ability on AR. Based on the molecular
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docking prediction, we observed that Nitidine binds to AR with an ICso of 553.02 nM (Figure 5A) and to
Hsp70 with an ICso of 6.55uM (Figure 5B), which suggested that Nitidine may potentially bind to AR and
Hsp70. For further investigations, we performed Cellular Thermal Shift Assay (CETSA) which was then
analyzed by Western Blotting. Under the treatment of Nitidine, AR, AR-V7, and Hsp70 expressions were
stabilized as the temperature rose compared to non-treatment groups (Figure 5C and 5E). In addition, we
performed isothermal dose response CESTA (ITDRcesta) at 61°C which was the optimal temperature
determined from the previous CETSA results were presented the noticeable difference in AR/AR-
V7/Hsp70 expressions between non-treatment and treatment conditions. At the same temperature, AR and
AR-V7 expressions were strengthened as the concentration of Nitidine was building up (Figure 5D and 5F).
These outturns pointed out that AR, AR-V7, and Hsp70 were thermally stabilized under high temperature
with different drug concentrations due to potential binding to Nitidine. Overall, these assays supported our
hypothesis that Nitidine may potentially bind to AR and Hsp70 to induce AR degradation through the

ubiquitin-proteasome pathway.
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Figure 5. Nitidine induces AR degradation through the potential binding to AR and Hsp70. Nitidine binding to
AR and Hsp70 were predicted and illustrated by Molecular Docking (A-B). CETSA and (ITDRc) of Nitidine on AR
and Hsp70 were performed and detected by Western Blotting (C-F). B-tubulin was used as loading control.
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Figure 6 Nitidine induces STUB1-HSP70 interaction

Nitidine (Ni) degrades AR and AR-V7 through Hsp70/STUB1 mediations.

STUBI, an E3 ubiquitin ligase, has been known for being capable of integrating Hsp70’s protein-
binding function to the ubiquitin-proteasome system. The interaction between STUB1 and Hsp70 would
enable the ubiquitination of Hsp70-attached substrate [d-f].

Next, we inspected whether Ni induced AR degradation through the Hsp70/STUB1-mediated
pathway. HSP70 was shown to modulate AR function by binding to the AR [9]. Based on these studies,
we performed IP and WB to pull down AR and stained for STUB1 and HSP70. As a result, both STUB1
and HSP70 had increased binding to AR after an induction of Ni treatment (Figure 6A), suggesting that
Ni may directly mediate AR expression through the STUB1/HSP70 pathway. Because STUB1 was
shown to increase and HSP70 was shown to decrease as the concentration of Ni increases, we wanted to
determine whether there were consistent results under a timepoint experiment. Thus, we did a 6-hour
interval time point Ni-treatment to 22Rv1 cells up to 24 hours. We observed that AR degradation
occurred approximately the same time as HSP70 expression decreases and STUB1 expression increases
(Figure 6B). The fact that HSP70 is bound to AR, there may be a relation between AR degradation and
HSP70 expression. To determine whether HSP70 or STUBL play a role in AR protein expression and
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whether Ni is dependent on HSP70 or STUBL1 to induce AR degradation, we knock-down HSP70 or
STUBL1 protein expression via sSiRNA 48-hour prior to Ni treatment. As a result, knockdown of HSP70
and STUBL attenuated the degradation effect of Ni on AR and ARV7 protein level, suggesting that Ni
may partly degrade AR and ARV7 in a STUB1/HSP70-dependent pathway (Figure 6C-D).

DISCUSSION

These observations suggest that Ni may downregulate and degrade AR and ARV?7 through the
induction of STUB1/HSP70. It is possible that Ni induced HSP70 to strongly bind to AR and ARV7,
preventing the dissociation and nucleolization of AR and ARV7 from entering the nucleus for their
transcriptional activity. At the same, the binding of HSP70 to AR may activate STUBL activity leading to
AR and ARV7 ubiquitination for degradation.

CRPC has still been immensely lethal up to the present despite many newly developed therapies
such as chemotherapy, hormone therapy, and immunotherapy [10-17]. The underlying mechanism of
many CRPCs is still through AR signaling. Studies have shown many epigenetic mechanisms, including
the overexpression of LSD1 are involved in the progression of CRPC progression. In addition, many
studies showed that AR-V7 is the key factor that creates the resistance to enzalutamide due to its lacking
ligand-binding domain (LBD) which is the main target of this second-generation drug [18-21]. Therefore,
targeting AR and its abnormal forms such as AR-V7 is a new approach to novel therapies for CRPC. As
shown from our previous studies, inhibiting LSD1 with Sanguinarine subsequently led to the
downregulation of AR and ARV7, but partly. The other mechanism that further downregulated the
remainder of AR and ARV7 remains unknown. Thus, we wanted to study other similar structured

compounds that only affected AR and not LSD1.

After screening various related compounds, we determined Ni is our candidate molecule, and so
we did an in-depth investigation to determine its activities against AR protein expression level. Through
the AR-luciferase assay, WB analysis, and gPCR, Ni was shown to repress the protein expression of and
the activities of AR and AR-V7. Thus, the downregulation of AR and AR-V7 by Ni might be partly
involved in prostate cancer cell deaths. As we observed through the MTT assay, 22Rv1 was most
sensitive to Ni induction. These 22Rv1 cells are AR-independent cell lines that contain ARV7, which
may lead to their progression. Interestingly, C42B-MDVR cells, which also contain ARV7, were least
sensitive to Ni. As suggested from several papers, C42B-MDVR are neuroendocrine like CRPC, which
may progress through a different mechanism, such as LSD1-dependent mechanism. Even with these
outcomes, our focus was not to determine Ni’s cytotoxicity against CRPC, but to uncover the protein

downregulation activities of AR and AR-V7.
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In our investigation through WB analysis, IP, and several knockdown experiments, we identified
that the principal mechanism of AR and ARV7 downregulation induced by Nitidine was through the
STUB1/HSP70 ubiquitin-proteasome pathway. It is possible that Ni binds directly to AR/AR-V7 as well
as to HSP70 to create a stronger Hsp70 to AR/AR-V7 binding. This complex can signal STUBL1 to
accumulate, hence, increased protein level of STUB1; and thus, leading to the ubiquitination and
downregulation of AR and AR-V7. Subsequently, the degradation of AR and ARV7 will also lead to the
downregulation of HSP70 as reflected from our WB analysis. We also suggest that CRPC with active
STUB1/HSP70 could be more cytotoxic sensitive to Ni.

The mechanism of Ni against AR and AR-V7 is significant for its clinical relevance for treatment
of CRPC and important for creating scaffolds for future anti-resistance therapies. Going back to our
previous study, we can suggest that sanguinarine may also induce AR and ARV7 degradation through the
STUB1/HSP70 pathway. In addition, Ni was shown to have relatively low cytotoxicity against normal
epithelial prostate cells, which is structurally relationship for development of novel therapeutic drugs
against CRPC with low adverse effects. Clinical relevance of Ni for the treatments of CRPC will also
depend on its pharmacokinetics and pharmacodynamics properties, as well as its abilities to prevent
CRPC progression. Overall, the significance of this study demonstrated that Ni was a novel structure that
could hinder CRPC progression through degrading AR and AR-V7 protein expression and activities.
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CHAPTER 6

Sanguinarine hinders Dovitinib-induced Neuronal-like differentiation through an LSD1-dependent

mechanism

Victor Pham, Erik Dan Tran, Vinh X. Le, Merci Mino, Thanh Le, and Xiaolin Zi

ANSTRACT

Neuroendocrine prostate cancer (NEPC) is regarded as the most aggressive form of the disease
and appears to develop as a means of resistance to Androgen Deprivation Therapy (ADT). In our study,
we used dovitinib (DOV) to induce neuroendocrine differentiation and observed the levels of LSD1
expression to determine a possible mechanism of differentiation. Sanguinarine (SNG), a novel inhibitor of
LSD1, was shown to inhibit DOV-induced neuronal-like morphology in vitro as shown from its
downregulation of NE markers, such as chromogranin A (CgA), synaptophysin (Syn), and neuron
specific enolase (NSE). In mice studies, SNG in combination with DOV was seen to synergistically
inhibit tumor growth drastically. DOV was seen to upregulate LSD1, while in groups that were treated in
combination of DOV and SNG, LSD1 was downregulated and displayed lower levels of neuroendocrine
differentiation as measured by neuroendocrine markers. Our study shows that SNG can reduce
neuroendocrine differentiation. Thus, exploring the effectiveness of a combination therapy of both SNG

and DOV could be promising treatment against NEPC.
BACKGROUND

Prostate cancer (PCa) accounts for 1 in 5 new diagnoses and is the second leading cause of cancer
related deaths in men in the United States.(1,2) In 2020, it has been estimated that there will be 191,930
new cases of PCa and 33,330 PCa-related deaths, and it is only expected to increase in the coming
decades. One common therapy involves medical and surgical castration or androgen deprivation therapy
(ADT) that involves the suppression of the synthesis of androgens (i.e. abiraterone) or directly inhibiting
the androgen receptor (AR) (i.e.enzalutamide) (3). These methods are successful in treating early stages

as well as metastatic prostate cancer, but several patients eventually relapse (Reference).

