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ABSTRACT

The androgen receptor (AR) is critical at all stages of prostate cancer. Interestingly, Androgen
Receptor Variants (ARVs) have been shown to occur in late-stage prostate cancer patients by
alternative splicing of the AR. Lacking a ligand binding domain (LBD) these constitutive
active variants are intrinsically resistant to all clinically approved AR antagonists.
Understanding the mechanism of ARV7 activation is critical to better treating late-stage
prostate cancer patients.

Upon ligand binding, the AR rapidly undergoes an allosteric modification that allows the N
terminal domain and LBD to form an N-C intramolecular interaction. Following nuclear
localization, the AR then forms homodimers via intermolecular interactions. Given that
ARV lack a LBD, it is unclear if the variants undergo a similar homodimerization or they in
fact heterodimerize with the AR™""  To clarify this, the project aims to study ARV7

interactions using both cell biology and biophysics.

Utilizing a commonly observed variant (ARV7) and using a Tet-inducible ARV7 model in
LNCaP cells we were able to study the impact of ARV7 on cell cycle progression and AR
signaling. Surprisingly, in single cell clones we found that overexpression of ARV7 causes
marked cellular senescence and the degree of senescence was dependent on the expression of
ARV7. This was independent of AR™®™ and was mediated by an activation of the p53
pathway. This phenotype was also observed in several androgen responsive prostate cancer
cell lines. Our results indicate that constitutive activity of ARV7 was dependent on the
presence of androgen receptor and a shift from androgen receptor mediated growth to ARV7
mediated growth is not tolerated in AR dependent cells. Interestingly, we were able to identify

several clones that were resistant to ARV7 expression mimicking what is clinically observed.

We also studied the predicted inter- or intramolecular interaction between ARV7 and AR™""
'ength \with live cell imaging FRET microscopy. Using custom analysis software that can track
and quantify the FRET signal in living cells we observed inter- and intramolecular
interactions of AR™M"™" ypon stimulation with its ligand in temporal manner. Using this
methodology our results suggest that AR™"" and ARV7 form a C-C interaction. The
experimental design we used enabled spatiotemporal identification of the interactions and

revealed different conformational changes happening throughout androgen stimulation.



OZETCE

Androjen reseptdrii (AR) prostat kanserinin tiim asamalarinda énemlidir. flging bir sekilde,
ileri seviye prostat kanseri hastalarinda androjen reseptoriiniin alternative splicing (alternatif
kirpilma) ile androjen reseptdr varyantlariin (ARVs) ortaya c¢iktigr gosterilmistir. Ligand
baglama bolimi (LBD) bulunmayan bu siirekli aktif varyantlar1 dogal olarak klinikte
onaylanmig tiim androjen reseptdrii antagonistlerine direnglidir. ARV7 aktivasyon
mekanizmasinin anlagilmasi daha gec¢ evre prostat kanseri hastalarimin tedavisi i¢in biiyiik

Onem tasimaktadir.

Ligand baglanmas: ile birlikte, androjen reseptorii N-terminal bolimii (NTD) ve ligand
baglanma bolgesini molekiil i¢i etkilesimi meydana getirecek sekilde hizli bir yapisal
degisiklige ugramaktadir. Daha sonra AR hiicre ¢ekirdegine gegerek burada birbirlerine
baglanir ve dimer yapilar olustururlar. Ligand baglanma bolgesi eksikligi géz Oniinde
bulunduruldugunda androjen reseptorii varyantlarinin benzer bir sekilde homodimerize olup
olmadig1r ya da androjen reseptorii ile heterodimerize olup olmadigi bilinmemektedir. Bu
proje hiicre biyolojisi ve biyofizik kullanarak androjen reseptorii varyantlarinin olasi
homodimerizasyon ya da androjen reseptorii ile heterodimerizasyonunu agikliga kavusturmay1

amacladik.

Sik¢a rastlanan AR varyasyonu olan ARV7 kullanarak LNCaP hiicrelerinde Tetrasiklin-
indiiklenebilir ARV7 modeli ile ARV7’nin hiicre dongiisii ilerlemesi ve AR'nin sebep oldugu
gen transkripsiyonunu {izerine etkisini inceledik. Sasirtict bir sekilde, LNCaP hiicre hattinin
diliisyon serileri kullanilarak elde edilen tek hiicre kolonilerinde ARV7 ekspresyonunun
belirgin bir sekilde erken hiicre yaslanmasina neden oldugunu ve yaslanma derecesinin ARV7
sentezlenmesine bagli oldugunu bulduk. Ayrica bu degisimin androjen reseptdrii seviyesinden
bagimsiz oldugunu ve p53 yolagimin aktivasyonu aracilig ile gerceklestigini gozlemledik. Bu
fenotipi ayni zamanda androjene duyarli farkli prostat kanseri hiicre hatlarinda da
gozlemledik. Sonuglarimiz ARV7’nin siirekli aktifli§inin androjen reseptoriiniin varligina
bagli oldugunu ve androjene duyarli hiicrelerin AR bagimli biliylimeden ARV7 bagimh
biliyiimeye degisime tolere etmedigini gostermistir. Ayrica klinikte gdzlemlenen duruma

benzer olarak ARV7 expresyonuna direngli olan birkag farkli tek hiicre kolonileri tespit ettik.

Ayni1 zamanda canli hiicre goriintiileme Forster rezonans enerji transferi (FRET) mikroskopi

teknigini kullanarak ARV7 ve AR arasinda oldugu tahmin edilen molekiiller arasi



etkilesimlerini ¢alistik. Canli hiicrelerdeki FRET sinyalini hesaplayan ve hiicreleri takip eden
0zel analiz yazilimi kullanilarak, androjen reseptoriiniin ligand1 ile uyarilmasi sonucu ortaya
cikan etkilesimleri zamansal bir sekilde gozlemledik. Bu yontemi kullanilarak elde ettigimiz
sonuglar androjen reseptorii ve ARV7°nin etkilesimde oldugunu gostermistir. Kullandigimiz
deneysel tasarim androjen uyarimi ile olusan etkilesimleri, zaman mekansal bir sekilde tespit

etmeyi ve farkli yapisal degisiklikleri gézlemlemeyi saglamistir.

Vi
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Introduction

Chapter 1: Introduction

1.1 Overview

1.1.1 Androgen Receptor

The androgen receptor (AR) is a steroid-hormone activated transcription factor, which plays a
critical role in male sexual differentiation and the growth and survival of prostate tissue under
both normal and cancer conditions [1]. The gene encoding AR is located on the X
chromosome (ql11-12) (Figure 1-1), and consists of eight exons which code for a protein
made up of 919 amino acids with a mass of 110 kDa (Figure 1-2) [2]. The gene spans >80 kb
region and the mature transcript spanning 1-8 exons (10.6 kb) yields 2.7 kb open reading
frame (ORF).

q11-12

Exon size (bp) \5.,\?’ o )
CE4  CEL CES
1 2 ;
12 CE2 CE3
Intron size (kb) >20 >15 - >26 56 4803807

Figure 1-1: Genomic organization of the androgen receptor gene.
Figure adapted from [1, 3].

NTD DBD Hinge LBD
[ Il Il I |
N— 1 213 4 |516]7] & C
TAUS
TAU1
>
AF-1 AF-2

Figure 1-2: mRNA structure of AR™!enoth,

The diagram of the mature mRNA indicating the organization of the exons in the A
The discrete functional regions are indicated N-terminal domain (NTD) (blue), DNA-binding
domain (DBD) (green), hinge region (purple) and ligand binding domain (LBD) (red). Figure
adapted from [3].

Rfull-length.
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Similar to other nuclear receptors including estrogen receptor and progesterone receptor, AR
has a modular structure comprised of a DNA-binding domain (DBD), ligand-binding domain
(LBD), and the amino-terminal domain (NTD) (Figure 1-2) [4]. Exon 1 of the AR encodes
the N-terminal domain. This is the largest domain, constituting more than half of the receptor.
The N-terminal domain contains (CAG) and (GGN) repeats that encode polyglutamine (Q)
and polyglycine (G) tracts, respectively [5, 6]. The NTD is primarily responsible for
transactivation of androgen receptor via TAUL and TAUS [7, 8]. The second and third exons
of androgen receptor gene encode for a highly conserved DNA binding domain (DBD)
(Figure 1-3). Located at the center of AR it contains two zinc-finger motifs. The first zinc-
finger recognizes DNA and interacts with the major groove residues of androgen response

elements, while the second one mediates dimerization of AR in the neighboring AREs [9].

Figure 1-3: Crystal structure of Rattus norvegicus AR DBD bound to a direct repeat response
element.

The sequence alignment of androgen receptor DNA-binding domain of Rattus norvegicus to
Homo sapiens is 100% homologous [10].

A short flexible hinge region encoded by the fourth exon of AR gene connects the DBD and
ligand binding domain (LBD) [2]. The nuclear localization signal of AR is a bipartite motif
within exons 3 and 4 [11]. The LBD of the AR is encoded by exon 5-8 and mediates the
regulation of activation by androgens. The structure of LBD has been crystallographically
solved and was found to contain 12 helices (Figure 1-4) [12]. Helices 3, 4, 5, 7, 11, 12 and f3-
sheet preceding helix 6 form the ligand binding pocket.
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Figure 1-4: Crystal structure of Androgen Receptor LBD in complex with DHT.
Crystal structure of Androgen Receptor in complex with DHT (Homo sapiens). The structure
was determined by X-ray diffraction to a resolution of 2.1 A [13].

1.1.2 Androgens and the Androgen Receptor in Normal Prostate

The normal growth and development of the human prostate is dependent on androgen-
mediated activation. Androgen production is controlled by the hypothalamic—pituitary—
gonadal axis. The secretion of gonadotropin-releasing hormone (GnRH) from the
hypothalamus occurs in 90-120 minutes and stimulates the luteinizing hormone (LH) from
the pituitary gland. LH binds to the luteinizing hormone/choriogonadotropin receptor leading
to the production of androgen in the testis [14]. Testosterone is the primary circulating
androgen in men. While the major source of circulating testosterone is the Leydig cells in the
testis, a small portion (5%) is secreted from adrenal gland. Whichever the source, the gamma-
5 metabolic pathway is the main pathway for androgen production [15]. Circulating
testosterone is typically bound by sex hormone-binding globulin (SHBG) thereby regulating
the amount of free testosterone available to target tissues. Once entered into the cells,
testosterone is usually converted to DHT by Sa-reductase [16]. Both testosterone and DHT
can bind to AR, though the latter has higher affinity for AR [17]. Upon binding to DHT the
AR is activated and it binds to coactivators to control the expression of genes related to

growth and development of prostate [14, 18].

The inactive AR is found in cytoplasm bound to heat-shock proteins [19, 20]. In this state, AR
does not interact with coactivators and thus cannot induce gene transcription. When an
androgen binds to the ligand binding site in the LDB the AR undergoes a conformation
change whereby helix 12 is folded over the pocket exposing the AF2 site [21]. This allows the
NTD to form an N-C intramolecular interaction via an FxxLF/WxxLF motif on TAU5 [22].
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This N/C interaction is critical for both stabilizing the androgen in the ligand binding pocket
and also exposing the bipartite nuclear localization signal which is located downstream of
DNA binding domain and hinge region [23]. The conformational change in AR that happens
upon binding of androgens has been extensively studied using quantitative imaging
techniques. Studies found that ligand binding causes an initial cytoplasmic intramolecular
interaction between N and C terminus in the androgen receptor which is followed by nuclear
localization of the receptor. Once in the nucleus the AR dimerizes via D-box residues,
forming a head-to-tail interaction that supports the interaction between two androgen
receptors [24]. The formed homodimers then bind to androgen response elements (ARES) in
promoter and enhancer elements of target genes and initiates transcriptional regulation [9, 25,
26].

AR Cytoplasm Nucleus

coactivator

High-affinity ARE Low-affinity ARE

Figure 1-5: Schematic representation of the spatiotemporal organization of domain
interactions in AR function.
Figure from [24].
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1.1.3 Castration Resistant Prostate Cancer

As the prostate is an AR-dependent tissue, prostate cancer cells continue to show dependence
on both androgen and AR following neoplastic transformation [27]. In almost all patients the
growth and progression of prostate cancer is dependent on AR signaling [28]. The AR has
been widely studied for its oncogenic role including support of proliferation and inhibition of
apoptosis in tumor cells [29-32]. As the normal development and growth of prostate tissue
depends on functional androgen receptor signaling, androgen deprivation therapy (ADT) is
the first line therapy for the prostate cancer patients with locally advanced and metastatic
types of the disease [33, 34]. ADT includes surgical castration (orchiectomy), pharmacologic
castration, or treatment with chemicals that bind to androgen receptor and inhibit its nuclear
localization are different ways of ADT [27]. Although ADT initially slows the progression of
the disease, the cancer almost always relapses, progressing to an advanced state called
castrate-resistant prostate cancer (CRPC). This is the major cause of PCa death with CRPC
patients having a median survival of 13.6 months [35, 36]. The progression of the disease
from a treatable, androgen-dependent state to a lethal, castration-resistant form is focus of

intense investigation [37].

1.1.4 Mechanisms of castrate resistance

Interestingly, despite castrate levels of androgen, the AR still remains active in CRPC [38].
There are several proposed mechanisms of AR activation under castrate conditions. First, the
cancer can synthesize intratumoral androgens to allow AR signaling even in the castrate
levels of androgens [39]. It has been previously shown that the level of testosterone in
prostate tumor is close to the level of testosterone in non-castrate patients [40]. Androgen
synthesis in the prostate cancer cells is due to an increase in the enzymes involved in the
synthesis of testosterone [41, 42]. More commonly, increased AR copy number can cause
androgen receptor signaling at very low levels of androgen [43, 44]. Third, mutations on
androgen receptor can lead to activation of AR by non-androgenic but common steroids [45].
Mutations of the LBD of the androgen receptor can results in decreased specificity of the
receptor for binding to androgen [46—49]. Alternatively, mutations on the LBD, specifically in
the antiandrogen binding sites may prevent the antiandrogen activity and actually cause the
antiandrogen to act as an agonist [50-52]. Further, the activity of androgen receptor can
increase in CRPC due to alternative activation of such pathways as tyrosine-kinase receptor
activation, Wnt-B3-catenin signaling, epithelial growth factor and insulin-like growth factor

signaling [53-59]. Another proposed mechanism for castrate resistance is the increased

5
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activity of coactivators of androgen receptor [60]. The increased expression or increased
phosphorylation of coactivators of androgen receptor were previously shown to increase
androgen receptor transcriptional activity [61, 62]. Moreover, epigenetic alterations are also
proposed to be important for androgen independent growth in castration resistant prostate
cancer. For example, (EZH2) which is subunit of Polycomb repressive complex 2 (PRC2) has
been shown to have oncogenic activity in supporting androgen independent growth [63].
Finally, the presence of constitutively active isoforms of androgen receptor have been

suggested to be important in CRPC progression [64].

1.1.5 Androgen Receptor Variants

In several studies involving AR, a lower molecular weight form of the AR in addition to wild
type AR (110 kDa) has been detected by antibodies against N-terminal region [65]. The first
evidence for these variants found in the 22RV1 cell line [66]. A similar variant has been
reported in the western blot of the samples collected from benign and malignant prostate
tissue, demonstrating that these variants are present in clinical samples [67]. Although it was
previously unclear whether the isoforms are functionally important in prostate cancer, later
studies demonstrated that these C-terminally truncated variants are constitutively activity.
Further characterization revealed that these variants had N-terminal domain and DNA binding
domain, but not ligand binding domain and it was constitutively found in nucleus where it can
bind to DNA independent of presence of androgens (Figure 1-6). These variants lack ligand
binding domain and thus, their activation does not depend on binding of the androgen.
Importantly, they cannot be inhibited by any clinically approved antiandrogens.

These AR variants were proposed to occur due the following: (i) alternative splicing, (ii)
alternative transcription start site, (iii) occurrence of premature stop codon, and (iv)
proteolytic cleavage [67—72]. Evidence for the alternative splicing came from siRNA studies
where different sSiRNAs depleted different isoforms in 22RV1 cells [70]. In this study, SIRNA
targeting NTD of AR resulted in disappearance of all isoforms while targeting ligand binding
domain only decreased the full length AR but not the truncated isoform.
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Figure 1-6: Alternatively spliced AR-Vs in prostate cancer.

The structure of mRNA structure of AR js depicted at top. The exons encoding the
domains are color coded: NTD (brown) DNA-binding domain (red), hinge region (pink) and
ligand binding domain (blue). Alternatively spliced isoforms of androgen receptor are shown
at bottom. Cryptic exons present in these are colored in yellow. (AF, activation function; AR,
androgen receptor; AR-FL, full-length androgen receptor; AR-V, androgen receptor variant;
CE, cryptic exon; CRPC, castration-resistant prostate cancer; DBD, DNA-binding domain; I,
intron; LBD, ligand-binding domain; NTD, N-terminal domain; TAU, transcription activation
unit.) Figure was taken from [73].
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Numerous AR variants have been identified by 3° rapid amplification of cDNA ends
technique. These alternatively spliced isoforms are emerging from cryptic exons present in
exon 2 and exon 3 of the androgen receptor (Figure 1-6). Most of them have exons 1, 2, and 3
which encode NTD and DBD, some has exon 4 which encodes hinge region, but they usually

lack exons 5, 6, 7 encoding the ligand binding domain.

Among these, AR isoform ARY?? and ARY?%?® were the isoforms identified in 22RV1 cells
isolated from a CWR22 xenograft that relapsed during androgen ablation [70]. Therefore,
these isoforms have the exon 1, 2, and cryptic exon 2b; while the latter one had also exon 3 in
the mature mRNA transcript. They are C-terminally truncated and mediate androgen-
independent transcriptional activation of AR target genes including PSA, TMPRSS2. Three
other isoforms named as AR3, AR4 and AR5, have been identified in androgen independent
prostate cancer cells (the LNCaP derivative C-81, CWR-R1, and 22RV1 cells), and these
included exons 1, 2 and 3 in common. AR3 contains exon 3b, AR4 contains exon 3a and AR5
contains exon 3b [71]. Another study revealed the presence of AR splice variants in LuCaP
xenografts cells which were derived from metastases obtained from men with CRPC [74].
The isoform identified in this study was AR"*"* and it was found to be devoid of exons 5, 6,
and 7. Both the transcription and transcriptional activity of AR was increased by

constitutively active ARY®"*

in PCa cell lines and presence of the isoform contributed to
cancer progression in human cancer xenograft model in castrated mice. Further, using RNA
as source to identify different isoforms of AR and using sequence analysis of the cDNA
derived from these RNAs, seven AR variant transcripts were also identified that are devoid of
ligand-binding domain [72]. In addition to the expression in prostate cancer cells, xenografts
and patient samples; AR variants have also been shown to be expressed in breast (MFM223,
MDA-MB-453, MDA-MB-231, ZR75.1, MCF-7, T47D) and liver (HepG2) cancer cell lines
and human embryonic kidney cell line (HEK293) [75]. In this study, four different ARVs

with the cryptic exon 9 (CE9) were identified in MDA-MB-453 and VVCaP cells.

1.1.6 Androgen Receptor Variant 7 (AR3)

The constitutively active splice variant ARV7 is the most studied member of ARVs [76, 77].
ARV7 was reported to be upregulated in prostate cancer tissue samples and its expression
level was correlated with tumor relapse after prostatectomy [71]. It also was involved in
androgen-independent growth of prostate cancer cells. Specific targeting of this isoform in

cells resulted in slowed growth of androgen dependent cells in androgen depleted condition
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suggesting an important role for ARV7 in androgen-depleted conditions in prostate cancer
cells. An additional study comparing bone metastasis samples from of hormone naive and
hormone resistant prostate cancer patients revealed that ARV7 expression was markedly
higher in resistant patients who had a worse clinical outcome [78]. Further, it was reported
that androgen deprivation induces ARV7 expression but it is also noted that the level of
increase was not enough for the restoration of AR activity [79].

Despite the increase in expression in CPRC patients, many questions still remain about the
role of ARV7 in cancer progression. For example, a study demonstrated that increased
expression of ARV7 results in resistance to therapies targeting androgen receptor [80]. On the
other hand, ARV7 was shown to confer castration resistance in animal models but could not
do so alone and required the AR™""" [81]. The tumorigenic role of ARV7 has been
supported by a study indicating that ARV7 expression in LNCaP cells increased the
expression of mesenchymal marker genes N-cadherin, Vimentin, Snail and ZEB1 as
compared to cells expressing exogenous AR™M!Henat

separate study that showed that CDH2, VIM, Snail and TWIST, genes associated with

[82]. These findings were confirmed in a

epithelial-to-mesenchymal transition were upregulated in ARV7 expressing transgenic mouse
model. In this study, insulin-like growth factor 1 and transforming growth factor 2 which are
tumor-associated autocrine and paracrine growth factors were also upregulated. Overall,
these studies proposed that ARV7 expression was associated with EMT [83]. On the other
hand, a recent study involving detection of ARV7 in circulating tumor cells of prostate cancer
patients has shown that ARV7 positive patients did not show significant resistance to taxane
treatment while the efficacy of taxane was more in ARV7 positive patients [84]. A study has
associated the paclitaxel resistance in PCa to epithelial to mesenchymal transition, and the
results related to ARV7 regarding taxol and increase in mesenchymal markers does not hold
in this case [85].

Therefore, a better understanding of the effect of ARV7 in prostate cancer and the mechanism
through which ARV7 maintains constitutive activity is needed to understand the basic biology

of CRPC and then find novel drugs to successfully treat this disease.

1.2 Cellular senescence
Cellular senescence was first described by Leonard Hayflick and Paul Moorhead as the
limited capacity of cells to divide [86]. Once in senescent state, the cells have permanently

exited from cell cycle yet still remain metabolically active [87, 88]. Later work demonstrated
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that cellular senescence can occurs due to the natural shortening of telomeres which occurs
with each cell division. However, senescence can also be induced by different stimuli. This is
defined as premature senescence as the exit from cell cycle happens at a stage that would
otherwise be induced by telomere shortening. Upon induction with stimuli cells enter into

premature senescence and they differ from other cells by gaining different features.
1.2.1 Features that define senescent cells

Several features and markers have been widely used to characterize senescent cells [89]. First,
upon entering senescence, cells gain an enlarged, flat, vacuolized and sometimes
multinucleated morphology [90]. Senescent cell also demonstrate a marked increase in B3-
galactosidase activity. This has led to senescence associated 3-galactosidase (SA B-gal) being
one of the most commonly used biomarker for senescence. The assay detects the increased
lysosomal 3-D-galactosidase (encoded by GLB1 gene) activity at suboptimal pH (6.0) which
is suboptimal for the activity of the enzyme that normally is happening in the highly acidified
lysosomes [91]. In addition, as senescence is related to proliferation senescent cells show a
decrease in proliferation [92]. This affects the of cell cycle distribution in a the population,
typically leading to an increase in Go/G; [93]. Senescent cells also have increased levels of
pl6, ARF, p53, p21, p15, p27 and hypophosphorylated RB [91]. In addition, the presence of
heterochromatin, known as senescence associated heterochromatic foci (SAHF), can be used
as a marker of senescence in some cases, particularly in oncogene-driven senescence [94, 95].
Finally, senescent cells acquire senescence-associated secretory phenotype (SASP) turning
them into proinflammatory cells that have the ability to promote tumor progression. Certain
secreted extracellular factors or receptors are increased in senescent cells [96, 97]. These
factors include inflammatory cytokines and chemokines, transforming growth factor-$3
(TGFP), insulin-like growth factor 1 (IGF1)-binding proteins, plasminogen activator inhibitor
1 (PAIL), decoy receptor 2 (DCR2) and DEC1 [96, 98, 99].

1.2.2 Common stimuli in cells leading to cellular senescence

There are a number of mechanisms proposed to induce premature senescence. These include
DNA damage, oncogene induction, and stress, including ROS. Premature senescence is
mainly regulated by p53 and p16/Rb pathways, which then result in activation of the cyclin-
dependent kinase (CDK) inhibitors p16 (also known as INK4A; encoded by CDKN2A), p15
(also known as INK4B; encoded by CDKN2B), p21 (also known as WAF1; encoded by

10
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CDKN1A) and p27 (encoded by CDKN1B) [100, 101]. Activation of CDK inhibitors result
in inhibition of cyclin dependent kinases and eventually leading to hypophosphorylation of
Rb [102].

1.2.2.1 Stress induced senescence

Cells can enter premature senescence when taken from an organism and cultured in vitro.
This has been proposed to be due to insufficient culturing conditions such as deficiency in
required growth factors, absence of surrounding cells, different extracellular matrix
composition or inadequate O, levels can cause stress in cells and result in premature
senescence [103]. Oxidative stress can also lead to premature senescence in cells grown in
vitro. Levels of reactive oxygen species increases due to chemotherapeutic drugs, DNA
damage and oncogene activation and this then increase the levels of p38 MAPK through
RAS-RAF-MEK-ERK cascade [104, 105]. Senescence caused by increase in reactive

oxygen species can be prevented by treatment with antioxidants [106].

1.2.2.2 Oncogene driven cellular senescence
Oncogenes are defined as genes that have the potential to induce neoplastic transformation. It
has been demonstrated that cells enter senescence upon expression of oncogenes as they are

sensitive to oncogenic activation [107]. For example exogenous expression of H-RAS®*?Y j

n
normal fibroblast initiated senescence, independent of telomere shortening [108]. Oncogenic
RAS activates p16 and results in formation of senescence associated heterochromatic foci
[95]. Similarly, overexpression of c-myc, TGFB and deregulation of PTEN, were also
correlated with oncogene driven cellular senescence in one-week period [109, 110]. In
addition to the common pathways including S-phase kinase-associated protein 2 (Skp2) can
also promote senescence by inactivation of PTEN or oncogene Ras. Skp2, an E3 ligase
degrades p27"""* and other targets and it is downregulated in prostate cancer leading to

decreased cellular proliferation [111-113].

1.2.2.3 DNA damage

DNA damage triggers a DNA-damage response mediated by ATM, ATR, CHK1 and CHK2
that can lead to cellular senescence [93]. Following DNA damage, these proteins activate
several regulatory proteins including p53. p53 in turn increases expression of p21, which then
inhibit cyclin-CDK complexes [114]. Senescence caused by telomere shortening is also
mediated by this pathway [115, 116]. These senescence cells can often be differentiated from
others by the formation of SAHF.

11
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1.2.2.4 Misregulation of CDKN2A locus

CDKN2A locus encodes two essential tumor suppressors, p16 and ARF which are inhibitors
of CDK4 and CDKG®; and regulators of p53 stability, respectively [117, 118]. Normally this
locus is expressed at low levels but in aging cells the expression increases [119, 120]. Some
cells have increased expression of pl6 and activate tumor suppressor pRb, leading to the
formation of SAHF and de-regulation of pro-proliferative genes [95, 121, 122].

1.2.3 Senescence in prostate cancer

Cellular senescence is proposed as potential mechanism to suppress tumors in cancer cells.
However, while senescent cells are not actively dividing they still remain metabolically active
and can gain tumor promoting capabilities. These cells can gain senescence resistant
adaptations or they can support proliferation of neighboring cells by secreting senescence

associated factors.

Androgen deprivation therapy is the first line of treatment option for most of the prostate
cancers. In a study, prostate cancer cells treated ADT has been shown to facilitate cellular
senescence and induces senescence associated secretion [96, 97]. Examples to these secreted
factors include interleukins, chemokines, growth factor regulators, proteases or regulators,
etc. [107]. It was also suggested that down-regulation of Skp2 by androgen depletion induced
irreversible senescence in prostate cancer cells and the expression of members of senescence
associated secretory phenotype was increased leading to neuroendocrine differentiation.
Another study demonstrated that androgen deprivation promotes survival mechanisms in
androgen responsive prostate cancer cells LNCaP and LAPC4 [123] and repeated exposure to
androgen deprivation induced senescence promote the formation of senescence resistant cells
in the population which show androgen resistant characteristics. A recent study indicated that
treatment of LNCaP cells with naturally occurring androgen receptor antagonist atraric acid
(AA) causes Rb-hypophosphorylation and increases of pl16 expression, leading to cellular
senescence. In addition to the studies delineating the link between androgen deprivation and
cellular senescence. Interestingly, it has also been reported that supraphysiological levels of
androgen can induce cellular senescence by increasing ROS [124-127]. Supportive to these
findings, another study demonstrated that high levels of androgen stimulation also results in
cellular senescence through Src-Akt pathway [128]. Taken together, recent studies indicate

that senescence can occur in prostate cancer through both AR inhibition and overactivation.
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1.3 Aims of this work

The mechanism through which ARV7 maintains constitutive activity is extremely important
to understand the basic biology of CRPC and then find novel drugs to successfully treat
CRPC patients. Therefore, in this project we proposed to characterize the molecular
mechanism of ARV7 activation. The overall aims of this work presented in this study are as

follows:
Functional characterization of ARV7(Chapter 3)

e To generate a “tunable” system that can allow us to modulate the level of ARV7 or
ARMME™ activity through chemical agents.

e To characterize the impact of ARV7 on gene expression, proliferation, cell cycle. This
model will also be used to further validate various pharmacological treatments to

determine how to best inhibit ARV7 mediate proliferation.

Structural interaction of androgen receptor and ARV7 (Chapter 4)

e To quantify both the intra- and intermolecular interactions using fluorescently labeled
ARV7 with live-imaging FRET.

e To quantify both the type and kinetics of interactions that are required for DNA
binding and activation.

e To determine if the ARV7 forms dimers with other variants (homodimerization) or if

they require an ARfull length (heterodimerization).

13



Chapter 2:

2.1 Materials

2.1.1 Chemicals and reagents

Materials and methods

Materials and methods

All chemicals were purchased from Sigma-Aldrich or Merck unless otherwise stated.

Molecular biology reagents were obtained from Biorad, Promega, Invitrogen, Thermo Fisher

Scientific, Macherey-Nagel, Roche,

and New England Biolab. Cell culture reagents were

purchased from Gibco, Invitrogen, or Lonza. Bacterial growth media was purchased from BD

and antibiotics were purchased from Gold BioTechnology or Sigma.

2.1.2 Bacterial strains and cell lines

E. coli strains used for maintenance and cloning of all plasmids are described in Table 1.

Table 1: E. coli strains used for maintenance and cloning of all plasmids.

E. coli strains ‘ Chromosomal markers
DH5a dlacz, A M15, A(lacZYA-argF) U169, recAl, endAl, hsdR17 (rK-mK+), supE44,
thi-1, gyrA96, relAl [129]
STBL3 F, merB, mrrhsdS20 (rg’,mg’), recAl3, supE44, ara-14, galK2, lacY1, proA2,
rpsL20(Str®), xyl-5, A’leumtl-1

2.1.3 Bacterial growth media

The media used to grow E. coli are described in Table 2. All media was sterilized by

autoclaving for 30 min at 121 °C.

Media ‘
244620 - BD Difco™ LB Broth,
Miller (Luria-Bertani)

Table 2: Media used for growth of bacteria in this study.

Components
25 g/L medium contains, 10.0 g Tryptone, 5.0 g Yeast Extract,
10.0 g Sodium Chloride

244520 - BD Difco™ LB Agar, Miller

(Luria-Bertani)

40 g/L medium contains, 10.0 g Tryptone, 5.0 g Yeast Extract,
10.0 g Sodium Chloride, 15.0 g Agar




Materials and methods
2.1.4 Plasmids

2.1.4.1 Plasmids used for Functional Characterization of ARV7

2.141.1 TetO-FUW-EGFP

The plasmid is used as lentiviral transfer vector for doxycycline-inducible expression of
EGFP (Figure 2-1) (Addgene plasmid # 30130) [130].
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Figure 2-1: TetO-FUW-EGFP plasmid map.
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2.1.4.1.2 pLIX 402

The plasmid is a gateway-compatible destination lentiviral vector, used for Tet-ON -
doxycycline-inducible gene expression with the Tet Response Element (TRE) promoter
(Figure 2-2). It has rtTA-VP16-2A-puro expression under the control of PGK promoter, thus,

can be considered an "all-in-one' inducible system (Addgene Plasmid #41394).
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Figure 2-2: pLIX_402 plasmid map.
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2.1.4.1.3 pLIX_402-ARV7 plasmid
The plasmid was generated by inserting ARV7 cDNA into pLIX_402 plasmid by gateway
cloning (Figure 2-3).
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Figure 2-3: pLIX_402-ARV7 plasmid map.
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2.1.4.2 Plasmids used for structural interactions of ARV7

2.1.4.2.1 Plasmids used in FRET experiments

2.1.4.2.1.1 pC17V
The plasmid expresses a Cerulean-Venus fusion protein attached via a 17 amino acid linker. It

can be used as standard in FRET experiments (Figure 2-4).

BspEI {1538)
/ BgllI (1597}
- PaeR7I - ThI - XhoI {1601}
~ Eco53kI (1606)
. sacl (1608)
" HindIII (1610}
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Figure 2-4: pC17V plasmid map.
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2.1.4.2.1.2 mCerulean N1
The plasmid has a multiple cloning site upstream of a Cerulean gene, enabling the expression

of C-terminus Cerulean fusion constructs (Figure 2-5) [131]. Cloning requires modification
of the stop codon at of the gene of interest so that the fusion construct is successfully

translated (Addgene Plasmid #27795).
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Figure 2-5: mCerulean N1 plasmid map.
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2.1.4.2.1.3 mCerulean C1

The plasmid contains a multiple cloning site downstream of a Cerulean gene, enabling the
expression of N-terminus Cerulean fusion protein (Figure 2-6) [129]. The stop codon of the

Cerulean is mutated to allow translation of a fusion protein. (Addgene Plasmid #27795)
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Figure 2-6: mCerulean C1 plasmid map.
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2.1.4.2.1.4 mVenus N1

The plasmid has a multiple cloning site upstream of a Venus gene, allowing the expression of
C-terminus Venus fusion constructs (Figure 2-7) [131]. Cloning requires modification of the
stop codon at of the gene of interest so that the fusion construct is successfully translated.

(Addgene Plasmid #27793)
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Figure 2-7: mVenus N1 plasmid map.
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2.1.4.2.1.5 mVenus C1
The plasmid contains a multiple cloning site downstream of a Venus gene, enabling

expression of a N-terminus Venus fusion protein (Figure 2-8). The stop codon of the Venus
was deleted for generation of a single transcript for the generation of fusion protein. (Addgene

Plasmid #27794)
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Figure 2-8: mVenus C1 plasmid map.
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2.1.4.2.2 Plasmids used in Mammalian Two-Hybrid System (MTHS)
Empty pACT and pBIND plasmids were kindly provided by Prof. Halil Kavakli (Kog¢
University).

2.1.4.2.2.1 pACT

This high-copy plasmid is used to generate a herpes simplex virus VP16 activation domain
(amino acids 411-456)-fusion protein for MTHS (Figure 2-9). Expression of the VP16-gene
fusion is driven by a human cytomegalovirus (CMV) immediate early promoter. The cDNA
clones of interest are cloned into the multiple cloning site, and the expression of cDNA is
increased due to the presence of the chimeric intron, CMV promoter, and polyadenylation

signal.
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Figure 2-9: pACT plasmid map.
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2.1.4.2.2.2 pBIND

This high-copy plasmid is used to generate a yeast GAL4-fusion protein for MTHS (Figure
2-10). The vector has CMV immediate early promoter-chimeric intron-GAL4 fusion protein
and multiple cloning site in 5’-3” direction. The vector also constitutively expresses a renilla

luciferase gene for transfection normalization.
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=

Figure 2-10: pBIND plasmid map.
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2.1.4.2.2.3 pG5luc

This high-copy plasmid is used to quantify the interactions between two proteins in MTHS
(Figure 2-11). The plasmid has five GAL4 binding sites at 5’ of a minimal TATA box
upstream of a firefly luciferase gene. Transcriptional activation of the firefly luciferase
reporter gene is dependent on interaction of DNA-binding domain (GAL4) and the
transcriptional activation domain (VP16).
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Transcription
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pG5/ue
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GAL4 Binding Sit
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Polyadenylation
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Figure 2-11: pG5luc plasmid map.
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2.1.5 Primers

Oligonucleotide primers used for cloning, site-directed mutagenesis and qRT-PCR were
purchased from Macrogen (Macrogen Europe, Amsterdam, Netherlands). Oligonucleotides
used for sequencing of AR and ARV7 constructs for validation of cloning are shown in Table
3. Oligonucleotides shown in Table 4 and Table 6 were used for generation of constructs
used in FRET experiments. The primers used for generation of AR and ARV7 fusion
constructs for FRET experiments is described in Chapter Chapter 4: . Oligonucleotides used
in qQRT-PCR are listed in Table 7.

Table 3: Oligonucleotides used for sequencing of FRET constructs.

Oligonucleotide | Orientation Sequence (5’ - 3°)
[ARseq_1500] Sense CTCATCCTGGCACACTCT
[INtAR2000] Sense CCATTTCTGACAACGCCA
[Int_AR_for] Sense TTAGGGGGCACTTCG
[IntAR_rev] Antisense GAATACTCAGCAGTATCT
[Int_AR_1000] Sense CTATGGAGCTCTCACATG

[Int_AR1_Rev] Antisense CTAGATCACTGGGTGTGG
[Ext_AR2_rev] Antisense CAGAGGTTGATTGTCGAG

[Int_AR900_for] [ Sense ATTGATAAATTCCGAAGG
[Int700_Seq] Sense GGTGTAGTGTGTGCTGGA
[IntAr800_for] Sense ACCACCAGCCCCACTGAG
[IntARfull_for] Sense GCTTTAAAGGAACCAATT
[ColPCRAR_Rev] | Antisense CTTCCTGCTGCTGTTGCT
[INtAR1000_for] Sense CTATGGAGCTCTCACATG
[ExtAR2_rev] Antisense CAGAGGTTGATTGTCGAG
[Seq_venus_for] Sense GCCGCCGGGATCAC

AR _seq_5rev Antisense AGGGCCGACTGCGGCTG
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Table 4: Oligonucleotides used for generation of constructs.
Construct Oligonucleotide Orientation Expected Product Size Sequence (5° —3’)

For Tet ARV7 EcoRl Sense GGGGGGAATTCCATGGAAGTGCAGTTA
TetO-FUW-ARV7Y y 1916 nt

Rev Tet ARV7 EcoRl Antisense AAAAAGAATTCCTACGGGCGGGTCAT

For AR Xhol Sense AATACTCGAGCCATGGAAGTGCAGTTAG
p C-AR-V _ 2789 nt

Rev wtARDL Sall Antisense AATAGTCGACGCACTGGGTGTGGAAA

For AR Xhol Sense AATACTCGAGCCATGGAAGTGCAGTTAG
p C-ARV7-V 1915 nt

Rev ARV7DL Sall Antisense AATAGTCGACAAACGGGCGGGTCATTT

For AR Xhol Sense AATACTCGAGCCATGGAAGTGCAGTTAG
p C-AR 2787 nt

Rev WT C-fluoro BamHI Antisense AAAAAAGGATCCTCACTGGGTGTGGAAA

For AR Xhol Sense AATACTCGAGCCATGGAAGTGCAGTTAG
p C-ARV7 1917 nt

Rev ARV7 C-fluoro BamHI Antisense AAAAAAGGATCCCTACGGGCGGGTCATTT

For AR Xhol Sense AATACTCGAGCCATGGAAGTGCAGTTAG
p AR-V 2798 nt

Rev WT N-fluoro BamHlI Antisense AAAAAAGGATCCTCTAACTGGGTGTGGAAA

For AR Xhol Sense AATACTCGAGCCATGGAAGTGCAGTTAG
p ARV7-V 1916 nt

Rev ARV7 N-fluoro BamHI Antisense AAAAAAGGATCCCTCGGGCGGGTCATTT

Table 5: Primers used to clone ARV7 into TetO-FUW plasmids.