One form of relapse may be the development of neuroendocrine prostate cancer (NEPC), which
appears to develop as a means of resistance to ADT and has been regarded as one of the most invasive

forms of prostate cancer(Clinical features of neuroendocrine prostate cancer). Neuroendocrine markers

such as chromogranin A (CgA), synaptophysin (Syn), and neuron-specific enolase/gamma enolase (NSE)

have been used as a method to detect NEPC, and their increasing protein levels in tissue and blood serum
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have been associated with a poor prognosis and the progression of the disease. (Neuroendocrine

Differentiation in Prostatic Carcinoma, Neuroendocrine cells in tumour growth of the prostate). Given

that such a large percentage of patients eventually relapse, understanding the mechanisms of NEPC is a

main priority.

Current research has shown that inducing NE differentiation is possible through the addition of a
variety of different chemical agents (Reference). In a study conducted by Yadav et al., treatment of
prostate cancer cells with dovitinib (DOV) was able to induce NEPC differentiation after 3 weeks of
treatment, although the mechanism for their differentiation is unclear (Induction of Neuroendocrine
Differentiation in Prostate Cancer Cells by Dovitinib (TKI-258) and its Therapeutic Implications). NEPC

contains morphology like neuronal stem cells, and they lack AR expression and exhibit a dense cell body
with long branching processes extending out. In a study conducted by Tofollo et al. (2013), Lysine-
specific demethylase 1A (LSD1) and its isoform, LSD1-8a, was shown to be central to neuronal

differentiation and maturation in the mammalian central nervous system (Phosphorylation of neuronal

Lysine-Specific Demethylase 1LSD1/KDMI1A impairs transcriptional repression by regulating interaction

with CoREST and histone deacetylases HDAC1/2). LSD1 is also involved in neural stem cell

development and proliferation as well as a variety of other processes (Histone Demethylase LSD1

Regulates Neural Stem Cell Proliferation). Although NEPC exhibits androgen independence, targeting

both AR and LSD1 may be important since prostate tumors are often heterogeneous. A percentage of the

tumor may show the neuronal-like phenotype while other areas are not.

Thus, Sanguinarine (SNG) may be an ideal candidate in this scenario through its dual inhibition
of both the AR and LSD1 (Pham et al., 2020). Our preliminary studies had shown that DOV-induced
PCa cells had increased LSD1 expression, suggesting a possible mechanism between LSD1 and NEPC
differentiation. In the present study, we have shown SNG to hinder neuronal-like phenotypes from DOV-
induced NEPC differentiation in vitro and in vivo, suggesting that LSD1 to be an important therapeutic
target for future studies. By determining the pathway in which NEPC disease develops, it is possible to
reduce the occurrence of NEPC differentiation.
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METHODS
Culturing Methods

Human prostate cancer cell lines used for this study include: 22RV1, DU145, and 22RV1 LSD1
knockdown. Cells were cultured in RPMI media supplemented with 10% fetal bovine serum (FBS) and
penicillin(10U/mL). Cells were kept in a warm, humidified environment containing CO..

Cells were cultured until they reached about 50% confluence at which point treatment began.
Cells were treated in media containing either 2uM of SNG, 6uM of DOV, or a combination of both. Cells
were treated with drug media for two days, switched to drug-free media for one to two days, and then
switched back to drug media again. At the end of the 21 day study, the cells were lysed and cell lysates
were subjected to western blot and qPCR. A subset of cells were also grown in the same way but had cells

harvested every three days.
Western Blotting Analysis

Proteins are extracted from cells via RIPA lysis buffer supplemented with protease inhibitors.
100uL to 150uL are added to each plate after two washes with 1xPBS. Plates were then set to incubate on
ice for 15 minutes. Afterwards, lysate is collected and transferred into microcentrifuge tubes and
centrifuged for 15 minutes at 13,000 RPM at 4°C. Protein content is then quantified using a lowry assay.
Samples of equal protein concentration are then combined with B-mercaptoEthanol and loaded into
polyacrylamide gels, ranging from 6% to 12%. Loading buffer is added and gel electrophoresis is run for
80V for approximately 20 minutes and then 100V for 40 minutes. After gel electrophoresis is complete,
proteins are then transferred to a PVDF membrane by electrophoresis at 100V for 45 minutes. The PVDF
membrane is blocked in 5% nonfat milk diluted in IXTBST for one hour to prevent antibodies from
binding to non-specific antibodies. Membrane is then washed in 1XTBST three times for three minutes
each rinse to wash off any excess antibodies. Antibodies are diluted in the blocking buffer and left to
probe overnight at 4°C. Afterwards, excess antibodies are washed off using 1XTBST leaving only bound
antibodies which are then detected using horseradish peroxidase (HRP) labeled antibodies. Developing

film is then used to capture the signal on x-ray film.
RNA Extraction

RNA is extracted by incubating cells in RNA-Bee solution for 5 minutes on ice after washing
cells with 1xPBS twice. Lysate is transferred into microcentrifuge tubes and 600 uL of chloroform is
added to the mixture and inverted vigorously 20 times to ensure mixing, then allowed to settle on ice for 5

minutes. Afterwards, tubes are spun down for 20 minutes at 6000RPM at 4°C. There will be two layers,
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one nonpolar and one aqueous which contains the nucleotides. The aqueous layer is carefully pipetted into
another microcentrifuge tube and 600uL of isopropanol is mixed into it and allowed to incubate overnight
at 4°C. The next day the aqueous layer is again transferred to another microcentrifuge tube and spun
down at 6000 RPM for 10 minutes at 4°C after an addition of absolute ethanol. Ethanol is removed from
the solution via air drying and once completely dry, RNA-free water is added and nanodrop is performed

to determine its concentration.
Reverse Transcription Polymerase Chain Reaction

Reverse transcription polymerase chain reaction (RT-PCR) is performed after RNA extraction
and nanodrop analysis. This technique converts RNA into cDNA and amplifies specific cDNA sequences.
2 ug of extracted RNA were combined with 500ng/ug Oligo DT primers and random primers and then
filled with nuclease free water until the total volume of the mixture is 10uL. In order to allow annealing of
the primers, mixtures are heated to 70°C for 5 minutes then cooled at 4°C for at least 10 minutes. While
waiting, a mastermix of MgCl,, dNTP mix, 1X reaction buffer, reverse transcriptase, and RNasin
inhibitor was prepared. Once cooling is complete, the mastermix is added into the RNA mixture and RT-
PCR can now be run. The new mixture is heated to 40°C for one hour, then 70°C for 15 minutes, and then

cooled at 4°C. The newly synthesized cDNA can then be stored or used in future experiments.
Quantitative Polymerase Chain Reaction

Quantitative polymerase chain reaction (qPCR) is a method of characterizing and quantifying
gene sequences. cDNA samples obtained from RT-PCR are now diluted in nuclease free water and
combined with SYBR green and 50uM of forward and reverse primers. The mixture is then run using a
gPCR machine with preset settings of: 95°C for 10 seconds, 55°C for 30 seconds, 72°C for 30 seconds,
and then read. After the initial run, this process is repeated 39 more times until the melting curve of the
sample is able to be quantified via a gradual increase in temperature of 0.5°C increments every 5 seconds
beginning at 55°C and ending at 95°C.

Cellular MTT Viability Assay

MTT assay is a colorimetric assay that portrays the level of cellular metabolism. For our study,
we cultured cells until they reached 30-40% confluence before incubating them with a drug at specific
concentrations for 72 hours. Just before incubation is completed, the MTT reagent solution is made by
dissolving MTT powder in 1x PBS at a concentration of 3mg/mL. Once the 72-hour incubation is
complete, the MTT solution is added directly onto cells so that the final concentration will be 0.5mg/mL.

This mixture can incubate at 37°C for 50 minutes at which point cells that are healthy will appear purple
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due to the reduction of MTT to formazan. After the cells have been stained, they can then be washed and
have their media removed. They then have isopropanol that contains 4% 1N HCI added into the cells to
dissolve the formazan that has stained the cells. The formazan that is now dissociated into the solution can
be used for analysis using a spectrophotometer using the absorbance level of 570nm.