Oligonucleotide Orientation Sequence (5’ —3’)
For Tet ARV7 EcoRlI Sense GGGGGGAATTCCATGGAAGTGCAGTTA
Rev Tet ARV7 EcoRlI Antisense AAAAAGAATTCCTACGGGCGGGTCAT

The restriction endonuclease sites for ECORI enzyme are underlined.
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Table 6: Oligonucleotides used in site-directed mutagenesis and oligonucleotide clonings.

Construct

Oligonucleotide

Sequence (5° - 3°)

mCeruleanN1-AR_18
mCeruleanN1-ARV7_18
mVenusN1-AR_18

m VenusN1-ARV7_18

WtARNCer_18bpfor_68

ATG GTG AGC AAG GGC GAG

wtARNCer_18bprev_68

CCG CGG TAC CGT CGACTC

mCeruleanN1-AR_30
mCeruleanN1-ARV7_30
mVenusN1-AR_30

m VenusN1-ARV7_30

WtARNCer_30bpfor_72

ATG GTG AGC AAG GGC GAG GAG C

WtARNCer_30bprev_72

TGG ATC CCG GGC CCG CGG

Venus-6(GA)-ARV7

VenC1l_V7_Ascl_63 For

CGCCAAGTGCAGTTAGGGCTGG

VenCl _V7_Ascl_63 For

CGCCGGACTTGTACAGCTCGTC

6GAVenV7_adaptor_For

CGCGCTCAGATCTGCAGGTGCTGGAGCAGGTGCTGGAGCAGGTGCTG

6GAVenV7_adaptor_Rev

CGCGCAGCACCTGCTCCAGCACCTGCTCCAGCACCTGCAGATCTGAG
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Table 7: Primers used for gRT-PCR.

Forward Primer (5’ - 3°)

Reverse Primer (5’ - 3°)

sXBP1 CTGAGTCCGAATCAGGTGCAG ATCCATGGGGAGATGTTCTGG
usXBP1 CAGCACTCAGACTACGTGCA ATCCATGGGGAGATGTTCTGG

Total XBP1 TGGCCGGGTCTGCTGAGTCCG ATCCATGGGGAGATGTTCTGG

ATF4 GTTCTCCAGCGACAAGGCTA ATCCTGCTTGCTGTTGTTGG

BiP TGTTCAACCAATTATCAGCAAACTC TTCTGCTGTATCCTCTTCACCAGT
GRP4 GAAACGGATGCCTGGTGG GCCCCTTCTTCCTGGGTC

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

PSA GATGCTGTGAAGGTCATGGA TGGAGGTCCACACACTGAAG

KLK?2 AGCCTGCCAAGATCACAGAT GCAAGAACTCCTCTGGTTCG

FKBP1 TCCCTC GAATGCAACTCTCT GCCACATCTCTGCAGTCAAA

AR CCTGGCTTCCGCAACTTACAC GGACTT GTG CAT TGC GGT ACT CA
ARV7 CCATCTTGTCGTCTTCGGAAATGTTATGAAGC CTACGGGCGGGTCATTTTCAGATGTTTGCAGT
P14 CCTGGAGGCGGCGAGAAC CAGCACGAGGGCCACAGC

P16 CTTGCCTGGAAAGATACCG CCCTCCTCTTTCTTCCTCC

P21 TCGACTTTGTCACCGAGACACCAC CAGGTCCACATGGTCTTCCTCTG

P53 CCGCAGTCAGATCCTAGCG AATCATCCATTGCTTGGGACG

E2F GCAGAGCAGATGGTTATGG GATCTGAAAGTTCTCCGAAGAG
CycD1 TCAACCTAAGTTCGGTTCCGATG GTCAGCCTCCACACTCTTGC
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2.1.6 Antibodies

The antibodies used in this study are listed below in Table 8.

Materials and methods

Table 8: Antibodies used throughout this work.

Source Antibody Dilutions Catalog Number Description
Santa Cruz SC-816
Santa Cruz GAPDH Antibody (FL-335): sc-25778 1:4000 SC-25778 Rabbit polyclonal 1gG
Novus Biologicals gamma H2AX [p Ser139] Antibody (2F3) 1:200 nb100-78356 Mouse monoclonal
Invitrogen Alexa Fluor® 488 1:250 al11008 Goat anti-Rabbit 1gG (H+L) Secondary Antibody
Invitrogen Texas Red-X 1:250 16390 Goat anti-Mouse 1gG (H+L) Secondary Antibody
Santa Cruz goat anti-rabbit 1gG-HRP 1:4000 SC-2054
Santa Cruz goat anti-mouse IgG-HRP 1:4000 SC2055
Novus Biologicals 53BP1 Antibody 1:200 100-304 Rabbit polyclonal antibody
Santa Cruz Rb Antibody (C-15): sc-50 1:1000 SC-50 rabbit polyclonal 1gG
Cell Signaling Phospho-Rb Antibody (Ser-780) 1:1000 #9307 Rabbit polyclonal
Sigma LC3B 1:1000 L7543 Rabbit polyclonal
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2.2 Methods
2.2.1 Bacterial growth
2.2.1.1 Culture conditions of E. coli

Liquid cultures of E. coli were grown in LB in either sterile round bottom tubes for small
cultures (<5 ml) or in sterile 500 ml erlenmayer flasks with baffled-base for large cultures
(>50 ml) at 37 °C with shaking (225 rpm) for 16 hours. Cultures were inoculated with an
isolated bacterial colony or from glycerol stocks. After plasmid transformation, E. coli strains

were grown on solid media, on LB agar at 37 °C.
2.2.1.2 Antibiotics used and their concentration

The final concentrations of commonly used antibiotics are listed in Table 9.

Table 9: Concentration of commonly used antibiotics.
Antibiotics ‘ Concentration
Ampicillin 100 pg/mL

Carbenicillin 100 pg/mL
Chloramphenicol 25 ug/mL
Kanamycin 50 pg/mL

2.2.1.3 Production and storage of bacterial glycerol stocks

Strains of E. coli were stored at -20 °C as glycerol stocks for long term storage. Stocks were

prepared by freezing bacterial cultures with 25% glycerol in a 2 ml cryo-vial.
2.2.2  Molecular biology
2.2.2.1 Sequences

Nucleotide and amino acid sequence alignment and all in silico cloning were performed using

Serial Cloner software (http://serialbasics.free.fr/Serial Cloner.html).

2.2.2.2 Polymerase chain reaction

Polymerase chain reaction was done in a total volume of 50 ul using 0.5 uM of forward and

reverse primer, 200 uM dNTPs, 500 ng of template DNA, 1X polymerase buffer and 1 unit of
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Phusion Polymerase (NEB, # M0530S). Tag DNA polymerase (Fermentas, Dream Taq green
PCR master mix (2X)) was used for analytical purposes. For GC-rich template DNA, 1M
Betaine or 3% DMSO (v/v) was included.

Table 10: Thermocycling conditions for Phusion DNA polymerase.
Step Temperature Time
Initial Denaturation 98°C 30 seconds
25-35 Cycles 98°C 5-10 seconds
45-72°C 10-30 seconds
72°C 15-30 seconds per kb
Final Extension 72°C 5-10 minutes
Hold 4-10°C

Table 11: Thermocycling conditions for Tag DNA polymerase.

Step Temperature Time
30 Cycles 95°C 15-30 seconds
45-68°C 15-60 seconds
68°C 1 minute/kb
Final Extension 68°C 5 minutes
Hold 4-10°C

Table 12: PCR conditions for site directed mutagenesis of ARV7.
Step Temperature Time
Initial Denaturation 95°C 30 seconds
30 Cycles 95°C 15-30 seconds
63°C 15-60 seconds
68°C 1 minute/kb
Final Extension 68°C 5 minutes
Hold 4-10°C

2.2.2.3 DNA isolation

Plasmid DNA was purified from of E.coli using NucleoSpin® Plasmid (MACHEREY-

NAGEL) or NucleoBond® Xtra Midi/Maxi (MACHEREY-NAGEL) kits. Plasmid DNA

isolation system relied on NaOH/SDS lysis, clearing of the lysate, binding of DNA to silica
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resin containing columns and then elution with low-salt buffer. PCR products, enzymatic
reactions and DNA from agarose gels were isolated using NucleoSpin® Gel and PCR Clean-
up kit (MACHEREY-NAGEL). This system is also based on binding of DNA on silica

membrane in the presence of chaotropic salt and then purification with ethanolic buffer.
2.2.2.4 Quantification of DNA concentration

The relative yield of DNA was measured by spectrophotometric analysis at 260 nm (Azso)
wavelength using Thermo Scientific™ NanoDrop 2000 full-spectrum  UV-Vis

spectrophotometer.
2.2.2.5 Agarose gel electrophoresis

Agarose gels were prepared by boiling 1% agarose (w/v) in TAE (Tris-acetate-EDTA) buffer
(40 mM Tris, 20 mM acetic acid, 1 mM EDTA) (Fermentas, 50X TAE Buffer). DNA samples
were mixed in 1:6 ratio with 6X DNA loading dye (10 mM Tris-HCI (pH 7.6) 0.03%
bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol 60 mM EDTA) (Thermo-
Scientific, #R0611). A 1kb DNA ladder (NEB, # N3232) was run together with the samples to
determine the size of the DNA products. Electrophoresis was conducted under constant

voltage. Ethidium bromide (0.5 ng/ml) conjugated DNA was visualized with UV.
2.2.2.6 Restriction endonucleases

Purified DNA (1 ng) was digested with 10 U of restriction endonuclease (New England
Biolabs) for 1 h according to the manufacturers recommended conditions. Restriction enzyme

digestions were carried in total 20 pl volumes.
2.2.2.7 Cloning procedures

2.2.2.7.1 Cloning using PCR products

Purified plasmids were digested with relevant endonucleases, and the desired bands were gel
purified as described in section 0. For cloning involving a single restriction endonuclease cut
site, the backbone was dephosphorylated with Alkaline Phosphatase, Calf Intestinal (CIP)
(NEB, #M0290) to prevent self-ligation. Primers used for PCR were designed to include
desired restriction sites to the 5” and 3° ends of PCR product. Amplified PCR products were
purified and digested with the enzyme of interest as described in section 2.2.2.6. 50 ng of the
digested backbone and the PCR product (insert) were ligated in 1:3 molar ratio (calculated as:
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required mass insert (g) = desired insert/vector molar ratio x mass of vector (g) X ratio of
insert to vector lengths) by using 1 ul of T4 DNA ligase (NEB, #M0202), and 1 h incubation

at room temperature.

2.2.2.7.2 Subcloning
DNA having restriction sites on both 5’ and 3” were cloned into destination plasmid that has
the same sites in the same orientation. Both plasmids are digested with relevant enzymes the

desired portions are gel extracted and ligated with T4 DNA ligase.

2.2.2.7.3 Oligonucleotide cloning

Oligonucleotides were phosphorylated and annealed by mixing 1ul of each oligo (100 uM)
with 1ul of 10X T4 ligation buffer and 0.5 1ul of T4 PNK (NEB, M0201S) in total volume of
10 ul. Phosphorylation/annealing reaction was incubated in a thermocycler as follows: 30 min
at 37°C, 5 min at 95°C, and then ramp down to 25°C at 5°C/min. The annealed oligos were
diluted at a 1:200 dilution into sterile water and 1ul of the diluted oligos were ligated to
digested plasmid.

2.2.2.7.4 Gateway cloning with LR reaction

LR gateway cloning was conducted by incubating 75 ng pDONR vector (i.e. pPENTR1A-
geneX) and 75 ng pDEST vector (i.e. pLENTI CMV-PURO) with 1 ul LR clonase
(Invitrogen, 11791-020/ Gateway LR Clonase Il) in the presence of TE buffer at a final
reaction volume of 5 pl. The reaction mixture is incubated overnight at room temperature.
The reaction was then stopped with 0.5 ul of Proteinase K and incubated at 15 min at 37° C

before transformation.

2.2.2.7.5 Site-directed mutagenesis

Q5® Site-Directed Mutagenesis Kit (NEB, #E0554S) was used as per the manufacturer’s
instructions. Primers were designed to include the desired mutation in the target sequence.
The plasmid was amplified by PCR using Q5 Hot Start High-Fidelity DNA Polymerase with
mutagenic primers to create insertions, deletions and point mutations in the relevant plasmids.
Following to PCR, the amplified product was mixed with Kinase-Ligase-Dpnl (KLD) enzyme
mix for 5 minutes at room temperature and then transformed into chemically competent

bacteria.
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2.2.2.7.6 TOPO-TA Cloning

For addition of Adenine nucleotide to the ends of PCR product, 0.15-1.5 pmol of purified
PCR product was mixed with dATP (final concentration 0.2 mM), PCR buffer with
Magnesium (final concentration of MgCl,: 1.5 mM) and 1 unit of Taq polymerase in a final
volume of 50 ul and the mixture was incubated at 72 °C for 20 min. Following to Adenin
addition, TOPO® TA Cloning Kit (Invitrogen, #450641) was used with protocol as
recommended by manufacturer. 3 pl of fresh PCR product mixed with 1 ul of salt solution
and 1 ul of TOPO vector in a final volume of 6 ul was incubated for 5 min at room
temperature. The TOPO TA cloning mixture was transformed to chemically competent DH5q.

cells.
2.2.2.8 Heat shock transformation

Chemically competent DH5a and STBL3 strains of E.coli were transformed using a standard
heat shock protocol. Briefly, 50 ng of ligated cloning mixture was added to 50 ul of chilled
competent cells in a 15 ml round bottom tubes and then incubated for 15 min on ice. The
mixture was transferred to 42°C water bath for 45 seconds and then put on ice for 2 min. 250
ul of SOC medium (NEB, # B9020S) was added to the mixture and then incubated with
shaking (225 rpm) at 37°C for 1h.

2.2.3 Protein characterization
2.2.3.1 SDS-PAGE

Proteins were separated using discontinuous sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) system described by Laemmli [132]. 10 % separating gel was
composed of 375 mM Tris-HCI (pH 8.8), 10 % (v/v) Acrylamide:Bis 29:1, 0.1 % (w/v) SDS,
0.125 % (w/v) ammonium persulfate (APS) and 0.025 % tetramethylethylenediamine
(TEMED). The 6 % stacking gel was composed of 125 mM Tris-HCI (pH 6.8), 6 % (v/v)
Acrylamide:Bis 29:1, 0.125 % (w/v) SDS, 0.03 (w/v) APS and 0.004 % TEMED. Gels were
cast using Mini-PROTEAN® Tetra Handcast Systems (Biorad).

2.2.3.2 Western Blots

Cells were lysed with 1X passive lysis buffer (NEB, B3321S) and with 1X EDTA-protease
inhibitor (Gold Biotechnology, ProBlock™ Gold Mammalian Protease Inhibitor). Protein

35



Materials and methods

concentration was determined using Pierce™ BCA Protein Assay Kit. Protein samples were
mixed with 4x Laemmli Sample Buffer (Biorad, 161-0747) containing 10% B-
mercaptoethanol and denatured for 10 min at 95 °C. Proteins (5-10 pug) were run on a 10 %
SDS-gel at a constant current (25 mA). Proteins were transferred onto PVDF membrane
(Immun-Blot® PVDF Membrane, 162-0177) by Trans-Blot® Turbo™ RTA Mini PVDF
Transfer Kit (Biorad, #170-4272). The membranes were blocked with 5% non-fat dry milk
(Biorad, 170-6404 / Blotting-Grade Blocker_Non-fat dry milk) in TBS-T (20 mM TrisHCI,
150 mM NacCl, 0.1% v/v Tween-20, pH 7.8) at RT for 2 hour. All antibody dilutions are listed
in (Table 8). The membranes were incubated with primary antibodies overnight at 4°C;
GAPDH (Santa Cruz, (FL-335): sc-25778) was used as loading control. Primary antibodies
were washed in TBS-T 6 times for 5 min. The membranes were incubated with secondary
antibodies for 1 hour at RT and washed with TBS-T 6 times for 5 min. Membranes were
developed using ECL western blotting substrate (Pierce™ ECL Western Blotting Substrate,
Cat no: 32106) and CL-XPosure Film (Thermo-Scientific).

2.2.4 Cell culture
2.2.4.1 Culture conditions

LNCaP, LNCaP-Abl, LNAI, BpH-1 cells were grown in RPMI 1640 (Lonza, BE12-702F)
medium, supplemented with 1% Penicillin-Streptomycin (Invitrogen, 15070-063) and either
10% fetal bovine serum (Invitrogen)(wtLNCaP and 22Rv1), 10 % Tetracycline free Fetal
Bovine Serum (Biowest, S181T-500) (SCC7) or 10% Charcoal Stripped Fetal Bovine Serum
(Biowest, S181F-500)( LNCaP-Abl, LNAI and BpH-1). RWPE cells were grown in
Keratinocyte Serum-Free Media (Gibco™, cat# 17005042). HEK 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Lonza) supplemented with 10% fetal bovine

serum (Invitrogen). All cells were grown in 37° C humidified incubator with 5% CO,.
2.2.4.2 Production of lentiviruses

Second-generation lentiviruses were packaged according to previously published protocols
[133]. 293T cells (2.5x10°% were seed in a 10 cm plate and next day 2250 ng of packaging
vector (8.2AVPR), 250 ng of VSVG envelope vector and 2500 ng of transfer vector were
transfected in using 20 ul of Fugene (Promega E2692 / Fugene 6.5 x 1ml). Viruses were
collected 48 and 72 hr following transfection. Viral containing media was filtered with a
0.45um filter, aliquoted and stored at -80°C.
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2.2.4.3 Stable transduction of the cells

Cells seeded into 6 well plate (200,000/well) were transduced with lentiviruses in media
containing 8 pg/ml of protamine sulfate. Transduced cells were selected with puromycin at
killing concentration for 72 hours. The cells were grown one extra day in complete medium

for recovery.
2.2.4.4 Determination of viral packaging efficiency

To determine the viral packaging efficiency, 293T cells were seeded in each well of a 6-well
(200,000/well) in complete DMEM. One day after seeding, the cells were transduced with 10,
100 and 1000 pl of CMV-EGFP viruses as described in 2.2.4.3. Three days after transduction
the cells the expression of green fluorescent protein were checked by inverted fluorescent

microscopy.

Bright Field Merged GFP Channel

Figure 2-12: GFP expression in 293 T cells transduced with different amount of CMV-EGFP
virus.

A representative experiment outlining for determination of viral packaging efficiency. A, no
virus; B, 10 ul of virus; C, 100 pl virus, and D, 1000 pl of virus. The pictures were taken at
4X objectives, total 40X magnification. Accordingly, 1000ul of virus was used to transduce
200,000 cells to ensure that all the cells in the well-plate have been infected by the virus of
interest.
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2.2.45 Transient transfection of the cells

As indicated, 1 pg of plasmid DNA was used to transfect 200,000 cells using Fugene
(Promega E2692 / Fugene 6, 5 x 1ml) following the protocol provided by manufacturer. DNA

amount was changed if less or more cells were to be transfected.
2.2.4.6 Single cell generations

1000 cells were seeded into first column of a 96-well plate and serially diluted by half till the
last column. The wells at the edges of the plate were filled with PBS to prevent drying of the
cells. Single cells that were able to form colonies were further grown and expanded in

separate wells.
2.2.4.7 Live cell imaging experiment for cell proliferation

200,000 cells were seeded to a 6-well-plate for live cell imaging. The cells were incubated 24
hours after seeding in a regular incubator then transferred to Olympus Xcellence Pro inverted
fluorescence microscope with a 60X air objective, numerical aperture 1.35. The cells were
maintained in microscope incubation chamber for 24 hours at 37 C temperature and 5 % CO..
Experiments were performed in RPMI medium supplemented with 10% Tetracycline free
FBS. A total of 288 frames were recorded at 5 min interval. Multiple stages from each well
were imaged during the image acquisition. ANDOR iXon3 Electron Multiplying Charge
Coupled Device (EMCCD) was used to record white light illumination and fluorescence. The
data was recorded using custom data acquisition software.

2.2.4.8 X-gal staining

Cells grown in 24-well plates were fixed in 0.2% glutaraldehyde (5 min, RT) and rinsed in
PBS. The cells were then incubated overnight at 37°C in staining solution (1mg/ml X-gal, 150
mM NaCl, 2 mM MgCl,;, 5 mM K3Fe(CN)s, 5 mM KyFe(CN)s, 40 mM NaP (pH 6.0)),
washed in PBS and stored in 70% glycerol (4 °C). For quantification, the experiment was
done in triplicates. Pictures were taken at total 200X magnification under inverted light
microscope, and the cells were assayed as B-galactosidase positive if they have blue
precipitate around nucleus. Analysis was done as the mean of triplicates for each condition

and for every set, at least 100 cells were assessed.
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2.2.4.9 Cell cycle analysis using BD-Accuri-Flow Cytometer

Cells for flow cytometry were trypsinized, washed with PBS and then permeabilized with ice
cold 70% ethanol for 30 min at 4°C. The cells were then washed two times with PBS, treated
with RNase (100pg/ml, at RT, 15 min) and then stained with Propidium Iodide (50 pg/ml, at

RT for 30 min). DNA content was analyzed using BD Accuri flow cytometer.
2.2.4.10 Luciferase Assay

293T cells were seeded in a 24 well plate (50,000 cell/well). Cells were co-transfected with
plasmids containing AR™"%" or C-terminally truncated, constitutively active isoform ARV7
together with an androgen response element (ARR3tk)-luciferase reporter. A plasmid
expressing a GFP-luc fusion protein was used as positive control. 24 hour after transfection of
cells were lysed in 100 ul of Luciferase cell lysis buffer (NEB, B3321S) and lysates were
transferred into white 96 well-plates (30 pl/well) as triplicates. 100 pL of luciferin buffer (15
mg/ml D-luciferin Potassium Salt (Gold Biotechnology, Cat#LUCK-500) dissolved in 2 mM
EDTA, 500 nM Tris pH7.8, 200 nM ATP, 20 mM MgSO4, 100 mM DTT) was added to the
plate using the automatic dispenser, mixed and then read using a Synergy H1 Multi-Mode

Reader.
2.2.4.11 gRT-PCR

RNA was isolated using Macherey-Nagel NucleoSpin® RNA Mini kit following
manufacturer’s instructions. 500-1000 ng RNA was used to synthesize cDNA with M-MLV
Reverse Transcriptase (NEB, #M0253). Relative gene expressions were detected by using
LightCycler® 480 SYBR Green | Master (Roche). The primers used in these experiments are
listed in Table 7, the primers for measuring ER stress were taken from [134].

2.2.4.12 Cell viability assay (MTS)

Cells were seeded in a 96-well plate (3000 cell/well). Treatment was done in % dilutions
starting from first column. Depending on the experiment, cells were grown for 3 or 7 days in
37°C humidified incubator with 5% CO,. On the day of assay, 15 pl of MTS solution
(prepared from MTS Reagent Powder, using manufacturer’s protocol, CellTiter 96®
Aqueous) was added to each well. After incubation (~2hr) at 37°C with 5% CO; the plates
were read using a Synergy H1 Multi-Mode Reader.
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2.2.5 FRET experiments
2.2.5.1 Ratiometric FRET using live cell imaging

Before transfection, 293T cells were seeded in each well of a 24-well plate (50,000/well).
Next day, 250 ng of DNA was transfected into the cells using Fugene transfection reagent in
3:1 ratio (ul of Fugene/ug of DNA). DHT was used as agonist in 1 nM final concentration for

the activation of AR and EtOH was used as solvent control.

Following overnight incubation, transfected cells were transferred to Olympus Xcellence Pro
inverted fluorescence microscope with a 40X air objective, numerical aperture 0.60. The cells
were maintained in microscope incubation chamber during the experiment at 37 °C
temperature and 5 % CO,. Experiments were performed in DMEM medium supplemented
with 10% FBS. An ANDOR iXon3 EMCCD camera was used to record white light

illumination and fluorescence.

Before the acquisition of each experiment a minimum of 5 different stage positions were
recorded for every condition. A total of 72 frames were recorded in 5 min interval unless the
otherwise specified. For every field and at each time point the images were acquired in three
channels (Table 13).

Table 13: Fluorescence channels used in ratiometric FRET experiments.
Channel ‘ Excitation Emission

CFP 427+10 475420

YFP 504+12 542427

CFP_YFP (FRET) 427+10 542427

The cell trajectories were estimated by using a custom generated script in MATLAB. Image
analysis was done in four steps. In the first step the images were segmented and all images
were articulated based on a threshold filter involving calculations to remove the background
signal. Pixel noise was removed with a low pass Gaussian kernel filter. From the smoothed
images the cell coordinates are estimated for each frame. Using the intensities, the center of a
cell is located based on the local maximum which defines the position for each cell in the
frame. Within each consecutive image, the displacement of each individual cell was
determined from the mean square displacement calculation and position estimation. The

position of every cell was recorded for generation of cell-trajectory and statistical analysis.
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Based on probability calculations, the position of each cell in each frame was connected to its

position in next frame sequentially.

The fluorescence intensity of each cell was measured in three channels (Table 13) in its
position. The correct measurement of FRET requires the correction factors a and b which are
derived from images of cells that express donor or acceptor protein only, the aim of which is
prevention of the bleed-through of CFP and YFP fluorescence occurring due to their
excitation at the excitation wavelength of CFP [135]. These coefficients are calculated as
follows [136]:

I 1
a = 2L of acceptor protein, b = FRET

IYFP CFP

of donor protein

Instead of calculating the correction coefficients from a single frame, the values a and b are
calculated for every frame in the experiment so that both fluorescence intensity increase due
to increased protein expression and the decrease in the fluorescence intensity due to
exponential decay are taken into consideration within every frame. For the FRET intensity net

FRET was calculated using the following formula [137]:
net FRET = I prgr — (Iypp x @) — (Icpp X b)
I prgr = Intensity of FRET, Iypp = Intensity of YFP, [.rp = Intensity of CFP

Using the formula above, a non-radiative fluorescence energy transfer from donor to acceptor
is interpreted if net FRET value is positive [138]. To prevent the difference in nFRET
occurring only because of increased expression of interacting partners, the calculated nNFRET
value was normalized using correction coefficients of donor and acceptor fluorophores and is
represented as normalized FRET (NFRET) [136]:

nFRET

VIcrp * Iypp

NFRET =

2.2.5.2 Acceptor Photobleaching FRET

One day before transfection 200,000 Hep3B cells were seeded on top of a glass slide in each
well of six-well plate. Next day, 500 ng of DNA was transfected into the cells using Fugene
transfection reagent in 3:1 (ul of Fugene/ug of DNA). R1881 was used as agonist in 100nM

final concentration for the AR activated samples.
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A Zeiss LSM 520 microscope was used in all experiments. Argon 458/477/488/514 nm lamp
and heat platform was turned on at least 30 min before experiment starts to let the light
stabilize and to provide 37 °C temperature for the cells, respectively. Plan Neofluar 40x/1.3
Oil objective was used. All the measurements was done with a specific excitation, which was
ensured by measuring the transmission % resulting in 5uW 514 nm excitation of YFP and
10uW 458 nm excitation of CFP.

The scan was done in frame mode; generating images with 512x512 pixels size. Scan speed
was set to 8 and pixel depth to 8 bit. Zoom factor 1 was used for searching cells and for

imaging Acceptor photobleaching FRET it was set to 4.4, which makes pixel size 100 nm.
Both the YFP and CFP signals were scanned twice in the following order:

- First Scan > Bleaching > Second Scan
Thus we have the following procedure:

- YFP image > CFP image > YFP bleach > YFP image > CFP image

After scanning YFP and CFP channels, YFP was bleached in a region of interest (previously
defined by Martin van Royen, a square of 100x100 pixels in the middle of the image).
Specifically, region was picked from nucleus. Scanning of ROI 25 times with YFP excitation
wavelength (514 nm) at high laser power (100%) with 25 iterations was used to bleach most
of YFP.

The cells were kept on 37°C to maintain the cell viability. To prevent focal plane shifts
caused by temperature changes, cells were allowed to reach 37 °C after the cover slide
containing cells were put on the microscope stage. Cells focused with white light, then
fluorescent light was used to pick cells which were successfully transfected. A flat, healthy
cell was picked and aligned to the middle of the image, if required; the image was cropped to
have cells in the middle. Zoom factor was adjusted to 4.4. The bleach region was defined.
Each cell is measured by Start button on the window of the software. From each condition,

~15 cells were measured.
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Chapter 3: Functional Characterization of Androgen
Receptor Variant ARV7

3.1 Introduction

Understanding how AR-V7 can causes constitutive transcriptional activity is critical to
understanding the mechanism of CRPC. However, it is unclear if the AR-V7 functions in situ
as a homodimer or heterodimer with numerous conflicting studies supporting each theory. To
clarify this role, we aimed to develop an inducible AR-V7 cell line that would allow us to
control both the expression of the variant and also inhibit the AR™®"9™ with antiandrogens.
With this “tunable” model we could then study the differences in cell cycle progression and
AR signaling upon induced expression of ARV7. At the end, this study might shed light on
the treatment of CRPC based on the inhibition of transcription regulated by ARV7 instead of
directly targeting wild-type AR itself.

Therefore, the specific aims of the work presented in this chapter are:

e To clone ARV7 gene into an inducible vector

e To generate ARV7 expressing stable cell lines by transducing cells with inducible
ARV7 expressing lentiviral particles

e To isolate single cell clones of ARV7 expressing cells

e To characterize the effect of ARV7 expression on cell viability, cellular proliferation,

and cell cycle

43



Functional Characterization of Androgen Receptor Variant ARV7

3.2 Results

3.1.1 Generation of inducible ARV7 expressing LNCaP cell lines using TetO-FUW

backbone
3.2.1.1 Cloning of ARV7 gene into TetO-FUW plasmid

We initially cloned ARV7 into TetO-FUW-EGFP (Figure 2-1). To remove EGFP, TetO-
FUW-EGFP was digested with EcoRlI, gel purified, and then dephosphorylated with Calf
Intestinal Alkaline Phosphatase. The gene encoding ARV7 was PCR amplified from
PENTR1A_ARV7 plasmid using the primers in the Table 5. The resulting PCR product
(1916 bp) was purified, digested by EcoRI restriction enzyme, and ligated with the
dephosphorylated TetO-FUW- backbone with T4 ligase.

EcoRl! digestion

Alkaline phosphatase

TetO-FUW-eGFP é 8377 bp
9115 bp

PCR from
pENTRIA_ARV7

' v

EcoRl EcoRI EcoRl digestion EcoRI EcoRl

|
TetO-FUW-ARV7 < ARV7

10277 bp

Figure 3-1: Cloning strategy used to generate TetO-FUW-ARV?7.
3.2.1.2 Lentiviral Packaging of TetO-FUW-ARV7

Lentiviral particles of TetO-FUW-ARV7, TetO-FUW-EGFP, CMV-EGFP and rTTA were

generated using a standard protocol (Figure 3-2) described in section 2.2.4.2.
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Figure 3-2: Outline for lentiviral packaging.

3.2.1.3 Transduction of LNCaP cells

The cells were transduced and then selected with puromycin. The cells were treated with

doxycycline (2 pg/ml) for 24 h and the lysates were collected for western blotting as
described in section 2.2.3.2. LNCaP cells were seeded into a 6-well plate (200,000/well) and

transduced with following viruses:

Table 14: Transduction of LNCaP cells with TetO-FUW plasmids and rTTA.

rTTA  Doxycycline Expected expression
CMV-eGFP - - eGFP
No inducible virus + - No expression
TetO-FUW-eGFP - - No expression
TetO-FUW-eGFP + - No expression
TetO-FUW-eGFP + + EGFP
TetO-FUW-ARV7Y - - No expression
TetO-FUW-ARVY + - No expression
TetO-FUW-ARV7 + + ARV7
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Bright Field Merged GFP Channel

No Doxycycline

+Doxycycline

Figure 3-3: LNCaP cells transduced with TetO-FUW-eGFP and rTTA viruses.

The cells were selected with Puromyecin and then treated with doxycycline for 24 h to check
the inducible gene expression. Images were taken at 4X objectives with total 40X
magnification under inverted fluorescent microscope.

Pool 1 2 3 6 8 11

Dox (2ug/ml)

AR (110 kDa) _
ARV7 (75 kDa) m—

Pool 16 17 19 20 23 25
Dox (2ug/ml) - + -+ - + - + - + - + - +

AR (110 kDa) __

ARV7 (75 kDa) = -
Pool 12 18 21 24
Dox (2ug/ml) - + - + - + _ - _ +
AR (110 kDa) _ m- ;
ARV7 (75kDa) — | ™= R e R

Figure 3-4: Single cell clones of TetO-FUW-ARV?7.

Sixteen representative single cell clones were tested following TetO-FUW-ARV7 and rTTA
transduction. Each colony was grown with/-out doxycycline (2 ug/ml) to check the level of
ARV7 expression. At 24 h post treatment cell lysates were prepared and subjected to western
blotting. Pool indicates the transduced cell population before single cell clone isolation.

As the pooled sample showed ARV7 expression (Figure 3-4), single cell clone screening was
done. However, none of 48 single cell clones isolated expressed ARV7 in the presence of
doxycycline. As the system requires transduction of both TetO-FUW-ARV7 and rTTA

encoding viruses we have decided to try an “all-in-one” doxcycyline model.
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3.2.2 Generation of inducible ARV7 expressing LNCaP cell lines using pLIX_402

backbone

Given the results using an inducible system that requires two plasmids, we moved into an
“all-in-one” system that contains both components. Specifically, we chose to work with a
pLIX 402 plasmid that expresses rTTA-VP16-2A-puro from the PGK promoter (Figure 2-2).
Transduced cells expressing the rTTA-advanced element that have been treated with
doxycycline will express the gene that is controlled by the tight TRE promoter (Figure 3-5).
As the rTTA component of the Tet-On inducible system is also present in the backbone itself,
transduction of the cells with the virus generated by this single plasmid can allow inducible

gene expression.

rtTA-Advanced

|—> attB2
e e 0
T E——TT

Dox

Gene of interest ﬂ
tight TRE promoter | HA

attB1

tet operator | | tet operator
tet operator tet operator

Figure 3-5: Tet-On system summary.
3.2.2.1 Cloning of ARV7 into pL1X_ 402 backbone

ARV7 was previously cloned into a gateway compatible pENTR1A entry vector by Dr.
Nathan Lack. With this construct we moved ARV7 into the destination pLIX_402 vector
using an LR recombination reaction (2.2.2.7.4). The construct was validated by restriction

enzyme digestion and sequencing (Figure 2-3).
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3.2.2.2 Transduction of wtLNCaP cells with pLIX_402-ARV7 lentiviruses

To test our inducible system, we transduced wtLNCaP with lentiviruses containing
pLIX_402-ARV7 (2.2.4.3) and selected transduced cells with Puromycin (2 ug/ml) for 72 h.
With the selected cell we then tested ARV7 expression by inducing expression with
doxycycline (2 pg/ml). As determined by western blotting, ARV7 was clearly expressed in
transduced and doxycycline-treated wtLNCaP cells (Figure 3-6).

wtLNCaP
wtLNCaP ARV7
Dox (2 ug/ml)

- + - +
AR (110 kDa) _ ---.

ARV7 (75 kDa) w=

GAPDH (37 kDa) — | #lIN *HED ewmm am—

Figure 3-6: ARV7 expression in LNCaP cells transduced with pLIX_402-ARV7.

Cells (200,000/well) were transduced 24 h after seeding and were treated with doxycycline
for 24 h. Cell lysates were prepared for protein characterization as described in section 2.2.3.
GAPDH was used as internal control.

PSA

ONo Dox

06,25 ng/ml Dox
825 ng/ml Dox
@500 ng/ml Dox

mRNA expression levels

@ | ™
wiLNCaP ARV7

DHT

(1nM) WILNCaP

Figure 3-7: PSA levels in wtLNCaP and ARV7 expressing LNCaP cells with change in Dox.
MRNA expressions of PSA and GAPDH in cells were detected by gRT-PCR. RNA isolation,
cDNA synthesis, and gRT-PCR were done as described (2.2.4.11). GAPDH was used as
internal control. Fold change of each mRNA transcript in each cell was relative to that of
wtLNCaP cells which were treated with neither doxycycline nor DHT.
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3.2.2.3 Single cell clones of ARV7

When working with the transduced population, we observed a flattened morphology in a
small percentage of LNCaP cells. To determine if this was due to cellular variability we
isolated single cell clones of the LNCaP Tet-V7 by limiting dilution (2.2.4.6). A total of 28
different single cell clones were isolated and expanded for characterization. With these clones
we initially tested the V7 expression by western blotting (Figure 3-8). Each single cell clone
showed different level of ARV7 expression depending on the copy number of integrated
viruses. There were cells which did not express ARV7, those with both AR™"%" and ARV7
and those which express high levels of ARV7 (Figure 3-9).

1 2 3 4 5 6 7
Dox (2 pg/ml) == - + - + - + - + - + - + - +
AR (110 kDa) _ | v - - el
ARV7 (75 kDa) — — [>--=] ==} pe_—) - =
GAPDH (37 kD) — | o e cr e s - s e — —— e e o
8 9 10 11 12 13 14
Dox (2 pg/ml) == - + - + = + = + = + = + - +
AR (110kDa) _ |- ———— .~ — o -
ARV7 (75 kDa) — - Bl - -I
GAPDH (37 kDa) . | e cnmms cnmme s s s = o
15 16 17 18 19 20 21
Dox (2 pg/ml) = - + - + + - + - + + - +
AR (110kDa) _ | - g L“‘ -— gy =
ARV7 (75 kDa) — o ' -y - =
GAPDH (37 kDa) [ s cme s s s
22 23 24 25 26 27 28
Dox (2 pg/ml) == - + - + - + - + - + - + - +

AR (110 kDa)

ARV7 (75 kDa) .

GAPDH (37 kDa) ..

Figure 3-8: ARV7 expressing single cell clones of LNCaP cells.
Single cell clones were treated with doxycycline for 24 h and lysates were collected for
protein characterization. GAPDH was used as internal control.
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Figure 3-9: Quantification of the levels of AR™®"9™ and ARV?7 in single cell clones.

The levels of AR™™" and ARV7 expression were quantified using ImageJ software. The
level of expression for each protein in a single cell clone was normalized to its GAPDH.

From these results we picked a single cell clone with high levels of ARV7 expression for
future studies (Single Cell Clone #7 (SCC7)). We treated SCC7 with various doxycycline
concentrations (0-500 ng/ml) and analyzed ARV7 expression by western blotting. The ARV7
expression was concentration dependent and similar to previous work AR™!e"9™" expression

was down-regulated by ARV7 expression (Figure 3-10).