Transfection

C42B cells could grow in 24 well plates until they reached approximately 50% confluence. Cells
were cultured in complete RPMI medium at 37°C with 5% CO,. Lipofectamine LTX (Thermo Fisher
Scientific) is then added into centrifuge tubes that contain 50uL of Opti-MEM medium. In a separate
centrifuge tube, which contains 50 uL of Opti-MEM medium, 2 ug of plasmid DNA and 2 uL of Plus
reagent are added. The two tubes are then combined and allowed to incubate for 5 minutes at room
temperature. The mixture is then added to the cells in the 24 well plates and allowed to incubate for at

least 48 hours. After treatment, cells are treated with 2 ug/mL of G418 antibiotics.
Mice Xenograft Study

All mice experiments in this study were completed in line with IACUC protocol. Five million
22RV1 cells, mixed in Matrigel, were injected subcutaneously into one flank of a six-week-old BALB/c
nod skid mouse. Mice are “naired” around the site of tumor injection and tumor volume was measured
every two days until volume reached 200mm?3, Tumor measurements were completed by measuring
length(L) and width(W) of the tumor and height(H) was taken as the average of length and width. Tumor
volume was calculated using the formula: LXWxHx0.52. At this point, mice were either treated with
saline, DOV (30 mg/kg), SNG (8 mg/kg), or a combination of the two every day by oral gavage. Once the
study had run for seven weeks, mice were sacrificed, and tumors and organs were collected. Tumors were

stored at -80 °C and organs were placed into formalin for preservation.
Immunofluorescence Staining

To observe the inhibitory effect of SNG on NE differentiation, immunofluorescence (IF) staining
was utilized on tumors extracted from the mice study and included the LSD1, NE markers, and various
other proteins. First, tumor samples were cut, and slides were prepared by the pathology department.
Since our target proteins were intracellular, we began by permeabilizing the cell membrane. Tumor
samples were incubated for 10 minutes in PBS that contained 0.1-0.25% Triton x-100 and subsequently
washed 3 times with PBS for 5 minutes each after incubation. To block non-specific antibodies, samples
were incubated with 1% BSA, 22.52 mg/mL glycine in PBST (PBS+0.1%Tween 20) for 30 minutes.
Afterwards, samples were incubated with diluted antibody in 1% BSA in PBST overnight at 4°C. The
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next day, decant the solution and wash the sample three times in PBS for 5 minutes each wash then
incubate the sample with the secondary antibody n 1% BSA at room temperature forl hour in the dark.
Afterwards, decant the solution and wash the sample 3 times in PBS, 5 minutes each wash and in the
dark. Next, samples are incubated on 0.1-1 ug/mL Hoechst or DAPI (DNA stain) for 1 min and then
washed with PBS. To mount the coverslip, use a drop of mounting medium and then seal the coverslip

with nail polish to prevent drying and movement and store in the dark at -20°C or at +4°C.

RESULTS
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Figure 1. Transfection with LSD1-8a results in sensitization of prostate cancer cells to SNG. Light microscope images of (A) C42B cells and
(B) C42B cells that have been transfected with LSD1-8a at 20X magnification. (C) MTT assay was performed on C42B-LSD1-8a and C42B-
pcDNA at varying concentrations of SNG. (D) After treatment with SNG at varying concentrations, C42B-LSD1-8a and pcDNA cells were lysed
and subjected to western blot analysis in order to detect expression levels of AR, SRRM4, and y-enolase. B-tubulin was used as loading control.
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Transfection of LSD1-8a into prostate cancer cells results in NE differentiation and
sensitivity to SNG

A study conducted by Toffollo et al. (2013) found that LSD1-8a is upregulated in neuronal stem
cells. They also stated that LSD1-8a in combination with LSD1 is able to enhance neurite growth as well
and morphogenesis in mammalian central nervous systems (Phosphorylation of neuronal Lysine-Specific
Demethylase 1LSD1/KDMZ1A impairs transcriptional repression by regulating interaction with COREST
and histone deacetylases HDAC1/2). In addition, upregulation of LSD1 has also been implicated in the
progression of CRPC, particularly neuroendocrine prostate cancer (LSD1: A single target to combat
lineage plasticity in lethal prostate cancer). To confirm whether LSD1-8a and LSD1 is important towards

neuroendocrine differentiation in PCa, we transfected it into C42B cells with LSD1-8a pcDNA plasmids.
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“Intriguingly, unlike the C42B vector control (Figure 1A), C42B cells transfected with LSD1-8a
showed neuronal-like phenotypes, which includes long extending arms (Figure 1B). In addition, because
our candidate drug, SNG, is an LSD1 inhibitor, we wanted to determine whether PCa cells that
overexpress LSD1-8a would be more sensitive to SNG treatment through MTT assay. As a result, C42B
cells transfected with LSD1-8a were shown to be more sensitive to SNG compared to C42B vector
control cells (Figure 1C). To verify whether LSD1-8a affected the expression of neuronal phenotypes,
Western blot (WB) analysis was performed, and as a result, C42B-LSD18a cells revealed an upregulation
of neuronal markers y-enolase and neural alternative splicing factor SRRM4 when compared to C42B-
vector control cells (Figure 1D). Sanguinarine was previously shown to target LSD1, but is still effective
against cells that upregulate LSD1-8a, suggesting its potential to inhibit neuroendocrine differentiation in
PCa. Interestingly, AR was shown to be upregulated in LSD1-8a overexpressing C42B, which AR is not
normally expressed in neuroendocrine cells. Since SNG was previously studied to inhibit LSD1, which
exhibits similar function to its variant LSD1-8a, we suggest that SNG may inhibit LSD1-8a through a

similar pathway.
SNG reduces DOV-induced neuroendocrine differentiation over time In Vitro

We wanted to determine whether SNG can inhibit neuroendocrine differentiation, and so we
investigated a method that can induce CRPC to differentiate into neuroendocrine in a clinical setting that
involves chemotherapy. Dovitinib, or DOV, is currently in phase 2 clinical trials for prostate cancer and
phase 3 for treatment of renal cancer, and is expected to gain FDA approval as it has been shown to be
potent in treatment of numerous cancer types, including renal cell carcinoma (RCC) than the current
methods In a study conducted by Yadav et al. (2017), DOV was shown to have the capability of
differentiating PCa to have neuronal-like phenotype, including neuronal-like morphology and upregulated
neuronal markers. In our study, we utilized DOV in combination with SNG to elucidate SNG’s ability to
inhibit NE differentiation. Although the mechanism through which NE differentiation occurs is unclear,
our data suggests that it could be through an LSD1 mediated pathway. To compare the neuronal
differentiation phenomenon among these two drugs, we treated 22Rv1 cell lines with SNG alone, with
dovitinib (DOV) alone, or with both SNG and DOV (Combination) for 21 days with images taken every 3
days. We observed that DOV-treated 22Rv1 cells developed an elongated neuronal-like body with long
extending arms over the period of treatment (Figure 2), while SNG-treated and combination-treated
22Rv1 cells showed little to no neuronal-like phenotype. Although the combination treatment group
showed some level of neuronal-like phenotype, it seems that SNG was able to prevent the cells from full
differentiation, suggesting that neuronal-like differentiation may be due to the blocking of LSD1 by SNG.

Thus, to verify this phenomenon, we treated 22Rv1 with down regulated levels of LSD1 through viral
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shLSD1 transduction with DOV. As a result, DOV-treated 22Rv1-shLSD1 cells exhibited little to no
neuronal-like phenotype, like the combination-treatment group for 22Rv1. These results emphasize the
potential relevance of LSD1 overexpression in neuroendocrine differentiation.

Day 6 Day 9 Day 12 Day 15 Day 18 Day 21

Figure 2. DOV-induced neuroendocrine differentiation is inhibited by SNG. 22Rv1 cells were treated with DOV (4uM), SNG (2uM), or a
combination (4uM DOV and 2uM SNG) every three days over 21 days. Every three days images were taken of the cells at 20X magnification.
22Rv1 cells that had knocked down levels of LSD1 expression were also subjected to the same conditions.

SP2509 treatment reduces neuroendocrine differentiation via LSD1 inhibition

To further determine whether DOV-induced neuroendocrine differentiation is mediated through
LSD1, 22Rv1 cells were subjected to a combination treatment between DOV and SP2509. SP2509 is
another LSD1 inhibitor that blocks LSD1 through an allosteric inhibition (REfERENCE). Cells were
treated and imaged every three days for three weeks, and then subjected to WB analysis at the end of the
treatment period. From images taken over the three-week study, neuronal-like features were observed in
the DOV treatment group, like the previous experiment. SP2509 alone and combination treatment with
DOV and SP25009 treated groups appeared to have similar morphologically to the untreated group (Figure
4A). Western blot analysis revealed that LSD1 was upregulated in DOV but downregulated in SP2509
and combo treated groups (Figure 4B). Neuroendocrine markers are seen to be upregulated in the DOV
treatment group but downregulated in all other conditions. These results and the previous results suggest
that LSD1 may in part be the pathway in which DOV induces neuroendocrine differentiation in prostate

cancer cells.
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Figure 3. DOV-induced NE differentiation reduced by LSD1 inhibitor, sp2509. 22Rv1 cells were treated with DOV (4uM), sp2509 (1uM), or
a combination (4uM DOV and 1uM sp2509) of the two every three days for 21 days.
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Figure 4. End result of the three-week study and western blot and gPCR results. At the end of the three-week study DOV, SNG, or
combination treatment, (A) representative images were taken using a light microscope at 20X, cells were lysed, and protein and RNA were
extracted from each condition. (B) Extracted protein from each condition were subjected to western blot analysis and y-enolase, synaptophysin,
chromogranin A, LSD1, H3K9me2, H3K4me2, Histone H3, AR, and ARV7 were observed. B-tubulin was used as loading control. (C) Extracted
RNA from each condition were subjected to gPCR analysis and expression levels of LSD1, AR, ARV7, PSA, and UBE2C were observed.
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At the end of the 21-days of treatment, there was a noticeable morphological distinction between
the different treatment groups under 0.1% DMSO, SNG alone, DOV alone, or Combination (Figure 4A).
To reveal whether these treatment groups affected neuronal phenotypes, these 22Rv1 cells were lysed and
subjected to WB analysis and Real-time gPCR. Neuroendocrine differentiation may be shown by
observing a decreased expression of AR and an increased expression of neuronal markers, which include
y-enolase, synaptophysin, and chromogranin A. WB analysis showed 21-days of DOV treatment induced
the overexpression of the three neuronal markers in 22Rv1 cells, whereas the 0.1% DMSO, SNG
treatment, and Combination treatment did not show noticeable increase (Figure 4B). Although y-enolase
showed an increase in the combination treated group and synaptophysin increased in the SNG treated
group, it is more relevant if all three neuronal markers increase to indicate actual neuronal-like
differentiation. Prognostic tools are subject to error and capturing only one neuronal marker, including
only Chromogranin A, y-enolase, or Synaptophysin may have their drawbacks and may be susceptible to
false positives. Thus, an assay including all three neuronal markers for detection is more likely to have
significant results. In addition to our results, LSD1 protein expression and activity (i.e. H3K9 and H3K4
methylation) was observed to be upregulated in DOV treated 22Rv1 cells, while SNG and combination
treated 22Rv1 cells decreased in LSD1 and its activity, suggesting that LSD1 inhibition may partly play a
role to prevent neuronal-like differentiation. Interestingly, under all the treatments (except for the control
group), the protein expression level of AR and ARV7 were decreased. The decreased of AR and ARV7 in
the DOV treated group may be due to the neuronal-like differentiation phenomenon, whereas the decrease
in AR and ARV7 in the SNG and Combination treated groups may be due to SNG’s ability to inhibit AR
and ARV7 at both protein and mRNA level (Pham et al., 2020, and Le and Pham et al., 2020).
Consistently, Real-time gPCR results showed that expression of LSD1 was increased and AR and its
downstream targets were decreased after 21-days of DOV treatment in 22Rv1 cells when compared to
untreated 22Rv1 cells (Figure 4C). Similarly, the mRNA expression of AR and its downstream targets
were also lowered in 21-days treatment with SNG and with Combination treated 22Rv1 cells. Overall,
these results suggest that Dov induces neuronal-like differentiation partly through the LSD1 pathway, and

SNG may hinder neuronal-like differentiation in these cells.
SNG inhibits Neuroendocrine Differentiation in vivo

After verifying the importance of LSD1 for DOV-induced neuronal-like differentiation in 22Rv1
cells, we next wanted to determine the therapeutic potential of treating 22Rv1 xenografts with DOV and
SNG. Nodskid/balb/c, mice were subcutaneously injected with 5 million 22Rv1 cells in Matrigel. After
the tumor size reached 200 mm?, the mice were treated with 1XPBS, SNG alone, DOV alone, or

SNG+DOV combination daily via oral gavage. As a result, all three mice treatment groups did not show
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significant weight loss compared to the PBS control group (Figure 5A). Furthermore, after 42 days, the
Kidney and liver weight were found to be similar among all mice groups (Figure 5B-C), suggesting that
even under combination treatment, there is an insignificant level of induced-toxicity. In addition, DOV
treatment alone and SNG treatment alone were shown to reduce tumor volume at similar rates, and when
under combination treatment, tumor growth was significantly hindered (Figure 5D). The tumor size and
tumor weight were measured after 42-days of treatment, and consistently, the combination treatment had
significantly smaller weight and size compared to control and the single drug treatment alone (Figure 5E-
G). These results suggest that the combination therapy of DOV and SNG may have a synergistic effect in
treating tumors. This is further evidenced by the PSA results. PSA levels of combo treated mice were
lower than either treatment alone or significantly lower than control groups. Possibly DOV may induce
strong cytotoxic effect against 22Rv1 cells, while SNG also induces cytotoxic effect and prevent the DOV

from inducing neuroendocrine differentiation in 22Rv1 cells to become more aggressive.
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Figure 5. Combination treatment resulted in a significant reduction in tumor growth. Mice were given either DOV (30mg/kg), SNG
(8mg/kg), or a combination of (30mg/kg DOV and 8mg/kg SNG) every day for 42 days. (A, D) Mice tumor and weight were measured every
three days. (F) Blood samples were collected at the end of every week and subjected to ELISA analysis. (B, C, G) At the end of the 42 day
study, mice were sacrificed and tumors and organs were collected, weighed, and used in further analysis.

To further investigate the effect of the drug after 42-days of treatment, the protein and mMRNA of

the tumors were extracted, and then subjected to WB analysis and Real-time gPCR,
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respectively. Neuronal markers y-enolase, synaptophysin, and chromogranin A protein expression levels
were upregulated in DOV treated 22Rv1 tumor xenograft and downregulated in SNG and combination
treated 22Rv1 tumor xenograft (Figure 6A). As expected, LSD1 protein expression level and activities
were upregulated in DOV treated 22Rv1 tumor xenograft but remain relatively lower in the other groups.
The difference in expression of LSD1 and its downstream targets suggest that SNG was able to hinder
neuroendocrine differentiation through the inhibition of LSD1 activities. Moreover, our gPCR
consistently showed LSD1 mRNA level was increased in DOV treated 22Rv1 tumor xenograft and
decreased in SNG and combination treated 22Rv1 tumor xenograft (Figure 6B). Expression of AR,
ARV7, PSA, and UBE2C is decreased in all drug treatment groups compared to the control. Blood
collected weekly from the mice study were also subjected to an enzyme-linked immunosorbent assay
(ELISA) in order to determine serum prostate specific antigen (PSA) levels. Tumors from each condition
were also stained for a variety of proteins such as synaptophysin and AR (Supplementary Figure 1).
Similar to our western blot and qPCR results, combination treatment displayed reduced levels of the NE
marker, synaptophysin. AR level was also seen to be significantly reduced in SNG and combination
treated mice. The neuronal marker, E-Cadherin, was also seen to be reduced in combination treated mice
when compared to DOV treated mice (Supplementary Figure 2). Ki67 and P63 were also seen to be

reduced in groups treated by SNG and a combination of the two.
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Figure 6. SNG inhibits DOV-induced neuroendocrine differentiation in vivo. Protein and RNA from mice xenograft study were extracted and
subjected to western blot and gPCR analysis. (A) Western blot analysis observed levels of AR, ARV7, UBE2C, B-tubulin, LSD1, H3K4me1l,
H3K9me2, Histone H3, Chromogranin A, Synaptophysin, y-enolase, DMNT, and N-Myc in mice treated with saline, DOV, SNG, or a
combination. (B) RNA from tumors were subjected to gPCR analysis in order to observe expression levels of LSD1, AR, ARV7, PSA, and
UBE2C in all the same four conditions. (C) Tumors from each condition were also stained for synaptophysin, prepared onto a slide, and had
images taken at 40X.
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Supplementary Figure 1. Histology (A) Tumors from each condition (Control, DOV, SNG, or combination) in the mice xenograft study were
stained for (A) synaptophysin, (B) AR, or (E) H&E and images were taken at 4X and 40X. Control samples were stained for (C) synaptophysin
and (D) AR as well and images were taken at 4X and 40X.
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Supplementary Figure 2. Tumors from each condition (Control, DOV, SNG, or combination) in the mice xenograft study were stained for E-
Cadherin, Ki67, and P63. Images were taken of each stain at (A) 4X and (B) 40X.
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DISCUSSION

Androgen deprivation therapy (ADT), the current method of treatment for prostate cancer, has
shown to be extremely effective with a response rate of 80%, but over half of these diagnoses develop
hormone insensitive variants of the disease within 16 to 18 months. Neuroendocrine cells do not express
the androgen receptor (AR), the main target of ADT, and secrete a variety of peptide hormones and
growth factors, resulting in resistance to treatment and promotion of disease progression. Neuroendocrine
prostate cancer occasionally occurs de novo, but neuroendocrine differentiation has been shown to mainly
develop because of hormone therapy, with treatment related-neuroendocrine prostate cancer accounting
for approximately 25% of late stage prostate cancers. Prior studies also showed that neuroendocrine
differentiation increased as hormone therapy duration increased. As of now, promotion of neuroendocrine
prostate cancer is a deadly problem in androgen deprivation therapy, but inhibition of LSD1 represents a
possible solution to this problem.