We picked three different doxycycline concentrations for our experiments, representing three
distinct levels of ARV7 expression in prostate cancer patients; 6.25 ng/ml for low levels of
ARV?7 and high levels of AR™""" 25 hg/ml for similar levels of ARV7 and AR™e"9™" ang
500 ng/ml for high levels of ARV7 and low levels of AR™!ength,
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AR (110 kDa) o [ g mn some s s s s »
7]
2]
ARV7 (75 kDa) w— - e - @D G0 W0 eS| 2
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Figure 3-10: ARV7 expression in SSC7.

Cells were treated with increasing concentrations of doxycycline (0-500 ng/ml). Cellular
lysate was collected 24 h after treatment the cells and then analyzed by western blotting
(2.2.3.2). GAPDH was used as internal control.
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3.2.2.4 Live cell imaging of the change in morphology of SCC7

Live-cell microscopy is a powerful technique which allows for imaging cells under different
conditions to compare their growth in vitro [139]. As we observed a morphological change in
the ARV7 expressing clone, we did a live cell imaging experiment to better study this
observation. Similar to what we observed in the pooled population and SCC7 cells, there was
a gross morphological change as the cells became large and flat (Figure 3-11). As treating
eukaryotic cells with tetracycline and it’s derivatives can affect the mitochondrial genome
translation and induce cellular respiration defects [140], we also treated wtLNCaP cells with

doxycycline, and did not observe similar changes in these cells.

Dox
(500 ng/ml)

Time (h)

Figure 3-11: Live cell imaging of morphology of SCC7 cells.

After seeding SCC7 cells, the plate were transferred to Olympus Xcellence Pro inverted
fluorescence microscope with a 60X air objective, numerical aperture 0.7. We incubated the
cells for 24 hours at 37 °C temperature and 5 % CO,. A total of 288 frames were collected in
5 min intervals following doxycycline treatment.
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3.2.2.5 Autophagy marker in SCC7 cells

In addition to flattened and enlarged morphology, we observed vacuolization in ARV7

expressing SCC7, suggestive of either autophagy or senescence.

Microtubule-associated protein 1A/1B-light chain 3 (LC3) is a soluble protein distributed in
cells. During autophagy, it is conjugated to phosphatidylethanolamine to form LC3-
phosphatidylethanolamine conjugate (LC3-11), which is recruited to autophagosomal
membranes similar to other cytoplasmic components including cytosolic proteins and
organelles. After LC3-1 is engulfed in autophagosomes upon fusion of autophagosomes with
lysosomes, it is degraded in autolysosomal lumen. As LC3B degradation is linked to
autophagosomal degradation, detection of LC3B-II isoform in western blot is used as marker

for autophagy.

To test for autophagy we induced ARV7 expression in wtLNCaP and SCC7 cells and
checked the levels of LC3B-II isoform by western blotting (2.2.3.2). Despite the increase in
ARV7 expression, there was no change in the level of LC3B-I1I isoform suggesting that the

cells are not undergoing autophagy (Figure 3-12).

wtLNCaP SCC7
| 1
I H I 5
! 5 ! £
Dox (ng/ml) o Dox (ng/ml) o
. g ! &
o o
9 s ! 2 3 9 s | 2 3
o © & 3 | (=] = o © & 3 | [a] e
| |
AR (110 kDa) _ i [PR— AR (110 kDa) _ | S s e | |- —
ARV7 (75 kDa) _ I ARV7 (75 kDa) _ ad B
| |
GAPDH (37 kDa) — | ! u GAPDH (37 kDa) — 1
I L L R e— - -
\ I 1
| |
B | |
LC3B-I (17 kDa) = | s - -— LC3B- (17 kDa) =
-— e ’
LC3B-I - : P. LC3B-II =l : ’.

Figure 3-12: Autophagy marker in doxycycline-treated wtLNCaP and SCC7.

Rapamycin was used as positive control for autophagy. Following incubation of cells with
doxycycline for 24 h, cellular lysates were collected samples for western blotting. GAPDH
was used as loading control and the AR and ARV7 expression is also shown. Summary
results shown above from n=2.
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3.2.2.6 EMT markers in ARV7 expressing LNCaP cells

As we saw a difference in morphology of ARV7 expressing single cell clone of LNCaP cells,
we hypothesized that this morphological change may be due to epithelial-mesenchymal
(EMT) transition.

To test this, the expression of various EMT related genes was quantified following induction
of ARV7 in wtLNCaP and SCC7 cells. The levels of E-cadherin and N-cadherin did not
change significantly while the Snail is expressed less in response to ARV7 expression and
Vimentin is expressed higher when the cells are expressing ARV7.
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Figure 3-13: Epithelial-mesenchymal transition (EMT) gene expression in doxycycline-
treated wtLNCaP and SCC7 cells.

MRNA expressions of E-cadherin, N-cadherin, Snail, Vimentin and GAPDH in cells were
detected by qRT-PCR. GAPDH was used as internal control. Fold change of each mRNA
transcript in each cell was relative to that of non-treated wtLNCaP cells. (* for p< 0.05, ** for
p <0.01, *** for p < 0.001*; n=2)
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3.2.2.7 Unfolded protein response genes in ARV7 expressing cells

In this work we used an inducible lentiviral expression system to increase protein expression
of ARV7. The level of ARV7 expression increases in less than 24 hours to such a high level
that we see a decrease in the levels of AR™"9™ protein. Since we are expressing very high
levels of an exogenous protein the proteins might not be folded properly which can cause
unfolded protein response (UPR) in endoplasmic reticulum. Thus, we wanted to check
whether inducible ARV7 expression resulted in ER stress. In this, wtLNCaP and SCC7 cells
were treated with three different concentrations of doxycycline for 24 hours. Further, the cells
were treated with 1.5uM Thapsigargin, 10 uM Tunicamycin, and 2 mM DTT for 5 hours as
positive control (Tunicamycin inhibits N-linked glycosylation, Thapsigargin blocks the ER
calcium ATPase pump, and DTT is a strong reducing agent blocking disulfide-bond formation
[134, 141].). The mRNA expression of sSXBP1, usXBP1, totalXBP1, ATF4, BiP and GRP94
were quantified by qRT-PCR as a marker of the UPR (2.2.4.11).
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Figure 3-14: ER stress markers with UPR inducing chemicals.

Cells treated with indicated chemicals were collected for qRT-PCR for quantification of ER
stress markers (2.2.4.11). GAPDH was used as internal control. Fold change of each mRNA
transcript in each cell was relative to that of non-treated wtLNCaP or SCC7 cells.
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Figure 3-15: ER stress markers in doxycycline treated wtLNCaP and SCC7 cells.

MRNA expressions of sXBP1, usXBP1, totalXBP1, ATF4, BiP, GRP94 and GAPDH in cells
were detected by gRT-PCR. GAPDH was used as internal control. Fold change of each
MRNA transcript in each cell was relative to that of non-treated wtLNCaP cells.

Although Tunicamycin, Thapsigargin and DTT target different components of ER, their effect
at the end is unfolded protein response. Demonstrating that the system is working, we
observed a marked increase in ER stress markers in cells treated with these chemicals.
However, we did not observe a significant increase in the levels of XBP-1, sXBP-1, total
XBP-1, ATF4, BiP and GRP94 mRNA levels after 24 h doxycycline treatment, indicating that

ARV7 expression does not cause an UPR.
3.2.2.8 ARV7 expression and cellular senescence

Given that the cellular phenotype was not driven by autophagy or EMT transition, we
hypothesized that it is due to senescence. To test for this we used the common senesence
biomarker, Senescence-Associated B(-galactosidase (SA-B-gal). Extensive studies have
demonstrated that lysosomal 3-D-galactosidase (encoded by GLB1 gene) activity is increased

in senescence [91].
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In our experiments, ARV7 expression caused a dramatic increase in SA-B-gal activity (Figure

3-16) in 24 h time frame. The phenotype was dependent on the level of ARV7 expression and

was more significant in single cell clone (Figure 3-17).
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Figure 3-16: Senescence-associated -galactosidase staining in ARV7 expressing LNCaP

cells.
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Figure 3-17: Quantification of proliferative and senescent cells.
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The cells seeded in 12-well plates in triplicates were treated with indicated concentration of
doxycycline for 24 h. Xgal staining was done as described in section 2.2.4.8. The
quantification was done by taking pictures for each condition in total 200X magnification and
the cells were counted as senescent if the morphology was flattened and blue-precipitate was
formed. (* for p< 0.05, ** for p < 0.01, *** for p < 0.001)

Next, we wanted to show that the cells which are positive SA-B-gal are not actively dividing
and have arrested at cell cycle. We induced ARV7 and analyzed the cell cycle distribution by
quantification of DNA content as described in section 2.2.4.9. The cell cycle distribution of
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WtLNCaP cells treated with doxycycline did not change, while ARV7 expression in SCC7
and LNCaP pool dramatically increased the number of cells in Go/G; (Figure 3-18) This is

consistent with a senescent phenotype.
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Figure 3-18: Cell cycle distribution of ARV7 expressing LNCaP cells.

We then confirmed the arrest in Go/G; state by quantifying the cells grown in different
concentrations of doxycycline for 3 days as described in section 2.2.4.12. In this we observed
a dose-dependent decrease in cell viability in upon ARV7 expression in LNCaP cells (Figure
3-19).

=@= \tLNCaP =se= | NCaP-Poo| == SSC7

140+
120
1004 A
80
60
40+
20+

% Viability

Log [Dox (ng/ml)]

Figure 3-19: Cell viability in ARV7 expressing LNCaP cells.
The cells were treated with the indicated doses of Dox and cell viability, measured by MTS
assay, was detected 3 days after treatment.

In a heterogeneous pooled population of ARV7 transduced LNCaP cells show intermediate
levels of change in the senescence markers, i.e., increase in SA-B-gal staining (Figure 3-17)
G1/S cell cycle arrest (Figure 3-18) and decrease in proliferation (Figure 3-19). However, in

SCC7, the change in the markers is more significant.
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To demonstrate that the senescence phenotype was not unique to the single cell clone
selected, we tested 27 other single cell clones. The expression levels of ARV7 were
determined by western blotting (Figure 3-9) and senescence was quantified by f-
galactosidase staining at 28 different single cell clones treated with doxycycline (minimum
100 cells/condition). We found that the observed senescence is not unique to SCC7 and that

the percentage of senescence was strongly correlated to the level of ARV7 expression (Figure

3-20).
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Figure 3-20: ARV7 expression correlates to percentage of senescent cells.

3.2.2.9 Go/G; arrest at cell cycle is permanent

Our studies demonstrated that ARV7 expression causes LNCaP cells to accumulate at Go/Gy,
stain for SA-B-gal and have a marked decrease in proliferation. We wondered if this was due
to senescence or quiescence. Quiescence would allow the recovery of the phenotype after
removal of induction; thus, if doxycycline was removed the cells should transition from Go/G;
and decrease SA-3-gal staining.

To test this, ARV7 was induced for 24 h and the medium was changed to remove
doxycycline. Following 72 h recovery, the level of ARV7 decreased and AR expression was
reconstituted (Figure 3-21). However, the senescence phenotype was retained in the majority
of the population (Figure 3-21, Figure 3-22, Figure 3-23) demonstrating that the

proliferation arrest is not quiescence.
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Figure 3-21: Recovery of AR and ARV7 protein levels after Dox removal.

Cells were treated with 500 nM doxycycline for 24 h. After Dox treatment, we changed the
medium to Tet-free media and incubated the cells for 72 h. Following recovery (96 h after
t=0) we assessed the senescence markers in the cells.
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Figure 3-22: SA B-gal staining in SCC7 after Dox removal.

A. SA B-gal staining in SCC7 after Dox removal. The pictures were taken in 20X objectives.
B. Quantification of senescent cells. The experiment was done in triplicates and for every
condition, at least 100 cells were counted. All the samples were compared to negative control.
(* for p< 0.05, ** for p < 0.01, *** for p < 0.001)
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Figure 3-23: Viability of wtLNCaP and SCC7 cells after dox removal.
The cell viability measured by MTS assay. The comparisons were made within wtLNCaP or
SCC7. (* for p< 0.05, ** for p < 0.01, *** for p < 0.001)

3.2.2.10 Senescence is not due to decrease in expression of AR™!ength

As previous studies have shown that androgen deprivation can induce cellular senescence we
wanted to confirm that the ARV7-induced senescence was not due to the suppression of
ARMHeNIN Therefore, we cloned AR™M"" into pLIX_402 backbone using the LR
recombination reaction (2.2.2.7.4) and transduced Tet-inducible ARV7 LNCaP cells with the
pLIX_402-AR™MeM Jentiviruses. When these cells were treated with doxycycline, there is
exogenous expression of both ARV7 and AR (Figure 3-24, Figure 3-25).
Demonstrating that the senescence is not due to decreased expression of AR™!eMeven when
AR expression is maintained the cells still demonstrated a senescence cellular morphology
and markers of senescence including decrease in proliferation (Figure 3-26), cell cycle arrest
at Go/G; (Figure 3-27). Overall, this suggests that increased ARV7 expression in LNCaP cells

induce cellular senescence independent of AR™e™M expression.
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Figure 3-24: Protein levels of AR™®"9" and ARV?7 after co-transduction of Tet-on AR &
Tet-on ARV7T.

The cells were treated with doxycycline for 24 h and lysates were collected for protein
characterization. GAPDH was used as internal control.
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Figure 3-25: mRNA quantification of AR and ARV?7 levels with RT-PCR in wtLNCaP,
SCC7 and SCC7 cells expressing inducible AR™!en9th,
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Figure 3-26: Viability of treated cells measured by the MTS assay.
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Figure 3-27: Cell cycle distribution of AR recovered cells.
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3.2.2.11 Activation of tumor suppressor networks in ARV7 expressing LNCaP cells

The activation of senescence is commonly mediated by the p53 and p16INK4A-RB signal

transduction cascades [100, 101]. Increased p53 pl6INK4A-RB activity results in increase in
the cyclin-dependent kinase (CDK) inhibitors p16, p15, p21, and p27 [100, 101]. Activation

of CDK inhibitors result in inhibition of cyclin dependent kinases and eventually leading to

hypophosphorylation of Rb [102]. Similarly, following expression of ARV7 in LNCaP cells

we observed increased transcription of p14, p16, and p21 (Figure 3-28), and decreased levels

of Cyclin D1 and E2F (Figure 3-29). Matching the previously observed accumulation of cells

in G1/Go, there was a dramatic decrease in Rb phosphorylation in ARV7 expressing cells

(Figure 3-30).
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Figure 3-28: mRNA expression levels of tumor suppressors in wtLNCaP and SCC7 cells

with Dox and DHT treatment.

MRNA expressions of p14, p16, p21, p53 and GAPDH in cells were detected by gRT-PCR.
GAPDH was used as internal control. Fold change of each mRNA transcript in each condition
was relative to that of wtLNCaP cells which were treated with neither doxycycline nor DHT.
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Figure 3-29: mRNA expression levels of genes controlling G,/S transition.

MRNA expressions of CycD1, E2F and GAPDH in cells were detected by gRT-PCR.
GAPDH was used as internal control. Fold change of each mRNA transcript in each condition
was relative to that of wtLNCaP cells which were treated with neither doxycycline nor DHT.
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Figure 3-30: The levels of phosphorylated Rb protein upon ARV7 expression.
Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization. GAPDH was used as internal control.

3.2.2.12 Assessment of DNA Double-Strand-Breaks (DSB) in ARV7 expressing cells

H2AX is found in the histone octamer in nucleosomes. Kinases including ataxia telangiectasia
mutated (ATM) and ATM-Rad3-related (ATR) of the PI3K pathway phosphorylates H2AX
variant at the y position in order to mark regions for DNA repair [116, 141, 142]. Oncogene-
driven hyper-replication or ionizing radiation can induce double-strand breaks in DNA and
results in yH2AX foci formation on DNA, which can be used as indication DSBs. Hence,
immunofluorescence against y-H2AX is commonly used to quantify DSBs in cells [141].
Previously it has been shown that that androgen stimulation promotes co-recruitment of
androgen receptor and topoisomerase Il beta (TOP2B) to sites of TMPRSS2-ERG genomic
breakpoints, and it triggers TOP2B-mediated DSBs that lead to recombination [143].
Similarly, since ARV7 is constitutively active isoform, we have determined if ARV7

expressing LNCaP cells would show DNA damage response.
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Figure 3-31: DNA double-strand break (DSB) foci detected via H2AX/53BP1 co-staining.
(green=53BP1, red=H2AX) for LNCaP cells cultured under the indicated conditions.

We treated these cells as indicated based on previously published work (DHT for 2 h,
doxorubicin for 12 h, and doxycycline for 24 h) and did immunofluorescence for YH2AX and
53BP1 to detect DSBs (Figure 3-31). In doxorubicin-treated wtLNCaP cells, the number of y-
H2AX foci per cell increases upon doxorubicin treatment and the foci is colocalized with p53
binding protein 53BP1. Treatment of wtLNCaP cells with 100 nM DHT for 2 h also increases
the number of foci per cell, but the increase is not as much as that induced by doxorubicin. As
expected, we did not observe an increase in the YH2AX foci in doxycycline induced

wtLNCaP cells.
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Figure 3-32: DNA double-strand break (DSB) foci detected via H2AX/53BP1 co-staining.
(green = 53BP1, red = H2AX) for SCC7 cells cultured under the indicated conditions.

Next, we have detected the effect of ARV7 expression on gamma-H2AX-foci formation in
WtLNCaP cells by treating SCC7 cells with different concentrations of doxycycline (Figure
3-32). Interestingly we observed no significant change in the number of co-stained foci in
ARV7 expressing single cell clones. In addition, no senescence associated heterochromatic

foci was formed in response to Dox treatment.
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3.2.2.13 Generation of DNA Binding Mutant of pL1X402 ARV7

Our previous data demonstrated that ARV7 expression results in senescence in LNCaP cells.
To clarify if this occurs due to protein expression or transcriptional activity of ARV7 we
generated a mutation in DNA binding domain of ARV7. If senescence is caused by
transcriptional activation, then cells with mutant ARV7 should not enter senescence.
Therefore, using a Q5 site-directed mutagenesis kit we mutated two nucleotides of ARV7
(A596T/S597T) in the the pPENTR1A ARV7 plasmid (Table 6) [24]. Following confirmation
by sequencing, the ARV72°%TST \vas recombined into the pLIX402 plasmid by LR

reaction and then packaged into lentiviruses as previously described (2.2.4.2).

The site of mutation was validated by sequencing and pENTR1A ARV7 AS%TSS97D yyaq
recombined into pLIX402 plasmid using LR Clonase kit (2.2.2.7.4).
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Figure 3-33: AR and ARV7 expression in transduced 293T cells.

pCDNAS3.1 AR and pCDNA3.1 ARV7 were transfected into cells with fugene as a positive
control. Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization as described in section 2.2.3. GAPDH was used as internal control.