Treatment of PCa has focused on targeting AR with effective therapies. Unfortunately, current
methods have been unable to address the new problems that arise in resistant forms of the disease that no
longer rely on traditional AR signaling, such as neuroendocrine differentiation. Previous studies have
shown that LSD1 upregulation is capable of inducing AR transcription, independent of ligand binding. In
addition, prior studies have found that DOV is able to induce NE differentiation, but the mechanism
remains unknown. In our study, we have discovered that DOV-induced NE differentiation may partly be
through an LSD1-dependent mechanism. In our in vitro study, DOV treated cells showed elevated levels
of LSD1 in addition to NE markers. In contrast, cells treated with a combination of DOV and SNG
showed significantly reduced levels of LSD1 and NE markers. This group was also observed to show

much less NE differentiation morphologically as well.

Morphologically, the combination treated cells were seen to be much less differentiated than
DOV treated cells. Similarly, when LSD1 was knocked down in 22Rv1 cells or when another LSD1
inhibitor (sp2509) was used in combination, there was no noticeable NE differentiation after 3 weeks of
DOV treatment. Western blot analysis confirmed that SNG and sp2509 treated cells as well as LSD1
knockdown cells under DOV-treatment displayed significantly lower levels of NE markers compared to
DOV treated cells.

Combination treatment reducing NE differentiation has been clearly shown in the first two
experiments and the same trend was observed in the mice xenograft study. Western blot analysis of
protein extracted from tumors showed reduced levels of NE marker expression in combo treated cells. In

histology stains of these tumors, combination treated tumors displayed reduced levels of NE marker
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staining when compared to DOV treated tumors. Overall, combination treatment reduced tumor growth
most significantly. This could be because DOV results in elevated levels of LSD1 which then sensitizes
the tumors to SNG, making SNG more effective. Although the mechanism of neuroendocrine
differentiation is still not fully understood, our results suggest that LSD1 may play a central role in NE
differentiation. Thus, LSD1 may represent a promising target for future therapies. SNG was found to

inhibit DOV-induced NE differentiation in vitro and in vivo.

LSD1 inhibitors may be able to address the problems in the current treatment. SNG, as a dual
inhibitor of AR and LSD1, can reduce the progression of CRPC in addition to differentiation into
neuroendocrine prostate cancer. SNG may be an ideal solution to the shortcomings of the current mode of
treatment as this drug may be effective in treatment of primary prostate cancer as well as advanced forms
of the disease. Thus, ADT in conjunction with SNG treatment has the potential to address multiple

variations of this disease simultaneously.
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CHAPTER 7

Sanguinarine hinders cancer stem cell derived Prostate cancer initiation through Lysine
Specific Demethylase 1 inhibition

Victor Pham, Merci Mino, Erik Tran, Jack Pearce, Vinh Le, Thanh Le, and Xiaolin Zi

ABSTRACT

Tumor-initiating cancer stem cells, a cornerstone of PCa’s heterogeneous cell population, may
exist in many instances in which Prostate Cancer (PCa) forms castration resistant prostate cancer (CRPC).
Cancer stem cells (CSCs) represent cells that are resistant to chemotherapy, with surviving populations
leading to remission and may be possible for the formation of chemoresistant CRPC. It has been
established that Lysine Demethylase 1A (LSD1) plays an integral role between CRPC, making it an
important target in tumor-initiating cells. In our study, a previously described inhibitor of LSD1,
Sanguinarine (SNG), was explored as a restrictor of CSC progression through LSD1 inhibition, ultimately
resulting in the suppression of CRPC. Results indicated the ability of SNG to decrease prostaphere
formation and diameter in the DU145- and 22Rv1-derived CSCs. In addition, Western blotting analysis
and Real-time gPCR for LSD1 and stem cell associated genes show a significant reduction in both CSC
derived PCa of 22Rv1 and DU145 cell lines. Further ex-vivo studies portrayed a significant reduction in
tumor growth and progression as well as a reduction in LSD1 and Oct4 protein expression level for SNG-
treated mice compared to untreated mice. Overall, the results from this study display an important
targeting of the LSD1 gene pathway in CSCs to prevent PCa differentiation into its more severe form,
CRPC.

BACKGROUND

Despite significant advancements in Prostate cancer (PCa) screening and treatment, PCa remains
the second leading form of cancer in American men.? Statistical estimates for the year 2020 predict
191,930 new cases of PCa and 33,330 PCa-related deaths.! Some common treatment strategies for PCa
include radiotherapy, surgery, chemotherapy, and androgen-deprived therapy (ADT).® However, in many
cases, PCa will regress and circumvent ADT, forming castration resistant prostate cancer (CRPC), a more
aggressive form of PCa whose cellular origin remains largely unexplored.® Therefore, the mechanisms for
which PCa evades ADT present a modern day need for the understanding and targeting of such

mechanisms.

One area of interest lies with cancer stem cells (CSCs), a staple in PCa’s heterogeneous

population of cells.® CSCs may play an integral role in the lethal progression of CRPC due to integral
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malignant properties such as: chemoresistance, metastasis, and unchecked cell division.*® ° 20 Previous
research has shown an established relationship between CRPC and LSD1 upregulation.®® In addition to
the overexpression of LSD1 in various tumor types such as bladder cancer, LDS1 and other related
metabolic pathways may prove to be important targets in tumor-initiating cells**. LSD1 is identified as a
histone demethylase that acts upon mono- and di-methylated histones H3 at the K4 and K9
positions,*t2 which are involved in stem cell biology and cancer, among other functions.?* 2230 Qur
previous study showed that inhibiting LSD1 via Sanguinarine (SNG) leads to the attenuation of CRPC
growth and progression.t® Hence, LSD1 may be an key target for the treatment of tumor initiating CSCs
of PCa.t’

To further investigate whether LSD1 is important for CSC progression we explored whether
Sanguinarine (SNG), previously shown to inhibit LSD1 enzymatic activity, can hinder CSC progression
through LSDL1 inhibition, leading to the suppression of CRPC. SNG is a quaternary benzophenanthridine
alkaloid derived from poppy and Fumaria species, including the root of Sanguinaria canadensis.” 2° SNG
contains a wide variety of therapeutic potential, such as antifungal, anti-inflammatory, and antibacterial
properties.*5 27-28 |n addition, SNG is also used as an anticancer agent through the induction of apoptosis
via oxidative stress and mitochondrial transmembrane infiltration among treated populations.® 2 In
addition to our study, we investigated the effect of SNG against stem cell activities and LSD1 activities in
CSC derived from the 22Rv1 and DU145 cell lines. In totality, our results illustrate SNG-induced
inhibition targets tumor-initiating CSC populations, suggesting an important role in the prevention of PCa

progression and supporting the need for further inquiry into its effects.

MATERIALS AND METHODS

PCa human cell lines 22Rv1 and DU145 were acquired from ATCC. DMEM/F12, RPMI1640,
penicillin-streptomycin, supplement B27/N», rhFGF-b, rhEGF, accutase, and fetal bovine serum (FBS)
were purchased from Fisher Scientific. Sanguinarine was received from MedChem Express. Primary
antibodies for LSD1, Nanog, Oct4, Sox2, B-tubulin, H3K9me2, H3K4mel, and Histone H3 were
obtained from Cell signaling. Secondary mouse and rabbit antibodies and secondary fluorescent (M/R)
antibodies were acquired from Santa Cruz Biotechnology. RTPCR and qPCR primers for LSD1, Nanog,
Oct4, Sox2, AR, ARV7, and UBE2C were purchased from Genscript. Trypan Blue and MTT were

obtained from Fisher Scientific. Balb/c nodskid mice were received from Jackson Laboratory.
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FACs Cell sorter

Heterogenous 22RV1 and DU145 PCa cell lines underwent FACs cell-sorter assay to create
homogeneous Bulk and CSC subpopulations. Antibodies targeting stem-cell phenotypes and
characteristics were used, specifically CD44 and CD133 cell markers. Cells marked as containing either
or both of the two stem-cell phenotypes were isolated to form the CSC population, with the cells absent of

the former markers comprising the Bulk population.
Prostasphere formation Assay

Cells obtained from FACs cell sorter or split via accutase were used for the prostasphere
formation assay. Cells were cultured in serum-free DMEM/F12 media supplemented with 2% B27, 1%
N2, 10 ng/mL rhFGF-b, and 20 ng/mL rhEGF as previously described.'® Cells were distributed into 6-well
low-attachment tissue culture plate at 1000 cells/well. Treatment with multiple SNG concentrations
(250nM, 500nM, 1uM, and 2uM) and dosage were applied after 24 hours of cultivating.

Western Blotting

Proteins were extracted from cells via RIPA lysis containing protease inhibitors (PI). The cells
were washed twice in 1X PBS prior to 15 minutes of incubation in RIPA+PI lysis buffer on ice.
Afterwards, the lysed cells were scraped and transferred into a microcentrifuge tube with 30 seconds of
vortex. The lysed cells were spun down at 13k rpm for 15 minutes at 4°C, and then the supernatants were
used for WB analysis. The proteins were then quantified via Lowry assay. Equal protein samples in B-
mercaptoEthanol containing loading buffers were loaded into polyacrylamide gel ranging from 6% to
12%, and gel electrophoresis was run at 100 voltage for 1.5 hours in 1X running buffer. Proteins from the
polyacrylamide gel were then transferred onto a PVDF membrane via electrophoresis transfer method at
100V for 45 minutes in the transfer buffer. Afterwards, the newly transferred PVDF membrane was
blocked using 5% nonfat dried milk diluted with 1X TBST buffer for 1 hour. Primary antibodies were
added to the incubation with a blocking buffer overnight at 4°C. The excess antibodies were later washed
out with 1X TBST three times for 5 minutes on a 300rpm rotating motor. HRP-tagged secondary
antibodies in blocking buffers were applied prior to autoradiography film capturing. Untreated CSC and

Bulk lysates served as controls.
RNA Extraction

RNA was extracted by incubating the cells for 5 minutes on ice with RNA-Bee solution. Lysates
were carefully transferred into a 2-mL centrifuge tube, and 1:2 ratio of chloroform was added. The RNA

mixture was then vigorously mixed for 30 seconds followed by 5 minutes of settling on ice. The contents
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were spun down for 20 minutes at 6000 rpm and 4°C. The top clear layer was transferred to a new
microcentrifuge tube containing 1:1 ratio of isopropanol. The samples were mixed and incubated
overnight at 4°C to precipitate the RNA contents. The RNA samples were spun down at 20 minutes at
6000 rpm and 4°C, and the aqueous solutions were carefully removed via pipetting. Addition of absolute
ethanol precipitated the RNA, and a final centrifugation of 6000 rpm at 4°C for 10 minutes occurred.
RNA precipitants were then air dried to evaporate any remaining alcohol; RNA-free water was added to
the RNA sample. The RNA contents were quantified using a nanodrop technique and stored at -80°C for

later use.
Reverse Transcription Polymerase Chain Reaction

Reverse transcription PCR (RT-PCR) was performed to reverse transcribe RNA into
complementary DNA (cDNA). Approximately 2 ug of extracted RNA samples were mixed with 500
ng/ug oligo dT and random primers, and then topped off to 10 uL using nuclease-free water. The RNA
mixtures were preheated at 70°C for 5 minutes allowing the annealing of primers, and then cooled to 4°C
cooling for at least 10 minutes. Afterwards, a mastermix of MgCl,, dNTP mix, 1X reaction buffer, reverse
transcriptase, and RNasin inhibitor was prepared, and then added to the RNA mixture to run in the PCR.
PCR was programmed to process 42°C heating for 1 hour, 70°C for 15 minutes, and cooling at 4°C. The

synthesized cDNA samples were stored at -80°C for later use.
Quantitative Polymerase Chain Reaction

Upon obtaining cDNA, real-time quantitative polymerase chain reaction (QPCR) was used to
characterize and quantify its corresponding gene sequence. cDNA samples were mixed with SYBR green
mastermix and with 200 nM forward and reverse primers. Subsequent cDNA mixtures were run through a
gPCR machine with preset settings of 95°C for 10 seconds, 55°C for 30 seconds, 72°C for 30 seconds,
and interpretation for a total of 40 cycles. Following 40 cycles, the melting curve of the samples was
guantified via a gradual temperature increase of 0.5°C increments every 5 seconds, starting at 55°C and
ending at 95°C.

MTT Cellular viability Assay

MTT viability assay was performed to illustrate the cellular metabolic activities of CSCs, which
is quantified using colorimetrics measurements. Upon reaching 30 to 40% confluence, cells were treated
with indicated concentration of SNG and incubation for 72 hours at 37°C. Afterwards, a concentration of
0.5 mg/mL of MTT in 1X PBS was used to treat the cells for one hour incubation at 37°C. Cells were
washed with 1X PBS, and MTT dissolving solution (4% 1N HCI in isopropanol) was added and shaken at

94



300 rpm on a rotating motor for 5 minutes to dissociate the MTT stained cells. The solution was
transferred to a 96-well plate and colorimetric measurement of cell viability was taken by a
spectrophotometer reading at a 570 nm absorbance value.

Trypan Blue assay

Trypan Blue cellular staining was pursued to measure the number of dead cells and total cells
within a population by exclusively labeling cells with 1:1 ratio of 2X Trypan Blue. The sample mixture
was loaded onto a hemocytometer, and then visualized and counted under the microscope. Transparent
cells will indicate living cells and blue stained cells will indicate dead.

Immunofluorescence (IF) staining

To determine whether the inhibitory effect of SNG involved the specific targeting of LSD1 and
downstream genes, the LSD1 and Sox2 genes were immunofluorescence stained. Cell populations were
briefly exposed to SNG (0 to 2 uM). Homogeneous Bulk and CSC populations underwent a thorough
wash cycle of; 5% PBST, cold methanol, 4% PFA, cold PBS, .2%TX100 PBS, and 5% FBS/PBST prior
to staining. Cell samples then went through an overnight antibody incubation with 5% FBS/PBST at 4°C.
After incubation, cell samples underwent two PBS wash cycles in a dark setting. Fluorescent secondary
antibody incubation in 5% FBS/PBST for 1 hour at room temperature followed, still in a lowlight setting.
Two more PBS wash cycles occurred before the addition of DAPI and the mounting of glass sides onto
the samples. Immunofluorescence (IF) imaging of LSD1 and Oct-4 protein expression level and location

was then observed under a fluorescence microscope.
In vivo tumor formation and analysis

Cancer cell implantation was performed on BALB/c Nodskid mice aged 4 - 6 weeks old. A
mixture of PBS and 1 x 10° 22RV1 CSCs were hypodermically inserted into mice. Tumors were grown
until reaching a volume of 1500 mm?, approximately 3 weeks, and ex vivo weighings and measurements
using a caliper stated beforehand?®. In vivo tumor measurement and weight analysis were performed every

3 days for approximately three weeks.
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Figure 1. FACS sorting assay of homogeneous CSC and Bulk-tumor cells in 22RV1 and DU145. Heterogenous (A) 22RV1, (B) DU145, and
mice study 22Rv1 cell populations were stained for stem cell-like CD44 and CD133 phenotypes and isolated via FACs Fusion cell sorther.

10 10

FACS sorting to isolate homogeneous CSC from heterogenous Bulk-tumor cells in 22RV1
and DU145.

Human PCa cells are heterogeneous populations that include CSCs, which are cancers that may
differentiate and progress more vigorously and lead to poorer prognosis and greater spread than their
more differentiated counterparts, i.e Bulk tumor cells.’” In addition, due to their minimal expression and
easy differentiability, CSC populations located in cancerous tissue are not as pronounced. Thus, detailed

means of capture and identification need to be observed for correct isolation and analysis.