To test the expression and transcriptional activity of this mutant ARV7*5%TS597D 293T cells
were transduced with lentiviruses encoding pLIXAR, pLIXARV7, pLIX ARV7#5%T/s397N)
and pLIX GFP lentiviruses and then selected with puromycin. Western blotting of the cellular
lysates demonstrated that transduced cells expressed AR, ARV7 and ARV 7*5%TS597T) \yhen
induced with doxycycline and that the mutation did not significantly affect expression
(Figure 3-33). 293T cells transduced with pLIX lentiviruses were transfected with ARR3TK-

Rfull-length was

luciferase reporter plasmid and then assessed for AR transcriptional activity. A
transcriptional activity in the presence of testosterone, while constitutively active ARV7 was
transcriptionally active independent of presence of testosterone (Figure 3-34). Importantly
our ARV7*%TS%7D mutant was transcriptionally inactivity, indicating that transcriptional

activity of ARV7 is dependent on DBD.
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Figure 3-34: Transcriptional activity of pLIX constructs shown by luciferase assay.
3.2.2.14 Generation of ARV7-DBD expressing single cells of LNCaP cells.
LNCaP cells transduced with pLIX-ARV7 and pLIX ARV7#*%®T7S57D  entiviruses were

tested for ARV7 expression (Figure 3-35). Both the ARV7 and ARV7#%TS59D ¢oyld be

expressed in LNCaP cells following induction with doxycycline.
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plix ARV7-
wtLNCaP ARV7 DBD

Dox (500 ng/ml) ==

AR (110 kDa) _ .-.-“

ARV7 (75 kDa) _ o= ot

GAPDH (37 kDa) = - e oo = GD |

Figure 3-35: ARV7 and ARV7-DBD expression in LNCaP cells.

Western blotting of the lysates collected after transduction, with and without doxycycline
(500 nM) treatment for 24 h. (Antibody dilutions used were as follows: AR-N20, 1:1000;
GAPDH, 1:4000; 1:4000 anti-rabbit HRP-conjugated secondary antibody).

After validation of expression of ARV7-DBD expression in LNCaP cells, we did serial
dilution to isolate single cell clones of LNCaP expressing ARV7-DBD in cells. Four single
cell clones expressing DBD-mutant ARV7 were isolated (Figure 3-36) and Colony #2 was

selected for further characterization.

The ARV7#S%TS97D aypressing single cell clones of AR expression was not significantly
affected by ARV7 expression (Figure 3-36, Figure 3-37) with no significant changes in
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morphology, proliferation and SA-B-gal stained cells. These results demonstrate that the

senescence phenotype is caused by ARV7 transcriptionl activity.
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Figure 3-36: Single cell clones of ARV7-DBD expressing LNCaP cells.
Single cell clones were treated with doxycycline for 24 h and lysates were prepared for
protein characterization as described in section 2.2.3. GAPDH was used as internal control.
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Figure 3-37: Cell viability (A) and SA-B-gal staining (B).
Cell viability (A) and SA-B-gal staining (B) in LNCaP ARV7#%*TS%7D ¢olony #2 response
to doxycycline.

3.2.2.15 Testing ARV7 resistant single cell clones

Our results contrast clinical studies that demonstrate ARV7 correlates to prostate cancer
progression and antiandrogen resistance (1.1.6). We proposed that expression of the variants
may act as a “barrier” that the cancer cells must overcome in an androgen-independent
environment. Therefore, by isolating single cell clones we aimed to find colonies that
expressed ARV7 but were resistant to senescence. Among 28 different single cell clones
tested (3.2.2.3), two outlier colonies (SSC22 and SSC23) expressed high levels of ARV7 but

showed very low SA-B-gal (Figure 3-16).
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Figure 3-38: Characterization of SCC22 and SCC23.
ARV7 expression in wtLNCaP, SCC7 and SCC23 cells was tested by western blotting

(Figure 3-38-A\). Increasing concentrations of doxycycline resulted in an increase of ARV7 in
SCC7, SCC22, and SCC23 cells but the level of ARV7 expression at low doxycycline
concentration in SCC22 and SCC23 cells was less than that of SCC7 treated with the same
concentration. Figure 3-38-B shows proliferation of these cells in response to ARV7
expression. Increased concentrations of doxycycline did not alter the viability of wtLNCaP
cells, while there was a dose-dependent decrease in viability of SCC7 cells (ICso ~ 50nM). As
previously described, when the ARV7 is expressed the AR™M"9™" protein decreases. For
SCC22 and SCC23 clones, cellular proliferation only slightly decreased at very high
concentration of doxycycline. The transcriptional activity was tested of AR and ARV7 in
wtLNCaP, SCC7, SCC22 and SCC23 cells with and without DHT (Figure 3-38-C and -D).
In wtLNCaP PSA expression increased by 4 fold while FKBP5 expression show 10-fold

increase upon 10 nM DHT treatment cells. Importantly, there was no increase in PSA and
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FKBP5 with doxycycline with wtLNCaP cells. Treatment of SCC7 cells with increasing
concentration of doxycycline resulted in increased PSA and FKBP5 expression even if the
cells are not stimulated by DHT. Stimulation of SCC7 cells with 10 nM DHT increases the
MRNA fold expression up to 8 fold. The PSA expression increased significantly with
increasing concentrations of doxycycline in the absence of DHT while FKBP5 expression
shows dose-dependent increase, with and without DHT stimulation. The response of SCC22
cells to doxycycline treatment is similar to SCC7 cells but to a lesser extent. In the absence of
DHT, the levels of PSA increase until the doxycycline results in mainly ARV7 expression. In
the presence of DHT, the gradual increase in the PSA mRNA fold expression is not seen,
being at most 6-fold. ARV7 in SCC22 cells affect FKBP5 expression levels only in the
absence of doxycycline, where it results in a slightly gradual increase in FKBP5, in a dose-
dependent manner. SCC23 cells respond to doxycycline and DHT stimulation differently. The
levels of PSA increase gradually in the presence or absence of DHT stimulation, but the
increase is more in the presence of DHT. On the other hand, ARV7 expression results in
increased FKBP5 mRNA expression only in the cells treated with DHT.
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3.2.3 Characterization of effect of ARV7 on other prostate cancer cell lines

To determine if expression of ARV7 causes cellular senescence in other prostate cancer cell
lines we generated inducible ARV7 expression in androgen independent, androgen dependent,
normal and ARV7 expressing prostate cell lines (Table 15). We tested the effect of ARV7 in
PC3, LNAI and LNCaP-Abl cell lines (androgen-independent cells), RWPE1 and BPH1
(normal prostate cells), and 22RV1 (ARV7 expressing prostate cell lines). Cells were
transduced with lentiviruses of CMV-eGFP, pLIX-eGFP, pLIXAR, pLIX ARV7 and stable
cell lines were generated. All the experiments were done in pooled population and no single

cell clones were isolated.

Table 15: Properties of common prostate cancer cell lines used in this study.

AR PSA Androgen
expression  expression | sensitivity

PC3 [144] grade IV bone metastasis in a 62-year-old No No No
Caucasian male with prostate cancer.
RWPE1 [145] human prostatic epithelium (HPE) cell fromthe | veg Yes Yes

peripheral zone

benign prostatic hypertrophy or hyperplasia

BPH1[146] (BPH) tissues obtained through transurethral No No Yes
resection

LNAI [147] xenograft tumors of the androgen-dependent Yes Yes* No
LNCaP cell line

22RV1 [148] xenograft CWR22R isolated from a patient with | yeg Yes Yes
bone metastasis

LNCaP-AbI[149] | | NCaP-derived cell line Yes Yes* No

* LNAI and LNCaP-Abl cells are androgen independent cells but they still have AR
expression. Since they are grown in androgen free media (charcoal stripped serum) they won’t
have PSA expression as long as the medium is provided with androgens.
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3.2.3.1 ARV7 expression in PC3 cells
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Figure 3-39: Protein levels of AR and ARV?7 in transduced PC3 cells.
Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization. GAPDH was used as internal control.
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Figure 3-40: Viability of PC3 cells that express ARV7 upon Doxycycline treatment.
The cells were treated with the indicated doses of Dox and cell viability, measured by MTS
assay, was detected 7 days after treatment.
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Figure 3-41: The percentage of senescent cells in PC3 cells.

In X-gal staining, each condition was seeded in triplicates. Following to 24 h doxycycline
treatment for the indicated conditions, the cells were stained overnight for B-galactosidase
activity. Quantification was done as described (2.2.4.8). (* for p< 0.05, ** for p < 0.01, ***
for p < 0.001).
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3.2.3.2 ARV7 expression in RWPEL1 cells
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Figure 3-42: Protein levels of AR and ARV7 in transduced RWPEL cells.
Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization. GAPDH was used as internal control.
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Figure 3-43: Viability of RWPE cells that express ARV7 upon Doxycycline treatment.
The cells were treated with the indicated doses of Dox and cell viability, measured by MTS
assay, was detected 7 days after treatment.
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Figure 3-44: The percentage of senescent cells in RWPEL1 cells.

In X-gal staining, each condition was seeded in triplicates. Following to 24 h doxycycline
treatment for the indicated conditions, the cells were stained overnight for B-galactosidase
activity. Quantification was done as described (2.2.4.8). (* for p< 0.05, ** for p < 0.01, ***
for p < 0.001).
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3.2.3.3 ARVT7 expression in BPH1 cells
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Figure 3-45: Protein levels of AR and ARV7 in transduced BPH1 cells.
Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization. GAPDH was used as internal control.
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Figure 3-46: Viability of BPH1 cells that express ARV7 upon Doxycycline treatment.
The cells were treated with the indicated doses of Dox and cell viability, measured by MTS
assay, was detected 7 days after treatment.
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Figure 3-47: The percentage of senescent cells in BPH1 cells.

In X-gal staining, each condition was seeded in triplicates. Following to 24 h doxycycline
treatment for the indicated conditions, the cells were stained overnight for B-galactosidase
activity. Quantification was done as described (2.2.4.8). (* for p< 0.05, ** for p < 0.01, ***
for p <0.001).
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3.2.3.4 ARVT expression in LNAI cells
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Figure 3-48: Protein levels of AR and ARV7 in transduced LNAI cells.
Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization. GAPDH was used as internal control.
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Figure 3-49: Viability of LNAI cells that express ARV7 upon Doxycycline treatment.
The cells were treated with the indicated doses of Dox and cell viability, measured by MTS
assay, was detected 7 days after treatment.
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Figure 3-50: The percentage of senescent cells in LNAI cells.

In X-gal staining, each condition was seeded in triplicates. Following to 24 h doxycycline
treatment for the indicated conditions, the cells were stained overnight for B-galactosidase
activity. Quantification was done as described (2.2.4.8). (* for p< 0.05, ** for p < 0.01, ***
for p < 0.001).

75



Functional Characterization of Androgen Receptor Variant ARV7

3.2.3.5 ARVT7 expression in 22RV1 cells
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Figure 3-51: Protein levels of AR and ARV7 in transduced 22RV1 cells.
Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization. GAPDH was used as internal control.
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Figure 3-52: Viability of 22RV1 cells that express ARV7 upon Doxycycline treatment.
The cells were treated with the indicated doses of Dox and cell viability, measured by MTS
assay, was detected 7 days after treatment.
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Figure 3-53: The percentage of senescent cells in 22RV1 cells.

In X-gal staining, each condition was seeded in triplicates. Following to 24 h doxycycline
treatment for the indicated conditions, the cells were stained overnight for B-galactosidase
activity. Quantification was done as described (2.2.4.8). (* for p< 0.05, ** for p < 0.01, ***
for p < 0.001).
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3.2.3.6 ARV7 expression in LNCaP-Abl cells
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Figure 3-54: Protein levels of AR and ARV7 in transduced LNCaP-Abl cells.
Cells were treated with doxycycline for 24 h and lysates were prepared for protein
characterization. GAPDH was used as internal control.
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Figure 3-55: Viability of LNCaP-Abl cells that express ARV7 upon Doxycycline treatment.
The cells were treated with the indicated doses of Dox and cell viability, measured by MTS
assay, was detected 7 days after treatment.
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Figure 3-56: The percentage of senescent cells in LNCaP-Abl cells.

In X-gal staining, each condition was seeded in triplicates. Following to 24 h doxycycline
treatment for the indicated conditions, the cells were stained overnight for B-galactosidase
activity. Quantification was done as described (2.2.4.8). (* for p< 0.05, ** for p < 0.01, ***
for p <0.001).
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With each cell line, the expression of ARV7 proteins was quantified by western blotting
(Figure 3-39, Figure 3-42, Figure 3-45, Figure 3-48, Figure 3-51, and Figure 3-54). Next
the effect of ARV7 expression on these cells were tested by MTS assay on cellular
proliferation and X-gal staining to see if the cells are undergoing cellular senescence upon

ARV expression.

Interestingly, we did not observe a significant change in proliferation and senescence in PC3,
RWPE1, BPH1 cells upon ARV7 expression. In contrast, 22RV1 and LNAI cells show a
dramatic decrease in proliferation and a corresponding increase in senescence following
ARV7 expression. There was a slight decrease in proliferation and an increase in percentage

of senescent cells in ARV7 expressing LNCAP-ADI cells.
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3.3 Discussion

Androgen deprivation therapy is the standard of care following surgery and radiation in
patients with prostate cancer. Although ADT slows disease progression, the cancer often
develops resistance to ADT. Interestingly, there is extensive evidence that the androgen
receptor is still active despite castrate levels of androgens [36]. Several possible explanations
have been proposed for this castrate resistance progression, including AR amplifications, AR
point mutations which prevent binding of antiandrogens, epigenetic modifications, and

presence of androgen receptor splice variants.

ARVs are C-terminally truncated splice variants the AR which show constitutive activity
independent of presence of androgens [150]. ARV7 is the most commonly studied isoforms
among these. ARV7 expression has been shown to correlate to resistance against AR
antagonists Enzalutamide and Abiraterone [151].

To better understand the role of ARV’s in prostate cancer progression we developed a tunable
model of variant expression. Our studies demonstrated that ARV7 could be expressed and
was enzymatically active. Surprisingly, in single cell clones we demonstrated that ARV7
induced p53 activity dependent premature senescence that permanently arrests the cells at a
Go/G; stage of cell cycle. This result was surprising as previous studies have linked ARV7
expression to prostate cancer proliferation in a castrate environment. Our system is partially in
agreement with these results as at low levels of ARV7 expression, there was an increase in
PSA levels and low levels of senescence. Moreover, while studies that have used a similar
inducible model have not seen this phenotype they have only worked with pooled
populations. Our data strongly suggests that it is helpful when when studying AR variants to

work with a homogenous population.

Previous studies have linked ARV7 expression to castration resistance, due to its constitutive
activity and ARV7 expression has been linked to Enzalutamide and Abiraterone resistance.
Our system validates this information at low levels of ARV7 expression, i.e., PSA levels
increase in ARV7 expressing cells. On the other hand, we have observed cellular senescence
in high ARV7 expression condition or prolonged exposure to ARV7 expression. In
heterogeneous population, there will be both cells that express low ARV7 and are
antiandrogen resistance and those cells that express high ARV7 and are senescent. Since
senescence is anti-proliferative, those cells that enter senescence will not be seen in the

population compared to those by the cells which gain proliferation advantage upon ARV7
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expression. This might explain why ARV7 is observed at extremely low levels in early stage
prostate cancer, and only becomes prominent in environment whereby it is an evolutionary
advantage (e.g.. when patients are treated with antiandrogens). Those cells which do not enter
into senescence will dominate the others. Similarly, we also identified two other single cell
clones which express ARV7 in high levels but show low senescence. Although high ARV7
expressing in cells generally showed high levels of senescence, the presence these resistant
cells might explain patients with high ARV7 expression. This behavior has also been
observed in senescence driven by oncogene expression. While myc is required for the

proliferation of many cancers, if expressed in fibroblasts the cells enter senescence.

We found that binding of ARV7 on DNA does not cause double stranded breaks on DNA.
Previous study has shown that binding of AR upon DHT stimulation cause DNA double
stranded breaks mediated by topoisomerase Il beta (TOP2B) activity just after recruitment on
DNA [143]. However, our results indicate that binding of ARV7 on DNA does not cause
DNA damage, but the changes in the transcriptome upon ARV7 expression results in cellular

stress leading to senescence.

Studies linking ARV7 expression to anti-androgen treatment have focused on the ARV7
expression in circulating tumor cells. It has been shown that patients with higher ARV7
expression had lower PSA in patients treated with Enzalutamide and Abiraterone [151]. Given
that ARV7 expression is not observed in normal prostate condition, and requires activation of
mechanisms that are not active in benign cells like alternative splicing, it is highly probable
that the cells which have higher genomic instability due to increased tumorigenesis will
express this non-naturally occurring splice isoform. Thus, the correlation between ARV7
expression and resistance might not be a fair comparison and resistance might be linked to

another process which give rise to ARV7 expression instead.

Further, the studies suggesting that ARV7 expression can mediate EMT [152] are not
supported by our work. Previous studies have linked EMT to taxane resistance but ARV7
expression did not cause resistance to taxanes, in a recently published study [153]. We found
the increased expression of Vimentin and decreased expression of Snail but we did not
propose an EMT due to this, as the levels of N-cadherin and E-cadherin were not changed
significantly. In addition, Snail has been indicated to play role in cell survival and motility,
and its role in inhibiting cellular senescence in metastatic cell lines has been shown [154] and

Vimentin has been shown to be increased in senescent cells and it sequesters the increased
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levels of p53 in cytoplasm [155]. Thus, the genes which were up and downregulated in EMT

were modulated of cellular senescence.

Overall, our results suggest that the role of ARV7 in CRPC is not as straightforward as has
been proposed. Although increased ARV7 expression levels may correlate to resistance to
antiandrogens in patients, ARV7 can itself stop the growth of the cancer if expression is too

high or if the cells are not tolerant of the level of activity.
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Chapter 4. Structural Interaction of Androgen Receptor
and Androgen Receptor Variant ARV7

4.1 Introduction

Nuclear receptors (NRs) are transcription factors regulated by ligand binding. They are
critical in both human physiology and diseases. The transcriptional activation of some of the
NRs, Androgen Receptor (AR), for example, are regulated by the binding of the ligand to the
ligand binding domain (LBD) located at the carboxy-terminal domain (LBD). It was
previously shown that, upon ligand binding, the AR rapidly undergoes an allosteric
modification that allows the NTD and LBD to form an N-C intramolecular interaction [156].
Following nuclear localization the AR dimerizes via DNA binding domain, where it binds to

major groove of DNA.

Given the truncation of the LBD in splice variant forms of AR, it is unclear if the variants can
undergo a similar homodimerization or in fact they heterodimerize with the AR™"9" Here
we aim to show the putative inter or intramolecular interaction between ARV7 or AR™M!Hength
and ARV7, through the measurement of FRET between fluorophores attached to the N

terminal and C terminal of the two proteins.
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Ven = NTD oo | eD Ven = NTD [DbBD  cE3

o [BEBM B0 —— ven NTD [BEEN cea —— ven
Cer == NTD _ LBD — \fen Cer mm NTD - CE3 === \/gn

Figure 4-1: Cerulean and Venus fusion proteins used in this project.

Therefore, the specific aims of the project presented in this chapter are as follows:

e Generation of fusion AR and ARV7 with Cerulean and Venus fluorescent
proteins FRET pairs (Figure 4-1)

e Expression of the constructs in 293T cells and validating the expression and
transcriptional activity

e Studying the intramolecular ARV7, intermolecular ARV7 homodimerization and

intermolecular ARV7 and AR™"e9" interactions.
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4.2 Results

4.2.1 Cloning of ARM"™ and ARV7 fusion constructs with Cerulean and Venus
FRET pair

4.2.1.1 Cloning of Cerulean-AR-Venus and Cerulean-ARV7-Venus

To study the intramolecular interaction within AR, Cerulean and Venus proteins were cloned
to the N and C-terminal of the AR™""" and ARV7, respectively. In this the AR™"®"9" was
cloned into pCR2.1®-TOPO® TA vector for subcloning (2.2.2.7.6). For generation of the
fusion construct, pC17V vector (Figure 2-4) and AR containing pCR2.1®-TOPO® TA
vector were digested with Xhol and Sall restriction endonucleases (2.2.2.6) and the backbone

was ligated with the AR Ull-length

. Cerulean- ARV7-Venus construct was also generated
following the same protocol. Following validation, the constructs were sequenced to confirm

the correct identity.

4.2.2 Cloning of constructs for studying intermolecular interactions among AR and
ARV7

To study the homodimer and heterodimer interactions between the proteins, Cerulean and
Venus proteins are cloned to the N or C-terminal of the AR™™"" and ARV7. AR/ARV7-
Venus fusion proteins was generated by amplifying AR and ARV7 (Table 4) and then
cloning them into mVenusN1 plasmid. Cerulean-AR/ARV7 fusion proteins was generated by
amplifying AR and ARV7 (Table 4) and then cloning into mCeruleanC1 plasmid. C-terminus
Cerulean fusion proteins were generated by removal of AR and ARV7 from AR-Venus and
ARV7-Venus and insertion into mCeruleanN1 plasmid. N-terminus Venus fusion proteins of
AR and ARV7 were generated by removal of AR and ARV7 from Cerulean-AR and
Cerulean-ARV7 and insertion into mVenusC1 plasmid.
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4.2.3 Expression of FRET constructs in 293T cells

To test for expression, each FRET construct was transfected into 293T cells (2.2.4.5).

Following transfection the lysates were collected for western blot (Figure 4-2).

() control
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Cerulean-ARV7
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ARV7
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Figure 4-2: Expression of FRET constructs in 293T cells.

The fusion constructs were transfected into 293T cells in equal amount (2.2.4.5). The level of
protein expression was detected by western blotting (2.2.3.2) Antibody dilutions used are
listed in Table 8. pPCDNA3.1 AR and pCDNA3.1 ARV7 plasmids were used as positive
control for AR™MeM and ARV7 expression.

As the bands from transfection of positive controls were intense, the samples of them were
also loaded in half amount to prevent improper comparison due to saturated bands. The
constructs generated were folded properly and expressed in 293T cells. Overall, the constructs
carrying fluorescent proteins at the C termini of AR or ARV7 were expressed more than those

carrying fluorescent proteins at N-termini of AR or ARV7.

To check the transcriptional activity of AR and ARV7 constructs, we have transfected AR-
null PC3 cells with each of the FRET fusion constructs and ARR3TK-luciferase reporter
plasmid (Figure 4-3, Figure 4-4).
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Figure 4-3: Transcriptional activity of Venus fusion constructs.
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Figure 4-4: Transcriptional activity of Cerulean constructs.

Since ARV7 is a constitutively active isoform of AR, there is luciferase activity even in the
absence of testosterone. The results are in agreement with western blot in that, the constructs
carrying fluorescent proteins at the C termini of AR or ARV7 have higher transcriptional
activity than those carrying fluorescent proteins at N-termini of AR or ARV7.

85



Structural Interaction of Androgen Receptor and Androgen Receptor Variant ARV7

4.2.4 Measuring FRET intensity using live cell- imaging microscopy

In this work we wanted to study the interactions of AR and ARV7 using live cell FRET
microscopy. First, we determined if we can measure actual FRET from recorded images, we
used pC17V plasmid encoding Cerulean-Venus separated from each other by 17 amino-acid
length as positive control. The Figure 4-5 indicate the fluorescent intensity of pCl7V
transfected cells in YFP and CFP channel, and FRET signal after derivation of correction
coefficients generated from Cerulean and Venus only transfected condition. FRET signal is is
indicated as heatmap blue indicate lowest measured FRET while yellow indicate the highest
FRET.

YFP Channel CFP Channel FRET Signal

Figure 4-5: 293T cells transfected with pC17V plasmid.

The images were recorded in 40X objectives in YFP, CFP, and FRET channel. FRET signal is
colored as heat-map.

In order to quantify the FRET in our live cell imaging experiments, we developed a custom
analysis pipeline in collaboration with Dr. Halil Bayraktar (2.2.5.1). This approach allows us
to determine the FRET signal from each individual cell even as they grow and divide during

the experiment.
4.25 Measurement of intramolecular and intermolecular AR™'e"9

Before proceeding to study the interactions of ARV7 we next wanted to demonstrate that our
system could quantify intramolecular interactions with AR | this we transfected 293T
cells with Cerulean-AR-Venus construct and performed live cell imaging experiment in
Olympus Xcellence-RT microscope for 7 hours. Images were recorded in 5 min intervals.
Two hours after the start of experiment, cells were treated with 1nM DHT to activate the AR.
Following the experiment, image analysis was done in four steps: the image was segmented

based on a threshold filter, jointed with a low pass Gaussian kernel filter to remove the pixel
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noise (Figure 4-6-A), the cell coordinates were determined from the smoothed images
(Figure 4-6-B), and finally the center position of each cell was located based on the local
maxima in every frame. The tracking of individual cells were obtained by linking the
displacement (mean square displacement) of each local maxima giving fluorescence intensity
measured in three channels for each consecutive displacement (Figure 4-6-C). The intensity
of each cell was determined from its local maxima and FRET intensity was measured by
subtracting the multiplication of intensity measured in YFP channel and its correction

coefficient and the multiplication of intensity measured in CFP channel (Figure 4-6-D).

A non-radiative fluorescence energy transfer from donor to acceptor was indicated if net
FRET value is positive [138]. To prevent the difference in nNFRET occurring only because of
increased expression of interacting partners, the calculated nFRET value was normalized
using correction coefficients of donor and acceptor fluorophores and is represented as
normalized FRET (NFRET) [136]:

nFRET

Vicrp * Iyrp

NFRET =
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% 4 |

Figure 4-6: Single cell tracking steps of Cer-AR-Ven interaction.

A. Cer-AR-Ven in YFP channel. B. A mask generated from YFP images is used for area
calculations and determination of migrational boundaries. C. Tracking of individual cells. D.
Calculated FRET values are overlayed with bright-field images. Images were taken with 40X

objectives.
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Figure 4-7: AR dimerization and NTD-to-LBD intramolecular interactions by FRET
microscopy.

FRET intensity was calculated for every point, and the change in the intensity of different
points are indicated in A. For all the cells the, average fluorescence intensity was calculated
and plotted in B.
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FRET/Cer
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Figure 4-8: FRET analysis of Cerulean-AR-Venus constructs in 6 h.

A is drawn by FRET intensity for each time point (5 min interval). As the FRET increases by
time due to increased protein expression, for correction of false negative increase the FRET
intensity coming from increased protein expression, FRET intensity of each point was
divided by donor intensity for that point, and the plot in Figure 4-8-B shows the average
FRET/CFP for each time point. EtOH was used as solvent control.

We observed an increase in FRET signal upon addition of DHT in cells expressing dual-
labeled form of AR. The FRET intensity of EtOH treated sample was similar to that of DHT
condition, before AR activation. Results indicate that the custom generated script on

MATLAB can be used to detect ratiometric FRET intensity in live cell imaging microscopy.
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4.2.6 Intermolecular Interactions of Androgen Receptor

The interactions of Androgen Receptor at its N and C terminus were studied using Cerulean-
AR-Venus construct. To investigate the intermolecular dimerization between two AR, single
labeled constructs were used. Similar to previous experiments 293T cells transfected with

single labeled FRET pair constructs and then imaged for 6 h. AR was activated after 2 hr

with 1 nM DHT and EtOH was used as negative control.
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Figure 4-9: Intermolecular interactions of AR.
A and B indicate the interaction N-N and C-C interactions of androgen receptor while C and

D indicate the N-C interactions of AR using different constructs.

Upon DHT stimulation, N-N and C-C interactions were not significantly different from
EtOH-treated samples, while there is small increase in FRET intensity in N-C interactions of
AR (Figure 4-9). We see an N-C interaction in AR upon activation with DHT, but the FRET
signal measured in these conditions of transfections was 20% less than that of dual labeled
AR. The FRET signal coming from dual labeled AR occurs due to both inter and
intramolecular interaction of AR while that of single labeled constructs indicate only the
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intermolecular interaction of AR which happens due do dimerization. This can be observed in
the graphs; FRET signal increases right after DHT stimulation in dual labeled AR as AR folds
on itself bringing N-C domains close to each other to give a FRET signal (Figure 4-8) while
the increase in FRET is delayed in condition where the cells are transfected with single
labeled fusion proteins of AR and N-C intermolecular interaction occurs after nuclear

localization upon DHT treatment (Figure 4-9).

The signal measured in intermolecular interaction of AR was increased only slightly after
DHT treatment. We hypothesized that the low FRET signal was due to unequal expression of
individual donor and acceptor in these experiments (Figure 4-2). The equal expression of
donor and acceptor pairs is necessary for correct measurement in ratiometric FRET
experiments. As previous studies demonstrated intermolecular interactions of AR, we thought
that future work with ARV7 would be limited by the unequal expression of single labeled

FRET pairs in our study. Therefore, we aimed to equalizing the expression of the constructs.
4.2.6.1 Transfection of the constructs in different ratios

In Cerulean-Venus fusion constructs, as the protein is translated from a single transcript the
donor and acceptor protein expression have an equal expression ratio that is required for
ratiometric FRET studies. By changing the ratio of donor and acceptor ratio in transfection,
we aimed to get the desired correlation between the expressions of single labeled constructs
using the Cerulean-AR-Venus construct as a control (equal concentration of each
fluorophore). The donor and acceptor intensities of more than 40 cells were measured by
finding the local maxima in CFP channel and measuring the donor and acceptor intensities at
same point in each cell using ImageJ software. Figure 4-10 represent 5/10 representative
conditions for transfection in different ratios. In an equal expression of donor and acceptor
condition, YFP has median intensity around 1500 while the median intensity of Cerulean is
around 550. None of the numerous conditions tested could we give correct correlation

between donor and acceptor intensity measured in Cerulean-AR-Venus construct.
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Figure 4-10: The correlation between donor and acceptor intensities in different transfection
ratios.

4.2.6.2 Changing linker size in FRET constructs

As we could not get the desired ratio for donor and acceptor by changing the transfection ratio
we aimed to equalize the expression by changing the constructs themselves. We observed that
constructs that have fluorescent tag at the N-terminus are expressed less than that of the
constructs that have fluorescent tag at the C-terminus. Given that the linker size of the one
was 18 bp while the other was 42 bp, we decided to test the effect of linker size on the protein
expression and thus we have extended the linker size from 18 nt to 42 nt in the constructs that
have fluorescent tag at the N-terminus.

Cer = NTO [ BBD | LBD NTD [ BBD | LBD = Cer
Ven = NTD [ pBD 8D NTD [DBD  1BD ——ven
Cer—  n~0 [IBBBIT cEs no  [JBBBIN ces —— cer
ven==_ wo  [EEEES SIS p———
s s
18 bp 42 bp

Figure 4-11: Linker size between fluorescence protein in Cerulean and Venus fusion proteins.
To increase the linker size in mVenusC1 and mCeruleanC1 constructs, we cloned synthesized
oligonucleotides (2.2.2.7.3) into linker region. Extending the linker size from 18 nt to 42 nt
length did not help to equalize the expression levels in N- or C- fusion constructs of AR
(Figure 4-12).
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Figure 4-12: Expression of all AR constructs.

The fusion constructs were transfected into 293T cells in equal amount (2.2.4.5). The level of
protein expression was detected by western blotting (2.2.3.2) Antibody dilutions used are
listed in Table 8. pPCDNA3.1 AR was used as positive control for AR™""™M expression.

We shortened the linker of mVenusCl and mCeruleanC1l plasmids by site-directed
mutagenesis (2.2.2.7.5) to 18, 25 and 30 nt length. The level of protein expression in AR-
Cerulean construct with shortened linker is shown by western blotting (Figure 4-13).

Unfortunately, shortening the linker size did not cause a change in the Cerulean-AR construct.
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Figure 4-13: Expression level in the construct with shortened linker.

The fusion constructs were transfected into 293T cells in equal amount (2.2.4.5). The level of
protein expression was detected by western blotting (2.2.3.2). pCDNAS3.1 hAR plasmid was
used as positive control for androgen receptor expression.
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4.2.6.3 Changing the linker composition in the fusion proteins

Next, we aimed to change the linker in our constructs from what was present in the plasmid to
a 6(GA) repeat used in previously published work [24]. To generate these fusion protein, we
inserted PCR amplified Cerulean into AR-CFP plasmid following the removal of CFP. In
contrast we have generated Venus-6(GA)-AR construct by inserting 6-(GA)-AR from YFP-6-
(GA)-AR into a mVenusC1l plasmid. Fortunately, replacing the linker in AR constructs

resulted in similar expression of fusion proteins in both N- and C- terminus constructs.

YFP-AR-CFP
YFP ==  NTD LBD |==|CFP|
YFP-AR

YFP = NTD  [DBD| LBD

AR-CFP

NTD  [DBD| LBD *“=[CFP|

Figure 4-14: The linker composition in the constructs used in acceptor photobleaching FRET.

In all the constructs fluorescent protein is separated from androgen receptor by 6 (GA) repeat

and the expression of the constructs is the same.

pPCDNA 3.1 hAR
Venus-6(GA)-AR
AR-6(GA)-Cerulean
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Figure 4-15: Expression of AR constructs with 6(GA) repeats.

The fusion constructs were transfected into 293T cells in equal amount (2.2.4.5). The level of
protein expression was detected by western blotting (2.2.3.2) Antibody dilutions used are
listed in Table 8. pPCDNA3.1 AR was used as positive control for AR expression.

With these results we then generated ARV7-6(GA)-Cerulean and Venus-6(GA)-ARV7 fusion
proteins by site-directed mutagenesis to remove their linker and then introducing a 6GA-
linker by oligonucleotide cloning. Similar to the full length protein, exchange the linker

resulted in similar expression of ARV7 fusion proteins in both N- and C- terminus constructs.
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Figure 4-16: AR and ARV7 constructs with 6(GA) linker.

The fusion constructs were transfected into 293T cells in equal amount (2.2.4.5). The level of
protein expression was detected by western blotting (2.2.3.2). pPCDNA3.1 hAR plasmid was
used as positive control for androgen receptor expression.

4.2.7 Androgen Receptor intermolecular and intramolecular interactions using

Acceptor Photobleaching

In several previous studies acceptor photobleaching FRET was used to study stepwise
androgen receptor dimerization. Since we had problems with obtaining correct ratio of donor
and acceptor expression, we wanted to study the interactions of AR and ARV7 using acceptor
photobleaching FRET.

Apparent FRET efficiency
o O
N
_|

02 'e‘& K4 3 <
0a® 3 na & x
' < Mg A'\
3¢ o 3 &
S S D s
[ N < Q
¢ @ g?' o\)
(\0 @
40

Figure 4-17: AR and ARV7 interactions using acceptor photobleaching.

In collaboration with Dr. Martin Van Royen, HEP3B cells were transfected with the indicated
plasmid combinations and then treated with R1881 for activation of the AR. We were able to
clearly see the FRET in positive control, and FRET in combination of Venus-AR and AR-
Cerulean constructs, which was expected to be less than one-third of positive control.

However, due to a problem in our negative controls, we could not get consistent results from
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two independent experiments. While a FRET signal could be obtained for the dual labeled
AR, our Cerulean tagged constructs were not suitable for this experimental protocol as the
photobleaching was reversible thereby preventing the interpretation of the results (Figure
4-18).

In our Cerulean only control, we observed an increase in the signal due to reversible
bleaching. When we select the cell for the FRET measurement we were zooming in and
placing the cell of interest in the center of image, and then we measured the FRET before
after Venus bleaching. In our Cerulean control, the intensity in the initial image was less than
that of second image after Venus bleaching which was because of reversible bleaching of

Cerulean itself (Figure 4-18).
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Figure 4-18: Temporary bleaching of Cerulean in acceptor photobleaching.
FRET measurements were compared with (right graphs) and without (left graphs) this initial
image before the FRET measurement. Each line represents an individual cell.
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Figure 4-19: The effect of zooming on relative intensity of CFP.
FRET measurements were compared with (right graphs) and without (left graphs) this initial
image before the FRET measurement. Each line represents an individual cell.
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4.2.8 Studying interactions of AR and ARV7 using CFP-YFP as FRET pair

Given the problems we experienced with Cerulean and Venus fusion pairs doing
photobleaching FRET, we moved on to study the interactions of AR and ARV7 by using
CFP-YFP fusion proteins. AR-CFP and YFP fusion proteins were kindly provided by Martin
van Royen. We cloned ARV7-CFP by taking ARV7-6(GA) from ARV7-6(GA)-Cerulean
plasmid and introducing it into CFP-AR plasmid (from Martin) following the removal of AR.
We then cloned a YFP-ARV7 construct by taking 6-(GA)-ARV7 from Venus-6(GA)-ARV7
plasmid and putting that into CFP-AR plasmid (from Martin) after removal of AR. All
constructs were validated by restriction endonuclease digest and Sanger sequencings. Similar
to studies with the Venus and Cerulean tagged proteins with the 6(GA) linker, the expression

of the two constructs was similar (Figure 4-20).
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Figure 4-20: Expression of ARV7-CFP and YFP-ARV7 constructs.

The fusion constructs were transfected into 293T cells in equal amount (2.2.4.5). The level of
protein expression was detected by western blotting (2.2.3.2). pCDNAS3.1 hARV7 plasmid
was used as positive control for ARV7 expression.
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4.2.9 Transcriptional activity of FRET constructs

In addition to Cerulean and Venus fusion proteins, we have generated several other fusion
proteins of both AR and ARV7 to have equal expression of single constructs which can be

used in ratiometric FRET analysis.
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Figure 4-21: Transcriptional activity of constructs with equal expression.

293T cells were transfected with indicated constructs together with ARR3TK-luc constructs
to show transcriptional activity by luciferase activity. The cells were treated with/without 100
nM Testosterone for the activation of AR. 24 h after transfection the cells were lysed for
measuring the luciferase activity. pPCDNA3.1 AR and pCDNA3.1 ARV7 used as positive
control for the assay. Bars represent Log (luciferase activity) and error bars indicate +standard
deviation.

All AR constructs show increased transcriptional activity with Testosterone treatment. AR-
YFP, YFP-AR,AR-CFP, CFP-AR and YFP-AR-CFP (from Martin) show similar
transcriptional activity with Testosterone treatment. ARmut-CFP and YFP-AR-CFP-mut
constructs which have mutation in DNA binding domain (A596T/S597T) show decreased
transcriptional activity as compared to their wild type counterparts. YFP-ARV7 and ARV7-
CFP (Figure 4-20) show similar transcriptional activation independent of presence of
Testosterone treatment. The transcriptional activity of Venus-ARV7 and ARV7-Cerulean
(Figure 4-15) differ slightly, but this difference is comparable to that seen in plasmids
generated by Dr. Van Royen. Results indicate that a 6(GA) separation between fluorescent

protein and AR or ARV7 results in equal expression of the fusion proteins.
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4.2.9.1 Intermolecular interactions of AR™"e"™ ysing YFP-AR-CFP fusion protein

With the CFP and YFP fluorophores we then tested the intramolecular FRET signal with the
YFP-AR-CFP. A similar experimental protocol was followed to earlier experiments. The net
FRET intensity was normalized to the square-root of multiplication of intensity measured
CFP and YFP in order to eliminate the effect of increased protein expression in the cells with

time on measured FRET intensity.
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Figure 4-22: Interactions of Androgen Receptor shown by FRET.

The images were recorded for 6 hours in 5 min intervals. 2 h after start of the experiment
Androgen Receptor was activated with 1 nM DHT or EtOH as negative control. Figure 4-22-
A shows the calculated NFRET value for YFP-AR-CFP in EtOH and DHT treated conditions
for 360 min. NFRET value increases upon addition of DHT. Figure 4-22-B Box plot of
NFRET distributions of DHT and EtOH treated conditions. (* for p< 0.05, ** for p < 0.01,
*** for p < 0.001). Figure 4-22-C NFRET distributions of DHT and EtOH treated conditions.
The data represents all the NFRET values from five different 512x512 image, for an image
series of 72 frame. Before indicate the NFRET values for a total 24 frames before treatment
and after indicate a total 24 frames after treatment.