To isolate CSC subpopulation from the bulk population, the cancer population was stained with
antibodies that targeted established stem cell-like phenotypes, CD44 and CD133.2* % The FACS cell
sorting machine facilitated the isolation of CD44+ and CD133+ expressing CSC subpopulations from the
DU145 and 22Rv1 populations. Cells stained for the CD44/CD133 marker from the 22RV1 (Figure 1A)
and DU145 (Figure 1B) cell lines constituted a small minority of the total population, supporting previous
studies describing their limited quantity in basal populations.'® This initial assay served to establish the
fundamental differences between CSC and Bulk subpopulation within the heterogeneous DU145 and
22Rv1 population.
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Figure 2. Sanguinarine inhibits LSD1 and AR gene expression in 22Rv1- and DU145-derived CSC. The immunofluorescence detection of
LSD1 and Oct-4 proteins in (A) DU145 and (B) 22Rv1 cell lines were visualized under a fluorescence microscope at 20X magnification. (C)
Real time gPCR and (D) WB analysis was performed to detect LSD1, AR, Nanog, Oct-4, and Sox2 expression and activities in DU145 and
22Rv1 cell lines under 24-hour treatment with indicated concentration of SNG. Actin and B-tubulin were used as loading controls for gPCR and
WB, respectively.

Sanguinarine inhibits LSD1 and AR gene expression in 22Rv1- and DU145-derived CSC

From our previous study, SNG was shown to inhibit LSD1 in PCa, hindering their progression.
Thus, we wanted to compare the protein and mMRNA expression level of LSD1 among CSC and bulk cells.
Immunofluorescence (IF) imaging was performed by staining CSC and bulk populations of 22Rv1 and
DU145 cells with LSD1 and Oct-4 antibodies, and then their protein fluorescence level was observed
under the fluorescence microscope. As a result, the CSC subpopulation showed higher fluorescence
protein levels for both LSD1 (Figure 2A-B) and Oct4 (Supplementary Figure 1A-B) stained proteins
when compared to the bulk population, and while under 24 hours treatment with SNG, the fluorescence
level of LSD1 and Oct4 proteins decreased, suggesting a role between LSD1 and CSC progression. In
addition, real-time gPCR and WB analysis were performed to determine whether CSC-derived 22Rv1 and
DU145 populations may overexpress LSD1 mRNA and protein, respectively. When compared to the bulk
population, the CSC subpopulation shows lower levels of AR and higher levels of stem cell markers
(including Sox2, Oct4, and Nanog) and LSD1 at both the mRNA (Figure 2C) and protein sublevels
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(Figure 2D). In addition, SNG was shown to downregulate LSD1 activities and stem cell markers in CSC
cells, suggesting that SNG may have therapeutic implementation to attenuate CSC progression partly
through LSD1 inhibition.
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Figure 3: Sanguinarine hinders cancer stem cell prostasphere formation in a time-dependent manner. Time point treated cells were plated
(2000 cells/well) in a prostasphere assay to determine lasting inhibition on (A) 22Rv1 and (B) DU145 cells to map effects of prolonged exposure
to 1 uM and 2 uM SNG, respectively. (C) MTT Cell viability assay was performed on CSC-derived and Bulk 22Rv1 and DU145 populations
under SNG treatment ranging from 0 to 5 uM for 72 hours. (D) Trypan blue analysis of surviving 22Rv1 and DU145 CSC and Bulk populations
over 0, 6, and 48 hour timepoints under 1 uM and 2 uM SNG, respectively.

Sanguinarine hinders CSC prostasphere formation in a time-dependent manner.

Next, we explored and compared the cytotoxicity of SNG between CSC-derived PCa
subpopulations and Bulk PCa populations. CSC and Bulk populations from 22Rv1 and DU145 were
subjected to a two-week spheroid formation assay in the presence of 6 hours or 48 hours treatment of
Sanguinarine (SNG). As a result, the growth of CSC subpopulations from 22Rv1 and DU145 were
reduced by 6-hour treatment in SNG and further diminished by the 48-hour treatment in

SNG (Figure 3A-B, respectively). Consistently, the percent of viable CSC subpopulations
decreased with the increasing time of SNG treatment as shown via Trypan blue viability assay (Figure
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3D). These results suggest that the potency of SNG cytotoxicity may be induced in a time-dependent
manner to prevent tumor prostasphere formation. We further quantified the cytotoxicity of SNG against
CSC subpopulations of 22Rv1 and DU145 cells after 72 hours treatment via MTT cell viability assay. As
a result, it was observed that the CSC subpopulation of both 22Rv1 and DU145 were more sensitive to
SNG treatment compared to the bulk population, thus suggesting SNG may be more cytotoxic to a CSC
subpopulation than the latter. (Figure 3C)
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Figure 4: Sanguinarine hinders 22RV1 CSC prostasphere formation in a dose-dependent manner. Different concentrations of SNG
(250nM, 500nM, and 1000nM) in single- and multi- dose regimens against CSC and Bulk prostaspheres during their (A) first, (D) second, and
(G) third colony generation. Additionally, (B) first, (E) second, and (H) third generation tumor size was measured via imageJ measurement tool.
First generation cells were treated either at a single exposure (once at the beginning of the spheroid formation assay) or multiple dosing program
(every 4th day after induction on the 1st day) over 14 days. Subsequent generations were cultured without addition of SNG. Photomicrographs of

(C) first, (F) second, and (1) third population colonies at 20x Magnification illustrate SNG effects on population number and size in the single and
multi-dose regimens.
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Sanguinarine hinders 22RV1 CSC prostasphere formation in a dose-dependent manner

Moreover, our study explored whether CSC development and inhibition can be further expressed
through dosage frequency. Thus, over a course of two weeks culturing via protosphere formation assay,
two lines of equal CSC subpopulations of 22Rv1 and DU145 cells were exposed to a one-time treatment
or a multi-dose treatment with indicated concentrations of SNG for 72 hours, and the number of colonies
formed and colony sizes were visualized and quantified. As a result, SNG was able to hinder the
percentage of CSC subpopulation colonization and the average growth size of the CSC colonies in a dose-
dependent manner (Figure 4A and 4B, respectively). In addition, the colony numbers and colony growth
of the CSC subpopulation under multi-dose treatment with SNG were decreased, suggesting that SNG
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may be given in multiple periods to further hinder CSC progression. To determine whether SNG renders
the colonies from recovering, we extracted a small sample of 1000 cells per well from each condition and
reculture them via prostasphere formation assay without treatment, indicated as Generation 2. As a result,
the generation of CSC subpopulations that were previously treated with SNG had slower or hindered
recovery in both colony number and size compared to the bulk population and untreated populations
(Figure 4C and 4D, respectively). Similarly, the third generation of CSC subpopulation that were
previously treated with SNG also had lower colony number and size recovery (Figure 4E and 4F,

respectively).

A global reduction in size and colony formation among all three DU145 generations further
displayed SNG’s continued role in CSC recovery (Supplementary Figure 2B-D). Likewise, regeneration
capabilities were also shown to be further decreased under multi dose treatment. Initial photomicrographs
portraying first generation CSC colonies revealed a profound reduction as SNG dosage was increased and
repeated (Supplementary Figure 2A). Furthermore, additional photomicrographs for first, second, and
third generation DU145 CSCs depicted a reduction in size development among treated populations
(Supplementary Figure 2E-G, respectively). These results suggest that SNG treatments may have a long-
term effect on prohibiting CSC populations from a full recovery in the case of regression, thus proving
possibility for therapeutic implementation.
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Supplemental figure 2 Sanguinarine hinders DU145 cancer stem cell prostasphere formation in a dose-dependent manner. Renderings of
different concentrations of Sanguinarine, in single and multi dose regimens on CSC (CD44+) and Bulk enriched prostasphere size and colonies in
(C) first, (E) second, and (G) third generation cells. Subsequent generations were cultured SNG-free. (D) First, (F) second, and (H) third
generation photomicrographs of cell size (20x) illustrate a reduction in population number and size in the single and multi SNG regimens.
Photomicrographs (4x) of first generation (A) CSCs and Bulk (B) colonies map initial inhibitory effects. Cells were treated either at a single
exposure (once at the beginning of the spheroid formation assay) or multiple dosing program (every 4th day after induction on the 1st day) over
14 days.
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Figure 5 Sanguinarine attenuates 22RV1-derived cancer stem cell progression in vivo. Mice were subcutaneously injected with 50,000

CSCs with tumor (A) volume and (B) weight measurement pre and post mortem. Treated and untreated tumors were retrieved for (C) ex vivo
measurement.

Sanguinarine attenuates 22RV1-derived cancer stem cell progression in vivo.