The NFRET increases after treatment only in DHT treated condition demonstrating
intramolecular interactions (Figure 4-22-A and Figure 4-22-B). When comparing the
distribution of all NFRET values in EtOH and DHT treated samples before and after
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treatment, there is a clear shift in the distribution of the NFRET values of the cells indicating
interaction upon DHT treatment (Figure 4-22-C). For the determination of the distribution of
the NFRET intensities of every cell in all frames one-sample Kolmogorov-Smirnov test was
used. The test is used to check whether a sample comes from a population with a normal
distribution [157]. According to this test, the calculated NFRET values in this set of
experiment does not show a normal distribution, thus, the statistical significance of the

difference between two sets can be calculated using a non-parametric test.
4.2.9.2 The interactions of DNA-binding domain mutated AR

While ARMMe™M £o1ds into itself through N-C, dimerization of AR™"™ js mediated by
DNA-binding domain in the second zinc-finger. Three amino acid residues in the D-box
interact with their counterpart in the corresponding AR™"*"%" DNA binding domain in an
ARMHE homodimer (A596 with T602, S597 with S597 and T602 with A596) [158]. A596T
and S597T in YFP-AR-CFP was used to validate the role of the D-box in AR™Iendm

dimerization.

DBD-mutant AR fused to YFP and CFP was a gift from Martin van Royen. Cell preparation
and live cell imaging was done as previously described in 2.2.5.1.
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Figure 4-23: The NFRET histograms of C17V, YFP-AR-CFP, YFP-AR(DBD-mutant)-CFP.
C17V (magenta), YFP-AR-CFP (green), YFP-AR(DBD-mutant)-CFP (blue).
pC17V has Gaussian distribution with a single peak indicating only one possible way of

interaction between Cerulean and Venus FRET pair. NFRET histogram of YFP-AR-CFP
(green) has three overlapped Gaussian distribution, and high NFRET generating cells toward
the right-hand-side of the graphs; indicating three possible interactions bringing CFP and YFP
in close proximity. NFRET histogram of YFP-AR-CFP (DBD-mutant) (blue) has three
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overlapped Gaussian distribution similar to that of YFP-AR-CFP but with different maximum
value of the peaks; the high NFRET generating cells toward the right-hand-side of the graph
is lost indicating that the FRET happening due to dimerization of AR (which involves intra

and intermolecular interactions of AR) is lost when DNA-binding domain of AR is mutated.
4.2.9.3 The interactions of AR™"*"" and ARV7

As this system can characterize intramolecular interactions, we chose to exam intermolecular
interactions between the full length AR and ARV7. For this reason single labeled constructs
of YFP and CFP fusion proteins of AR™®™ and ARV7 was used to characterize N-C
intermolecular interaction. The plasmids were a gift from Martin van Royen. Cell preparation
and live cell imaging was done as previously described in 2.2.5.1. YFP and CFP fusion
proteins of ARV7 constructs were generated with a 6(GA) repeat between fluorescent protein
and ARV7 for equal expression. Cell preparation and live cell imaging was done as

previously described in 2.2.5.1.

Unfortunately, AR™""" was found to have a high NFRET in a certain percentage of cells
treated with EtOH alone (Figure 4-24). This makes it challenging to interpret the
intermolecular interactions. The NFRET histograms (Figure 4-25) indicated that ARV7 does
not form dimers by bringing N-C domains into close enough proximity to give a FRET signal
(magenta). As the V7 is the constitutively active isoform of AR, its interaction is not affected
by the presence of DHT and NFRET values are within similar regions. In contrast, the C-
terminus of ARMMM and C-terminus of ARV7 (green) seem to be interacting in the
presence of DHT. The histograms show that, the presence of DHT increased the number of
events in the high NFRET region, which is absent in EtOH treated condition. ARV7 is
constitutively found in nucleus while AR is found in cytoplasm in the absence of DHT. Thus,
stimulation with DHT results in AR nuclear localization and possibly bringing it in close
proximity with ARV7. DHT stimulation seems to shift the distribution of NFRET values
towards higher values in combination of N terminus of AR and C-terminus of ARV7 (red).
The data is consistent with previously published work where they show that ARV7
heterodimerizes by bringing N-C domains together. The N terminus of ARV7 does not seem
to be interacting with neither N (blue), nor C terminus of AR (yellow) as the distribution of
NFRET values are within same region in both EtOH and DHT treated conditions, spanning
values between 0 and 0.25. Additional studies are currently ongoing to better characterize this

interaction.
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After careful observation of each step from transfection to image analysis, we realized that
our custom generated script tracks the already activated cells in EtOH treated condition,
which can be present nearly in 5 % of the cells. However, the problem of image analysis
might have led to incorrect interpretation of generated data; thus, the custom generated script
should be modified to ensure the tracking of all the cells in a frame and throughout duration of

the experiment. The script has been modified and is now being used to reprocess the data.
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Figure 4-24: The NFRET histograms of intermolecular AR™""*"™ interactions.

The histograms indicate intermolecular AR™€"%" interactions. C-C interaction of AR™M!eno
(Magenta), N-N interaction of AR™"9" (green), N-C interaction of AR™"9™ (blue), N-C
interaction of AR™Y™ (red). The graphs on the left represent DHT treated samples and
those on the right are EtOH treated samples. The NFRET distribution of DHT and EtOH
treated samples throughout 6 h. x-axis indicates NFRET values, and y-axis indicates the
number of events. The interacting partners are indicated in the right-hand-side of the diagram.
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Figure 4-25: The NFRET histograms of interactions of AR™®"9" and ARV/?7.
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The histograms indicate AR and ARV?7 interactions.N-C interaction of ARV7 (Magenta), AR-
C and ARV7-C interaction (green), N-AR and N-ARV7 (blue), N-AR and ARV7-C (red), and
AR-C and N-ARV7 (yellow). The graphs on the left represent DHT treated samples and those
on the right are EtOH treated samples. The NFRET distribution of DHT and EtOH treated
samples throughout 6 h. x-axis indicates NFRET values, and y-axis indicates the number of
events. The interacting partners are indicated in the right-hand-side of the diagram.

4.2.10 Testing AR and ARV7 interactions using mammalian two hybrid system

To validate our results from the FRET experiments we utilized a mammalian two-hybrid

system. The assay is based on the reconstitution of the modular domains of a transcriptional

activator. The system involves the expression of the proteins of interest in two plasmids
pBIND and pACT to generate fusion proteins with the DNA-binding domain of GAL4 and

the activation domain of VP16, respectively. The system also contains one of the pG5Iluc

Vector which contains five GAL4 binding sites upstream of a minimal TATA box, upstream

of the firefly luciferase gene (luc+). The vectors containing the proteins to-be-tested are

cotransfected with pG5luc Vector. In case of interaction, GAL4 and VP16 will come together

and bind to GAL4 binding site in the pG5luc vector and result in the expression of firefly

luciferase gene. Lysis of the cells and measurement of luciferase activity (2.2.4.10), will

reveal the interaction between the proteins.

pBIND and pACT-AR and ARV7 fusion constructs were kindly provided by Dr. Nada
Lallous (University of British Columbia, Canada). To study the interactions between AR and

ARV7, the plasmids were transfected into 293T cells and luciferase activity was measured as

described in 2.2.4.10 (Figure 4-26).
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Figure 4-26: Interactions of AR and ARV7 studied by mammalian two hybrid system.

Cells transfected with the indicated combinations together with pG5-luc vector. 48 h after
transfection the cells were lysed for measuring the luciferase activity. MyoD&Id was used as
positive control for the interactions. Bars represent Log (luciferase activity) and error bars
indicate £standard deviation. (* for p< 0.05, ** for p < 0.01, *** for p < 0.001*; n=2).

The signal were compared to only pG5-luc transfection. These results suggest that the AR
dimerizes with both itself and ARV7 and ARV7 can dimerize with itself (Figure 4-26).
Interestingly, our preliminary data suggests that the interaction between AR homodimers is
significantly lower than that of ARV7 homodimer and AR-ARV7 heterodimer. Further

studies are needed to determine if this is due to the level of AR activation.
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4.3 Discussion

FRET is non-radiative energy transfer between two fluorophores, defined as a donor and
acceptor fluorophore, through dipole-dipole coupling [159-161]. Energy transfer requires an
overlap between the excitation of the acceptor and emission of the donor fluorescent proteins
and a distance smaller than 10 nm. When two fluorophores suitable for FRET come in close
proximity, the emission from the donor excites the acceptor. In ratiometric FRET, the
intensity is measured by the emission of the acceptor fluorophore after excitation with the

excitation of donor [162].

In this study we wanted to study the interactions between AR and ARV7 by using FRET with
Cerulean and Venus as donor and acceptor, respectively. Although we were able to show
intramolecular interaction of AR (Figure 4-7) the intensity for FRET measuring
intermolecular (N-C) interactions were lower than expected in our system (Figure 4-9) which
was likely due to the unequal expression of interacting pairs. As the technique is less sensitive
to varying protein expression, we attempted to study the AR and ARV7 interactions using
acceptor photobleaching FRET. Unlike ratiometric FRET, acceptor photobleaching FRET
does not require the equal expression of donor and acceptor. However, in our experiments, we
observed that our studies involving interactions of AR and ARV7 were limited by the fact that
Cerulean was reversibly photobleached during imaging (Figure 4-18) giving rise to a false-
positive FRET signal. Therefore, to be able to continue our ratiometric FRET experiments we
implemented a variety of cloning strategies to equalize the expression of donor and acceptor
by changing the exact size and composition of linker between fluorophore and protein of
interest. We have successfully generated ARV7 CFP and YFP fusion proteins that express at a
similar level by changing the linker as 6(GA) repeats (Figure 4-16).

Our ratiometric FRET measurements were analyzed by tracking every cell and recording the
intensities during process. The results indicated that we can measure the kinetics of FRET
intensity as long as the cells are tracked properly. First, we have studied the intramolecular
interactions of AR by using YFP-AR-CFP construct. We observed a significant increase in
the NFRET only after DHT treatment (Figure 4-22). Upon addition of DHT, the N and C
terminus of androgen receptor come in close proximity to give a FRET signal in the presence
of FRET pairs. Following this intramolecular interaction, the AR translocalizes to the nucleus
and dimerizes with another androgen receptor in head-to-tail orientation, disrupting the

intramolecular interaction. When comparing the NFRET distribution of DHT treated pC17V,
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YFP-AR-CFP, and YFP-AR-CFP (DBD-mutant) (Figure 4-23) we saw that the only possible
orientation which gives FRET signal was represented by a single Gaussian fit in pC17V and
this interaction occurs due to separation by 17 amino acid distance. NFRET histogram of
YFP-AR-CFP (green) indicates all three possible AR interactions. AR in its inactive state is
represented at the left-hand-side of the histogram with NFRET value between 0 and 0.1. The
interaction of N-terminal domain and ligand binding domain right after DHT addition is
represented with a distribution spanning NFRET values around 0.1 and 0.2. Following that
region, another distribution peaking at 0.25 indicate the head to tail orientation of androgen
receptor in its DNA-bound conformation. The right-most part of the histogram spanning from
0.4 up to 0.75 represents the structure of AR right after translocation to nucleus, where two
androgen receptors are in a dimer but each of them has the N-C looping onto itself. The
NFRET distribution of YFP-AR-CFP (DBD-mutant) is similar but different from that of YFP-
AR-CFP histogram. The second peak in the histogram spans similar region with a similar
peak, indicating that DNA binding mutation does not affect the N-C interaction which occurs
right after ligand binding. On the other hand, as compared to YFP-AR-CFP histogram, the
number of events toward the right hand-side of the graph decreases. This region mainly

represents the interactions mediated by DNA-binding domain.

In the studies regarding ARV7 interactions (Figure 4-25) the NFRET histograms indicated
that ARV7 does not form intramolecular interactions that bring N-C domains close enough to
give a FRET signal. As the V7 is the constitutively active isoform of AR, its interaction is not

affected by the presence of DHT.

In contrast the intermolecular interactions have not been fully characterized. Our preliminary

data suggest that the C-terminus of AR™!end

and C-terminus of ARV7 may interact in the
presence of DHT. The number of events in the high NFRET region increased in the presence
of DHT, which was absent in EtOH treated condition. ARV7 is constitutively found in
nucleus while AR is found in cytoplasm in the absence of DHT. Thus, stimulation with DHT
would results in AR nuclear localization and possibly bringing it in close proximity with

ARV7.

In addition, DHT stimulation shifted the distribution of NFRET values towards higher values
in combination of N terminus of AR and C-terminus of ARV7. The data is consistent with
previously published work where they show that ARV7 heterodimerizes by bringing N-C

domains together. Our studies suggested that the N terminus of ARV7 was interacting with
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neither N, nor C terminus of AR. However, additional data analysis is required to clarify how

the variant interaction occurs.

We also studied the AR and ARV7 interaction by mammalian two hybrid system. The results
supported out FRET findings that, AR and ARV7 were interacting both as homodimer and
heterodimer. Our results indicated that AR and ARV7 can both homodimerize and
heterodimerize, but the dimerization preference of AR is heterodimerization with ARV7 over

homodimerization.

While, AR interactions have been extensively characterizes this work represents one of the
first studies to investigate variant dimerization in a spatio-temporal manner. Our experimental
setup allowed for localization of the interactions within the cells, the dynamic of the
interactions which we can track from single cells. Studies are currently ongoing to clarify the

mechanism of AR7 dimerization.
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Chapter 5. Conclusions and Future Work

5.1 Final Conclusions

The aims stated in Section 3.1 that have been met are summarized below:

e Generation of inducible ARV7 expressing prostate cancer cell lines

We have generated inducible ARV7 expressing LNCaP, PC3, RWPE1, BPH1, LNAI, 22RV1
and LNCaP-Abl cell lines with an all-in-one Tet-on pLIX_402 plasmid. Upon doxycycline
treatment ARV7 was expressed and transcriptionally active in these cell lines. We have also
generated single cell clones of ARV7 expressing LNCaP cell lines, which expressed ARV7 to
different extents. In this system, AR™""" expression decreased with ARV7 expression and
thus, by using different doxycycline concentrations the cells had different AR™"*"9"/ARV7

expression ratio, which represented different CRPC conditions in patient samples.
e To characterize the effect of ARV7 on cell-characteristics

We have found that ARV7 expression resulted in flattened morphology, enlarged nucleus and
increased vesicles in the cells. We have ensured that the protein is folded properly and did not
cause unfolded protein response in endoplasmic reticulum. There was no epithelial to
mesenchymal transition upon ARV7 expression and the vesicles formed were not due to
autophagy. In addition, ARV7 expression did not cause double strand breaks in DNA. We
also ensured that doxycycline treatment in non-transduced cells does not cause any

differences in the characteristics described.

e To characterize the effect of ARV7 expression on cell viability, cellular proliferation,

and cell cycle

We have found that ARV7 expression results in cellular senescence mediated by activation of
the p53 pathway in androgen-dependent LNCaP cell line. The extent of senescence was

dependent on ARV?7 expression but not to the level of ARt

expression. The Go/G; arrest
was permanent; the cells could not recover from senescence when ARV7 expression was
decreased. In addition, we observed that the Go/G; arrest resulted in decreased cellular
proliferation. We have isolated two other inducible ARV7 expressing single cell clones of

LNCaP; which did not enter senescence upon expression.
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e To characterize the effect of ARV7 expression on several prostate cell lines

We observed ARV7 expression mediated cellular senescence in several androgen responsive
prostate cancer cell lines. Our results indicated that constitutive activity of ARV7 was
dependent on the presence of androgen receptor and a shift from androgen receptor mediated

growth to ARV7 mediated growth is not tolerated in AR dependent cells.

The aims stated in Section 4.1 that have been met are summarized below:

Rfull-length

e Togenerate A and ARV7 fused to FRET pair fluorescent proteins

We have generated ARfuII-Iength

FRET pair or AR and ARV7 fusion proteins with either CFP and YFP FRET pair. We

have checked the expression and transcriptional activity of these constructs for the use in

and ARV7 fusion proteins with either Cerulean and Venus

FRET experiments.

e To establish live cell imaging microscopy for FRET studies

We have optimized microscopy conditions to measure FRET for the protein-protein
interaction studies. We have optimized the preparation of cells for microscopy and imaging

conditions for correct measurements.
e To calculate FRET intensity from single cells in spatio-temporal manner

In collaboration with Asst Prof. Halil Bayraktar (Kog¢ University), we have generated a
custom generated script in MATLAB for image analysis to measure the FRET intensity from
single cells. The analysis method enabled us tracking the cells in spatial manner and intensity
of FRET was measured in temporal manner in these cells.

Rfull—length

e To study the interactions of A and ARV7 using FRET microscopy

We have validated the previously published AR interactions by FRET using live cell imaging.
We were able to show intermolecular and intramolecular interactions of AR in a spatio-
temporal manner. In addition to revealing the interactions of AR, our studies provided us with
kinetics of these interactions. We were able to show the interactions of ARV7 and AR. We
have found that AR and ARV7 were interacting through their C-C domains and also through
N-terminal domain of AR and C-terminal domain of ARV7.
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5.2 Future work

e ARV7 expression and cellular senescence

We have found that the induction of ARV7 expression for only 24 h causes in cellular
senescence mediated by activation of the p53 pathway in androgen-dependent LNCaP cell
line. Future studies are needed to validate this hypothesis with RNAI targeting p53. Further,
the mechanism through which ARV7 mediated cellular senescence requires further

characterization of cells to better understand the mechanism.

Interestingly, we were able to generate resistant single cell clones (SCC22 and SCC23). These
suggest that the cell can develop “tolerance” to the ARV7. If this mechanism can be identified
this offers the possibly to develop a potential anti-proliferative drug that could induce
senescence in ARV7 expressing cells. CRPC patients could be targeted with treatment of this

novel drug to induce cellular senescence.

Further, all experimental work done in this project was done in vitro. It is unclear if this
phenotype can occur in vivo. Therefore, it would be valuable to test the effects of ARV7 by
injecting inducible ARV7 expressing LNCaP in mice and testing the effect of ARV7 on tumor
growth. This can be done by injecting inducible ARV7 expressing cells and feeding the
animal with different concentrations of doxycycline to further link the level of ARV7
expression on tumorigenesis. In addition, ARV7 expressing cells can be injected in mice
together with cells which does not express ARV7, to mimic the prostate cancer tumors which
involves both androgen dependent, androgen independent and ARV7 expressing cells in

heterogeneity.
e The interactions of AR and ARV7

Preliminary studies suggested that the AR and ARV7 may interact, but additional studies are
needed to better understand the dimerization preference for AR or ARV7. The custom
generated script should be modified to track all the cells for correct comparison. In future
studies, inducible unlabeled AR and ARV7 can be used as a “sink” for decreasing the
interaction between FRET fusion proteins to establish the preference of AR or ARV7 for
dimerization. If AR preferentially dimerizes with ARV7 instead of AR, then there will be
more decreased intermolecular interaction of AR in the presence of non-fluorescent ARV7

expressing cells as compared to the cells expressing non-fluorescent AR.

111



Conclusions and Future Work

Our established FRET microscopy to study AR/ARV7 interactions can be extended to
identify new antagonists for the treatment of prostate cancer. Since AR activity requires
dimerization, different chemicals can be used in FRET experiments to identify new
inhibitors that block AR dimerization. In addition, antagonists targeting N-terminal

domain of AR (meanwhile ARV7) or DNA-binding domain can be identified similarly.
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