We next pursued an in vivo study to determine whether SNG can inhibit the tumor-initiating CSC
progression. BALB/c nod skid mice were subcutaneously injected with 50,000 CSC-derived 22Rv1 cells,
and the tumor progression was measured over a 3-week period as SNG was delivered daily via oral
gavage. Throughout the 3-week study, we did not notice significant changes in weight of the SNG treated
mice compared to control mice (Figure 5A). In addition, at the end of the study, there were no significant
changes in weights of the liver (Figure 5B) and kidney (Figure 5C) of the SNG-treated mice in
comparison to the control. This suggests that SNG did not have severe adverse effects against the eating
habits and the overall health of the mice. Furthermore, SNG was shown to significantly reduce the CSC
tumor progression volume (Figure 5C), resulting in tumor weight reduction (Figure 5D) and size

reduction (Figure 5E). Overall, these results suggest SNG may inhibit CSC progression both in vitro and
in vivo.
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Figure 6 Sanguinarine inhibits LSD1 and AR in xenograph 22RV1-derived cancer stem cells. (A) Ex vivo WB analysis for protein
expression of Oct4, Nanog, Sox2, LSD1, LSD1 downstream targets, UBE2X, DMNT, N-myc, E2F, and REST from treated and untreated mice
tumors. (B) Xenograft gene expression of LSD1 and stem cell associated genes for 22Rv1-derived CSCs. (C) Ex vivo immunohistology
fluorescence staining of LSD1 from treated and untreated mice tumors.

Sanguinarine inhibits LSD1 and AR in xenograph 22RV1-derived cancer stem cells.

We next examined the effect of SNG on the protein and mMRNA level of LSD1 and stem cell
markers in xenograft tumor via WB analysis and real-time gPCR, respectively. The ex vivo xenograft
CSC tumor treated with SNG revealed a reduction of stem cell markers and LSD1 activities at the protein
level (Figure 6A) and mRNA level (Figure 6B). Immunohistology fluorescence staining of LSD1 protein
expression (Figure 6D) among treated tumors depicted low fluorescence levels protein production relative
to untreated samples. Finally, we assessed the effect of SNG on the expression of stem cell associated
gene Oct-4 among CSC tumors, and observed that SNG significantly reduced Oct-4 fluorescence levels
(Supplementary Figure 1A) among the exposed population. H&E staining revealed SNG damages to the
cell nucleus and membrane staining (Supplementary Figure 1B). In addition, cell proliferation marker Ki-
67 also resulted in a reduced expression among SNG-treated tumors (Supplementary Figure 1C). In all,
these results indicate that SNG may reduce CSC development and progression in part through the
downregulation and inhibition of LSD1, Oct-4, and Kil67 expression.
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Supplementary Figure 1 Sanguinarine attenuates H&E and Ki67 tumor staining. (A) Immunofluorescence staining of Oct-4, (C) H&E
staining and (D) Ki67 staining on SNG-treated and untreated 22Rv1 xenografts.

DISCUSSION

The heterogenous pool of PCa contains CSC that are more aggressive and belligerent® 23; and thus
can likely lead to remission and progression in patients after undergoing chemotherapy or ADT
treatment. However, due to LSD1 overexpression seen in various tumor types!4, it was suggested that
LSD1 plays an integral role in tumor-initiating CSC progression and the progression of other forms of
cancer®. As shown from our study, we have provided evidence that SNG could be an effective modeled
inhibitor to hinder CSC progression through LSD1 inhibition and deserve future investigation and
structural studies. We have shown SNG to decrease prostaphere formation and diameter in the DU145-
and 22Rv1-derived CSCs. In addition, SNG treatment appears to have decreased LSD1 activities as
shown from our WB analysis in the DU145- and 22Rv1-derived CSCs, providing evidence that SNG may
be an effective treatment in targeting the LSD1 proliferation pathway for CSC. In addition, SNG may be
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an effective means for proactive care regarding LSD1-linked CSC proliferation and differentiation as

displayed by the mice tumor diameters, IF staining, and slow growth when exposed to SNG.

Because of SNG’s specificity to LSD1 and AR downregulation as shown from our previous
studies, 8 the growth inhibition of CSC may be a result of their higher expression level of LSD1.
Furthermore, this study provides a proper introduction to SNG as a clinical and possibly human
oncological/chemotherapeutic drug and may also prove to be effective in reactionary measures to limit
and diminish the differentiation potential and expression of CSC. Longer incubation periods of cell lines
and mice under a single SNG treatment could have been conducted. In addition, improvements on FACS
isolation with CSCs, cell culture methods and IF staining could be made to shorten the duration of the
study and culture. However, the study’s main purpose was to show SNG as a possible future oncological
treatment through its ability to inhibit LSD1 expression and AR; accomplishing as such by demonstrating
SNG’s success in limiting bulk tumor growth and CSC proliferation profoundly as compared to untreated
cell lines and mice tumors. In all, the results of this study are noteworthy and provide a key argument for
further preclinical studies of this agent as an inhibitor for CSC proliferation and PCa recurrence.
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CHAPTER 8
Conclusion and Remarks

AR expression and signaling remains to be a driving force to the recurrence and progression of
castration-resistant prostate cancer (CRPC) to it lethal stage even though multiple generations of AR
signaling inhibitors have been used. In addition, epigenetic mechanisms, in particular LSD1
overexpression, can also coordinately enhance AR signaling and drive epithelial plasticity and trans
differentiation to neuron-like cells with loss of AR expression. Therefore, new agents that can target both
AR overexpression and AR loss are urgently needed to overcome these new mechanisms of resistances to
AR signaling inhibitors, such as Enzalutamide and Abiraterone.

We have discovered for the first time that Sanguinarine, a naturally occurring compound from the
root of Sanguinaria canadensis as well as other Fumaria species, is a dual inhibitor of LSD1 and AR by
docking into the enzymatic activation pocket and the ligand binding pocket, respectively . Additionally,
in vitro SPR and in vivo CETSA assays confirmed that Sanguinarine directly binds to both LSD1 and AR
with equal or very close binding affinities. Furthermore, the growth inhibitory and anti-AR signaling
effects of Sanguinarine are partially dependent on the expression levels of LSD1 as shown in LSD1
knockdown and overexpression experiments. As a natural compound that targets both AR and LSD1,
Sanguinarine and its structural analogs present an ideal library to investigate. Further X-ray co-
crystallography is being used to image the detailed binding positions (the interacting amino acids and
distances) of SNG to LSD1 and AR. These studies would allow future chemical optimization of

Sanguinarine toward a drug candidate for treatment of lethal CRPC.

Small-cell neuroendocrine prostate cancer is the most aggressive type of prostate cancer currently
with no effective drug available in clinics. We have found that Dovitinib, a pan—tyrosine kinase inhibitor
in prostate cancer clinical trials, can markedly induce the expression of LSD1 leading to neuroendocrine
differentiation in prostate cancer cells and that Sanguinarine inhibited the Dovitinib-induced
neuroendocrine trans-differentiation both in vitro in prostate cancer cell lines and in vivo in a xenograft
model of prostate cancer. Sanguinarine selectively inhibits the growth of prostate cancer cell lines
compared to non-malignant prostate epithelial cells and did not significantly affect body and organ weight
in the mouse model, which suggest that Sanguinarine is potentially a safe compound. Similarly, SP2509,
an allosteric LSD1 inhibitor, was also observed to partial prevent the Dov-induced neuroendocrine
differentiation, even though with less potency compared to Sanguinarine. Furthermore, overexpression of
LSD1-8a, a neuron-specific variant of LSD1, in a prostate cancer cell line induces neuron-like
morphology and marked expression of neuroendocrine markers, whereas knock-down of LSD1

expression in prostate cancer cell lines hinders the Dovitinib induced neuroendocrine differentiation.
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Taken together, these results strongly support that LSD1 plays a key role in prostate cancer with
neuroendocrine features and that highly-potent LSD1 inhibitor, like Sanguinarine, can be used in
combination with Dovitinib to prevent neuroendocrine differentiation for enhancing the anti-tumor

efficacy of Dovitinib.

Cancer stem cells or cancer initiation cells are critical for cell fate determination and the
transition to heterogenous types of cancer cells leading to tumor recurrence and drug resistant. Prostate
cancer stem like cells were sorted by flow-cytometry using cancer stem cell specific biomarkers. We
found that prostate cancer stem-like cells express higher levels of LSD1 than bulk heterogeneous
population of prostate cancer cells. Sanguinarine is more effectively reduce the growth and regeneration
of spheroids from stem cell-like prostate cancer, or tumor-initiating cells, than bulk heterogeneous
population of prostate cancer cells both in vitro in cultures and in an in vivo in a prostate cancer xenograft
model, which is accompanied by down-regulation of the expression of cancer stem cell markers (i.e.
Nanog, Sox2, and Oct4).

In conclusion, our results demonstrate that Sanguinarine is a “first-in-class”, potent, dual inhibitor
of LSD1 and AR for preventing or delaying CRPC progression through the mechanisms of down-
regulating AR signaling and inhibiting neuroendocrine differentiation and cancer stem cells. LSD1 is a
critical target for prostate cancer stem cells and its neuroendocrine differentiation. Sanguinarine could be

further chemically and pharmacologically optimized as a drug candidate for treatment of CRPC for future

clinical trials.
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